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Materials at nanoscale show unique properties due to their large surface-to-volume ratio 

and or quantum size effects. In addition, studies at nanoscale are important for miniaturization of 

devices with improved performances. Recently, there have been large number of studies on a 

new class of materials - known as nanocomposites (NCps) in which nanostructures are 

embedded into a processable matrix that can be either ceramic or polymer [1,2]. These NCps 

find applications in variety of devices e.g. photovoltaic [3,4], optoelectronic [5], etc. It is 

therefore essential to synthesize and characterize the NCps, to ensure the reproducibility of the 

process that can be scaled-up. The properties of NCps depend not only on the individual 

components, but also on their interaction and morphology [2]. Therefore, to have desired control 

on growth of a NCp, it is imperative to understand the characteristic of individual component in 

the presence of other and the formation mechanism(s) of NCps. Raman spectroscopy is an 

excellent non-contact, non-destructive optical tool to study size, crystalline quality, stress, 

surface/interface, structure, phase transition, effect of doping etc. of a semiconductor 

nanostructure. Therefore, spatial variation of local bonding environment of semiconductor 

nanocrystals (NCs) in a matrix can be effectively probed using Raman mapping.  

The motivation of this thesis work was to use Raman spectroscopy for the investigation 

of two specially chosen class of NCps: (i) Si-SiO2 (ceramic matrix) and ii) CdS-polyvinyl 

pyrrolidone (PVP: polymer matrix) NCps. In the first case, an inorganic ceramic matrix is an 

oxide of the same semiconductor, whereas in the second case, organic matrix provides a 

completely heterogeneous NCp. The interactions between the semiconductor NCs and a matrix 

are expected to be quite different in these two cases. The results obtained using Raman 

spectroscopy had been supported by other techniques, such as, atomic force microscopy (AFM), 
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X-ray diffraction and X-ray photoelectron spectroscopy (XPS).   

This thesis is organized into five chapters. 

Chapter 1: Introduction 

In this chapter, we begin with a brief history of semiconductors and it’s ever increasing 

presence in various fields [3-5] like electronics, optoelectronics, photovoltaics, etc. The 

importance of semiconductor NCs and the relevance of semiconductor NCps are discussed. A 

brief overview of the literature on some special class of NCps is presented. In particularly, Si-

SiO2 (semiconductor-semiconductor oxide) and CdS-PVP (inorganic-organic) NCps are 

discussed in detail. Use of Raman spectroscopy/mapping, which is our main research tool to 

study both the NCps, is described. Finally, the motivation of the thesis work is presented.  

Chapter 2: Experimental techniques 

This chapter describes experimental techniques used for the study of Si-SiO2 and CdS-

PVP NCps.  Si-SiO2 single and multilayer NCps were grown on crystalline Al2O3 substrate using 

pulsed laser deposition (PLD). Si and SiO2 targets were ablated alternatively in the chamber by 

varying the deposition time of silicon, while keeping the SiO2 deposition time constant. CdS-

PVP NCps were grown on glass substrate using chemical bath deposition. The bath parameters 

like concentration of Cadmium acetate (Cd
 
ion source: Cd-A), Thiourea (S

 
ion source: ThU) and 

PVP, deposition time, heating/cooling cycles were varied to study growth of this NCp.  

Working principles of Raman spectroscopy/mapping and AFM are presented. Theoretical 

background for Raman spectroscopy is also discussed. Basic optical techniques like absorption, 

photoluminescence and diffuse reflectance spectroscopy, which were used to get information 

about band gap, are described. X-ray diffraction (XRD), XPS and electron microscopies like 

scanning electron microscopy (SEM), transmission electron microscopy (TEM) and its variants 



vii 

 

are also described.  

Chapter 3: Si-SiO2 nanocomposites  

In Si-SiO2 NCps, large variation in Si optical phonon from 495 - 519 cm
-1 

has been 

reported over a decade in different NCps [6-8]. In this Chapter, Raman mapping of Si-SiO2 

NCps grown using PLD, was used to elucidate the origin of this variation reported in literature 

and also observed by us in each of these NCps. This allowed us to perform systematic 

investigation of the whole range of Si phonon frequencies under same experimental conditions. 

Raman spectroscopy monitored local laser irradiation experiment was performed on desired 

frequencies located using Raman mapping. In this five step experiment, changes in Raman 

spectra were measured, while laser irradiation was kept ON and OFF for certain durations. The 

understanding developed along with Raman and AFM mapping on same sites were further used 

to get unique information about the morphology of these NCps grown using PLD. 

i) Correlation of size and oxygen bonding at the surface/interface of Si nanocrystals in Si-

SiO2 nanocomposites 

   Based on the difference in line shapes of Si phonons and their behavior during the laser 

irradiation experiment, low frequency (LF: 495 - 510 cm
-1

)
 
and high frequency (HF: 515 - 519 

cm
-1

) phonons were attributed to the surface/interface of Si NCs and SiO2 matrix and core of Si 

NCs, respectively. Unusual Stokes/anti-Stokes Raman intensity ratio for LF phonons indicated 

that LF phonons may be observable due to resonance enhancement of Raman signal. This 

understanding was also found to be consistent with the observation of such a strong signal 

coming from surface/interface of Si NCs in Si-SiO2 NCp. Density functional and time dependent 

density functional theory based calculations of Raman spectra (C. Kamal, ISUD, RRCAT) for Si 

cluster (Si41) terminated by oxygen (Si41O42H24) had shown strongest Raman mode ~512 cm
-1

 to 
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be originating from vibrations of surface atoms.  This can be considered to be analogous to LF 

phonons. Further, XPS measurements of two Si-SiO2 NCps containing contrasting content of LF 

phonons, was well corroborated with the observation of LF phonons from smaller size Si NCs. 

With the understanding that LF and HF phonons originate at surface (smaller size) and core 

(larger size) of Si NCs, respectively, origin of intermediate frequency (IF: 511 - 514 cm
-1

) 

phonons is discussed in the next section. 

ii) Resonance Raman mapping of Si-SiO2 nanocomposite :  Monitoring and manipulation 

of Si nanocrystals  

   Mainly two types of IF phonons, IF1 and IF2 with very different asymmetric line shape 

as well as intensities were observed in Raman mapping. It was found that both IF phonons can be 

explained using superposition of LF and HF phonons, considering that these phonons originate 

from intermediate size Si NCs and thus have contributions from both surface/interface and core 

phonons in different proportion. Observed blue shift and increase and decrease in the intensity 

for IF1 and IF2 phonons during the laser irradiation experiment can both be correlated to 

increase in size of Si NC and thereby leading to a dominant contribution of core phonons. 

Further, Stokes/anti-Stokes Raman measurements in corroboration with results of wavelength 

dependent Raman mapping showed that resonance Raman scattering is crucial for the observance 

of surface/interface phonons. These results were further supported using absorption 

spectroscopy. It is also important to note that during laser irradiation at low power, we found that 

if enough time is given, Si NCs grow in size to give larger core phonon contribution i.e. LF 

phonon gets converted to IF phonon and IF phonons gets converted to HF phonon further 

confirming our attributions of these phonons. This can allow Raman spectroscopy monitored, 

controlled manipulation of the Si-SiO2 device properties using laser. 
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The correlation of our understanding and data from literature showed that LF, IF and HF 

phonons originate from smaller size (< ~ 4 nm), intermediate size (~ 4 nm to ~ 6 nm) and larger 

size (> ~ 6 nm) Si NCs, respectively. Further, we established that resonance Raman scattering is 

crucial for the observance of surface/interface phonons. Thus, occurrence of surface/interface 

phonons depends on two factors 1) size of Si NC (optical band gap) and 2) excitation 

wavelength. This study showed that the effect of surface/interface for Si NCs is due to 

interaction of surface atoms of Si NC with Si and Oxygen atoms in the matrix.  Our study, thus 

explained the variation of Raman data reported in the literature over the years for Si-SiO2 NCps. 

Further, presence of multiple optical gaps in Si-SiO2 NCps makes it a good candidate for third 

generation photovoltaic devices. Our understanding developed for Si-SiO2 NCp can be gainfully 

used to manipulate and characterize the NCp, simultaneously for photovoltaic device 

applications using laser. 

iii)  Understanding the morphology of nanocomposites from correlation of Raman and 

AFM mapping 

  Raman and AFM mapping together showed formation of clusters of Si NCs embedded in 

SiO2, although the growth was carried out to be multilayer. Further, Raman mapping showed two 

types of clusters with i) Gaussian and ii) non Gaussian intensity patterns of Si phonons. 

Correlation of phonon intensity patterns with observed AFM data on the same selected area, 

indicated that clusters of Si NCs, small in size ~ 100 nm (organized in two dimension) and large 

in size ~ 2 µm (three dimension (3D)) are formed. Further, Raman mapping performed with 

varying focal spot along the depth confirmed this observation and revealed that some of the 3D 

clusters are stacked with smaller Si NCs at the top and larger Si NCs at the bottom. Raman and 

AFM mapping of a single layer indicated that Si NCs are formed in the plume itself and cluster 
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formation occurs by rupturing SiO2 buffer layer.  Annealing at 800 
0
C in Si rich SiO2 was found 

to be the cause of stacking of smallest size Si NCs at the top layer of the cluster. Thus, 

understanding of Si phonons in SiO2 matrix led to an important information of the morphology 

and thereby growth mechanism of Si-SiO2 NCps, which was difficult to obtain by any other 

conventional technique. 

iv)  Size dependent interface bonding of Si nanocrystals in Si-SiO2 nanocomposite: 

corroboration of Raman and XPS study 

In the previous sections, we have discussed the use of Raman mapping to study 

surface/interface of Si-SiO2 NCps. In this section, we discuss one to one corroboration between 

size dependence of surface/interface of Si-SiO2 NCps using Raman mapping and XPS. The beam 

size in XPS (~ 1 cm x 1 cm) covers the full NCp; therefore, an average signal from XPS 

measurement needs to be corroborated with the statistical information obtained from the Raman 

data. XPS measurements showed observance of Si
1+

, Si
2+

 and Si
3+ 

suboxide states with higher 

intensity in the NCps corresponding to higher content of HF, IF and LF phonons in Raman 

mapping, respectively. Thus, quantitative corroboration between Raman mapping and XPS had 

been established for all NCps studied. Observed one to one corroboration was understood as due 

to formation of smaller Si NCs in Si excess SiO2 (top layer) during annealing at 800 
o
C. 

Chapter 4: CdS-PVP nanocomposites 

CdS-PVP NCps was chosen to study, as monomers of PVP prefers to complex with many 

inorganic compounds and thus provide surface passivation. In the literature, most of the reports 

showed that CdS-PVP NCps are grown using two-step growth processes, wherein NCs capped 

with polymer are grown separately and are incorporated in polymer matrix [9-11].
 
We had 
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chosen one-step growth process, wherein CdS NCs and PVP matrix were being grown 

simultaneously using chemical bath deposition (CBD).  

i) Insight into one-step growth of nearly monodispersive CdS nanocrystals embedded in 

polyvinyl pyrrolidone spheres 

In this section, we discuss the optimization study of CdS NCs embedded in PVP, grown 

using one-step CBD. Systematic study of variation in Cadmium acetate (Cd
 
ion source: Cd-A), 

Thiourea (S
 
ion source: ThU) and PVP concentration, deposition time, heating/cooling cycles; 

elucidated co-operative growth mechanism for CdS-PVP NCp. This results in different optimum 

growth conditions for the formation of CdS-PVP NCp than that for CdS thin film. Absorption, 

scanning and transmission electron microscopy together, showed that nearly monodispersive 

CdS NCs with sizes ~ 6 to 10 nm for different NCps are embedded in PVP sphere (sizes ~ 100 - 

900 nm). Diffuse reflectance spectra was used as a guide to separate scattering contribution from 

absorption spectra. The scattering contribution was understood to be occurring due to Rayleigh 

and Mie scattering due to PVP spheres/structures seen in SEM micrographs. Our observations 

and understanding suggested that formation of PVP spheres led to inclusion of nearly 

monodispersive CdS NCs with better passivation. Further, decrease in size of CdS NCs with 

higher molar concentration of Cd-A & ThU and formation of nearly monodispersive CdS NCs 

embedded in PVP spheres were corroborated qualitatively with existing growth modeling studies 

of NCps. Co-operative nature of growth for CdS-PVP NCp using CBD was further investigated 

using Raman and AFM mapping. 
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ii) Effect of relative concentration of Cd/S ion source and PVP content on the morphology 

of CdS-PVP nanocomposite: Raman, PL and AFM mapping study 

Raman and AFM mapping investigation of CdS-PVP NCps on same selected sites 

showed two different morphologies of CdS-PVP NCps, wherein CdS NCs are embedded in i) 

PVP sphere and ii) thin film of PVP for different relative concentration of Cd-A/ThU to PVP, as 

a result of co-operative growth mechanism. It has been predicted that the morphology depends 

on the density of NCs, if the strength of interaction is same [12]. We found that larger 

concentration of Cd/S ion source (larger density of CdS NCs) led to formation of PVP sphere, 

whereas, thin film of PVP was observed in case of lower concentration of Cd/S ion source, 

which is consistent with the theoretical prediction [12]. Further, formation of PVP spheres led to 

inclusion of nearly monodispersive CdS NCs of better crystalline quality. In addition, we found 

that smaller CdS NCs of better crystalline quality with better passivation were embedded in 

smaller PVP spheres, which was found to be a minimum energy configuration [13].  

iii)  Effect of growth temperature on the morphology of CdS - PVP nanocomposites: Raman 

and  AFM mapping with XRD 

Three dimensional intensity profile in Raman image of isolated PVP sphere indicated 

volume absorption of CdS NCs, which is driven by attractive interaction between NCs-polymer 

and high density of NCs, leading to the collapse of polymer [13]. Further, it was found that this 

collapse transition of PVP is not favored at 70 
o
C and thus it led to opening (at 70 

o
C) and 

reformation (room temperature) of CdS-PVP NCp. Grazing incidence XRD (INDUS, BL-12) 

data showed formation of both cubic and hexagonal phases for NCps grown at room 

temperature, whereas, chemical bath heated at 70 
o
C leads to NCps with purely hexagonal phase. 

Further, Raman, PL and AFM mapping in corroboration with XRD data showed that there exist 
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residual tensile stress in CdS NCs embedded in single PVP sphere as compared to the dimer, 

which led to observance of resonance Raman scattering of CdS NCs due to stress related band 

gap tuning.   

To summarize, one-step growth of CdS-PVP NCp using CBD was found to be co-

operative in nature. While, this method eliminates an additional step for growth of NCps, we 

found that complexity of the process actually led to better control on the growth i.e. formation of 

nearly monodispersive CdS NCs of better crystalline quality and with better passivation. This is 

expected to enhance the non-linear optical properties of CdS NCs, which are useful for optical 

limiting devices. 

Chapter 5: Conclusion 

This chapter summarizes results of work presented in the earlier chapters. In Si-SiO2 

nanocomposites grown by pulsed laser deposition, large variation (495 - 519 cm
-1

) in Si phonon 

frequencies was shown to arise from surface/interface of smaller Si nanocrystal and core of 

larger Si nanocrystals dispersed in SiO2 matrix. The large size distribution of Si nanocrystals in 

these nanocomposites was used advantageously to probe similarity and differences in them under 

certain experimental conditions. This Raman spectroscopy/mapping study showed that the 

extended interface generated due to interaction between surface atoms of Si NC and Oxygen in 

the matrix plays an important role in Raman spectra, contribution of which depends on the size of 

a Si nanocrystal. Further, it was found that the resonance Raman scattering is crucial for the 

observance of these surface/interface phonons. This understanding can now be well correlated to 

variation of Si optical phonon frequency reported in literature. Further, this understanding in 

corroboration with atomic force microscopy revealed stacking of different size Si nanocrystals in 

clusters of Si-SiO2. This unique information about morphology of Si nanocrystals embedded in 
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SiO2 is difficult to obtain by any other conventional technique. Similarly, in CdS-PVP 

nanocomposites grown using chemical bath deposition, the interaction between CdS nanocrystal 

surface and PVP monomers gave rise to collapse of polymer, which in turn led to formation of 

nearly monodispersive CdS nanocrystals embedded in PVP spheres. The complexity of one-step 

growth process actually allowed desired control on growth of CdS-PVP nanocomposite using a 

simple growth technique of chemical bath deposition.  

In both nanocomposites studied, it was found that interaction between constituent parts 

i.e. semiconductor nanocrystal and matrix plays an important role in determining the morphology 

as well as properties of nanocomposites. The Chapter is concluded by bringing out the future 

scope of work. 
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List of Figure Captions 

Fig. 2.1. Interatomic force vs. distance curve.      

Fig. 2.2. SPM integrated Raman system set up showing different parts as noted in 

the figure.    

Fig. 2.3. Enlarged vies of microscope shows different components as noted in the 

figure.         

Fig. 2.4. a) Cantilever placed on cantilever holder, b) positioning of cantilever 

holder.         

Fig. 2.5. a) Optical image show isolated strcutres, b) Raman image, c) AFM image 

showing one to one corresponds between optical, Raman and AFM image.  

Fig. 3.2.1. a) Optical image of NCp E1, b) corresponding Raman image generated 

using intensity of phonon in the range 490 - 525 cm
-1

, where red color shows LF 

phonons, blue color shows IF phonon and green color shows HF phonons and c) 

corresponding normalized Raman spectra on positions as marked in Raman image 

(b). Solid lines show Lorentzian and PCM fit to raw data (+ & ×). Solid line (blue 

color) shows raw data for IF phonon.             

Fig. 3.2.2. a) Optical image of NCp E2, b) corresponding Raman image generated 

using intensity of phonon in the range 490 - 525 cm
-1

 and c) corresponding 

normalized Raman spectra on positions as marked in Raman image (b). Solid lines 

show contribution of LF and HF phonons and fit to raw data (+ & ×). Solid line 

(blue color) shows raw data for IF phonon.          

Fig. 3.2.3. a) Optical image of sample E3, b) corresponding Raman image generated 

using intensity of phonon in the range 490 - 525 cm
-1

 and c) corresponding 

normalized Raman spectra on positions as marked in Raman image (b). Solid lines 

show contribution of LF and HF phonons and fit to raw data (+ & ×). Solid line 

(blue color) shows raw data for IF phonon.      

Fig. 3.2.4. a) Optical image of sample E4, b) corresponding Raman image generated 

using intensity of phonon in the range 490 - 525 cm
-1

 and c) corresponding 

normalized Raman spectra on positions as marked in Raman image (b). Raman 

spectra also show presence of simultaneous LF (~ 498 cm
-1

) and HF phonon (~ 516 

cm
-1

). Solid lines show contribution of LF fit to raw data (+). Solid line (blue color) 

shows raw data for HF phonon.             

Fig. 3.2.5. a) Optical image of sample E5, b) corresponding Raman image of 

marked area, generated using intensity of phonon in the range 495 - 525 cm
-1

 and c) 

corresponding normalized Raman spectra on positions as marked in Raman image 

(b). Solid lines show contribution of LF phonon and fit to raw data (+). Solid line 

(blue color) shows raw data for IF phonon.         

Fig. 3.2.6. a) Optical image of sample E6, b) corresponding Raman image generated 

using intensity of phonon in the range 495 - 525 cm
-1

 and c) corresponding 
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normalized Raman spectra on positions as marked in Raman image (b). Solid lines 

show contribution of LF and HF phonons and fit to raw data (+ & ×). Solid line 

(blue color) shows raw data for IF phonon.       

Fig. 3.2.7. a) Optical image of NCp E1, b) corresponding Raman image generated 

using intensity of phonon in the range 490 - 525 cm
-1

 and c) Similar Raman image 

generated using intensity of phonon in the range 475 - 485 cm
-1

 showing presence 

of amorphous Si in the region where crystalline Si is not observed.  

Fig. 3.2.8. Asymmetric line shape of phonon with frequency ~ 498 cm
-1

 fitted using 

two Lorentzian peaks ~ 480 cm
-1 

and ~ 498 cm
-1

.    

Fig. 3.2.9. Change in Raman spectra for simultaneously occurring LF and HF 

phonons during the LI experiment.  LI steps are i) 0 min, ii) 16 min ON, iii) 40 min 

OFF, iv) 16 min ON, v) 3 hr OFF. Solid line (red color) is fit to raw data (+). 

Separate Lorentzian components are shown by dash line (blue color).          

Fig. 3.2.10. Representative Raman spectra showing no change in Si phonon ~ 516 

cm
-1

 during the LI experiment. LI steps are i) 0 min, ii) 16 min ON, iii) 40 min 

OFF, iv) 16 min ON, v) 3 hr OFF. Solid line (red color) is PCM fit to raw data (+).  

Fig. 3.2.11. Representative Raman spectra for sample E1 showing change in LF 

phonons during five steps of LI experiment. LI steps are i) 0 min, ii) 16 min ON, iii) 

40 min OFF, iv) 16 min ON, v) 3 hr OFF. Solid line (red color) is the Lorentzian fit 

to raw data (+).  

Fig. 3.2.12. Change in LF and HF phonon during LI experiment. Symbols (+) and 

(×) in circle show phonon frequency ~ 499 cm
-1

 and 517 cm
-1

 occurring separately.  

Symbol (+) and (×)  show two resolvable phonon frequencies ~ 501 cm
-1

 and 507 

cm
-1

, respectively.          

Fig. 3.2.13. a)  Change in phonon frequency during LI experiment for LF phonons 

in the range ~ 495 to 510 cm
-1 

showing two patterns: I and II and b) Change in 

phonon frequency and corresponding FWHM during LI experiment for LF phonons. 

Half filled symbols show frequency and open symbols show corresponding FWHM. 

Fig. 3.2.14. Change in Raman spectra of LF phonon ~ 500 cm
-1

 during five steps of 

LI experiment using 488 nm exctation source. LI steps are i) 0 min, ii) 16 min ON, 

iii) 40 min OFF, iv) 16 min ON, v) 3 hr OFF. Solid line (red color) is the Lorentzian 

fit to the raw data (+).     

Fig. 3.2.15. Change in Stokes/anti-Stokes Raman spectra for LF and HF phonon ~ 

500 and 517 cm
-1

 during five steps of LI experiment as noted in the figure. Solid 

line (red color) is the fit to raw data (+). Separate components are shown in dash 

line (blue color).    

Fig. 3.2.16. Change in Stokes/anti-Stokes Raman spectra for LF phonon ~ 500 cm
-1

 

during five steps of LI experiment as noted in the figure. Solid line (red color) is the 

fit to the raw data (+). 
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Fig. 3.2.17. Change in phonon frequency and local temperature during LI 

experiment for a) well resolved LF and HF coming together and b) LF and HF 

occurring separately. (+) and (×) symbols in circle show LF and HF phonon, 

respectively. (+) and (×) symbols show corresponding temperature. Line is guide to 

eye.              

Fig. 3.2.18. Ball and stick model for the optimized geometric structures of Si41 

cluster with a) oxygen (Si41O42H24) and b) hydrogen atoms (Si41H60) terminations 

which are obtained by DFT based electronic structure calculation with PBE XC 

functional and TZ2P basis set. The balls with colors cyan (large), red (medium) and 

cyan (small) represent Si, O and H atoms respectively.   

Fig. 3.2.19. Raman spectra of Si41 cluster with a) oxygen (Si41O42H24) and b) 

hydrogen (Si41H60) terminations obtained by employing DFT/TDDFT based 

response property calculation.          

Fig. 3.2.20. Change in LF (1, 2) and HF phonons (3) at laser PD ~ 10 kW/cm
2
 and 

300 kW/cm
2
.          

Fig. 3.2.21. XPS spectrum of NCp a) E1 and b) E7 showing difference in relative 

ratio of Si
3+

 and Si
2+

. Intensity of XPS spectrum for both the NCps is shown in Fig. 

3.2.21(a).         

Fig. 3.3.1. a), b), c), d) Raman spectra showing different IF phonons with different 

line shape and different C/s, e) and f) Raman spectra showing difference in C/s for 

IF1 and IF2 phonons.  

Fig. 3.3.2. PCM fit of IF1 phonon showing mismatch between observed and 

calculated spectra on the left side of the curve. Theoretical curve is red shifted by ~ 

5 cm
-1

 to match the experimental observed Raman spectrum. Inset shows mismatch 

part clearly.          

Fig. 3.3.3. Change in a) IF1 phonon ~ 511.4 cm
-1

, b) IF1 phonon ~ 512 cm
-1

, c) IF2 

phonon ~ 512.7 cm
-1

 and d) IF2 phonon ~ 513.5 cm
-1

 during the LI experiment.  

Fig. 3.3.4. Change in a) IF1 phonon, b) ratio of intensity of HF to LF phonon and 

calculated size during five steps of LI experiment. LI steps are i) 0 min, ii) 16 min 

ON, iii) 40 min OFF, iv) 16 min ON, v) 3 hr OFF.   

Fig. 3.3.5. Change in a) IF2 phonon, b) ratio of intensity of HF to LF phonon and 

calculated size during five steps of LI experiment. LI steps are i) 0 min, ii) 16 min 

ON, iii) 40 min OFF, iv) 16 min ON, v) 3 hr OFF.     

Fig. 3.3.6.  Change in a) IF1 phonon and b) IF2 phonon during i) 1
st
 step of LI, ii) 

2
nd

  step of LI, iii) 3
rd

 step, iv) 4
th

 step, v) 5
th

 step of LI and vi) 2 hrs continuous 

Laser heating.   

Fig. 3.3.7.  Change in Stokes/anti-Stokes Raman spectra for a) IF1 and b) IF2 

phonons during five steps of LI experiment. Solid line (red color) is the fit to the 

data Raw data (+). Lorentzian (blue color) and PCM (olive color) component are 
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shown with solid line. C/s is shown on different sides for the sake of clarity.  

Fig. 3.3.8. Change in phonon frequency and calculated temperature during LI 

experiment using LF phonon for a) IF1 phonon and b) IF2 phonon. Frequency and 

corresponding temperature is shown by (+) and (×) symbols, respectively. Line is 

guide to eye.            

Fig. 3.3.9. a) Optical image of NCp E4, corresponding Raman image of marked 

region with excitation as b) 441.6 nm , c) 488 nm , d) 514.5 nm  showing absence of 

LF and IF phonons with 514.5 nm as excitation laser and 4e-4g) compares relative 

intensity of LF and IF to HF phonons for wavelengths noted in the figure. C/s for all 

three Raman spectra is shown in Fig. 3.3.9e.     

Fig. 3.3.10. a) Optical image of NCp E1, corresponding Raman image of marked 

region with excitation as b) 441.6 nm, c) 488 nm and d) 514.5 nm  showing absence 

of LF and IF phonons with 514.5 nm as excitation laser.    

Fig. 3.3.11. Change in Si optical phonon with the change in focus along depth at 

fixed spatial position.        

Fig. 3.3.12. a) optical image of NCp E6, corresponding Raman image of marked 

area with excitation source as b) 441.6 nm, c) 488 nm and d) 514.5 nm. Red and 

green color shows presence of LF and HF phonons, respectively.   

Fig. 3.3.13. Absorption spectra of all NCps showing observance of interference 

fringes.        

Fig. 3.3.14. (h)
2
 vs  h graph of NCp a) E1, b) E2, c) E3, d) E4, e) E5 and f) E6 

obtained from absorption spectra.        

Fig. 3.3.15. a) Change in Raman spectra showing conversion of LF to IF phonon on 

continuous Laser heating as noted in the figure and b) Solid line is fit to raw data (+ 

and ˟). Raman spectrum of LF phonon is shifted in y-axis for the sake of clarity.107 

Fig. 3.3.16. a) Optical image of E1A NCp, corresponding Raman image of marked 

region with excitation as b) 441.6 nm, c) 488 nm, d) 514.5 nm showing absence of 

LF and IF phonons with 514.5 nm as excitation laser, e) absorption spectra of the 

same NCp measured with un polarized light showing absence of interference fringes 

and f) (h)
2
 vs  h graph for sample E7 obtained from absorption spectra.  

Fig. 3.4.1. a) Representative optical image of NCp E2, b) corresponding Raman 

image generated using intensity of phonon frequencies in the range 490 - 525 cm
-1

, 

c) Corresponding normalizied Raman spectra at positions marked in Raman image 

and d) intensity profile of Raman image.        

Fig. 3.4.2. Raman image generated using phonon frequency a) ~ 495 - 510 cm
-1

, b) 

511 - 514 cm
-1

, c) ~ 515 - 519 cm
-1

 and d) Histogram showing variation in 

percentage of occurrence of these phonon frequencies in the NCps grown with 

increasing deposition time from left to right.       

Fig. 3.4.3. a) Representative optical image of NCp E4, b) Raman image of selected 
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area generated using frequency ~ 515 - 519 cm
-1

 and c) intensity profile of Raman 

image (rotated by 90
0
 showing the non-Gaussian form of intensity).   

Fig. 3.4.4. a) Representative optical image of NCp E5, b) Raman image of selected 

area generated using frequency ~ 515 - 519 cm
-1

 and c) Corresponding AFM image, 

d) intensity profile of Raman image and e) 3D AFM image.    

Fig. 3.4.5. a) Optical image of NCp E1, b) Raman image, c) Low resolution AFM 

image, d) Corresponding Raman spectra showing presence of HF phonons in both 

clusters, inset show asymmetric line shape fitting for phonon ~ 515 cm
-1

 using 

PCM, e) intensity profile of Raman image (rotated by 90
0
) and f) 3D AFM image 

(rotated by 90
0
).     

Fig. 3.4.6 a) Optical image, b) Raman image of marked area, c) corresponding AFM 

image of marked area and d) optical image of same area after performing AFM 

once showing absence of that cluster.        

Fig. 3.4.7.  a) Optical image of NCp E3, b) Corresponding Raman image, c) 

intensity profile of Raman image (rotated by 45
o
)), d) High resolution AFM image 

at the center of cluster I (marked with arrow), e) Raman spectra at marked positions 

and f) Raman image of whole cluster I after performing AFM once.   

Fig. 3.4.8.a) Optical image of NCp E4, corresponding Raman image of marked area 

at the b) top, c) middle and d) bottom region of the chosen area observed by varying 

focal spot along depth. The green region shows HF phonons (515-519 cm
-1

), Blue 

color shows IF phonons (511-514 cm
-1

) and red shows LF region of frequencies 

(495-510 cm
-1

). Fig. 3.4.8e-g shows Raman spectra for maximum intensity of 

observed LF, IF and HF phonons in Raman image b, c and d respectively. C/s for all 

the three spectra is shown in Fig. 3.4.8e.    

Fig. 3.4.9. Raman mapping, performed by changing focal spot along the depth, a) 

top, b) middle and c) bottom region of the cluster.      

Fig. 3.4.10. a) Representative optical image of NCp E5 with corresponding intensity 

profile of Raman image b) at top and c) in the deeper region at step size of ~ 1.5 

µm.         

Fig. 3.4.11. a) Representative optical image of NCp E4, b) intensity profile of 

Raman image (rotated by 90
0
) of selected area and c) intensity profile of Raman 

image (rotated by 90
0
) performed at step size of ~ 1.5 µm.    

Fig. 3.4.12. Raman image generated using phonon frequency a) ~ 515 - 525 cm
-1

,  

b) 465 - 495 cm
-1

 and c) Raman spectra (acquisition time 5s) showing Si NC 

(marked as 1), amorphous Si (marked as 2).      

Fig. 3.4.13. Schematic of Si-SiO2 nanocomposite film showing presence of 2D and 

3D clusters of Si NCs embedded in SiO2 matrix. Remaining film consist of 

amorphous Si NPs embedded in SiO2. Line drawn in cluster showing stacking of 

different size Si NCs is guide to eye.       
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Fig. 3.4.14. a) Representative optical image of single layer of S-SiO2, b) and c) 

corresponding Raman image and Raman spectra showing presence of HF phonons 

only, d) intensity pattern of Raman image (rotated by 90
0
) and e) 3d AFM image 

(rotated by 90
0
)  showing one to one correspondence with Raman image.   

Fig. 3.4.15. a) Representative optical image of an unannealed NCp, b) and c) shows 

corresponding Raman image and Raman spectra, d) optical image of annealed 

sample e) and f) corresponding Raman image and Raman spectra. . Inset of Figure 

3.4.15c & f shows full range spectra showing presence of defect PL in unannealed 

NCp.      

Fig. 3.4.16. a) Optical image and b) corresponding Raman image of unannealed Si-

SiO2 NCp shows presence of larger clusters.       

Fig. 3.4.16. a) Optical image and b) corresponding Raman image of Si-SiO2 NCp 

annealed at 400 
0
C shows presence of smaller clusters.     

Fig. 3.5.1. a) Raman image showing LF, IF and HF phonons. XPS spectra of NCps 

b) E1), c) E4 and d) E6 show difference in total intensity. Solid line (red color) is 

total fit to the raw data (+). Separate component are shown with blue line.    

Fig. 3.5.2. a) Optical image of NCp E7, corresponding Raman image with 

excitations, b) 514.5 nm and c) Raman spectra showing LF, IF and HF phonons 

with 514.4 nm excitation. Raw data is shown with symbol and Solid line fit to the 

data. Raman image with excitations d) 488 nm and e) 441.6 nm and f) Raman image 

again created using 514.5 nm excitation.    

Fig. 3.5.3. (αhν)
2
 vs (hν) showing different band edges in NCp E7.    

Fig. 3.5.4.  XPS spectrum of NCp E7 showing presence of different suboxides. 

Solid line (red color) is total fit to the raw data (+). Separate component are shown 

with blue line.           

Fig. 3.5.5. a) Raman image of NCp E8 showing presence of only IF and HF 

phonons, b) (αhν)
2
 vs (hν) showing different band edges and c) XPS spectrum of 

NCp E8 showing presence of different suboxides. Solid line (red color) is total fit to 

the raw data (+). Separate component are shown with blue line.  

Fig. 3.5.6. a) Raman image with excitation source as 514.5 nm, b) (αhν)
2
 vs (hν) 

plot showing different band edges and c) XPS spectrum. Solid line (red color) is 

total fit to the raw data (+). Separate component are shown with blue line. Inset is 

shown for clarity of peak.  

Fig. 3.5.7. a) Raman image with excitation source as 514.5 nm, b) (αhν)
2
 vs (hν) 

plot showing different band edges and c) XPS spectrum. Solid line (red color) is 

total fit to the raw data (+). Separate component are shown with blue line.   

Fig. 3.5.8.  Histogram comparing Raman mapping, absorption and XPS results. 

Fig. 4.2.1. a) Absorption spectrum of NCp S1 (0.01M, 4g), inset shows band gap 

calculation by plotting (αhν)
2
 against (hν) and b) corresponding PL spectrum 
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showing peak related to band edge and defect. Cumulative fit (red solid line) to the 

raw data (black solid line) and separate Gaussian component are shown with solid 

blue lines.              

Fig. 4.2.2. Raman spectrum of sample S1 with 457.9 nm as excitation source 

showing 1LO phonon of CdS. This data is taken using RAMNAOR U1000, (Jobin 

Yvon, France) with CCD detector.        

Fig. 4.2.3. a) Absorption and PL spectrum of NCp with Cd-A/ThU and PVP 

concentration as 1M, 2g (S2), b) Raman spectrum of the same NCp.  

Fig. 4.2.4 a) Comparison of absorbance and diffuse reflectance (R(D)) for NCp S2 

showing similar shape in the longer wavelength region and b) total reflectance 

(R(D+S)) and specular reflectance (R(S)) component.     

Fig. 4.2.5. a) A Lorentzian peak + a polynomial fit to the absorption spectrum for 

NCp S2. Solid line (red) show cumulative fit to raw data (dash dot line). Separate 

Scattering contribution (parrot color) and fitted absorption peak (blue color) are 

shown with solid line and b) SEM micrograph shows sphere sizes in the range ~ 

200 - 300 nm.  

Fig. 4.2.6. a) A Lorentzian peak + a polynomial fit of the absorption spectrum for 

S3. Solid line (red) show cumulative fit to raw data (dash dot line). Separate 

Scattering contribution (parrot color) and fitted absorption peak (blue color) are 

shown with solid line and b) SEM micrograph shows sphere sizes in the range ~ 

300 - 400 nm.       

Fig. 4.2.7. Absorption spectra for 0.5 M and 1 M Cd-A/ThU concentration with 2g 

and 4g PVP content. Corresponding PL is also shown for 0.5M, 2g.  

Fig. 4.2.8. a & b Fitted absorption spectra and difference in scattering background 

for 0.5 M and 1M Cd-A/ThU concentration with 2g and 4g PVP content. Solid line 

(red color) is fit to raw data (dot dash line). Solid line (blue color) shows scattering 

background.         

Fig. 4.2.9. Comparison of absorption peak for S2-S5 NCps.     

Fig. 4.2.10. a) Absorption and PL spectra of NCp with Cd-A/ThU and PVP 

concentration as 1M,2g (S2+), b) corresponding SEM image and c) TEM image of 

the  same NCp.         

Fig. 4.2.11. Absorption spectra of NCps with Cd-A & ThU concentration as 0.5 M 

and different contents of PVP as 0.05 g (S6), 0.1 g (S7), 2 g (S4), 4 g (S5) and 10 g 

(S8). Corresponding PL spectrum is shown for NCp S6.     

Fig. 4.2.12. Deconvoluted absorption spectra for NCp S7, S6, S4 and S5 (noted in 

the figure), which shows flattening of scattering background and corresponding 

SEM micrographs for sample.        

Fig. 4.2.13. Absorption peak obtained after the removal of scattering contribution 

from observed absorption spectra for NCps with Cd-A & ThU concentration as 0.5 
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M and different contents of PVP as noted in the Fig. 4.2.13.     

Fig. 4.2.14. Comparison of PL spectra for S4 and S8 NCps. PL spectrum for S4 

(PVP: 2g) is shifted in y-axis by 35 C/s to enhance the clarity. Cumulative fit to raw 

data (+) is shown with solid red line. Separate Gaussian components are shown with 

dash line.         

Fig. 4.2.15. Deconvoluted absorption spectrum and diffuse reflectance spectrum for 

NCp. a) S2, b) S2+ and c) S2H. Cumulative fit (red color) to raw absorption data 

(dash dot) and separate component (black line and dash line) are shown. Diffuse 

reflectance spectra are shown with line + symbol (+) and 7d-f) corresponding SEM 

images for these NCps.    

Fig. 4.3.1. a) GISXD pattern of NCp S1 showing formation of both cubic and 

hexagonal phase and b) SEM image showing rarefied PVP sphere. Inset shows 

presence of large background.   

Fig. 4.3.2. a) Optical image of NCp S1 showing rarefied isolated PVP spheres, b) 

corresponding Raman image of the marked area, c) Raman spectra and d) PL 

spectra at marked positions showing variation in Raman and PL peak position.  

Fig. 4.3.3. a) Optical image created using 50 x objective, b) Raman image and c) 

topography image of the marked area in optical image.     

Fig. 4.3.4. GISXRD spectrum of NCp S2 showing peaks corresponding to both 

hexagonal and cubic structure.        

Fig. 4.3.5. a) Optical image of NCp S2, b) Raman image, c) corresponding Raman 

spectra at marker positions showing no change in LO phonon except intensity, d) 

Normalized Raman spectra at spatial different points showing no change in FWHM, 

e) PL spectrum and f) three dimensional Raman intensity profile.    

Fig. 4.3.6. a) Raman image of NCp S2, wherein array is formed with step size of 0.1 

μm, b) corresponding Raman spectra for all the positions marked in Raman image. 

Fig. 4.3.7. a) Optical image, corresponding b) Raman image, c) AFM image of NCp 

S2 and d) 3D profile of topography image showing presence of spheres.    

Fig. 4.3.8. a) ATR-FTIR spectra of S1 (black line), S2 (blue line) and plain glass 

substrate (red line) and b) ATR-FTIR spectra obtained after removing the substrate 

background for S1 and S2 NCps.       

Fig. 4.3.9. ATR-FTIR spectra of NCps a) S1 and b) S2. Solid line (red) is fit to raw 

data (+) and separate Gaussian peaks are shown by blue solid line.    

Fig. 4.3.10. Optical image, Raman image and corresponding AFM image for NCps 

S2 (a, b & c) and S4 (e, f & g). d) Raman spectra and h) PL spectra at marked 

positions.          

Fig. 4.3.11. a) Optical image shows three isolated PVP spheres, b) corresponding 

Raman image, c) PL image, d) & e) Raman and PL spectra on the marked positions. 

Fig 4.3.12. a) Optical image showing isolated PVP sphere ~ 600 nm, b) 
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corresponding Raman image, c) PL image, d) & e) Raman and PL spectra on the 

marked positions.         

Fig. 4.3.13. Optical image, Raman image and corresponding AFM image for NCps 

S2 (a, b & c) and S3 (e, f & g). d) Raman spectra and h) PL spectra at marked 

positions.         

Fig. 4.4.1. a) Optical image of NCp S2, b) Raman image and c) corresponding 

Raman spectra of marked positions in Raman image showing variation in LO 

phonon.         

Fig. 4.4.2. a) Optical image, b) corresponding Raman image of marked area in (a), 

c) optical image after repeating the measurements again on the same area, d) 

corresponding Raman image of same area and e) Raman spectra showing quenching 

of PL after performing Raman mapping. f) Time series PL spectra showing 

reduction in defect PL.      

Fig. 4.4.3. Optical image, Raman image and corresponding AFM image for NCp 

S2.        

Fig. 4.4.4. GISXRD spectrum of NCp S2 shows peaks corresponding to both 

hexagonal and cubic structure.        

Fig. 4.4.5. a) Optical image of NCp S2H showing decrease in coagulation, b) 

Raman image, c) AFM image showing one to one corresponds between optical, 

Raman and AFM image, d) Normalized Raman spectra of marked positions 

showing difference in position of LO phonon and e) PL spectra at similar positions 

Fig. 4.4.6. a) GISXD pattern showing presence of only hexagonal phase for NCps a) 

S2H (1 M, 2g) and b) S3H (1M, 4g).        

Fig. 4.4.7. Cumulative fit (red color) to raw (+) PL data for isolated (1) and dimer 

PVP (2) spheres. Separate Gaussian components are shown with solid line (blue 

color).        

Fig. 4.4.8. Stokes/anti-Stokes Raman spectra for type I (black color) and type 2 

(blue color) structures, performed using 514.5 nm excitation.    

Fig. 4.4.9. a) Optical image of NCp S3H, corresponding b) Raman and c) 

topography image. Comparison of 3D topography image of d) S3H and e) S2H 

suggests larger density of dimmers in S3H NCp.      

Fig. 4.4.10. ATR-FTIR spectra of NCps, a) S2 and b) S2H. Solid line (red) is fit to 

raw data (+) and separate Gaussian peaks are shown by blue (relevant) and black 

solid line.                                                  
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List of Table captions 

 

Table 2.1. Spatial resolution and depth of focus for different lasers are 

summarized. 

Table 2.2. Spectral resolution.               

Table 3.2.1. Different parameters such as phonon frequency, calculated size, 

unperturbed width and asymmetry for HF phonons are summarized.  

Table 3.2.2. The results for the bond lengths and bond angles of Si41 cluster with 

(a) oxygen (Si41O42H24) and (b) hydrogen atoms (Si41H60) terminations obtained 

by DFT based electronic structure calculation with PBE XC functional and TZ2P 

basis set.      

Table 3.3.1.  Lorentzian peak position and PCM parameters used to fit IF1 
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Table 3.3.3. Ratio of intensity of LF to HF phonon for all NCps with 441.6 nm 

and 488 nm as excitation sources.      
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three wavelengths summarized.       

Table  3.3.5. Ratio of intensity of LF to HF phonon for all NCps with 441.6 nm 

and 488 nm as excitation sources. Multiple absorption edges calculated from 

(h)
2
 vs  h  graph  in the range of interest (350 - 520 nm) for all NCps.   

Table 4.2.1. Growth conditions, peak position (band gap), peak width, area under 
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“I am not afraid to consider the final question as to whether, ultimately in the great future we can 

arrange atoms the way we want; the very atoms, all the way down! …The principles of physics, 

as far as I can see, do not speak against the possibility of maneuvering things atom by atom. It is 

not an attempt to violate any laws … but in practice, it has not been done because we are too big. 

The problems of chemistry and biology can be greatly helped if our ability to see what we are 

doing, and to do things on an atomic level, is ultimately developed, a development which I think 

cannot be avoided".  

            Feynman,1960 

Materials at nanoscale show unique properties due to quantum size effects and or their 

large surface to volume ratio. Specially, semiconductor nanostructures are studied extensively as 

they form the basis for many modern electronic [1] and optoelectronic [2] devices.  Further, the 

thrust for long-term stability, reproducibility and synthesis on a large scale with a control on the 

structure, has branched nanoscale research towards semiconductor nanocomposites. 

Semiconductor nanocomposites are composites, wherein functional semiconductor 

nanostructures are embedded in a passive matrix. Properties of nanocomposites mainly depend 

on the functional component used; however, the interaction between constituent components 

although weak may influence formation and properties of these nanocomposites. Thus, it is 

important to understand the characteristic of a functional component in the presence of the 

matrix. Raman spectroscopy is an excellent non-contact, non-destructive optical tool to study 

semiconductors and semiconductor nanostructures, as their band gap lies in the visible region. It 

can be used to obtain information regarding size, crystalline quality, stress, structure, etc. of a 

semiconductor nanostructure. Further, Raman spectroscopy being a local probe, it can also be 

used to study the effect of surrounding environment on nanostructure and thus can give 

information regarding the interaction between semiconductor nanostructure and matrix.    

In this chapter, we start with the brief history of semiconductors and it’s ever increasing 
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presence in various fields. Further, importance of semiconductor nanostructures is briefly 

described. Taking from here we discuss, the need of forming semiconductor nanocomposites and 

their relevance. Utility to study nanocomposites using Raman spectroscopy and the necessity of 

Raman mapping is also discussed. Materials chosen for this study are also discussed in this light.   

 

1.1. Semiconductors 

 

A semiconductor is defined as a material with electrical resistivity lying in the range of 

10
-2

 to 10
9
 Ω cm [3]. It is also defined as a material whose band gap lies between 0 and 4 

electron volts (eV). Materials with zero band gap are recognized as metals, while those with 

band gap larger than ~ 4 eV are known as insulators. 

 

1.1.1. History of semiconductors 

Alessandro Volta was the first person who introduced the word semiconductor or 

materials of semiconducting nature [4] in 18
th

 century. Later on, first significant observation in 

the field of semiconductor was made by Faraday [5] in 1833, when he found that Silver Sulfide 

have a negative temperature coefficient of resistance, a characteristic which is different from 

metals. The observation that a photo-voltage could be produced by shining light on the surface of 

one electrode in an electrolyte by Becquerel [6] in 1839 was another contribution. Later on, 

Smith [7] in 1873 showed that the resistance of Selenium could be reduced by shining light on it 

(photo-conductivity). Further, in 1874, it was found out that the contact resistance between 

certain materials does not obey Ohm's law, but depends on the magnitude and sign of the applied 
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voltage [8,9]. Thus, by 1885, fundamental properties of semiconductors were discovered, 

although, not all on the same material [10]. 

 

1.1.2. Applications of semiconductors and recent trends 

Semiconductors are core of modern electronic [1] and optoelectronic [2] industries. In 

optoelectronics devices, optics and electronics are brought together within a single material i.e. 

the material should allow the manipulation of light, the manipulation of electrical current and 

their interaction. Metals are excellent electrical conductors, however, do not allow light to travel 

inside, whereas, dielectric materials can accommodate and guide light waves, but they are 

electrical insulators. Semiconductors are in between these two, as they can carry current and can 

be designed to allow for the transformation of light into current and vice versa and thus, quite 

useful in optoelectronic devices. Semiconductors are also enormously used in photovoltaic 

devices since the development of first practical photovoltaic cell in 1954 [11]. This is because 

renewable energies have attracted attention in recent decades as they have shown real potential 

for addressing issues such as increasing energy requirements, climate change and global 

warming problems that obstruct the sustainable development of human society. Among various 

kinds of renewable energies that have been developed, solar power [12] is regarded as the most 

appealing clean energy.  

As solar cells are practical source of sustainable energy, the challenge that photovoltaic 

research community is facing, is to improve the efficiency and reduce the cost of these devices. 

Therefore, the drive to miniaturization has been rapidly pushing industry into atomic and 

nanometer scale devices. In this regard, development of advanced synthesis techniques [13], 



 

4 

 

which can facilitate growth of highly crystalline quality materials, is an enabling step toward 

making such devices a reality. 

 

1.2. Nanostructures 

 

 Nanostructures are defined as the structures with at least one characteristics dimension 

measured in the nanometer range (1-100 nm) [14]. Today, interest is focused on 

Nanotechnology, which can be broadly defined as, ‘‘creation, processing, characterization, and 

utilization of devices with dimension on the order of 1-100 nm, which exhibits novel physical 

and chemical properties due to their nano-scale size’’ [15]. Thus, the word “nano” does not just 

denote “miniaturization”; such miniaturization must lead to novel properties. The interest in 

nanostructures stems from the fact that their properties change with their size or shape [15-17]. 

This is because properties of a system are determined by the type of motion allowed for its 

electrons, which is determined by the space in which the electrons are allowed to move [16]. In 

bulk materials, electrons are free to move, whereas, in atoms and molecules, electrons are 

confined to much smaller dimensions. Once bound in nanostructures i.e. when size is smaller 

than critical length that characterizes many phenomena, motion of electron becomes strongly 

confined and thus quantization sets in. Therefore, novel properties of nanostructures, which are 

not observed in bulk and in isolated atoms, arise owing to their nano size and have their origins 

in quantum mechanics. Further, in case of bulk materials, a relatively small percentage of atoms 

are present near the surface. However, surfaces are very important for nanostructures, wherein 

the small size ensures large number of atoms near the surface [18-19]. Since, atoms present at the 

surface are loosely bounded as compared to atoms present inside, surface properties such as 
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electronic structure, reactivity can be quite different from the inside. This can leads to different 

chemical and physical interactions, which are governed mainly by surfaces. Thus, when the size 

of materials is reduced to nanoscale, their physical and chemical properties change, resulting in 

unique properties due to their large surface to volume ratio and or quantum size effect. Research 

in this area is a fascinating branch of science. The size [20, 21] and shape [22,23] dependent 

properties of nanostructures lead to surprising discoveries. Unique behavior of nanostructures not 

only shows great potential for innovative applications, but also poses challenges. In order to use 

nanostructures, one has to develop highly controllable, simple and cheap growth techniques, high 

resolution characterization tools and new theories/modifications to theories to explain 

experimental observations. All this together will facilitate use of nanostructures in various 

applications [24,25]. Nanotechnology thus, has captured the imaginations of scientists and 

engineers not only because of the explosion of discoveries at the nanometer scale, but also 

because of the potential implications. 

 

1.2.1. Classification of Nanostructures 

Nanostructure is defined as the structure with at least one dimension d is less or equal to a 

critical length d*, d d*≈100 nm [26]. The value of d* have no certain magnitude because it is 

determined physically by a critical characteristic of some phenomena (free path length of 

electrons or phonons, de Broglie wavelength, diffusion length, etc.) giving rise to the size 

(quantum confinements) effects. Reduction in the spatial dimension or one can say confinement 

of particles in particular direction within a structure leads change in electronic density of states in 

that direction. Hence, classification of nanostructure materials depends on the number of 
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dimension/dimensions that is/are confined to nanometer range. Accordingly, one can have three 

types of system: 

i) System confined in three-dimension (Quantum dots): This includes nanoparticles in which 

electron are confined in all the three directions. Nanoparticles could be either amorphous or 

crystalline. 

ii) System confined in two-dimension (nanowire/nanotubes): Here electrons are confined in two 

directions and are free to move in third direction. This includes nanowires, nanotubes, nanorods 

having diameter and thickness in the range of nanometer e.g. semiconductor nanowires, carbon 

nanotubes. 

iii)  System confined in one-dimension (Quantum well): In these systems, confinement occurs in 

one direction. This includes films on a substrate having thickness in the range of nanometer and 

remaining two dimensions (length and width) are large.   

Difference in their properties due to confinement in different dimensions and surface to 

volume ratio they find applications in different fields [27-32]. Some representative examples are 

cited in the following.  

Quantum dots are extensively used for in photovoltaic devices [27] and gas sensors [28]. 

Third generation photovoltaic devices employ multi band gap in a single device, which can be 

achieved using quantum dots of same material but with varying sizes, which in turn control light 

emission properties. Easy band gap tuning can be achieved using quantum dots because of 

quantum confinement in all the directions. Further, the most important parameter that determines 

the sensitivity of gas sensors is the specific surface-to-volume ratio of a material, which is 

highest for spherical quantum dots. The higher detection area of the nanoparticles leads to 

greater adsorption of gas species and thus increased sensing capability.  



 

7 

 

Nanowires/nanotubes show high electrical conductivity/mechanical strength [29]. 

Confinement in radial direction and large aspect ratio leads to directional flow of electron, 

phonons, and photons. Because of the nearly one-dimensional electronic structure, electronic 

transport in metallic carbon nanotubes occurs ballistically (i.e. without scattering) over long 

lengths, enabling them to carry high currents. Further, their high modulus and strength make 

them ideal functional material for polymer composites. Further, the large dielectric mismatch 

between the nanowires and it’s surrounding environment causes photon confinement in sub-

wavelength sized nanowires, and light can be guided over large distances with very little loss 

[30]. In addition to their function as active device elements nanowires/nanotubes can also be 

used as interconnects in micro-nano electronics [31]. 

Quantum wells are thin layered nanostructures, which derive most of their properties 

from the quantum confinement of charge carriers (electrons and "holes") in thin layers of one 

semiconductor "well (low band gap)" material sandwiched between other semiconductor "barrier 

(large band gap)" layers. Quantum wells are used to fabricate cascade lasers [32]. The change in 

the refractive index at the hetero-interface between the large band gap and low band gap material 

provides waveguide effect which confines emitted light from the well. This confinement 

enhances stimulated emission and substantially reduces the threshold current as compared to that 

required for bulk laser. Further, confinement of charge carriers in well (2 dimensional electron 

gas) leads to enhanced recombination of electron hole pairs to emit laser light [32]. 

Nanostructures were not necessarily produced in laboratories over many years, but have 

always existed in nature as discussed briefly in the following. 

 

 



 

8 

 

1.2.2. Natural nanostructures 

Our body is the perfect example of a nanostructured material. DNA in our body is a long 

double strand molecule with thickness of single strand is ~ 0.34 nm, diameter of double helix is 2 

nm (very small as compared to length of strand) and thus it can be termed as nanowire. Other 

examples of natural nanostructures are i) milk, ii) lotus leaf, iii) butterfly wings etc.  

i) Milk is a colloid, which contains lipids and proteins. White appearance of milk is due to the 

presence of nanostructure proteins called casein micelles (50-300 nm).  

ii) Lotus leaf shows the water repelling property. Surface of leaf is covered with micrometer-

sized papillae. The roughness of the hydrophobic papillae reduces the contact area between the 

surface and a liquid drop, with droplets residing only on the tips of the epicuticular wax crystals 

on the tops of papillose epidermal cells.  

iii)  Beautiful colors of butterfly wings are usually contributed by two sources: pigments and 

periodical sub micrometer structures, which are also referred to as “chemical” and “physical” 

colors, respectively.  

  Naturally occurring nanostructures also include organic (proteins, polysaccharides, 

viruses, among others) as well as inorganic compounds (iron oxy-hydroxides, alumino silicates, 

metals, among others) and are produced by weathering, volcano eruptions, wildfires or microbial 

processes.  In addition to naturally occurring nanostructures, there is a long history of using 

synthetically prepared nanostructures in various applications, although science of the same was 

not well known.          

 

 

 



 

9 

 

1.2.3. History of man-made Nanostructures 

One of the oldest questions in natural philosophy and science is the subject of intense 

research presently. The ancient philosopher Democritos in 400 BC posed the question: “What 

happens if a macroscopic material is split in two over and over again? Democritos said that 

eventually the microscopic parts derived from multiple divisions would be distinct from the 

starting material; indeed, at some point the process of successive division would lead to the 

individual atom” [14]. Spectacular effects were obtained with metal nanoparticles as color 

pigments in luster and glass technology [33-36]. Metallic luster decorations of glazed ceramics 

appeared in Mesopotamia during the 9th century [34]. These decorations showed amazing 

optical properties due to the presence of separate silver and/or copper nanoparticles dispersed 

within the outermost layer of the glaze. Silver nanoparticles also have a very long and diverse 

history [36]. Products containing silver nanoparticles have been commercially available for more 

than 100 years and are used in applications as diverse as pigments, photographic, wound 

treatment, catalysts, as a biocide etc [36]. From a scientific point of view, the big step in 

nanoscale research was made by Michael Faraday approximately 155 years ago [37]. His 

systematic studies on the interaction of light with metal nanoparticles can be regarded as the 

emergence of Nanoscience and Nanotechnology. The concept of man-made nanostructures and 

their potential use in technology was again raised over 60 years ago. Feynman said that there are 

no fundamental physical reasons why materials could not be obtained by manipulating individual 

atoms. However, due to the absence of instrument, which can probe at nano scale, people were 

not much involved in working on nanostructures. In 1981, the emergence of scanning probe 

microscopy (SPM) followed by the arrival of atomic force microscopy five years later was 

crucial for nano-science [38] and opened the door to the nano-world. Emergence of these 
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techniques and systematic work done on the photo-catalytic properties of colloidal CdS 

nanoparticles [39-41] led to the exciting possibility of tailoring the chemical and physical 

properties of a material by controlling crystallite size and shape on a nanometer scale rather than 

by altering the composition [42]. This has changed the semiconductor applications significantly. 

 

1.2.4. Applications of semiconductor nanostructures and Recent trends 

Semiconductor nanostructures are made from a variety of different compounds. They are 

referred to as II-VI, III-V or IV semiconductor nanostructures, based on the periodic table groups 

into which these elements are formed [43]. For example, Si and Ge are group IV, GaN, GaP, 

GaAs, InP and InAs are III-V, while those of ZnO, ZnS, CdS, CdSe and CdTe are II-VI 

semiconductors. Semiconductor nanostructures possess unique and useful chemical and physical 

properties and therefore they have attracted significant interest in research and applications in 

diverse disciplines such as in optoelectronic devices [10], solar cells [44, 45], biomedical 

imaging and therapy [46,47], sensors [48], hydrogen production [49,50], etc. We have already 

discussed above, the importance of semiconductors and the need for nanostructures for 

optoelectronic devices and solar cells. Further, because of superior optical properties compared 

to the traditional organic dyes and fluorescent proteins [51-53], semiconductors 

nanostructures/nanocrystals (NCs) have shown potential for bio-sensing applications [46,47]. 

Their relatively long fluorescent lifetimes allow the distinction between signal and the 

fluorescence of the background [51, 54, 55]. Gas sensing methods based on bulk semiconductor 

crystals rely on the interactions between their surface atoms and the gas which need to be 

detected [56]. This implies that NCs should be ideal candidates for sensing purposes because of 

their extremely large surface to volume ratio. Semiconductor NCs are also used for hydrogen 
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production, which is a promising alternative fuel rather than fossil fuels, since it is completely 

pollution free and can readily be produced from renewable energy resources, thus eliminating the 

net production of greenhouse gases. Photo-catalytic hydrogen production from water in one of 

the promising techniques and the electronic properties of semiconductor NCs makes them good 

photo-catalyst [57,58].  

Above examples suggest that semiconductor NCs have shown encouraging success in 

various applications. However, most of the properties exhibited by NCs are size dependent due 

to quantum confinement effect and/or increase in surface to volume ratio. Due to large surface to 

volume ratio in NCs, two possibilities can arise, 1) Agglomeration of particles to form larger 

particles due to Ostwald ripening and Vander Waals interactions and 2) large number of surface 

defect states which can suppress their luminescence properties. This may wipe out benefits 

associated with NCs/nanostructures [59-61]. This suggests that work was still needed to address 

issues of long-term stability, reproducibility and synthesis on a large scale such as thin films, 

with a control on the structure at the atomic level. Thus, in order to surpass the limitations 

associated with nanostructures, advanced materials such as their nanocomposites with improved 

properties and functionalities, have been proposed [62-67].  

 

1.3. Nanocomposites   

 

Nanocomposite (NCp) is grown by embedding NCs into a processable, transparent matrix 

material, which can be ceramic (inorganic) or polymer (organic) [68-70]. With this process, 

optical properties of NCs can be utilized in more technologically important forms such as films. 

Further, the ability to control the location of NCs within a matrix would result in tailored and 
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enhanced properties of hybrid materials. NCps combine the properties of each component and 

show enhanced functionality.  

 

1.3.1. Importance of nanocomposites  

NCps provide stability and processibility to nanostructures. NCps have been shown 

variety of applications in various fields such as in gas sensors [71,72], energy storage [73], 

optoelectronics [74], photovoltaic [75], biomedical [76] and other systems due to the stability 

provided by matrix to semiconductor NCs. Combining the tunable optical properties of NCs with 

it’s oxide matrix, which is transparent, these NCps have shown applications in ultrafast optical 

switching, ultrafast imaging, optical telecommunication, signal processing [77]. Besides, these 

NCps are chemically and thermally stable. Another class of NCps prepared by mixing of NCs 

with polymers has been practiced for decades. For example, the clay-reinforced resin known as 

Bakelite was introduced in the early 1900’s as one of the first mass-produced polymer-NCs 

composite [78], which fundamentally transformed the nature of practical household materials. In 

addition, nature has always combined inorganic and organic components at the nanoscale to 

construct smart materials with remarkable properties. Bone is considered to be a composite 

material consisting of a high elastic modulus mineral ‘fibres’ embedded in a low elastic modulus 

organic matrix permeated with pores filled with liquids. 

 

1.3.2. Semiconductor nanocomposites 

NCps can be described as a combination of two or more components which may have 

been thoroughly researched; however, there may still be a need to get insight into the NCps. 

Although, interactions between matrix and semiconductor NCs are expected to be weak in NCps, 
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it may be interesting to see, if they can have far reaching consequences in formation and 

properties of NCps. Further, the interaction at the interface, between semiconductor NCs and 

matrix will be very different depending on whether matrix is a oxide of the same semiconductor 

(Si NCs in SiO2, Ge NCs in GeO2 etc.) or completely heterogeneous matrix (semiconductor NCs 

in polymer matrix) and hence, can give rise very different manifestations in formation and 

properties of these NCps. In case of semiconductor-semiconductor oxide NCp, experimentally 

there were some observations (UV-Vis photoluminescence (PL)), which could not be attributed 

to quantum confinement effects.  Further, theory was suggestive that the interaction between Si, 

Ge atoms in NC with the oxygen atoms in matrix can play an important role in electronic and 

optical properties of semiconductor NCs embedded in oxide matrix [79-83]. However, it needs to 

be established experimentally. Also in case of inorganic-organic NCps, experimentally as well 

theoretically it was recently found that interactions between nanostructures and flexible block-

copolymer chains play crucial role in deciding the final structure of the NCp [84-89]. However, 

for NCs-homopolymers NCps, it is yet to be explored, whether and how the interaction between 

NCs and polymers affect the structure of NCps. Thus, there is indeed a need to enhance the 

understanding of the fundamental interaction and intricate interfaces between NCs and the 

corresponding matrix to achieve control on the growth process and thereby properties of NCps. 

In an attempt to study possible effects of interactions within constituent components of the 

semiconductor NCps, we have chosen to study two NCps 1) Si-SiO2 NCp and 2) CdS-polyvinyl 

pyrrolidone (PVP) NCp, which has potential photovoltaic and optoelectronic applications. 

Raman spectroscopy being sensitive to local bonding environment, it is expected to give 

us information about interaction between constituent semiconductor NCs and matrix and it’s 

effect on formation and properties of  these NCps.  
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1.4. Raman spectroscopy
 

 

Raman spectroscopy [90] is an inelastic light scattering of low level excitations of the 

medium/material. In solids, we mainly study quantized lattice vibrations (phonon) of the 

materials. Since, light interacts with lattice via electrons; it also gives information about 

electronic band structure. Raman spectroscopy is an excellent non-contact, non-destructive 

optical tool to study materials. It is particularly suitable to study semiconductor 

nanostructures/NCs (band gap in the range 2 - 3 eV), as it allows resonance Raman scattering in 

the visible region giving rise to reasonable signal for semiconductor NCs. Raman spectroscopy is 

a local probe and lattice vibrations are sensitive to composition, structure, stress, crystalline 

quality, local environment etc. Thus, it can be used to obtain the information regarding size, 

crystalline quality, stress, surface/interface, structure, phase transition, effect of doping etc. in 

nanostructures/NCps locally. Low level carrier excitations can additionally predict type of 

carriers, carrier concentration etc. In all, Raman spectroscopy is capable of giving information 

about material’s structural, optical and electronic properties. Raman spectroscopy has many 

advantages among many characterization techniques. Typically, the samples need little or no 

preparation before characterization. In addition, Raman Spectroscopy is typically a fast 

characterization tool. In the following, we discuss the history of Raman spectroscopy. 

 

1.4.1. History and relevance today
 

 Interaction of photon with the matter mainly leads to absorption, reflection and 

transmission of light [91]. However, some photons interact with the material and scatter from it. 

For example, Rayleigh scattering of light is a familiar phenomenon that is responsible for the 



 

15 

 

blue color of the sky. In 1928, C.V. Raman discovered inelastic light scattering [90]. In the 

original experiment, sunlight was focused by a telescope onto a sample which was either a 

purified liquid or a dust-free vapor. A second lens was placed by the sample to collect the 

scattered radiation. A system of optical filters was used to show the existence of scattered 

radiation with an altered frequency from the incident light - the basic characteristic of Raman 

scattering. Thus, Raman scattering is an inelastic scattering of light by the material, leading to 

change in energy of incident photon. Since then, phenomenon has been referred to as Raman 

scattering and study of the same as Raman spectroscopy.  

  Since, Raman spectroscopy is inherently weak scattering process, invention of laser in 

1960’s revolutioned the applicability of Raman spectroscopy due to increase in the sensitivity of 

the measurements. This led to it’s increased importance in the field of physical, chemical, 

biological sciences, archaeology, history of arts, etc. Raman spectroscopy is one the most 

important and simple spectroscopic technique for analysis in basic and applied sciences. Further, 

Raman mapping can be used effectively to study NCps, as it combines Raman spectroscopy and 

imaging to provide detailed variation in phonon parameters at spatially different position in the 

sample as described below. 

 

1.4.2. Raman mapping 

A possibility to not only probe locally, but visualize a chemical structure, composition, 

conformational state and effect of matrix on nanostructures has stimulated the development of 

imaging techniques [92]. High sensitivity of Raman spectroscopy to change in size, crystalline 

quality, stress, surface/interface, structure, phase transition, effect of doping, disorder, etc. of a 

semiconductor nanostructure and the need for little or no sample preparation make Raman 
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mapping a highly attractive analytical technique. Raman mapping is a method for generating 

detailed images based on the sample’s Raman spectrum. Therefore, change in Raman spectra at 

spatially different position can be studied. The sample stage is raster-scanned to record Raman 

spectrum across a chosen area. Raman image is generally generated using intensity of phonon of 

a particular material, however, image can also be generated using frequency of a phonon e.g. 

when one needs mapping of stress. Using Raman mapping, one can study distribution (size, 

crystalline quality, effect of surface/interface, stress, etc.) within NCp film, which is invisible by 

standard optical microscopy. Thus, Raman images depict a variation in spectral information at 

spatially different positions. With them, one can rapidly see how phonon parameter alters within 

a sample. This makes Raman mapping an ideal technique to study NCps, as it gives information 

about local bonding environment, which may change within a NCp.  

We have developed a methodology to perform Raman and atomic force microscopy 

(AFM) mapping at same site in a sample. This combined Raman and AFM mapping for chosen 

NCps gives important information about embedded semiconductor nanocrystals, which is 

difficult to obtain otherwise. 

 

1.5. Nanocomposites chosen for this study  

 

Two NCps investigated are grown using different growth techniques, which further the 

understanding of different growth techniques along with NCps. Si-SiO2 NCps are grown using 

Pulsed laser deposition (PLD) and CdS-PVP NCps are grown using Chemical bath deposition 

(CBD).  
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1.5.1. Si-SiO2 nanocomposite 

Silicon is a promising material as it is non-toxic and abundant in nature. Silicon NCs 

have innumerable applications which include their use as sensors [93], optoelectronic devices 

[94], photovoltaic devices [95], electroluminescent displays [96], photo-detectors [97], as a 

lasing material for photo-pumped tunable lasers [98], as an electrode material for Li-ion battery 

[99]. In addition, high photoluminescence quantum efficiency [100] and stability against photo-

bleaching of Si NCs [101] make them an ideal candidate for replacing fluorescent dyes in 

imaging techniques.  

Interest in Si has started in 1950s, with the publication of a new p-n junction photocell 

allowing the conversion of solar radiation into electricity. However, bulk Si has indirect band 

gap ~ 1.1 eV and thus luminescence efficiency is very low. UV-visible PL with increased 

efficiency was first observed in porous Si (p-Si) [102]. However, there has been a debate on 

whether, the blue shift of the PL and optical absorption with increasing porosity is due to the 

quantum confinement [103] or due to the nature of surface localized states of small Si crystallites 

[104-106]. Further, observation of optical gain in Si NCs embedded in SiO2 matrix (Si-SiO2 

NCp) [107,108] has stimulated research in this NCp. Different kind of techniques are used to 

grow Si NCs embedded in SiO2 matrix [109-150]. A debate, however, continues, over the origin 

of the light emission from Si-SiO2 NCp [109-116]. In order to understand the origin of UV-

visible PL of Si-SiO2 NCp, theoretical work was done on oxygen and hydrogen passivated Si 

cluster [151-152] as well as Si-SiO2 NCp [80], which predict that the presence of oxygen at the 

surface affects their emission properties. 

We find similar debate on Raman spectra of Si-SiO2 NCps. Unlike other inorganic NCs, 
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large variation (495 - 522 cm
-1

) in Si phonon frequencies embedded in SiO2 has been reported by 

different groups for different samples. This is found to be true, irrespective of the growth 

technique used for growth of Si-SiO2 NCp [117-150]. We believe that the two issues are 

interconnected and higher specificity of Raman spectroscopy can be advantageously used to 

resolve it. In the extensive literature survey, we find that, in the range noted above, origin of 

higher frequency phonon ~ 516 cm
-1

 and above has been attributed to phonon confinement [153] 

in Si NCs and is well understood. However, it has been found that PCM is inadequate to give 

correct red shift and line shape fitting simultaneously for lower phonon frequencies ~ 500 cm
-1

 

[117-118, 131-132, 134, 136, 141, 144-146, 154-157]. Several groups have addressed this 

discrepancy and different solutions e.g. size distribution [117, 145], bond polarizability model 

[155,156] and laser heating at low power density [154, 157] have been proposed to obtain correct 

red shift along with correct line shape fitting. However, no present models give understanding of 

the line shape and frequency for low frequency Si phonons. 

Aim of this work is to investigate the origin of large variation obtained in frequencies of 

Si optical phonon in the Si-SiO2 NCp and understand the correlation between this variation and 

nanostructure – matrix interaction, if any. Si-SiO2 NCps studied are grown on crystalline Al2O3 

substrate using PLD [158]. In these NCps, the whole range of Si phonon frequencies (495-519 

cm
-1

) is observed in each NCp using Raman mapping. This is the first time that the whole 

variation is reported on a single NCp. This allowed us to do systematic investigation of these Si 

phonon frequencies, as we could now access/monitor their behavior with respect to each other 

under certain experimental conditions. This is expected to give us a clue to the origin of this 

variation. Understanding the origin of these phonons is further used in corroboration with AFM 

to gain insight into morphology of these Si-SiO2 NCps. This has allowed us to understand the 
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growth mechanism of PLD grown Si-SiO2 NCps. 

 

1.5.2. CdS-Polyvinyl pyrrolidone (PVP) nanocomposite 

 Inorganic-organic NCps represent a merger between traditional inorganic and organic 

materials, resulting in hybrid composition [159], wherein inorganic NCs show optoelectronic 

properties and polymers provides numerous advantages such as facile and reliable manufacturing 

methods, broad compatibility with other materials, flexible, low cost etc [160]. Therefore, 

inorganic-organic NCps are of growing interest because of their numerous potential applications 

such as enhancement of conductivity [161,162], toughness [163], optical activity [164,165], 

catalytic activity [166] and chemical selectivity [167,168], gas sensors [169], etc. Thus, polymers 

provide processibility, keeping intact the optoelectronic properties of semiconductor NCs.  

  CdS is an important semiconducting material, as it is possible to engineer the band gap of 

CdS nanostructure over a wide spectral range (visible to UV). CdS NCs show promising 

applications in biological labeling [170], photo-catalysis [171], optoelectronic and photovoltaic 

devices [172]. CdS NCs also show good sensitivity to NO2 gas and thus can be used as efficient 

gas sensor [173]. Further, different polymer matrices such as polyvinyl pyrrolidone (PVP) [174], 

polydiacetylene [175]
 
and polystyrene [176] have been used to grown CdS-polymer NCps. PVP 

is preferably chosen as a matrix for the composites because of the two important characteristics 

[177, 178], i) different group of PVP forms complex with many inorganic compounds and thus 

provide surface passivation and ii) PVP has good film-forming and adhesive behaviour on many 

substrates and it’s films exhibit good optical quality.  

Further, finding new routes for driving inorganic NCs and organic polymers to self-

assemble into NCps is one of the challenges. In this quest, combining theoretical work [84-89] 
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and experimental observation can guide optimization of several routes for incorporating 

semiconductor NCs in polymer matrix. Several chemical methods are used for the fabrication of 

semiconductor NCs embedded in polymer matrix [179-193]. Chemical methods are preferred 

route for growth of inorganic-organic NCp to avoid decomposition of organic matrix at higher 

temperatures generally involved in physical methods. Further, using physical growth technique 

for NCs and chemical growth technique for organic matrix will be costly in terms of both time 

and money. The CdS-PVP NCps studied are grown using CBD.   

CBD is one simple, low cost and versatile route to grow NCs embedded in polymer [184-

193]. In the literature, most of the reports show that NCps are grown using two-step CBD growth 

process [184-190]. In this two-step growth process, NCs are grown separately and are 

incorporated in polymer matrix.
 
However, to the best of our knowledge, no systematic study has 

been performed for one-step growth of CdS-PVP NCp grown using CBD. Thus, it is important to 

do systematic study of CdS-PVP NCp, grown using one-step growth process, to get insight into 

the growth mechanism and it’s correlation to nanostructure–matrix interaction. Further, Raman 

and AFM mapping are used together to correlate the observed difference in morphology of NCps 

grown using different growth parameters.  

Raman mapping is used to probe the effect of interaction between NCs and matrix on the 

formation and properties of semiconductor NCps. Further, by combining this understanding of 

NCps with topography obtained from AFM mapping, unique information about morphology and 

growth mechanisms of NCps is obtained.  
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In this chapter, growth of NCps studied and characterization techniques used for the 

study are described. Si-SiO2 NCps and CdS-PVP NCp are grown using pulsed laser deposition 

(PLD) and chemical bath deposition (CBD), respectively by collaborators. Basic process and 

details of growth parameters/conditions used in PLD and CBD are described at the beginning of 

the chapter.  

In this work, Raman spectroscopy/mapping and AFM mapping are used as main research 

tools to study Si-SiO2 and CdS-PVP NCps. Working principle of these methods along with the 

theoretical background for Raman spectroscopy is developed. Importance and the use of Raman 

mapping to study NCps is also discussed. We also describe the methodology developed to 

perform Raman and AFM mapping at same selected area in these NCps to establish correlation 

between Raman spectroscopy and morphology. Basic optical techniques like absorption, diffuse 

reflectance and photoluminescence spectroscopy used to get information about band gap of the 

NCps are also described. X-ray diffraction and electron microscopies like scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) and it’s variants, used to support 

the understanding developed are also discussed.  

 

2.1.     Growth  

 

 Si-SiO2 NCps are grown using PLD and CdS-PVP NCps are grown using CBD. Both 

these techniques and relevant growth parameters/conditions are discussed in the following. 
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2.1.1.   Pulsed laser deposition 

 In PLD [194], a pulsed laser beam is focused onto the surface of a solid target. The 

absorption of electromagnetic radiation by the solid surface leads to rapid evaporation of the 

target material. The evaporated material consist of ionized species i.e. plasma plume, which gets 

deposited on the substrate either in vacuum or in the presence of background gas as required. In 

PLD growth, parameters such as wavelength of laser, it’s peak power/energy, pulse repetition 

rate, target-substrate distance, substrate temperature needs to be optimized. It is also feasible to 

produce multilayer films of different materials by sequential ablation of assorted targets. Si-SiO2 

multilayer NCps are grown using PLD by collaborators (LMPD, RRCAT). 

 Laser parameters used for multilayer growth of Si-SiO2 NCps are, i) KrF laser (248 nm, 

pulse duration- 20 ns), ii) pulse repetition rate - 10 Hz and iii) energy density ~ 2 J/cm
2
. A multi 

target deposition chamber is utilized for the growth purpose [158]. Single crystal Si wafer and 

SiO2 pellet are used as the targets and crystalline Al2O3 is used as the substrate. Initially, 

deposition chamber is evacuated to a base pressure of ~ 5 x 10
-7

 mbar using a turbo molecular 

pump. For the growth of multilayer, Si and SiO2 targets are ablated alternatively and the plasma 

plume is collected over the substrate. Growth is carried out in helium background pressure of ~ 

10
-1

 mbar. Targets are continuously rotated to avoid any pit formation and to ensure uniform 

ablation of the material. Deposition time of Si is varied from 45 s to 210 s in order to achieve 

variable mean sizes, keeping deposition time of SiO2 (thickness ~ 20 nm) constant. Expected 

thickness of Si layer per second is ~ 0.06 nm. Thus, thickness for E1 to E6 is expected to vary 

from ~ 360 nm to ~ 560 nm.  In this way, 15 multilayers of Si/SiO2 are grown on buffer layer of 

SiO2 (thickness ~ 20 nm) deposited on crystalline Al2O3 substrate. All the depositions are carried 

out at room temperature. To improve the crystalline quality of the particles after the growth, 
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samples are annealed in nitrogen ambience at 800 
0
C in the same chamber without exposing 

them to the atmosphere. We have studied six such NCps with varying deposition time of Si, 1) 

E1 (45 s), 2) E2 (90 s), 3) E3 (120 s), 4) E4 (150 s), 5) E5 (180 s) and 6) E6 (210 s) with 

numbers appearing in the parenthesis denote the deposition time in seconds. We have also 

studied one unannealed NCp with deposition time of Si as 90 s. Rest of the growth conditions are 

same. This NCp is designated as E2U.  

 In order to support the result observed for NCps noted above and to understand the 

observed morphology of multilayer Si-SiO2 NCps, we have grown another set of Si-SiO2 NCps 

with similar laser parameters. For this new set, deposition time of Si (45 s) and SiO2 (3 min) is 

kept constant. In this set, we have studied, 1) E7 - 10 ML of Si/SiO2 with additional SiO2 layer at 

the top, 2) E8 - 10 multilayers of Si/SiO2 (top layer - Si), 3) E9 - single layer of Si/SiO2 with 

additional SiO2 layer at the top, 4) E10 - single layer of Si/SiO2 (top layer - Si). All these NCps 

are annealed at 800 
o
C. Further, to study the effect of annealing on Si-SiO2 NCps, we have 

prepared a set of NCp - 10 multilayers of Si/SiO2 with additional SiO2 layer at the top. This NCp 

is kept unannealed (E11) and annealed at 200 
o
C (E12), 400 

o
C (E13), 600 

o
C (E14). Rest of the 

growth parameters are kept same as mentioned above.  

 

2.1.2.   Chemical bath deposition 

 CBD is a simple growth technique, which is used to grow thin film or NCs onto a desired 

substrate [195]. This process involves reaction between precursors, nucleation followed by 

growth. In CBD, film formation may take place from two distinct mechanisms. The first growth 

mechanism involves the reaction of atomic species at the surface. It corresponds to an atom-by-

atom process, also called “ion-by-ion”. The second deposition mechanism is associated to the 
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agglomeration of colloids formed in the solution. It can be considered as “cluster-by-cluster” 

growth. In practical situations both processes may interact, leading to films where colloids are 

included in the growing film. In other words, the formation of nuclei can occur by heterogeneous 

nucleation on the substrate or by homogeneous nucleation in the bulk solution. The deposition 

parameters such as relative concentration of reactants, temperature, pH of the bath, duration of 

deposition etc. affect the deposited film. CBD technique has many advantages such as simplicity 

i.e. no requirement for sophisticated instruments, no vacuum requirements, minimum material 

wastage, economical way of large area deposition and no need of handling poisonous gases. 

Growth of CdS-PVP NCps using CBD is described in the following. 

Avoiding the separate growth of CdS NCs, one-step growth of NCps is attempted.  

Ingredients used for growth of CdS-PVP NCp are Cadmium acetate (Loba Chemie, AR grade, 99 

%) as Cd ion source, Thiourea (Loba Chemie, AR grade, 99 %) as S ion source and PVP (Loba 

Chemie, 99 %, 40,000 grams/mole) as an organic matrix. All the required beakers and glass 

slides are dipped in aqua-regia and left for one hour before deposition. Later, all the equipments 

are washed in water and cleaned ultrasonically in ethanol followed by de-ionized water for four 

minutes. Glass slides are kept vertically in the chemical bath as per the experimental 

requirement. Water bath is prepared for heating the chemical bath by filling tap water in a large 

beaker and a smaller beaker is used for the chemical bath. The heating and stirring arrangements 

are accordingly made in the large and small beaker, respectively. A stirrer is kept in the solution, 

which can rotate about its axis. 100 ml of chemical bath containing aqueous solution of PVP, 

Cadmium acetate (Cd-A: Cd
+2 

source) and Thiourea (ThU: S
-2 

source) is prepared in the 

following manner. PVP solution is prepared by adding measured amount of PVP to 80 ml of 

deionized water. Appropriate weight of Cd-A and ThU is added to each of two beakers 
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containing 10 ml of deionized water. These aqueous solutions of PVP, Cd-A and ThU are mixed 

in the chemical bath. It is important to note here that for all depositions, molarity of Cd-A and 

ThU is taken to be same. For convenience of writing, concentration of Cd-A &ThU is written in 

molar (M) and content of PVP is written in grams (g) for 100 ml of aqueous chemical bath, 

except where otherwise noted. Sample grown with Cd-A & ThU concentration of 1 M and PVP 

content of 2 g will be described hereafter as 1M, 2g. To study the growth of CdS NCs in PVP 

matrix from various angles, we have investigated,  

i) The effect of different molarities of Cd-A & ThU: Three different Cd-A & ThU 

concentrations 0.01, 0.5 and 1 M are used to study the growth.  

ii) The effect of different quantity of PVP: quantity of PVP is varied from 0.05 g to 10 g (1.25 

*10
-2

 mM to 2.5 mM) in discrete steps for 0.5 M Cd-A & ThU.  

iii) The effect of heating/cooling process and deposition time on the growth.  

 

2.2. Raman and Atomic force microscopy mapping 

 

 Raman spectroscopy/mapping is used as a main research tool to study both 

semiconductor NCps. Further, the understating developed using Raman spectroscopy is used in 

corroboration with AFM to get insight into the morphology of these NCps as described below. 

 

2.2.1.   Raman spectroscopy 

Interaction of photons with the matter leads to absorption, reflection and transmission of 

light. However, it is also possible for the photon to interact with the material and scatter from it. 

In this case, there is no need for the photon to have an energy which matches the difference 
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between two energy levels of the material. This scattering process is regarded as inelastic 

scattering (Raman scattering:  frequency of scattered light is different from incident) [196]. In 

this thesis, we will talk about inelastic light scattering mediated by optical phonons i.e. scattering 

of visible light (2-3 eV) by optical phonons (2-3 meV). In the following, we will discuss the 

quantum theory of Raman spectroscopy. 

2.2.1.1. Quantum theory of Raman spectroscopy  

 When a monochromatic light of frequency ω falls on a system, most of the light passes as 

such but in addition, scattering of light occurs [196]. It was found that scattered light consists of 

a very strong line in the spectrum at the frequency ω (elastic scattering- Rayleigh scattering) as 

well as series of weaker lines at frequency ω ± ω(q), which is due to inelastic scattering and is 

called Raman scattering. Here, ω(q) is the frequency of optical phonon. Frequencies ω − ω(q) 

corresponds to Stokes lines and ω + ω(q) corresponds to anti-Stokes lines. The interaction of 

radiation with matter is treated as a problem of time dependent perturbation in quantum 

mechanics. When a photon is incident on a crystal, it sets up a perturbation of its electronic wave 

function, as only electron can follow the fast changing electric field of visible radiation. Thus, 

wave function of perturbed crystal acquires a mixed character and becomes linear combination 

of all possible wave function of unperturbed crystal with time dependent coefficient. 

Hamiltonian of this system is given by, 

                                                                        2.1 

Where    = Hamiltonian of radiation in absence of medium, 

     = Interaction Hamiltonian of radiation and medium,  

    = Hamiltonian of medium in absence of radiation and is given by,   
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                                             2.2 

   is the total Hamiltonian of electronic level, 

    is the interaction Hamiltonian between electronic and vibration level.  

Thus,           are treated as perturbation Hamiltonian and          are unperturbed 

Hamiltonians. Thus, electrons mediate the scattering of phonons, although they remain 

unchanged after the process. Each scattering event in the quantum mechanical theory 

corresponds to a transition between initial states |    and final states |     of the scattering medium, 

these being Eigen states of   . 

                                                                                 2.3                  

                                                                                                                                         2.4               

The radiation field simultaneously undergoes transition from an initial state with    and     to 

final state with   -1 and   +1. 

                                                                            2.5     

                                                                   2.6      

These transitions in the system are due to perturbation    . The energy lost/gained by the 

scattering medium in the process is          , the energy that is equal to energy gained/lost 

by photon          . In second quantization, wherein physical quantities (e.g. momentum) as 

well as fields are quantized and vector potential/electric field operators are given by, 
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                                                 2.8       

V is sample volume,    is polarization of the mode k,    is refractive index of the medium at 

frequency   .    and   
  are annihilation and creation operator of photon of wave vector k and 

frequency   , respectively.    is number of photons in mode k.  

Hamiltonian of electron in crystal field V(r) is given by, 

       
   
 

                                                                  2.9 

here,     is the position vector of     electron in the crystal. Radiation interaction field is involved 

in the electron Hamiltonian by replacing. 
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                                       2.11 

This expression satisfy coulomb gauge condition  .Â = 0 
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                                                        2.13                

 Here, 
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                                                                    2.15                       

In this scattering experiment, scattering cross-section is defined as the rate of removal energy 

from incident beam to scattering medium by the scattering process into solid angle   , in 

volume V, 

 
   

      
   

 

 

   

  
                                                               2.16                         

 

 
  is the transition rate between initial and final state of medium in event of scattering.    is mean 

intensity of incident beam.  

The transition rate is given by Fermi golden rule [197]. Transition rate in terms of Raman 

susceptibility     is given by [196],      

                                                
 

  
   

   

  
  

  
   

               
 

                    
                  2.17                                                 

Raman scattering process includes electron-radiation interaction and electron-phonon interaction. 

To write phonon state explicitly one has to introduce electron-phonon Hamiltonian too. In the 

Raman scattering process, phonon is created (Stokes) or annihilated (anti-Stokes) and thus 

electronic state will not change. Under the adiabatic approximation, electronic and nuclear wave 

functions can be separated out. Raman scattering involves annihilation of photon, creation or 

annihilation of phonon and creation of photon. All the three steps in scattering can take place in 

any time order and thus one can have six terms in Raman susceptibility for the Stokes process. In 

this case Raman susceptibility will be of the form, 
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Transition from u1 to u2 is phonon induced transition. Thus, differential scattering cross section is 

given by       
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Here, v is the scattering volume. We define S (scattering efficiency) in angle by dropping v. S is 

ratio between the scattered and incident power for a path length in solid. Thus,  
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Here,    and    depend on scattered and incident frequency, respectively and              
  gives 

the microscopic cross section and nph is the Bose-Einstein occupation factor. Here, S is 

macroscopic cross section, which depends on the number of incident photon, forth power of 

scattered frequency (     ). Thus, Raman cross section is proportional to i) number of 

incident photons, ii) scattering volume, iii) energy of incident photons (when energy of incident 

photons is equal to or nearly same as that of real energy levels). Raman scattering is third order 

scattering process and thus Raman cross section is inherently weak. For nanostructures, 

scattering volume can be low and thus, Raman cross section will be weaker. Thus, if we want to 
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increase Raman signal for nanostructures, we need to either increase number of incident photons 

or we can make use resonance Raman scattering, which will depend on excitation wavelength. 

This can be understood from the Raman susceptibility term (equation 2.18) and scattering 

efficiency (equation 2.20). Terms 1
st
, 3

rd
 and 5

th
 suggest that when the excitation wavelength is 

close to real energy levels, denominator of these terms become vanishingly small to give very 

large contribution due to resonance enhancement. In the above, we have given scattering 

efficiency for Stokes process. Similarly, it can be written for anti-Stokes process and is given by, 
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Here, the only difference in anti-Stokes Raman scattering is factor nph, where it is nph +1 for 

Stokes Raman scattering (equation 2.20). This is because in anti-Stokes process, phonon is 

annihilated. Thus, the intensity of Stokes to anit-Stokes (
       

            
) is given by, 
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here, nph is the given by, 
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and therefore,  
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This suggests that we can calculate the local temperature of the system using intensity (I) ratio of 

Stokes to anti-Stokes phonon. We have used this ratio to calculate the local temperature for Si-

SiO2 NCps.  

2.2.1.2. Instrumentation 

Raman scattering (inelastic light scattering) is much weaker (~10
8
) than Rayleigh 

scattering (elastic light scattering) [198]. Therefore it is important to filter the Rayleight light, in 

order to measure Raman scattered signal from any material. The Raman set up generally 

contains, i) A laser light source for excitation of Raman spectra, ii) Spectrometer to disperse 

scattered wavelengths and iii) a detector to detect the scattered light at a particular wavelength 

coming out of the spectrometer: Raman spectra is the intensity of scattering light measured as 

Raman shift (taking laser light as zero wavenumber) in wavenumbers (cm
-1

).  In conventional 

Raman scattering set up, suitable external optics is used for focusing the light on the sample to be 

studied for configuration of interest i.e. 90 
0
, 180 

0
 etc. The collection optics couples scattered 

light to the spectrometer. 

1) Laser light source 

Raman scattering is a weak scattering process and thus, coherent and monochromatic 

laser light source is used to obtain measurable Raman signal. Gas lasers are preferred for the 

excitation of Raman spectra as, the line width of gas lasers (0.01 cm
-1

) is much smaller than 

instrument resolution of spectrometers and they come with many discreet laser lines in one 

source. This allows us the flexibility to choose appropriate laser line as per requirement of the 

Raman measurement.  Further, one needs to have tightly focused laser beam to achieve spatial 

resolution in micro Raman spectroscopy/mapping and polarized Raman spectroscopy requires 

light source with vertical/horizontal polarization. This can be easily achieved using gas lasers. 
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Different types of gas lasers used are Helium-Neon laser, Helium-Cadmium laser, Argon ion 

laser, Krypton ion laser etc, which give discreet line in the range 350 nm - 675 nm. To study Si-

SiO2 NCps and CdS-PVP NCps, we have used 448 nm and 514.5 nm line of Ar
+ 

laser and 441.6 

nm line of He-Cd. Since the used lasers are close to E1 (3.1 eV) and E0 (2.42 eV) optical gap for 

Si and CdS, thus Raman mapping can be effectively used to study both these NCps due to 

resonance enhancement of Raman signal.  

2) Spectrometer  

A spectrometer is a device which monochromtizes the polychromatic light. A 

spectrometer has a dispersive element (grating), and collimating and focusing mirrors. The 

polychromatic light is focused at the entrance and monochromatic light is focused on the exit slit. 

The spectrometer system can be used in two configurations, i) as a monochromator and ii) as a 

spectrograph. A monochromator has entrance slit, exit slit and photomultiplier tube (PMT) as 

detector, whereas, spectrograph has an entrance slit and an open exit slit with charge coupled 

device (CCD: detector) covering the range of wavelengths. When system is used as a 

monochromator, grating is rotated around it’s axis to scan the wavelength range desired, 

whereas, intensity of photons for a range of wavelengths can be observed simultaneously in 

spectrograph configuration i.e. with CCD. The first configuration is called signal channel 

detection and the later a multichannel detection. Chanel here refers to wavelength. It is obvious 

to see advantage of multichannel detection over single channel detection in terms of time and 

sensitivity, as it allows larger acquisition time for improving signal to noise ratio.  

In Raman system, monochromator/s are  mainly  used in three different configurations, i) 

single monochromator as a spectrograph, ii) double monochromator which has two 

monochromator in series and iii) triple monochromator, which are used in two different 
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configurations, A) Triple additive and B) Double subtractive + third monochromator as a 

spectrograph. Three factors decide which configuration to be used for chosen study, i) Stray light 

rejection, ii) Resolution and iii) Throughput. 

The double monochromator used with single channel detection is preferred for high 

resolution studies. The Triple additive will further increase the spectral resolution at the cost of 

decreased throughput. Triple stage Raman with double subtractive and third stage as a 

spectrograph with multichannel detection is suitable for most studies, wherein double subtractive 

stage acts as a tunable notch filter. Notch filter filters the wavelength in the defined notch which 

is the Rayleigh light i.e. specific to the excitation laser. However, when throughput is an 

important point to consider, single stage spectrograph with notch filter is used for Raman studies. 

This is useful for micro Raman studies of nanostructures. Using micro Raman and nanostructures 

reduces the scattering volume considerably and hence throughput of the system becomes very 

important in order to get measurable Raman signal.  

3) Detector  

Photomultiplier tube: PMTs are light sensitive detectors which gives an output current 

proportional to intensity of light. PMT consists of input window, photocathode, focusing 

electrodes, an electron multiplier (dynodes) and as anode. As the photons falls on photocathode 

of PMT, it emits primary photo-electrons, which are electrostatically accelerated and focused on 

first dynode of the multiplier. The multiplier is a dynode chain and at the end of the dynode 

chain an electron emitted at the cathode has multiplied to give ~10 
6
 electrons, which is called 

gain of the PMT. When photon signal is large then collected charge is measured and current and 

this is called the analog mode of measurement. However, for Raman scattering photon signal is 

weak and detection is done in photon counting mode wherein one measures an elctron pulse 
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genrated by a single photon.  In the photon counting system, the output  electron  pulses from the 

PMT are amplified by using pre-amplifier and  further discriminator  is used to  allow a narrow 

band pass of pulses height to be counted as photon count. This removes pulses genrated at 

dynodes or due to cosmic radiation which is noise.  The other main source of noise that dark 

current is reduced thermoelectric cooling of PMT to -20 
0
C. Quantum efficiency for PMT in 

visible region is ~ 20 %.  

Charged-coupled device: CCD is a silicon-based semiconductor, arranged as an array of 

photosensitive elements called pixels (potential well), each one of which generates 

photoelectrons and stores them as a small charge. Charges are stored on each individual pixel as 

a function of the number of photons striking that pixel. CCD works on the principal of 

photoelectric effect. Parameters, which need to be considered, are quantum efficiency, noise, 

sensitivity, dynamic range and gain.  Primary source of noise in CCD is 1) Photon noise, 2) Dark 

noise and 3) Readout noise. Both LN2 (~ 193
 o

C) cooled CCD and thermoelectrically cooled (~ - 

70 
o
C) CCD’s are commonly used in Raman systems to reduce thermal/dark noise as per 

requirement.  Higher the quantum efficiency and lower noise leads to higher sensitivity (signal to 

noise ratio). CCD is used in front illuminated and back illuminated configuration. However, front 

illuminated CCD are less efficient due to the absorption (UV-Vis) of photons and reflection 

losses. Back illuminated CCD is preferred, wherein CCD thickness is thinned (~ 10 μm) so that 

the charges generated near the back side are carried to CCD potential wells before recombination 

occurs. However, occurrence of interference fringes in near IR region limits the use of back 

illuminated CCD’s in this region. Quantum efficiency for CCD in visible region is ~ 10 % (front 

illuminated) and 45  % (back illuminated).  
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2.2.2. Atomic force microscopy (AFM) 

AFM is a scanning probe technique, which is used to image surfaces at the nanometer 

scale [200]. In AFM, a sharp probe attached on cantilever (Fig. 2.4) is brought into close 

proximity to a sample. Sample is subsequently moved relative to the probe in a raster pattern. 

AFM operates in constant force mode i.e. force between tip and sample is kept constant as the 

sample is scanned below the cantilever. Deflection (angular - contact mode and oscillating 

frequency-non contact mode) in the cantilever is measured by reflection of a laser beam using 

position sensitive detector, which is used as a feedback signal to move sample stage in z 

direction. This z movement is measured and noted as topography. Movement of sample stage is 

controlled by piezoelectric material, which allows movement in very small step size ~ 10 Å. The 

force between the atoms of the tip and atoms of the sample surface depends on the spring 

constant of the cantilever and distance between the tip and the sample surface. This force is 

described using Hooke’s Law, 

F = - k. x                                                                          2.28 

Where, F is the force, k is the spring constant of cantilever, x is the cantilever deflection. Tip is 

usually made of Si3N4 due to it’s flexible nature. Depending on the force between atoms of tip 

and atoms of sample, AFM primarily works in three imaging modes depending on the distance 

between probe and sample as shown in fig. 2.1.  

Contact mode: In contact AFM mode, an AFM tip makes soft "physical contact" with the 

sample (here the tip sample separation is 5 to 10 Å). The tip is attached to the end of a cantilever 

with a spring constant lower than the effective spring constant holding the atoms of the sample 

together. In contact mode, total van der Waals force is positive (repulsive) between atoms of tip 

and sample. The slope of the van der Waals curve is very steep in the repulsive or contact 
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regime. As a result, the repulsive van der Waals force balances the force that attempts to push the 

atoms closer together. Thus, as the cantilever tries to push the tip against the sample, the 

cantilever bends rather than forcing the tip atoms closer to the sample atoms. The magnitude of 

the total force exerted on the sample varies from 10
-8

 N to the more typical operating range of 10
-

7
 to 10

-6 
N. This mode is preferred for hard samples. 

 

 

 

 

 

 

 

 

 

 

Non-contact AFM: In the non-contact AFM (NC-AFM), spacing between the tip and the sample 

for NC-AFM is on the order of 10 to 100 Å. Here, one measures the sample topography with 

little or no contact between the tip and the sample. The total force between the tip and the sample 

in the non-contact regime is very low, generally about 10
-12

 N. Because the force between the tip 

and the sample in the non-contact regime is low, it is more difficult to measure the force than in 

the contact regime. The cantilevers used for NC-AFM are stiffer and vibrating at its resonant 

frequency (typically from 100 to 400 kHz) with amplitude of a few tens of Å. Changes in the 

resonant frequency or vibration amplitude are detected as the tip scans the sample surface. 

Fig. 2.1. Interatomic force vs. distance curve 
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Changes in the resonant frequency of a cantilever can be used as a measure of changes in the 

force gradient, which reflect changes in the tip-to-sample spacing, or sample topography. NC-

AFM does not suffer from the tip or sample degradation effects that are sometimes observed 

after taking numerous scans with contact AFM. Further, NC-AFM is preferred for measuring 

soft samples.   

Intermittent-contact AFM: This operating region is shown in the figure above. In this region 

tip sample separation varies from 5 Å to 50 Å. In this region the tip on the vibrating cantilever 

approaches and retracts from the sample periodically. This mode cause less damage to the 

sample as compared to contact mode in AFM and will be more sensitive than non contact mode.  

Resolution: Resolution of AFM is determined by the tip size. In our case tip size is ~ 50 nm.  

 

2.2.3. Raman and AFM mapping 

2.2.3.1. Experimental set up used for Raman and AFM mapping    

Raman spectroscopy 

Micro-Raman spectroscopy/mapping (backscattering geometry) is performed at room 

temperature using Acton 2500i (single) monochromator with thermoelectric cooled CCD 

detector. The Raman set up is a part of SPM_integrated Raman system of (WiTec, Germany) 

(Fig. 2.2). Fig. 2.3 shows enlarged view of microscope showing sample stage, objective, laser 

line coupler, CCD camera and output optical fiber. Laser line coupler for each laser used (488, 

514.5 and 441.6 nm) consists of i) an interference line filter, which allows only laser line to enter 

and thus removes the plasma line from the laser, ii) a coupler, which allows laser line to enter the 

microscope objective and backscattered light to pass on to o/p port of microscope and iii) notch 

filter which attenuates Rayleigh scattered light of the order ~10
6
, and thus, allows Raman signal 
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detection with single stage spectrograph. CCD camera noted above is used for observing the 

microscopic image of the sample and positioning laser for spatially resolved Raman 

data/mapping. Multimode optical fiber couples scattered light at the o/p port of the microscope to 

the spectrograph. Herein, single spectrograph with CCD (Fig. 2.1) is used, where spectrograph 

consist of two concave mirrors and one plane diffraction grating. First mirror collimate the light 

source and second focus the dispersed light from the grating. Focal length of the system is half 

meter. This system is equipped with three gratings as, 600 1/mm (window ~ 3600 cm
-1

), 1200 

1/mm (window - 1500 cm
-1

) and 2400 1/mm (window - 600 cm
-1

). These windows are noted for 

488 nm laser. DV401-BV model of CCD is used, which is back illuminated. Quantum efficiency 

of CCD is ~ 45 % for laser wavelengths in the range 400 - 500 nm. Pixel size is 26 * 26 μm
2
.  

We have used 1200 1/mm and 2400 1/mm gratings to perform Raman spectroscopy 

measurements and 600 1/mm grating for PL spectroscopy. Raman spectroscopy is mostly 

performed using 2400 1/mm grating, whereas, Raman mapping is performed using 1200 l/mm 

grating. Microscope objective 50 x and 100 x are used to perform micro Raman measurements 

depending upon the suitability. Numerical aperture (NA) and working distance (WD) for 50 x 

and 100 x objectives are 0.55, 0.9 and ~ 8 mm, 0.03 mm; respectively.  Microscope objective of 

100 x gives better spatial resolution as well as better signal to noise ratio, however, one needs to 

be careful in using the same as WD is very small. Further, while using Raman spectroscopy as a 

local probe, it is important to consider i) Spatial resolution, ii) Depth of focus and iii) Spectral 

resolution as described in the following. 

i) Spatial resolution  

The spatial resolution R is the smallest distance between two points to still appear distinctively 

on the microscope image. According to the Rayleigh criterion [199], 
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Rspatial = 0.61* (λ/NA)                     2.25 

here, λ is the excitation wavelength. This relation suggests that higher NA and lower λ will give 

better spatial resolution (Table 2.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2. SPM integrated Raman system set up showing different parts as noted in the figure.  
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Fig. 2.3. Enlarged view of microscope shows 

different components as noted in the figure 

Fig. 2.4. a) Cantilever placed on cantilever 
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arrow) of cantilever holder. 
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ii) Depth of focus 

Depth of focus refers to as focus tolerance in the image plane of the microscope [199]. This 

appears due to lens aberration and is given by, 

z (in air)   (λ/NA
2
)           2.26 

iii) Spectral resolution 

Spectral resolution (Δλ) is the ability of the spectrometer to resolve two closely lying 

spectral features into separate components and is given by,  

      Δλ = Slit width * d * 10
6
 / (f * n)        2.27 

Here, Δλ is in units of nm, d is the groove spacing, f is the focal length of the spectrograph (here 

it is 500 mm) and n is the diffraction order. Slid width is decided by the width of output optical 

fiber (here it is 100 μm). 

 

 

 

 

 

 

Raman mapping  

The scan stage is raster-scanned to record Raman spectrum across a chosen area and 

Raman image is generated using intensity/frequency of a phonon of choice for a particular 

Table 2.1. Spatial resolution and depth of focus for different 

lasers are summarized. 

Laser 

(nm) 

Spatial 

resolution 

(μm) 

Depth 

of focus 

(μm) 

Spatial 

resolution 

(μm) 

Depth of 

focus 

(μm) 

 50x (NA - 0.55) 100x (NA - 0.9) 

441.6 0.49 1.4 0.4 0.5 

488 0.54 1.5 0.42 0.6 

514.5 0.57 1.6 0.46 0.63 

 

Table 2.2. Spectral resolution 

 Spectral 

resolution (cm
-1

) 

Laser 

(nm) 

1200 2400 

441.6 4 2.5 

488 3.5 2 
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material. Scan area is chosen with the help of image recorded using CCD camera (Fig. 2.3), 

which is also used to focus and select positioning of laser.     

AFM mapping  

We have performed AFM mapping measurements in non-contact mode using 50 x 

objectives, since the working distance for 100 x objective is very small. Non contact mode is 

chosen to avoid damage of NCps studied. For 10 * 10 μm
2
, we have chosen 300 * 300 steps, 

which means that obtained step resolution will be around ~ 30 nm. To get high resolution 

topography image, step resolution is chosen to be at least ten times the size being measured. 

Further, the scan speed of non contact AFMs is also an important parameter. Scan speed is 

limited by the speed of the feedback loop that maintains constant amplitude and thus faster scan 

can lead to observance of noise in the topography image. In our case, used scanning speed ~ 4 

s/line gives good topography image.  

2.2.3.2. Methodology to perform Raman and AFM mapping on same site 

In NSOM-SPM integrated Raman system set up, Witec, one can perform Raman and 

AFM mapping measurements simultaneously. However, therein we need to use Advantech probe 

which leads to loss of Raman intensity to some extent and also gives rise to shift between centre 

of focused laser spot and centre of focused AFM tip (~ 4.0 -7.0 μm). Therefore, we performed 

these AFM and Raman measurements independently on a selected area by taking visual guidance 

of an optical image to ensure the data on the same selected area. To ensure that the data is being 

taken on the same selected area, visual guidance of an optical image is used. When performing, 

Raman and AFM mapping independently, it is necessary to ensure the position of AFM tip 

coincide with that of laser spot for Raman mapping. We find that the shift between the laser spot 

and position of AFM tip is ~ 7 μm, -23 μm.  First, we choose particular area with the help of  
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optical image created using microscope and performed Raman mapping on the selected area. 

After that, we incorporated this shift and performed AFM mapping. Further, we find that even 

after incorporating this shift, we observed displacement in topography image by ~ 0.2 μm, -0.4 

μm as compared to Raman image and thus we always considered large (by ~ 0.5 μm in both the 

directions) area for performing AFM mapping. Using this method, we performed Raman and 

AFM mapping on CdS-PVP NCps (Fig. 2.5), as we observed clear structures in these samples in 

the optical image. This is done number of times and the shift (~ 7.0 μm, -23.0 μm) between the 

position of AFM tip and laser spot is determined. This shift is incorporated while doing AFM 

mapping to obtain one to one correspondence between the optical image, Raman image and 

topography (AFM image) for Si-SiO2 and CdS-PVP NCps.  

 

2.3. Characterization techniques for nanostructures  

 

2.3.1.   Absorption and diffuse reflectance spectroscopy 

 Optical behavior of semiconductors and semiconductor nanostructures in the near 

infrared, visible, and ultraviolet can be determined by studying the transition between valence 

Fig. 2.5. a) Optical image shows isolated strcutres, b) Raman image, c) AFM image showing one to 

one corresponds between optical, Raman and AFM image. 
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and conduction band [201]. Optical absorption spectroscopy is a very useful technique to study 

this electronic transition in bulk, colloidal, thin film, nanostructures etc. During the 

measurements, absorbance of a material, which is a logarithmic ratio of the radiation falling upon 

a material, to the radiation transmitted through a material is measured. Thus, if the energy of an 

incident photon corresponds to the energy gap between the ground state and an excited state, the 

photon get absorbed. It is this change which is measured in absorption spectroscopy by the 

detection of the loss of that energy of radiation from the light. In the direct band gap material, 

wherein transition take place at k = 0, band gap can be obtained from the equation given by,  

                                                                             2.29 

Band gap is obtained by plotting (αhν)
2 
against hν, where, α is the absorption coefficient 

and ν is frequency of incident light. The band gap is that energy, where the tangent to this curve 

intersects energy axis. Absorption coefficient (α) can be obtained from the measured absorbance 

by, 

Absorbance = 0.4343 ˟ (α ˟ l)                                                     2.30 

Here, l is the thickness of the material (film). We have used this methodology to obtain 

absorption coefficient for Si NCs using average thickness for Si.  

 Band gap increases with the reduction in size of nanostructure due to quantum 

confinement of electrons. Therefore, blue shift [202] observed in band gap can be used to 

calculate size of NCs. The band gap of a spherical NC is given by,   

                               
    

   
  

 

  
  

 

  
   

       

     
                                            2.31 
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where, for CdS NCs, Eg is the band gap of bulk CdS (2.42 eV), R is the radius of the NC, me is 

effective mass of the electron (~ 0.19m), mh is the effective mass of hole (~ 0.53 m), m is the 

mass of electron, ε0 is the dielectric constant (~ 5.5) [202]. 

 Interaction of light with matter leads to reflection, transmission, absorption and scattering 

of light. In general, scattering is negligible and thus during the transmission measurement, one 

observes mainly optical features in the spectrum. However, quantitative interpretation of 

absorption spectra in the presence of large scattering is not feasible sometimes. Thus, it is 

necessary to separate the scattering component from absorption spectra, which can be done using 

diffuse reflectance spectroscopy.  

 Reflectance spectroscopy measurements can be performed in diffuse and diffuse + 

specular mode by keeping the sample at the exit port of integrating sphere. For measuring the 

diffuse reflectance, the 0
0
 configuration is used. In this configuration, the light is incident 

normally onto the sample surface due to which the specular part of the reflected light goes out 

through the entrance port, and hence only the diffuse part is measured. In order to measure the 

total reflectance, the 8
0
 configuration of the integrating sphere is used and thus both specular and 

diffuse reflections are measured collectively by the detector giving the value of total reflectance. 

Taking diffuse reflectance as a guide, one can separate out the scattering component from 

absorption spectra of CdS-PVP NCps.  

 We have performed absorption spectroscopy and diffuse reflectance spectroscopy 

measurements in the wavelength range 300 - 800 nm using CARY 50 and CARY 5000 UV-Vis 

spectrophotometer, respectively. Absorption spectroscopy measurements are performed on the 

both the NCps to obtain information on optical gap of NCs. Further, DRS measurements are 



 

46 

 

performed on CdS-PVP NCps to remove observed scattering contribution from the absorption 

spectra.   

 

2.3.2. Photoluminescence spectroscopy 

Photoluminescence (PL) describes light emission stimulated by exposing the material to 

light [201]. PL is a non-destructive optical technique used for measuring the band gap of 

materials and detection of defects. Thus, when a semiconductor absorbs a photon of energy 

greater than the band gap, an electron is excited from the valence band into the conduction band 

leaving behind a hole. When the electron de-excite, it may do so in a radiative (release of a 

photon) manner and thus gives information about the band gap of the material. However, if 

defect levels are present, electron can non-radiatively relax at the defect center and then 

radiatively recombine with the hole in the valence band, emitting photon of different energy 

compared to that for band gap. Thus using PL spectroscopy, one can study the band gap as well 

as the presence of defects.   

We have performed PL mapping of CdS-PVP NCps using 600 1/mm grating with 441.6 

nm (2.8 eV) excitation sources as this energy is higher the band gap of CdS. Therefore, using this 

source, we can study one to one correspondence between absorption and PL spectroscopy to 

study band gap and thus size of CdS NCs. Further, we have studied the correlation of size of CdS 

NCs, it’s passivation with the observed morphology of CdS-PVP NCps using PL mapping. 
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2.3.3. Electron Microscopy 

 Electron microscopy is based on the concept of wave nature of electrons. There are two 

types of electron microscopes [203], 1) Scanning electron microscopy (SEM) and 2) 

Transmission electron microscopy (TEM). 

2.3.3.1. Scanning electron microscopy  

SEM is used to analyze the surface morphology of material.
 
SEM is a reflection based 

technique. The electrons are produced from tungsten filament by thermionic emission process. 

The emitted electrons are accelerated by electric field. The beam is allowed to pass through 

electromagnetic lenses that condense electron beam. With the help of this arrangement electron 

beam of high energy is achieved. Interaction of primary electron beam with the sample causes 

four processes; back scattered electrons, secondary electron, X-rays, auger electron. For each of 

these, different types of detectors are used. Secondary electrons (SE) have low energy. SE 

generated in the bulk gets absorbed within the sample. Only those generated in the surface of the 

sample escape and detected are used for imaging of the surface of sample.  

Energy dispersive spectroscopy (EDS) is also used in SEM for knowing chemical 

composition of elements. A lower energy electron (usually K-shell) is emitted from the atom 

during the secondary electron emission process leaving a vacancy in this shell. An electron from 

higher energy level can fall into the lower energy shell to fill this vacancy and it emits energy in 

the X-ray region. Emitted energy is unique to the element and thus gives information about the 

elements present in the excited region.  

SEM and EDS measurements are performed on CdS-PVP NCps using model XL30CP 

(30 KV) of Philips, Holland and CARLZEISS SIGMA field emission (FE)-SEM (10 kV) in 
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order to study the morphology of CdS-PVP NCps as well as it’s correlation with the observed 

scattering contribution in absorption spectra of these NCps. 

Resolution: Resolution depends on the beam size and accelerating voltage [203]. Beam with 

smaller diameter resolve more detailed structure of the sample as compared to beam with larger 

diameter. Resolution obtained is 35 Å for 30 kV. In case of FE-SEM, the electrons are produced 

by field emission source, wherein beam diameter is smaller and thus better resolution (20 Å) is 

achieved using FE-SEM at lower accelerating voltage (~ 5-10 kV).  

2.3.3.2. Transmission Electron Microscopy  

In TEM, energy of the electrons used is higher as compared to that used for SEM. Source 

illumination part is same as that in SEM. Here, electron beam has enough energy to travel 

through the specimen. Some of the electrons get scattered in the specimen and rest get 

transmitted, which are focused by an intermediate and projector lens onto the fluorescent screen.  

The beam strikes the screen and light is generated. The darker areas of the image represent those 

areas of the sample, where scattering is more. The lighter areas of the image represent those 

areas of the sample that more electrons are transmitted through. Since the scattered electrons 

have to be transmitted through the sample, sample should be thin enough which not the case is 

for SEM. The limitation of TEM is that sample thickness should be of the order of 100 nm and 

hence many a times sample preparation is required and that is very cumbersome. In order to form 

images in the TEM from transmitted electrons, either the central bright spot, or some or all of the 

scattered electrons can be used. Electrons scattered at a specific angle can thus be selected by 

inserting an aperture into the back focal plane of the objective lens.  If the direct beam is 

selected, the resultant image is called bright-field image, and if scattered electrons are selected 

then the micrograph is called dark-field image.  
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For the present work, TEM is performed on chosen CdS-PVP NCp using model CM200 

of Philips, Holland. Accelerating voltage used in TEM is   200 kV and thus  resolution achieved 

is 2.1 Å [203]. 

 

2.3.4.   X-Ray Diffraction 

Crystal structure is studied through the X-ray diffraction (XRD), which are high-energy 

electromagnetic radiation [204]. They have energy ranging from 200 eV to 1 MeV.  Diffraction 

depends on the crystal structure and wavelength used. In an atom we have number of electrons 

and all electrons will scatter beam of X-ray. When we consider atoms in a crystal, each atom will 

scatter x-rays. Since, atoms are arranged in regular pattern, scattered waves from the atoms will 

have definite phase relationship and will interfere. If the waves are in phase then there will be 

constructive interference and when out of phase, there will be destructive interference.  

The Bragg’s Law: Consider a set of parallel plane with the spacing between the planes is d. 

Radiation is incident on the planes. The path difference for rays reflected from adjacent planes is 

2d    , where   is the incident angle, measured from the plane. Rays from the adjacent plane 

will interfere constructively when the scattering angle is equal to the angle of incidence   of the 

original beam and when the path difference is an integral multiple n of wavelength λ, so that 

                                      2d     = n λ  n = 1, 2, 3...                                             2.32 

This is the Bragg’s law.  Diffraction occurs only when the wavelength of the wave is of the same 

order of magnitude as the distance between scattering centers.  

Powder diffraction pattern consists of series of peaks with different intensities. Peak 

intensity is plotted on the ordinate and the measured diffraction angle 2θ, along the abscissa. 
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Each peak in the diffraction pattern corresponds to X-rays diffracted from a specific set of 

planes. Our samples are NCs embedded in matrix which are expected to have random 

orientation. This is expected to give powder XRD pattern. However, one will observe single 

peak for oriented samples (e.g. single crystal) corresponding to that particular orientation. As we 

change the angle of diffraction we will get another peak from another set of parallel planes. XRD 

data can be used to study the crystalline quality, presence of stress, size of NCs, lattice constant, 

phase transition, etc. 

We have performed grazing incidence XRD (GIXRD) using synchrotron source on CdS-

PVP NCps for phase identification of CdS NCs. Grazing incidence geometry is used to remove 

the substrate (glass) contribution because it can obscure the intrinsic feature of the NCp film. 

GISXRD measurements are performed at angle dispersive X-ray diffraction Beamline -12 on 

Indus-2 Synchrotron source, RRCAT, India with λ ~ 1.17832 Å. Resolution of the double crystal 

monochromator used is ~ 0.04
o
. 

 

2.3.5.   X-ray photoelectron spectroscopy (XPS) 

XPS is one of the most important methods to study surfaces/interfaces [205]. In XPS, 

kinetic energy distribution of the emitted photoelectrons from surface (escape depth ~ 5 - 10 nm) 

is analyzed to study the composition and electronic state of any sample and is based upon the 

photoelectric effect. Accordingly, when the sample is irradiated with photons of energy hν, it 

emits electrons from the sample surface. The kinetic energy of the emitted electron is given by  

                                       K.E. = hν - B.E. -                                                                   2.33 
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here, hν is the energy of the incident photon, B.E. is the binding energy of the emitted electron 

and  is the work function of the spectrometer. The XPS spectrum is the plot of number of 

emitted electrons per energy interval versus their B.E./kinetic energy. Since, each element 

produces a characteristic set of XPS peaks; one can identify directly the presence of suboxide 

stated at the surface/interface of any material. In XPS, the number of detected electrons 

corresponding to each characteristic B.E. is energy related to the valence state of a particular 

element present within the area (volume) of the sample being irradiated. In this measurement, 

high vacuum is required to minimize the contamination of the surface.  

In the present work, Omicron XPS system with monochromatic Al-Kα1 X-ray radiation 

(1486.6 eV, penetration depth ~ 1 - 10 nm) is used for XPS measurements on Si-SiO2 NCps to 

study presence of different suboxide states (Si
1+-3+

). Survey scans are recorded over 0-1400 eV 

kinetic energies and then detailed scans are measured to determine the oxidation state of the 

elements of interest. Resolution of the system is ~ 0.8 eV, which is less than the separation 

between different suboxide states observed in Si-SiO2 NCps. Measured spectra is deconvoluted 

using peakfit [206] software after the removal of linear background. In general, XPS spectra are 

fitted using Gaussian-Lorentzian line shape, wherein Gaussian part describes instrumental 

broadening, X-ray line-shape while, the Lorentzian part describes the lifetime broadening.   
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3.1. Introduction 

 

Si NCs have been extensively studied, realizing their potential applications in 

optoelectronic [207] and photovoltaic [208]
 
devices. Further, it is found highly desirable to have 

thin film form of Si NCs for most device applications. Therefore, NCps, wherein Si NCs are 

embedded in an insulating matrix are used to exploit the full potential of Si NCs. Different types 

of insulating materials such as SiO2, Al2O3, Si3N4, and SiC have been used as matrix for Si NCs 

[209].
 
Out of these, Si NCs are mainly embedded in SiO2 due to convenience of it’s growth 

compared to other NCps. Various techniques used to grow Si-SiO2 NCps are ion implantation 

[117-124],
 
magnetron sputtering [125-130], cluster beam deposition [131-134],

 
electron gun 

evaporation [135-136],
 
plasma enhanced chemical vapor deposition [137-141], gas evaporation 

[143],
 
pulsed laser deposition [148-150], etc. In most of the techniques stated above, the growth 

of Si NCs is started with amorphous silicon dioxide films (SiOx) [210,211]. Further, subsequent 

high temperature annealing (> 1000 
0
C) of amorphous SiOx matrix leads to the formation Si NCs 

embedded in SiO2 matrix as a-SiOx is thermodynamically unstable and a chemical reaction takes 

place upon high temperature annealing [212], 

                                                   SiOx    →   x/2(SiO2) + (1-x/2) Si 

It is found in literature that irrespective of growth technique used, Si optical phonons are 

reported in the range 495 - 519 cm
-1

 in Si-SiO2 NCps for different NCps [117-150]. Origin of 

high frequency (≥ 515 cm
-1

) Si phonons is well understood as due to phonon confinement in Si 

NCs. However, understanding of origin lower frequencies ~ 500 cm
-1

 is far from satisfactory. 

Although, there have been few attempts to understand the origin of this variation; this whole 

range Si phonon is not yet well understood. Similar variations are also found in PL spectra of Si-
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SiO2 and we feel that these two are connected. Thus, the aim of this work is to unravel the reason 

behind this variation. For this purpose, we have studied PLD grown six Si-SiO2 NCps [158], 

wherein Si-SiO2 multilayers are grown by ablation of Si and SiO2 targets, alternatively in PLD 

chamber. It is important to note that Raman spectroscopy and mapping of these Si-SiO2 NCps 

shows Si phonon frequencies in the entire range 495 - 519 cm
-1

 in each NCp studied. The 

observed large distribution in Si phonon frequencies is used advantageously to compare their 

behavior with respect to each other under same experimental conditions. In section 3.2, we have 

discussed the use of specially designed Raman spectroscopy monitored laser irradiation (LI) 

experiment, wherein, Raman spectra is measured under certain experimental conditions for all 

the frequencies, which are chosen with the help of Raman mapping.  From the behaviors of 

various phonons in this frequency range under LI experiment, low frequency (LF: ~ 495 - 510 

cm
-1

) and high frequency (HF: 515 - 519 cm
-1

) Si optical phonons are attributed to originate from 

surface/interface of smaller Si NCs in Si-SiO2 and core of larger Si NCs, respectively [213]. This 

result is corroborated with ab initio density functional theory (DFT) and time-dependent density 

functional theory (TDDFT) based calculations of Raman spectra. Using this understanding, the 

origin of intermediate frequency (IF: 510 - 514 cm
-1

) phonons is discussed in section 3.3. IF 

phonons originate from intermediate size Si NCs, wherein both core and surface/interface 

contribute [214]. Further, it is found that resonance Raman scattering is crucial for the 

observance of surface/interface phonons [214]. This understanding is also used to explain the 

Raman data variation reported in literature for Si-SiO2 NCps. The understating developed using 

Raman mapping is further used in corroboration with AFM, which reveals stacking of different 

size Si NCs in clusters of Si-SiO2 [215] and is discussed in section 3.4. We find that this unique 

information about morphology of Si NCs embedded in SiO2 is difficult to obtain by any other 
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conventional technique. Results obtained using Raman spectroscopy/mapping of Si-SiO2 NCps 

are also independently checked using XPS, which is an established technique for probing size 

dependence of surface/interface for Si-SiO2 NCp [226]. In section 3.5, we have discussed the one 

to one corroboration between size dependence of surface/interface of Si-SiO2 NCps using Raman 

mapping and XPS for single and multilayer NCps and establish Raman mapping as an effective 

tool to study surface/interface in Si-SiO2 NCps [216].  
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3.2. Correlation of size and oxygen bonding at the surface/interface of Si 

nanocrystals   

 

  Raman spectroscopy and mapping data on studied Si-SiO2 NCps show spatial variation in 

frequencies ranging from 495 - 519 cm
-1 

in each NCp. This is the first time that the whole range 

Si phonon frequencies (495 - 519 cm
-1

) are reported in one sample. This has become feasible due 

to availability of Raman mapping, as using Raman mapping, detailed Raman images based on 

the sample’s Raman spectrum can be generated and therefore local variation in Raman spectra 

can be easily studied. This allowed us to do systematic investigation of Si phonon frequency 

variation for six such Si-SiO2 NCps by measuring their behavior with respect to each other under 

same experimental conditions. We have studied six Si-SiO2 multilayer NCps grown on 

crystalline Al2O3 by ablation of Si and SiO2 targets, alternatively in PLD chamber by varying the 

deposition time of silicon as 1) E1: 45 s, 2) E2: 90 s, 3) E3: 120 s, 4) E4: 150 s, 5) E5: 180s, 6) 

E6: 210 s, while keeping deposition time of SiO2 constant for all NCps.  

 

3.2.1. Raman spectroscopy 

Raman spectrum of bulk Si show first order optical phonon ~ 521 cm
-1

 with full width at 

half maxima (FWHM) ~ 4 cm
-1 

[217]. Raman spectroscopic measurements performed on four 

samples (E1, E2, E4 and E6) showed red shift, asymmetric line shape and larger width of Si 

optical phonons as compared to Raman spectrum of bulk Si [158].  

For NCs, quantum confinement of phonons due to size leads to breakdown of Raman 

selection rule (q ~ 0), leading to contribution from q ≠ 0 phonons to the Raman spectrum, where 

q is a wave vector of scattered phonon as described by PCM given by Campbell and Fauchet 
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[153: annexure 3.2.1]. According to this model, first order Raman spectrum of a NC can be 

calculated as,  

 

                                                                   
       

           
 
   

  
 
 
   

                                                                      3.2.1 

here,   is the natural FWHM of the zone-center optical phonon, C(q) is the Fourier coefficient 

of phonon wave function, which takes into account empirically chosen phonon weighting 

function (mainly Gaussian weighting function) and is given by, 

                                                                
     

                                                                  3.2.2 

here, d is the diameter of Si NC. Phonon dispersion curve (ω(q)) has been determined by fitting 

neutron scattering data obtained for bulk Si [218], 

                                                                                 
 

 
  

 

 
                                                                   3.2.3 

where, A = 1.714*10
5 

cm
-2

 and B = 1.00*10
5 

cm
-2

. Negative slope of dispersion curve leads to 

red shift, broadening and asymmetric line shape of phonons on low frequency side. Here d and 

 
are two parameters. Raman spectroscopy measurements performed on these four samples 

(samples E1, E2, E4 and E6) [158] show: i) the observed red shift (~ 500 cm
-1

) is not in 

agreement with the red shift calculated using PCM and ii) TEM performed on monolayer for all 

these NCps suggests increase in mean size of Si particle (~ 1.4 nm to 5.2 nm) with the increase 

in deposition time of Si from 45 s (sample E1) to 210 s (sample E6). However, we find that the 

sizes obtained from the asymmetric line shape fitting of Si optical phonons for these multilayer 

NCps (~ 4.5 nm to 8.5 nm) are much larger than measured by TEM of a Si-SiO2 monolayer film.  
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To investigate the origin of these differences, we performed Raman spectroscopic 

measurements at spatially different positions in all NCps. This spatially resolved Raman 

spectroscopic measurements of Si-SiO2 NCps show variation in the Si phonon frequency from 

495 to 519 cm
-1

 in all NCps (E1-E6). It is well known that Raman spectra of NCs show 

asymmetric line shape of phonon and red shift in its frequency due to phonon confinement effect, 

which is accounted by PCM. Primarily, PCM has been used to explain Raman spectroscopy 

results reported for Si NCs grown using various techniques [117-119, 125-140]. Further, it is 

already noted that PCM alone is inadequate to give correct red shift and line shape fitting 

simultaneously for Si NCs over a complete range of frequencies observed in these Si-SiO2 NCps 

[118, 131-132, 134, 136, 141, 144-146]. Several groups have addressed this discrepancy and 

different solutions have been proposed as discussed below. 

i) Modified PCM model: For Si NCs, wherein significant size distribution is found, the 

contribution of the same has been explicitly added for calculating the line shape and correct red 

shift simultaneously [117, 145]. It has been reported that for Si NCs embedded in SiO2 

(crystalline) grown on sapphire via ion implantation [117], PCM works well after including log 

normal size distribution for phonon frequencies in the range 518 - 522 cm
-1

. For Si-SiO2 NCp, 

fabricated by glow discharge method [145], PCM gives correct result after including Gaussian 

distribution for phonon frequencies in the range 517 - 519 cm
-1

. This suggests that the modified 

PCM i.e. accounting size distribution can describe only the phonon frequencies upto ~ 517 cm
-1

 

wherein, Si NCs sizes are in the range ~ 4 - 8 nm.  

ii) Laser Heating: While performing Raman spectroscopy measurements, it is important to 

consider the effect of laser heating on the Raman spectrum. Lot of work has been done to 

account for red shift due to laser heating in Si NCs at small laser power density (PD) of ~ 5 - 10 
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kW/cm
2 

for visible region [136,141,154,157]. It has been reported that the  induced red shift is ~ 

1 cm
-1

 for Si NCs embedded in silica on Si substrate at laser PD ~ 5 kW/cm
2
 [136]. Whereas, for 

isolated Si NCs grown on sapphire, induced red shift is ~ 2 cm
-1 

at laser PD ~ 5 kW/cm
2 

[154]. 

This suggest that the red shift induced in our case because of laser heating (if any) can be in 

between the above two cases, because laser heating depends on the surrounding i.e. substrate and 

the matrix used. Thus, used laser PD ~ 2 - 5 kW/cm
2 

cannot lead to observance of lower (~ 500 

cm
-1

) Si phonons. This indicates that the origin of lower Si phonon frequencies cannot be 

attributed to laser heating. 

iii)  Bond Polarizability model (BPL): BPL model is based on the calculation of change in 

polarizability of each bond considering only nearest neighbor atoms for covalent crystals [155]. 

Total change in polarizability is calculated by summation of contribution from each bond. Using 

BPL model,
 
Zi et al. [156] have calculated phonon frequencies for different size of Si NCs and 

generated an empirical correlation between the size and phonon frequency for Si NCs. This 

relation is used to calculate sizes of Si NCs (< 5 nm) from the observed red shift 

[132,135,136,147]. Faraci et al. [132] have reported size of Si NCs ~ 1 nm and 5.5 nm for Si 

phonon ~ 502 and 517 cm
-1

, whereas TEM shows size in the range 2 - 12 nm. Long et al. [135] 

have reported size of Si NC ~ 4.4 nm for red shifted Si phonon frequency ~ 517.7 cm
-1

, which is 

in agreement with the size observed in TEM. However, there is no discussion on line shape of 

this phonon. Stenger et al. [136] have shown that sizes calculated using BPL model (~ 3 and 5.3 

nm for Si phonons ~ 515.8 and 518.2 cm
-1

) are in agreement with the sizes observed using TEM. 

They have also observed a peak ~ 495 cm
-1

, however they have mentioned that the origin of this 

phonon is not clear. Hessel et al. [147] have shown that the sizes calculated using BPL model is 

~ 3.26 nm for Si phonon frequency ~ 516 cm
-1

, whereas,  observed sizes using TEM micrographs 
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comes out to be ~ 2.7 nm. Thus, size calculated using BPL is not in agreement with the sizes 

observed using TEM for very small size Si NCs. Further, Gupta et al. [219] have consolidated 

the data for Si phonon frequencies in the literature and shown that BPL model also cannot 

explain the large red shift, especially below 512 cm
-1

.
 
This suggests that BPL model works well 

for phonon frequencies in the range 514 - 519 cm
-1

.  

  Thus, different groups have reported different Si phonon frequencies in the range noted 

above for Si-SiO2 NCps grown with different techniques. Some of the groups have reported the 

occurrence low frequency phonons, whereas, others have not observed. There have been some 

attempts to understand this variation reported in the literature, but no satisfactory understanding 

could be reached for low frequency Si phonons. The question of which conditions of size/shape 

of Si NCs in SiO2 matrix leads to these low frequency phonons and why is still remains an 

unanswered.  In the following, we investigate this variation using Raman mapping.    

 

3.2.2.  Raman mapping as a local probe to study variation in Si optical phonons 

Many sets of Raman mapping (acquisition time 1 s) are performed with step size ~ 0.15 

μm on each of the six NCps to generate enough statistical data to make appropriate observations. 

Since, Raman spectra show phonon frequencies in the range 495 - 519 cm
-1

 for all the NCps, 

hence Raman images are generated using intensity of phonon with frequencies in the range 490 - 

525 cm
-1

. Representative optical image and Raman image for all the samples is shown in Fig. 

3.2.1 - 3.2.6 and Fig. 3.2.1c - 3.2.6c show corresponding Raman spectra for the marked positions 

in Fig. 3.2.1b - 3.2.6b. These Raman images show presence of different Si phonon frequencies in 

the range ~ 495 - 519 cm
-1

 over bright region. Further, Raman images show signal from 

crystalline Si in well separated regions dispersed over the whole film. This suggests that 
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although the growth is carried out to be multilayer, evidence of continuous film of crystalline Si 

is not observed.  Instead, formation of crystalline Si is found only in certain areas of the film 

with this acquisition time of 1 s. However, optical images show presence of different structures 

in rest of region too. This is further investigated by performing Raman mapping with acquisition 

time of 2 s (Fig. 3.2.7), which shows continuous presence of amorphous Si in the remaining 

region for NCp E1. Similar observation is made for all the NCps and is discussed in detail in 

section 3.3. Further, while performing Raman mapping, we have observed variation in 

frequency, FWHM and line shape of Si optical phonon at step size of 0.15 μm. This suggests that 

the observed spatial resolution is enhanced, because spatial resolution of Raman system is ~ 0.5 

μm. Thorough investigation (ref: annexure 3.2.2) suggests that we could observe the effect of 

individual Si NC as, i) separation between two particles is ~ 100 nm (from TEM data of 

monolayer) and ii) only central part of Gaussian beam profile gives the significant Raman signal 

during Raman mapping, which is leading to betterment in observed spatial resolution. It is also 

important to note that Raman image and corresponding Raman spectra show three different kinds 

of line shapes for whole range Si optical phonons. Based on the difference in the line shape of Si 

optical phonons (Fig. 3.2.1c-3.2.6c), these phonons are broadly separated in three different 

frequency regions as follows, i) 495 - 510 cm
-1 

(LF phonons: 
 
Lorentzian line shape), ii) 511 - 

514 cm
-1 

(IF phonons: asymmetric line shape which cannot be fitted using PCM) and iii) 515 - 

519 cm
-1 

(HF: asymmetric line shape which can be easily explained using PCM). 
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a 

Fig. 3.2.3. a) Optical image of NCp E3, b) corresponding Raman image generated using intensity of 

phonon in the range 490 - 525 cm
-1

 and c) corresponding normalized Raman spectra on positions as 

marked in Raman image (b). Solid lines show contribution of LF and HF phonons and fit to raw data (+ 

& ×). Solid line (blue color) shows raw data for IF phonon. 
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Fig. 3.2.2. a) Optical image of NCp E2, b) corresponding Raman image generated using intensity of 

phonon in the range 490 - 525 cm
-1

 and c) corresponding normalized Raman spectra on positions as 

marked in Raman image (b). Solid lines show contribution of LF and HF phonons and fit to raw data (+ 

& ×). Solid line (blue color) shows raw data for IF phonon. 
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Fig. 3.2.1. a) Optical image of NCp E1, b) corresponding Raman image generated using intensity of 

phonon in the range 490 - 525 cm
-1

, where red color shows LF phonons, blue color shows IF phonon and 

green color shows HF phonons and c) corresponding normalized Raman spectra on positions as marked in 

Raman image (b). Solid lines show Lorentzian and PCM fit to raw data (+ & ×). Solid line (blue color) 

shows raw data for IF phonon. 
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Fig. 3.2.5. a) Optical image of NCp E5, b) corresponding Raman image of marked area, generated using 

intensity of phonon in the range 495 - 525 cm
-1

 and c) corresponding normalized Raman spectra on 

positions as marked in Raman image (b). Solid lines show contribution of LF phonon and fit to raw data 

(+). Solid line (blue color) shows raw data for IF phonon. 
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Fig. 3.2.6. a) Optical image of NCp E6, b) corresponding Raman image generated using intensity of 

phonon in the range 495 - 525 cm
-1

 and c) corresponding normalized Raman spectra on positions as 

marked in Raman image (b). Solid lines show contribution of LF and HF phonons and fit to raw data (+ 

& ×). Solid line (blue color) shows raw data for IF phonon. 
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Fig. 3.2.4. a) Optical image of NCp E4, b) corresponding Raman image generated using intensity of 

phonon in the range 490 - 525 cm
-1

 and c) corresponding normalized Raman spectra on positions as 

marked in Raman image (b). Raman spectra also show presence of simultaneous LF (~ 498 cm
-1

) and 

HF phonon (~ 516 cm
-1

). Solid lines show contribution of LF fit to raw data (+). Solid line (blue color) 

shows raw data for HF phonon. 
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Higher frequency phonons above ~ 515 cm
-1 

show asymmetric line shape, which can be 

well fitted (Fig. 3.2.1c - 3.2.6c) using PCM. Different parameters such as observed red shift, size 

calculated from asymmetric line shape, unperturbed width and asymmetry is summarized in 

Table 3.2.1 for phonon frequencies in the range 515 - 519 cm
-1

. Fitting shows decrease in red 

shift and asymmetry in line shape with the increase in size of Si NC from ~ 7 to 10 nm for Si 

phonon frequencies in the range 515 - 519 cm
-1

. This clearly shows that these Si phonons 

2 μm 

a 

490 – 525 cm-1 

HF 

LF 
IF 

b 

475 – 485 cm-1 2 μm 

c 

Fig. 3.2.7. a) Optical image of NCp E1, b) corresponding Raman image generated using intensity of 

phonon in the range 490 - 525 cm
-1

 and c) Similar Raman image generated using intensity of phonon in the 

range 475 - 485 cm
-1

 showing presence of amorphous Si in the region where crystalline Si is not observed.  

Table 3.2.1. Different parameters such as phonon frequency, calculated size, unperturbed 

width and asymmetry for HF phonons are summarized. 

Frequency (cm
-1

) Size (nm) Unperturbed width (cm
-1

) Asymmetry 

515 7 9.6 1.27 

516 7.6 9 1.19 

517 8.1 8.2 1.17 

518 8.5 7 1.14 

519 9.8 6 1.12 
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originate due to phonon confinement in Si NCs (sizes ~ 7 - 10 nm: Table 3.2.1). Further it shows 

that larger Si NCs are of better crystalline quality.  

The lower phonon frequencies below ~ 510 cm
-1

 shows Lorentzian line shape (Fig. 3.2.1c 

- 3.2.6c). It is important to note here that at very few places (5%), Raman signal corresponding to 

amorphous Si is observed, where these lower Si phonon frequencies are measured. In these 

cases, small asymmetry can be deconvoluted (Fig. 3.2.8) as due to small amorphous Si content 

and a Lorentzian shape low frequency phonon. We consider three different possibilities for the 

occurrence of these low frequency phonons. i) The line shape suggests that these phonons are 

coming from large size Si NCs (nearly bulk > 30 nm), ii) they are originating at amorphous SiO2  

 

matrix and iii) They originate at surface/interface of Si-SiO2 NCp. If they are coming from large 

NCs, than the frequency of the phonons is expected to be ~ 521 cm
-1

. The lower frequency with 

large size NC can be explained if there is tensile strain in the Si NC. However, this possibility 

can be rejected as there are evidences in the literature, which suggests that growth of Si NCs in 

SiO2 matrix leads to compressive stress
 
in larger NCs [117, 127]. Presence of compressive stress 

Fig. 3.2.8. Asymmetric line shape of phonon with frequency ~ 498 cm
-1

 fitted using two Lorentzian 

peaks ~ 480 cm
-1 

and ~ 498 cm
-1

. 
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should lead to blue shift in the phonon frequency, which is not observed here and thus the 

possibility of these phonon coming from larger Si NCs is rejected. Further, Raman spectrum of 

a-SiO2 shows broad peak ~ 800 cm
-1 

[220], therefore this possibility is also rejected. This leaves 

us with the possibility of these phonons originating from surface/interface of Si-SiO2 NCp. 

Further, we find that the asymmetric line shape of phonons in the intermediate frequency (IF) 

range 511 - 514 cm
-1

 (Fig. 3.2.1c - 3.2.6c) cannot be fitted using PCM and hence this frequencies 

also cannot be said to be originating from confinement due to small size Si NC.  

While performing Raman mapping, we have also observed simultaneous occurrence of 

LF and HF phonons (Fig. 3.2.4c) at some spatial positions. Similar
 
kind of observation is also 

reported earlier by Faraci et al. [132] in Si-SiO2 NCp. They have indicated that lower frequencies 

may be due to Si aggregates having a thin SiOx (with x = 1 - 2) interface for Si NCs in SiO2 

matrix.
 
In order to obtain a clue to origin of LF and IF phonons, we have designed laser 

irradiation (LI) experiment. In this experiment, changes in Raman spectra are measured on 

keeping laser irradiation alternatively ON and OFF for certain duration. We have performed LI 

experiment on i) simultaneously observed LF and HF phonons, ii) HF phonons, iii) LF phonons 

and iv) IF phonons. LI experiment is performed at many frequencies in each category stated 

above in all six NCps studied. It is interesting to note here that low and high frequency range Si 

phonons behave markedly differently during the LI experiment. Further, it is important to note 

that observations for LF and HF phonons during LI experiment are same irrespective of their 

simultaneous or separate occurrence in the Raman spectra as discussed below. 

3.2.2.1. Raman spectroscopy monitored Laser irradiation (LI) experiment  

Steps of LI experiment are, 
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1. The desired peak frequency is located using Raman mapping for doing LI experiment on the 

said frequency ranges.  

2. Steps: 

1
st
 step: 0 min; 2

nd
 step : laser on for 16 mins; 3

rd
 step : Laser shutter off for 40 mins; 4

th
 step : 

Again laser on for 16 mins ; 5
th

 step:  Laser shutter off for 3 hrs.  

At the end of each step (including 1
st
 step: initiation of the experiment: 0 min)  Raman spectrum 

is recorded with acquisition time of 3 s. Laser heating leading to redshift of Si phonon of Si NC 

is avoided by keeping low laser PD ~ 5 kW/cm
2
. This is also confirmed by the fact that all 

frequencies including LF are observed in one Raman mapping (Fig. 3.2.1 - 3.2.7) at a particular 

laser PD. This also confirms that red shift of LF and IF phonons cannot be attributed to laser 

heating and thus, low frequency phonons are intrinsic to Si-SiO2 NCps. While performing this 

experiment, no mechanical movement is involved.  Results are summarized below. 

i) Simultaneously observed LF and HF phonons
 
~ 501 cm

-1
 and ~ 517 cm

-1
,
 
respectively:    The 

two peaks Raman spectra (Fig. 3.2.9) are approximated using two Lorentzian peaks, for 

convenience of noting the variation in the frequency. Out of the two peaks LF phonon shows 

total blue shift by ~ 4 cm
-1 

and decrease in FWHM, whereas, HF phonon does not show any 

significant change during the experiment. LF and HF Si phonons behave markedly differently 

during the LI experiment, which suggests that they have different origin. 

ii) HF phonons (515 - 519 cm
-1

):  In all the measurements performed in this frequency range, 

phonons show similar behavior i.e. it does not change during the LI experiment. Representative 

spectra for Si phonon frequency ~ 516 cm
-1 

during the
 
experiment are shown in Fig. 3.2.10. 

Thus, HF phonons show no change during the LI experiment, whether they are occurring 

separately or together with LF phonons. 
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i

Fig. 3.2.9. Change in Raman spectra for simultaneously occurring LF and HF phonons during the 

LI experiment. LI steps are i) 0 min, ii) 16 min ON, iii) 40 min OFF, iv) 16 min ON, v) 3 hr OFF. 

Solid line (red color) is fit to raw data (+). Separate Lorentzian components are shown by dash line 

(blue color).  
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Fig. 3.2.10. Representative Raman spectra showing no change in Si phonon ~ 516 cm
-1

 during the 

LI experiment. LI steps are i) 0 min, ii) 16 min ON, iii) 40 min OFF, iv) 16 min ON, v) 3 hr OFF. 

Solid line (red color) is PCM fit to raw data (+).  



 

69 

 

 

iii) LF phonons (495 - 510 cm
-1

): In all the measurements performed in this frequency range, the 

behavior of peak frequencies is similar i.e. blue shifts of LF phonons with the decrease in 

FWHM during the LI experiment. Representative Raman spectra (Fig. 3.2.11) for phonon 

frequency ~ 499, 503, 506, 510 cm
-1 

during the LI
 
experiment.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2.11. Representative Raman spectra for sample E1 showing change in LF phonons during five 

steps of LI experiment. LI steps are i) 0 min, ii) 16 min ON, iii) 40 min OFF, iv) 16 min ON, v) 3 hr 

OFF. Solid line (red color) is the Lorentzian fit to raw data (+). 
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iv) IF phonons: Phonons in this frequency range follows LF behavior during LI experiment i.e. 

blue shift in frequency with decrease in FWHM. However, IF phonons shows some differences 

with respect to LF phonons. This will be discussed in next section.
  
 

 

 

 

 

 

 

 

 

 

 

Representative variation of peak frequency obtained in five steps of laser irradiation experiment 

for different range peak frequencies is summarized in Fig. 3.2.12. 

The differences noted in the behavior of LF and HF phonons clearly indicate that they 

have different origin. The manifold reasons as given below and consistencies in the observations 

noted earlier suggest that LF phonons originate from the surface/interface of Si NC in SiO2. 

Molecular dynamics simulation shows that oxidation leads to stretching of Si-Si bonds around 

the surface only [221] due to presence of different suboxide states at the interface.
 
Presence of 

different Si sub oxides states (Si
1+

, Si
2+

, Si
3+

) at the surface of Si NC in Si-SiO2 has been 

observed experimentally [225] as well as have been theoretically predicted [223-226]. 
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Fig. 3.2.12. Change in LF and HF phonon during LI experiment. Symbols (+) and (×) in circle show 

phonon frequency ~ 499 cm
-1

 and 517 cm
-1

 occurring separately.  Symbol (+) and (×)  show two 

resolvable phonon frequencies ~ 501 cm
-1

 and 507 cm
-1

, respectively.  
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Considering the above and the Lorentzian line shape of a phonon, we attribute LF phonons to 

stretching vibration of Si-Si bonds at the Surface of Si NC due to Si-SiO2 interface. Thus, 

phonon frequency variation in the range from 495 to 510 cm
-1

 can be attributed to variation in 

local SiOx environment seen by Si-Si bonds at the surface of the Si NC. This will also lead to a 

Lorentzian line shape of Si-Si stretching vibration. Further, observed larger width of LF phonons 

can be understood due to variation in SiOx environment.  

The blue shift in LF phonons (Fig. 3.2.11) accompanied with betterment in crystalline 

order during LI experiment can be understood in terms of more crystalline Si-Si bonding 

environment leading to more ordered Si-SiO2 interface. This will be further discussed later in 

this section. The attribution of HF phonons observed in the range 515 - 519 cm
-1

 to the core 

phonon of Si NCs is consistent with observation that no change in frequency, width & line shape 

is observed during the LI experiment. Below, we will discuss the variation in blue shift of 

different LF phonons during the LI experiment.   

3.2.2.2. Variation in surface/interface (LF) phonons during the LI experiment 

Variation in blue shift of various LF phonons in the range 495 - 510 cm
-1

 is plotted in 

Fig. 3.2.13a during five steps of LI experiment. We have performed the same experiment at 

many such sites in the said frequency range in all the NCps. It is interesting to note that primarily 

two types of patterns are observed during the LI experiment, i) In one pattern (type I), initially 

blue shift and freezing of phonon frequency at the end of the experiment is observed and ii) In 

another pattern (type II), freezing of phonon frequency is observed in initial steps and thereafter, 

blue shift on heating and redshift on cooling. There is another important point to note here that 
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Fig. 3.2.13. a)  Change in phonon frequency during LI experiment for LF phonons in the range ~ 

495 to 510 cm
-1 

showing two patterns: I and II and b) Change in phonon frequency and 

corresponding FWHM during LI experiment for LF phonons. Half filled symbols show frequency 

and open symbols show corresponding FWHM. 
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change in phonon frequency and FWHM are mirror images of each other (Fig. 3.2.13b) during 

the LI experiment. Further, blue shift in phonon frequency is always accompanied with 

betterment in crystalline order of the surface/interface for all the frequencies plotted here. This 

behavior of the phonon frequency and corresponding FWHM is similar as due to change in the 

temperature of a crystalline material. For bulk and Si NCs, temperature dependent Raman studies 

show red shift of Si phonon frequency by ~ 10 cm
-1

 [227] and ~ 15 cm
-1

 [228], respectively, for 

temperature rise from 300 to 800 K. Although, data from literature suggests that the laser PD 

used is not expected to give rise heating effect, to recheck the same, we measure the local 

temperature during the LI experiment to negate the possibility. To know the local temperature 

during the LI experiment, we have performed Stokes/anti-Stokes Raman measurements using 

488 nm excitation, as notch filter is not available for 441.6 nm excitation. We find that behavior 

of LF (Fig. 3.2.14) and HF phonons is similar using 488 nm excitation too.  
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LI experiment for LF and HF phonons, wherein these phonons are observed 

simultaneously (Fig. 3.2.15) as well as separately (Fig. 3.2.16). Local temperature is calculated 

using intensity ratio of Stokes to anti-Stokes Raman intensity (IS/IAS) given by equation (2.24). 

Local temperature calculated using HF phonon is found to be the room temperature (~ 300 K), 

which is within the accuracy (± 10 K) of measurements [229]. This is consistent with the fact 

that no change in HF phonon is observed during the LI experiment. However, local temperature 

calculated using LF phonon (surface/interface frequencies) is found to be in the range of ~ 550 – 

700 K (at spatially different positions). Moreover, continuous blue shift doesn’t show a 

continuous decrease in temperature during LI experiment (Fig. 3.2.17) indicating that there does 

not exist any correlation between frequency shift of the LF phonon and the temperature obtained 

from IS/IAS Raman measurements. 

 

  

  

  

  

470 480 490 500 510 520 530 540

3 hrs C

40 min C

16 min H

16 min H

 

C
/s

 (
a

rb
it

ra
ry

 u
n

it
s

)

Raman shift (cm-1)

0 min

Fig. 3.2.14. Change in Raman spectra of LF phonon ~ 500 cm
-1

 during five steps of LI experiment 

with 488 nm excitation source. LI steps are i) 0 min, ii) 16 min ON, iii) 40 min OFF, iv) 16 min ON, 

v) 3 hr OFF. Solid line (red color) is the Lorentzian fit to the raw data (+). 
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Fig. 3.2.15. Change in Stokes/anti-Stokes Raman spectra for LF and HF phonon ~ 500 and 517 cm
-1

 

during five steps of LI experiment as noted in the figure. Solid line (red color) is the fit to raw data 

(+). Separate components are shown in dash line (blue color).  
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Fig. 3.2.16. Change in Stokes/anti-Stokes Raman spectra for LF phonon ~ 500 cm
-1

 during five steps 

of LI experiment as noted in the figure. Solid line (red color) is the fit to the raw data (+). 

 



 

75 

 

 

 

 

 

 

 

 

 

It is also important to note that the two different local temperatures at a site, obtained 

using two different phonons cannot be explained by conventional understanding. Further, after 

allowing the laser to fall for 16 mins (after 2
nd

 step in Fig. 3.2.17), we observe a decrease in local 

temperature, suggesting that there are inconsistencies in these results. The plausible explanation 

for this is that the local temperature calculated from IS/IAS data using interface/surface phonon 

(LF phonons) may be incorrect. This can happen, if excitation source is close to one of the real 

energy levels of the system, leading to resonance Raman scattering. In this case the Raman 

cross-section is dominated by the resonance term (equations 2.18 and 2.20) and hence the IS/IAS 

ratio is no more proportional to phonon occupation number. Therefore, the IS/IAS ratio can give 

incorrect value and hence cannot be used to calculate the local temperature. Resonance Raman 

scattering is indeed observed for LF phonons, whereas HF phonons show non-resonant behavior 

Fig. 3.2.17. Change in phonon frequency and local temperature during LI experiment for a) well 

resolved LF and HF coming together and b) LF and HF occurring separately. (+) and (×) symbols in 

circle show LF and HF phonon, respectively. (+) and (×) symbols show corresponding temperature. 

Line is guide to eye. 
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and detailed study of the same is discussed in next section.
 

This further supports the 

understanding that LF and HF phonons have different origin.   

Study of surface/interface in such dynamic condition (laser irradiation) along with Raman 

spectroscopy is not feasible using any experimental technique such as XPS [225] and Auger 

electron spectroscopy [230]. Further, earlier molecular dynamics calculation suggested strong 

contribution of surface vibrational density of states in the density of phonon states in Si-SiO2 [79, 

226].
 
To gain insight into surface/interface phonons, Dr. C. Kamal (ISUD, RRCAT) has carried 

out ab initio DFT and TDDFT based calculations of Raman spectra for optimized Si cluster 

(Si41) terminated by O and H atoms as discussed in the following. 

3.2.2.3. Calculation of Raman spectra of Si cluster (Si41) 

 In order to support our experimental results as well as to gain microscopic understanding, 

DFT [231] based electronic structure calculations for a medium size silicon cluster (Si41) with 

bulk-like tetrahedral coordination, using Amsterdam Density Functional (ADF) code [232] has 

been carried out (anneaxure-3.2.2.). Two possible terminations for Silicon atoms present at the 

surface of the cluster, namely (a) oxygen and (b) hydrogen atoms are considered, in order to 

avoid the dangling bonds.  The former termination is used to mimic the Si cluster/SiO2 interface. 

The fully optimized geometric structures of Si41 cluster with (a) oxygen (Si41O42H24) and (b) 

hydrogen atoms (Si41H60) terminations are shown in Fig. 3.2.18. Hydrogen atoms are used to 

passivate dangling bonds of Si/oxygen atoms at the surface, where Si cluster is passivated with 

hydrogen/oxygen. The results of our detailed geometric analysis are summarized in Table 3.2.2.  
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Table 3.2.2. The results for the bond lengths and bond angles of Si41 cluster with (a) oxygen 

(Si41O42H24) and (b) hydrogen atoms (Si41H60) terminations obtained by DFT based electronic structure 

calculation with PBE XC functional and TZ2P basis set.  

System Bond length (Å) Bond angle (º) 

Si41O42H24 Si-Si 

Core 

Si-Si 

Surf. 

Si-O Si-Si-Si 

Core 

Si-Si-Si 

Core/Surf. 

Si-Si-Si 

Core/Surf. 

O-Si-O Si-O-Si Si-O-Si 

Mean 2.38 2.39 1.66 109.23 100.23 117.10 107.79 126.32 147.18 

SD 0.007 0.014 0.009 1.05 1.53 2.87 2.07 0.46 0.50 

Si41H60 Si-Si 

Core 

Si-Si 

Surf. 

Si-H Si-Si-Si 

Core 

Si-Si-Si 

Core/Surf. 

Si-Si-Si 

Core/Surf 

H-Si-H - - 

Mean 2.39 2.36 1.504 107.64 103.06 117.40 107.78 - - 

SD 0.008 .004 0.005 1.07 1.15 0.11 0.60 - - 

 

 

Fig. 3.2.18. Ball and stick model for the optimized geometric structures of Si41 cluster with a) oxygen 

(Si41O42H24) and b) hydrogen atoms (Si41H60) terminations which are obtained by DFT based electronic 

structure calculation with PBE XC functional and TZ2P basis set. The balls with colors cyan (large), 

red (medium) and cyan (small) represent Si, O and H atoms respectively. 
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 We observe from this table that the mean values for Si-Si bond lengths in the core region 

of the cluster (2.38 in Si41O42H24 and 2.39 Å in Si41H60) are slightly higher than its corresponding 

value of 2.34 Å in bulk silicon. Further, for oxygen passivated cluster, bond length increases 

from core to surface of the cluster. This indicates that the interaction between Si atoms in the 

cluster is little weaker than that in the bulk form. The maximum variation in the values of bond 

length with respect to its bulk value is 0.01 Å. The trend of increase in the mean values for these 

angles is given in 4
th

 - 6
th

 columns of Table 3.2.2. The standard deviations (SD) for both bond 

lengths and bond angles are also given in Table 3.2.2. The calculated mean values (109.23º and 

107.64º for Si41O42H24 and Si41H60, respectively) of bond angles in the core region indicate that 

the local environment of Si atom in this region is bulk-like since these values are close to the 

corresponding bond angle (109.47º) between the Si atoms in bulk. However, we observe large 

modifications in the mean values of the bond angles between Si atoms as we go to the surface 

region. Our results show that there exist two different types of bond angles in the surface region: 

one value is much lower and another being higher than that of in the core region. The former 

bond angles involve the Si atoms which lie on the surface and below the surface where as the 

latter ones involve the Si atoms on the surface of the cluster which are terminated by 

hydrogen/oxygen atoms respectively. 

 In order to gain more insight into the experimental results these optimized structures are 

employed to perform calculations (annexure- 3.2.3) of Raman spectra. The calculated Raman 

spectra of Si41 cluster with (a) oxygen (Si41O42H24) and (b) hydrogen atoms (Si41H60) 

terminations are presented in Fig. 3.2.19.  We expect that the results obtained from the 

calculations of Raman spectra of Si41 cluster with two different types of terminations will help us 

to get better insight into the effect of environment on the Raman spectra of Si NC in the Si-SiO2 
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NCp. Raman spectra of Si41 cluster with oxygen and hydrogen terminations show strong peaks at 

512 cm
-1

 and 499 cm
-1

,
 
respectively (Fig. 3.2.19). The frequencies of these two strong peaks 

observed in Si41 cluster with oxygen and hydrogen atoms terminations are different and they are 

much lower than the corresponding experimental value of Raman peak ~ 521 cm
-1

 in bulk 

silicon. Furthermore, our detailed analysis shows that the normal modes of vibrations 

corresponding to these strong peaks, contain motions of Si atoms lying on the surface of Si41 

cluster, whereas, modes lying  in the high wavenumber region with lower intensities arise from 

the vibrations of all Si atoms in the clusters. Thus, our calculated vibrational wavenumber (~ 512 

cm
-1

) of the strong peak in oxygen terminated cluster can be considered to be analogous to the 

observed phonon wavenumbers (495 - 510 cm
-1

) which has been shown to be originating from 

the surface of Si NCs in the presence of SiO2 matrix. We wish to emphasize that the results 

obtained from theoretical calculations of Raman spectra clearly elucidate dominant contribution 

of Si atoms located at the surface. This further supports the interpretation that LF phonons 

originate from surface/interface of smaller Si NCs, whereas, HF phonons originate from core of 

Fig. 3.2.19. Raman spectra of Si41 cluster with a) oxygen (Si41O42H24) and b) hydrogen (Si41H60) 

terminations obtained by employing DFT/TDDFT based response property calculation. 
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larger Si NCs. Further, variation found in bond angle and bond length (Table 3.2.2) due to sp
3
 

and sp
2
 hybridization at the surface can well be correlated to large width of LF phonons (Fig. 

Fig. 3.2.13b) originating at the surface/interface. Similar experimental observations have been 

reported by Nikitin et al. [234].
 
They observed that Si phonons in the Raman spectra of smaller 

(1 - 2 nm) and larger (> 4 nm) Si NCs lie in the ranges  490 - 500 cm
-1

 and 518 - 519 cm
-1

 

respectively, which further supports our interpretation.  

  On the other hand, the calculated frequency of a strong peak in Raman spectra of 

hydrogen terminated cluster is much lower (~ 499 cm
-1

) than the corresponding frequencies in 

oxygen terminated cluster. These results are also consistent with the experimental data reported 

in the literature. In hydrogen passivated Si NCs (NCs Si: H), Raman spectra show phonon 

frequencies in the range 500 - 517 cm
-1 

with 514.5 nm as excitation laser [235-236].
 
Whereas, 

Raman spectrum of NCs Si: H shows phonon frequencies ~ 439, 462, 478, 486, 504 cm
-1

, lower 

than the observed in Si-SiO2 NCps
 
with 496.5 nm as excitation laser [237].

 
This is consistent 

with results of our calculations. Further, it is relevant to note here that observance of 

surface/interface phonons (LF) is laser excitation dependent.
 
Calculation of Raman spectrum 

further shows that surface phonon contribution is dominant in small cluster. This further supports 

the interpretation that LF phonons originate from interface of smaller Si NCs, whereas HF 

phonons originate from core of larger Si NCs. Observance of surface optical phonon for smaller 

size NCs has been reported [238]. With further decrease in size of NCs, surface phonon becomes 

stronger as compared to core phonon (confined phonon) [238] and it’s frequency is sensitive to 

the surrounding medium. 

3.2.2.4. Understanding the origin of LF phonons: correlation of size and interface 

LI experiment 
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  During the laser irradiation, laser energy can manifest itself in two ways, i) heating of the 

material and ii) chemical changes in the material. Heating may also lead to changes in the 

chemical and or mechanical properties like stress, etc., which will be thermally induced changes. 

Heating of the Si NCs in SiO2 in our case will lead to observance of red shift and broadening of 

FWHM in Si phonons, unlike the blue shift observed for LF phonons and no measurable change 

for HF phonons. Second effect in our case is considered to be surface/interface rearrangement for 

smaller Si NCs. Although total surface area is larger for larger NCs, surface to volume ratio is 

much smaller for larger NCs for this surface/interface effect to be observable for larger NCs. 

Both effects are considered and are discussed further in the following. Molecular dynamics 

simulations by Soulairol et al. show that for smaller NCs, the extended interface generated due to  

interaction of surface atom of small Si NCs with Si and Oxygen atoms in the matrix is porous i.e. 

incoherent and as the size increases, it’s porosity decreases and interface tends to become more 

coherent for larger NCs embedded in SiO2 matrix [79].
 
This can in principle lead to higher 

Fig. 3.2.20. Change in LF (1, 2) and HF phonons (3) at laser PD ~ 10 kW/cm
2
 and 300 kW/cm

2
. 
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temperature rise for smaller NC at same laser PD due to porosity at the interface compared to 

that of larger NCs, due to different nature of their interface. Since, local temperature 

measurement from LF phonons is not feasible as noted above, we have performed power 

dependent Raman measurements on the site of LF and HF phonons to get further evidence that 

the observed variation of LF phonons is not related to temperature of a NCp.  When, laser PD is 

increased from 10 kW/cm
2
 to 300 kW/cm

2
, it is observed that LF phonons red shifts by ~ 1-2 cm

-

1 
initially,

 
whereas, HF phonons do not show significant change (red shift ~ 0.2 - 0.4 cm

-1
) (Fig. 

3.2.20). Continuous laser irradiation for half an hour at this power density further shows, blue 

shift in LF phonons and no change in HF phonons. Initial red shift observed here for LF 

phonons, may not be due to rise in temperature, as it does not continue, while laser is ON. 

However, this observed red shift of 1-2 cm
-1

 in LF phonons can be related to relaxation of the 

compressive stress, which is predicted for small NCs in SiO2 matrix [79].
 
Next, the blue shift 

observed in LF phonons during the LI experiment as well as with continuous laser irradiation, 

can be correlated to either generation of the compressive stress or correction of Si-O bond to Si-

Si bond at the surface/interface. However, betterment in crystalline order during blue shift is 

suggestive of increase in coherency of interface during laser heating/annealing. The energy 

provided during LI experiment can lead to the conversion of Si-Ox-Si bonding to Si-Si bonding 

and in process of filling voids i.e. increases in the coherency of the interface and also leading to 

blue shift of Si phonon. This further explains the observed blue shift, when the Raman spectra 

are measured after the laser irradiation was kept OFF for certain duration. This is because if we 

had observed thermal effects, while the laser irradiation is kept ON, it would show reversible 

effect in other condition (LI-OFF). However, we have observed permanent change during the 

laser irradiation experiment. Theoretical investigation by Jiang et al. also shows that temperature 
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recycling improves the sharpness of the interface [239].
 
This can lead to freezing of value of LF 

phonons in some cases, as also observed during the LI experiment (Type 1: Fig. 3.2.13a), as once 

interface is coherent, small energy provided may not be sufficient to change the environment of 

NC due to presence of matrix. However, when the interface is coherent, this energy is then 

transferred to the matrix and compressive stress will be generated in Si NCs
 
[127], leading to a 

small blue shift in LF phonon frequency (~ 1 - 2 cm
-1

). In this case, therefore, laser OFF 

condition results in relaxation of this stress, leading to small red shift (1-2 cm
-1

, Type-II: Fig. 

3.2.13a). It may be noted that this observed red shift is only for the higher LF phonons 

(frequencies ~ 506 - 510 cm
-1

) during laser OFF condition. In this context, it is important to 

observe that lower LF phonons (frequencies ~ 495 - 505 cm
-1

) show larger blue shift (8-10 cm
-1

) 

during LI experiment and freezing is observed for these phonons only at the end of LI 

experiment. Higher frequency LF phonons show freezing at the initial steps of LI. This is 

consistent with the interpretation of LF phonon originating at the interface and lowering of the Si 

phonon frequency (leading to LF phonons) is due to higher levels of defects at the interface i.e. 

variation in the surrounding environment of Si NCs, which gets corrected with the laser energy 

used, leading to blue shift of the phonon. In general, an irreversible blue shift for lower LF 

phonons w.r.t. heating is consistent with the understanding developed above that it is occurring 

due to rearrangement of chemical bonds at the surface of smaller size Si NCs. Thus, our results 

indicate that this low laser power density is enough to make rearrangements at the interface of Si 

NCs, however, no measurable changes could be observed in the Raman spectra of larger size 

NCs. Thus, our results show that the effect of surface/interface depends on size to a large extent, 

as nature of bonding at the interface changes with size of NCs.
 
For Si-SiO2 NCp, it has been 

predicted theoretically that Si=O bond forms at the interface leading to the formation of Si
3+
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Fig. 3.2.21. XPS spectrum of NCp a) E1 and b) E7 showing difference in relative ratio of Si
3+

 and 

Si
2+

. Intensity of XPS spectrum for both the NCps is shown in Fig. 3.2.21(a). 
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suboxides, as the size of Si NCs decreases [222].
 
This is also later confirmed experimentally 

using XPS technique by Kim et al. [225].
 
Increase in size of Si NCs leads to increase in 

formation of Si-O bonds leading to higher intensities of Si
2+

 suboxides as compared to Si
3+

 

suboxides.
 
This is further investigated for our samples using XPS measurements as discussed in 

the following. 

X-ray photoelectron spectroscopy 

  Two NCps, grown under similar conditions but at different times, wherein laser energy 

may be different, are studied using Raman mapping. The i) 15 mutilayers (E1) and ii) 10 

mutilayers (E7) Si-SiO2 are grown, which shows abundant presence of LF phonons and very rare 

presence of LF phonons, respectively. These two NCps are found suitable to check, if XPS data 

can give corroborative information, as per our interpretation.  Since, the beam size in XPS (~ 1 

cm x 1 cm), which covers the full sample as noted in the experimental section, average signal 

from XPS measurement is corroborated with the statistical information obtained from the Raman 
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data. The XPS data (Fig. 3.2.21) is fitted using Gaussian-Lorentzian line shapes for the Si 2p 

core-level profile after linear background subtraction using XPS peakfit software [206].
 
By 

deconvoluting the spectrum, three chemical structures corresponding to Si
4+

 (B. E. ~ 103.4 eV), 

Si
3+ 

(B. E. ~ 102.3 eV) and Si
2+

 (B.E. ~ 101.2 eV) are observed. XPS gives relative contribution 

of Si
4+

 with that of Si
3+

 and Si
2+

 in both the samples. Relative intensities (I) of Si
3+ 

and Si
2+

 are 

found to be different in both the samples. I(Si
3+

)/I(Si
2+

) = 2.6 and 0.6 for samples E1 and E7, 

respectively. As noted above, the I(Si
3+

)/I(Si
2+

)  is expected to be > 1 where smaller NCs are 

more in number and  I(Si
3+

)/I(Si
2+

) is expected to be  < 1 where larger NCs are more in number. 

According to our interpretation, E1 should have more number of smaller size NCs and hence 

should have higher I(Si
3+

)/I(Si
2+

) ratio compared to that of E7. The suboxide peaks 

corresponding to Si
3+

 and Si
2+

 observed in our sample for E1 and E7 is suggestive of the same 

i.e. higher number of smaller size NCs in sample E1 as compared to that of sample E7. This 

independently confirms our attribution of LF phonons as surface/interface phonons of Si NCs in 

SiO2 matrix and that variation in the Si phonon wavenumber as due to local variation of Si-SiO2 

interface for LF phonons. It is important to note that the other samples E2-E6, which also shows 

similar occurrence of LF phonons as E1, show XPS spectra similar to sample E1. This will be 

discussed in section 3.5 of this chapter.  

To summarize, we have performed Raman spectroscopy/mapping study of PLD grown 

Si-SiO2 multilayer NCps to elucidate the origin of Si phonon frequencies in the range 495 - 519 

cm
-1

. LF phonons (495-510 cm
-1

) originate from smaller size Si NCs, where phonon frequency is 

governed by dominant surface/interface effect and HF phonons (515-519 cm
-1

) originate from 

larger size Si NCs, where core phonon is dominant and it’s frequency is governed by the 

confinement effect. The effect of surface/interface for smaller Si NCs is understood to be due to 
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interaction of surface atoms of Si NC with Oxygen in the matrix. We will use the understanding 

developed in this work to investigate the origin of IF phonons and establish the corroboration of 

size and surface/interface phonons using wavelength dependent Raman mapping and literature, 

as discussed in next section. 
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3.3. Resonance Raman mapping: Monitoring and manipulation of Si 

nanocrystals  

 

In the previous section, we show that surface/interface is important in Si-SiO2 NCps. In 

this light, we discuss the origin of intermediate frequency (IF: 511 - 514 cm
-1

) phonons in the 

present section. Further, wavelength dependent Raman mapping in corroboration with absorption 

spectroscopy is used to explain the multiple optical gap nature of Si-SiO2 NCps and it’s effect on 

observation of surface/interface phonons. In the following, we discuss the importance of 

surface/interface studies of Si-SiO2 NCps in view of it’s application as an efficient material for 

solar cells. 

Research has been mainly focused on increasing the efficiency and reducing the cost of 

solar cells made of thin films. However, according to Shockley-Quisser limit [240], efficiency of 

single band gap material cannot be increased more than 30%. To overcome this limit, third 

generation photovoltaic device have been invented [208], wherein more efficiency can be 

achieved with the use of multiple optical gaps in a single device. Further, NCs embedded in 

matrix is also used metal-oxide semiconductor memory devices [209]. One of the most preferred 

materials for these devices is Si NC embedded in SiO2 matrix as it is a non-toxic and abundant. 

For Si-SiO2 NCps, we have discussed the effect of interaction between Si atoms of NCs and 

oxygen atoms in the matrix on the Raman spectra. Further, theory is suggestive of the fact that 

presence of oxygen atoms at the surface plays an important role in affecting the electronic 

properties of Si NCs ~ 1 - 4 nm in Si-SiO2 NCps [79-82]. In this regard, the interface of
 
Si-SiO2 

NCps is of intense current interest and has been specifically studied theoretically. Daldosso et al. 
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show using DFT that the presence of a Si=O at the surface leads to observance of energy gap ~ 

2.5 eV [81].  Further, theory is suggestive of the fact that the band-gap region is not only 

dominated by core but also by sub-oxide interface contribution for small Si NCs (0.8 – 1.4 nm) 

[80]. However, this embedded surface/interface is difficult to study directly through experiments, 

although PL spectroscopy [241] has been attempted. In the previous section, we have used the 

higher sensitivity of Raman spectroscopy to surface/interface and confinement effects in Si NCs 

due to it’s higher specificity as discussed below. Further, we have used this sensitivity of Raman 

spectroscopy to study the effect of surface/interface on the band gap. Raman 

spectroscopy/mapping in corroboration with absorption spectroscopy is used to obtain valuable 

information about the presence of multiple optical gaps in visible range due to dominance of 

surface/interface for smaller Si NC in SiO2 matrix as also predicted by simulation studies [79-

82]. 

 

3.3.1. Raman spectroscopy/mapping: Origin of intermediate frequency (IF) phonons 

   Representative Raman spectra for some of the IF phonons are shown in Fig. 3.3.1. Raman 

mapping show mainly two types of IF phonons : i) IF1 with counts/second (C/s) in the range 400 

- 600 C/s and frequency ~ 511 - 512 cm
-1

 and ii) IF2 with C/s in the range 50 - 200 C/s and 

frequency ~ 513 - 514 cm 
-1 

in all the NCps studied. Further, Fig. 3.2.1 show asymmetric line 

shapes for all IF phonons. It is clear that these asymmetric line shapes (Fig. 3.3.1 and 3.3.2) 

cannot be explained using PCM model. They are suggestive of presence of two phonons. In 

order to understand the origin of these phonons, laser irradiation experiment has been performed 

on these two types of phonons in each NCps studied as discussed below. 
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Fig. 3.3.1. a), b), c), d) Raman spectra showing different IF phonons with different line shape and 

different C/s, e) and f) Raman spectra showing difference in C/s for IF1 and IF2 phonons. 
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3.3.1.1. Raman spectroscopy monitored LI  experiment 

Steps of LI experiment are, 

1. The desired peak frequency is located using Raman mapping for doing LI experiment on the 

said frequency ranges.  

2. Steps: 

1
st
 step: 0 min; 2

nd
 step : laser on for 16 mins; 3

rd
 step : Laser shutter off for 40 mins; 4

th
 step : 

Again laser on for 16 mins ; 5
th

 step:  Laser shutter off for 3 hrs.  

Raman spectrum is recorded at the end of each step. The results are summarized in the following. 

We observe blue shift of both IF1 and IF2 phonons with decrease in FWHM (Fig. 3.3.3a & b). 

This behavior is similar to behavior of LF phonons during the LI experiment (Fig. 3.2.10). 

However, there is one major difference in the behavior of these two IF phonons, i.e. IF1 phonons 

show huge decrease in the intensity (Fig. 3.3.3a & b) whereas, IF2 phonons show increase in the 

Fig. 3.3.2. PCM fit of IF1 phonon showing mismatch between observed and calculated spectra on 

the left side of the curve. Theoretical curve is red shifted by ~ 5 cm
-1

 to match the experimental 

observed Raman spectrum. Inset in show mismatch part clearly.   
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intensity during LI experiment (Fig. 3.3.3c & d). Thus, the asymmetric line shape of IF and 

change in intensity during the LI experiment suggests that origin of IF phonons cannot be 

completely related to origin of LF phonons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

As noted earlier, asymmetry of IF phonons suggest presence of two modes. In previous section, 

we have seen that LF and HF phonons originate from surface/interface and core of small and 

large size Si NCs in SiO2 matrix. Since, IF phonons are intermediate frequency phonons, they 

Fig. 3.3.3. Change in a) IF1 phonon ~ 511.4 cm
-1

, b) IF1 phonon ~ 512 cm
-1

, c) IF2 phonon ~ 512.7 

cm
-1

 and d) IF2 phonon ~ 513.5 cm
-1

 during the LI experiment. 
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can have contributions from both interface and core phonon with an understanding that 

intermediate sizes can have contributions from both LF and HF phonons. Taking both the above 

points into consideration, we find that an asymmetric line shape of both IF phonons can be fitted 

(Fig. 3.3.4a and 3.3.5a) with a Lorentzian and a PCM, accounting for contribution of LF 

(surface/interface) and HF (core) phonons, respectively. At the initiation of the LI experiment, 

line shape of IF1 phonon can be fitted with LF phonon ~ 510 cm
-1

 and HF phonon ~ 513 cm
-1

,
 

assuming both surface/interface and core phonons are contributing simultaneously. Size 

calculated from asymmetric line shape of HF phonon using PCM comes out to be ~ 6.5 nm (Fig. 

3.3.4b). Further, intensity of LF phonon is larger as compared to HF phonon at the initiation of 

the experiment. During the LI experiment, relative intensity of LF phonon is continuously 

decreasing and that of HF phonon is increasing. Even after five steps, we are not able to fit the 

line shape properly with PCM. This suggests that there is still some contribution of 

surface/interface phonon. Further, after five steps of LI experiment, size calculated using HF 

phonon comes out be ~ 9.7 nm suggesting increase in size of Si NC. Change in size of NC and 

relative intensity of LF to HF is shown in Fig. 4b. Further, Fig. 3.3.5a shows that line shape of 

IF2 phonons after 1
st
 step is approximated with Lorentzian (LF phonon ~ 511 cm

-1
) and 

asymmetric line shape (HF phonon ~ 515 cm
-1

, size calculated from line shape fitting ~ 8.5 nm). 

Blue shifted IF2 phonon at the 3
rd

 and 4
th

 step could not be well fitted using PCM indicating that 

still there is some contribution of surface. However, blue shifted IF2 phonon after 5
th

 step of LI 

experiment can be satisfactorily fitted using PCM. This suggests that there is decrease in 

interface region with the increase in size of Si NCs during the LI experiment. Change in phonon 

frequency and corresponding intensity are shown in Fig. 3.3.5b. It shows continuous decrease in 
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intensity for LF phonon and increase in intensity for HF phonon indicating increase in core of Si 

NC at the expense of surface of NC as is also observed from the increase in size.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a 

Fig. 3.3.4. Change in a) IF1 phonon, b) ratio of intensity of HF to LF phonon and calculated size 

during five steps of LI experiment. LI steps are i) 0 min, ii) 16 min ON, iii) 40 min OFF, iv) 16 min 

ON, v) 3 hr OFF. 
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Fig. 3.3.5. Change in a) IF2 phonon, b) ratio of intensity of HF to LF phonon and calculated size 

during five steps of LI experiment. LI steps are i) 0 min, ii) 16 min ON, iii) 40 min OFF, iv) 16 min ON, 

v) 3 hr OFF. 
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Fig. 3.3.4b and 3.3.5b shows that in case of both IF1 and IF2 phonons, there is increase in 

size of Si NCs, thereby increasing the core contribution. This suggests that LI experiment has led 

to more Si-Si like environment and thus increase in size of NC. It may be noted that for PCM fit, 

bulk frequency (~ 521 cm
-1

) is allowed to vary to account for generated stress, if any. Indeed, we 

found that both IF1 and IF2 phonon show decrease in tensile stress for Si NC during the LI 

experiment (Table 3.3.1. & 3.3.2). Presence of tensile stress is consistent with the molecular 

dynamics simulation performed on Si NCs embedded in SiO2 [242]. They have observed tensile 

stress in the core region of Si NCs due to presence of SiO2 matrix for Si NCs of size ~ 4 nm. 

Further, decrease in tensile stress during the LI experiment is expected, because during the 

experiment size of Si NCs increase due to more and more Si like environment, which makes 

Table  3.3.1.  Lorentzian peak position and PCM parameters used to fit IF1 phonon 

LI steps LF (width) cm
-1

 HF (width) cm
-1

 Size  (nm) Shift included in 521 cm
-1

 

 1 510.8 (7) 513.7 (4) 6.5 -1.2 cm
-1

 

2 515.8 (5) 517.7 (3.8) 8.0 -1.2 cm
-1

 

3 515.8 (5) 517.7 (3.6) 8.5 -1.0 cm
-1

 

4 516.9 (4.5) 517.9 (3.6) 9.5 -1.0 cm
-1

 

5 517 (3.5) 518.8 (3) 10 -0.5 cm
-1

 
 

Table  3.3.2.  Lorentzian peak position and PCM parameters used to fit IF2 phonon. 

LI steps LF (width) cm
-1

 HF (width) cm
-1

 Size (nm) Shift included in 521 cm
-1

 

1 511 514.6 85 -4.2 cm
-1

 

2 514 516 90 -1.5 cm
-1

 

3 515 517.7 95 -1.1 cm
-1

 

4 516 518.3 95 -0.6 cm
-1

 

5  518.7 105 -0.6 cm
-1

 

6  518.7 105 -0.6 cm
-1
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interface more coherent. This in turn will lead to compressive stress on Si NCs due to SiO2 

matrix, thus reducing the existing tensile stress in Si NCs. We shall like to note that the observed 

larger tensile stress for IF2 phonon at the end of first step of LI experiment is due to observed 

large uncertainty in peak position. However, change in overall intensity for both IF phonons 

during the LI experiment is still to be understood. To get a clue of the huge change observed in 

the intensity of these two types of IF phonons during LI experiment, we decided to observe the 

effect of continuous heating for 2 hrs after the LI experiment as described below. 

3.3.1.2. Continuous laser heating after LI experiment 

 

 

 

 

 

 

 

 

 

 

During this experiment, IF2 phonon is not showing any change in frequency, FWHM and 

intensity (Fig. 3.3.6b) after continuous laser heating for 2 hrs. This behavior is similar to HF 

phonons
 
and thus confirms our interpretation that this is a core phonon. However, IF1 phonon 

shows blue shift (Fig. 3.3.6a) after continuous laser heating for 2 hrs. Here, Si phonon frequency 

observed at 520.8 cm
-1

 shows significant asymmetry (PCM: 10 nm) and smaller contribution of a 

Fig. 3.3.6.  Change in a) IF1 phonon and b) IF2 phonon during i) 1
st
 step of LI, ii) 2

nd
  step of LI, 

iii) 3
rd

 step, iv) 4
th
 step, v) 5

th
 step of LI and vi) 2 hrs continuous Laser heating.  
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Lorentzian. A line shape and C/s of this phonon is similar to IF2 phonon. Both these frequencies 

seem to be blue shifted and are indicative of generation of compressive stress due to this process. 

It is only appropriate to measure temperature using stoke/anti-Stoke Raman measurements 

before we discuss further. 

3.3.1.3. Temperature measurements: Stokes/anti-Stokes Raman  

 

 

 

 

 

 

 

 

 

 

 

 

In our previous section, we have shown that local temperature calculated using HF 

phonon comes out to be room temperature, whereas using LF phonons, it gives incorrect 

temperature.  Representative Stokes/anti-Stokes Raman spectra for both IF1 and IF2 phonons are 

shown in Fig. 3.3.7. We have calculated local temperature using LF and HF phonon, obtained 

from deconvolution of IF phonons. We find that calculated temperature comes out to be room 

temperature (~ 290 - 300 K) using HF phonons, however, using interface (LF) phonon, it again 

Fig. 3.3.7.  Change in Stokes/anti-Stokes Raman spectra for a) IF1 and b) IF2 phonons during five 

steps of LI experiment. Solid line (red color) is the fit to the data Raw data (+). Lorentzian (blue 

color) and PCM (olive color) component are shown with solid line. C/s is shown on different sides 

for the sake of clarity.  
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comes out to be incorrect (varying from ~ 550 K to 50 K on laser irradiation experiment) for 

both IF1 (Fig. 3.3.8a) an IF2 phonons (Fig. 3.3.8b), an observation similar to that of LF phonons. 

This suggests the possibility of Resonance Raman scattering for IF phonons too. Resonance 

Raman scattering is investigated for LF and IF phonons using wavelength dependent Raman 

mapping. 

 

 

 

 

 

 

 

 

 

3.3.1.4. Wavelength dependent Raman mapping  

Wavelength dependent Raman mapping is performed with similar power density ~ 4-5 

kW/cm
2
 (0.5 s acquisition time) using 441.6 nm, 488 nm and 514.5 nm excitations on same site 

with the help of visual guidance on all the samples studied. Representative Raman mapping is 

shown in for sample E4 (Fig. 3.3.9) and sample E1 (Fig. 3.3.10). Raman images are created 

using LF, IF and HF phonons. Corresponding Raman spectra for sample E4 is shown in Fig. 

3.3.9e-g showing maximum intensity for LF, IF and HF phonon for these three lasers lines. It is 

Fig. 3.3.8. Change in phonon frequency and calculated temperature during LI experiment using LF 

phonon for a) IF1 phonon and b) IF2 phonon. Frequency and corresponding temperature is shown by 

(+) and (×) symbols, respectively. Line is guide to eye. 
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noteworthy to observe that LF and IF phonons could be observed only using 441.6 and 488 nm 

excitations, whereas, HF phonons are observed with all three excitations.  Further, the ratio of 

intensities of interface and core phonons (ILF/IHF) is > 1 for all the samples (Table 3.3.3). This is 

quite surprising knowing that these phonons are coming from much smaller volume (interface ~ 

10 Å [222]). This suggests that either there is very large density of very small Si NCs, where 

from interface phonon contribution is dominant or these phonons are observable due to 

Resonance Raman scattering. If it is the first case, interface phonons should then be observable 

with 514.5 nm excitation source also. Excitation dependence of LF and IF phonon’s intensity 

clearly shows that enhancement of Raman signal due to resonance is crucial to the observance of 

these phonons. Whereas, HF phonons show non resonant behavior like bulk Si phonon and thus 

these phonons are observable with all the three excitation laser sources with similar intensity. 

 

 

 

 

 

 

 

 

 

Fig. 3.3.9. a) Optical image of NCp E4, corresponding Raman image of marked region with 

excitation as b) 441.6 nm , c) 488 nm , d) 514.5 nm  showing absence of LF and IF phonons with 

514.5 nm as excitation laser and 4e-4g) compares relative intensity of LF and IF to HF phonons 

for wavelengths noted in the figure. C/s for all three Raman spectra is shown in Fig. 3.3.9e.   
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It is important to note that almost similar C/s are observed for HF phonons using these 

three laser consistent with it’s non-resonant behavior. In order to compare absolute intensities of 

phonons for different laser used, we have calculated different parameters as listed in Table 3.3.4. 

We find that the penetration depth comes out to be in micron (Table 3.3.4), which is larger than 

total thickness of NCp film for the three laser used. This suggests that scattering cross section 

will mainly depend on number of incident photons and 
4. 

Taking these two factors into account, 

Table 3.3.3. Ratio of intensity of LF to HF phonon for all NCps 

with 441.6 nm and 488 nm as excitation sources.  

NCp I(LF)/I(HF) : 441.6 nm I(LF)/I(HF) : 488 nm 

E1 (45s) 1.8 1.5 

E2(90s) 2.0 1.4 

E3(120s) 1.8 1.2 

E4(150s) 3.0 2.7 

E5(180s) 2.1 1.8 

E6(210s) 1.5 No LF 

 

Fig. 3.3.10. a) Optical image of NCp E1, corresponding Raman image of marked region with 

excitation as b) 441.6 nm, c) 488 nm and d) 514.5 nm  showing absence of LF and IF phonons 

with 514.5 nm as excitation laser. 
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intensity of phonon using 441.6 nm as excitation source is expected to be higher ~ 1.16 and 1.2 

as compared to 488 nm and 514.5 nm laser, respectively as is observed in our NCps.   

 

    

 

 

 

 

 

    

   Wavelength dependent Raman mapping (Fig. 3.3.9 and 3.3.10) shows that i) cluster size 

reduces as the wavelength changes from 441.6 nm to 514.5 nm and ii) with 514.5 nm excitation, 

HF phonons are observed in the region, where LF and IF phonons are observed with 488 and 

441.6 nm excitations. To understand these observations, Raman spectroscopy is performed by 

varying the focal spot along the depth (Fig. 3.3.11) at particular spatial position of a cluster. Fig. 

3.3.11 shows variation in Si phonon i.e. from LF to HF phonons as we move focal spot 

downward at that position. This suggests that HF phonons are coming from bottom of the cluster, 

whereas IF and LF phonons are coming from central and top region of a cluster, respectively. 

This further suggests that there is stacking of different size Si NCs as HF and LF phonons 

originate from larger and smaller size NCs. Observance of HF phonons (514.5 nm excitation) in 

the region where LF and IF phonons are observed (488 and 441.6 nm) can be explained 

considering different depth of focus for these wavelengths. Depth of focus for these three lasers 

Table 3.3.4. Laser parameters, no of photons and ratio of calculated intensity for three wavelengths 

summarized. 

Laser 

(nm) 

Power 

used 

(P) 


4
 No of 

photons/s 

*10
14   

(n) = 

P/hν 

Spatial 

resolution 

(μm) 

Depth of 

focus 

(μm) 

n *  


4
 

 

441.6 .4mW 61 8 0.5 1.4 488 1.16 

488 .43mW 42 10 0.54 1.6 420 

514.5 .5mW 33 12 0.57 1.7 396 1.2 
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is given in Table 3.3.4. Highest depth of focus (Table 3.3.4) for 514.5 nm excitation as compared 

to 488 nm and 441.6 nm, presence of larger size Si NCs at the bottom of the cluster and non 

resonant nature of HF phonons explains the presence of HF phonons at this excitation, from the 

region, where LF and IF phonons are observed at 488 and 441.6 nm excitations. Further, spot 

size, power and power density is given in Table 3.3.4. This shows that power density is nearly 

similar for all three lasers used. This suggests that difference in size of cluster could be due to 

difference in scattering efficiency which is proportional to 
4
. Scattering efficiency is calculated 

for these three wavelengths (Table 3.3.4). This shows that overall decrease in cluster size from 

441.6 to 514.5 nm is found to be due to lower scattering efficiency at 514.5 nm leading to 

observable signal only coming from larger scattering volume region. Details of Raman mapping 

with varying the focus along the depth will be discussed in next section. 

 

 

 

 

 

 

 

 

It is important to note that in particular NCp E6, LF and IF phonons are observable only 

using 441.6 nm as excitation source (Fig. 3.3.12) which is rather surprising. Further, Table 3.3.3 

460 480 500 520 540

0

56

112

168

224

280

Top

517 cm-1  C
/s

Raman shift (cm-1)

495 cm-1

Bottom

Fig. 3.3.11. Change in Si optical phonon with the change in focus along depth at fixed spatial 

position. 
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shows that ILF/IHF for all the samples is ~ 2 (441.6 nm excitation), except NCp E4. For this 

particular NCp, this ratio is quite higher ~ 3. To understand these two observations, we have 

performed absorption spectroscopy measurements on these NCps as discussed below.  

 

 

 

 

 

 

 

 

3.3.1.5. Corroboration of absorption spectroscopy with Raman mapping 

Absorption spectra of all NCps show interference fringes as shown in Fig. 3.3.13. It is 

well known that when a beam of light passes through a thin film with the thickness comparable 

to that of wavelength of light, wave reflected from upper and lower surface interference 

constructively and destructively leading to observance of interference fringes [243]. Due to 

presence of interference fringes in the absorption spectra, correlation with resonance Raman 

scattering is not feasible. Interference fringe free absorption spectra (ref: annexure 3.3.1) are 

measured by using p-polarized light at Brewster angle [243], wherein, there is no reflected beam 

and hence no interference fringes.  

After the removal of interference fringes, optical band gap can be obtained as per 

formalism given in chapter 2 (equations - 2.29, 2.30) and are shown in Fig. 3.3.14 and 

summarized in the Table 3.3.5.  

HF 

Fig. 3.3.12. a) optical image of NCp E6, corresponding Raman image of marked area with 

excitation source as b) 441.6 nm, c) 488 nm and d) 514.5 nm. Red and green color shows 

presence of LF and HF phonons, respectively. 
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Fig. 3.3.13. Absorption spectra of all NCps showing observance of interference fringes. 

Table  3.3.5. Ratio of intensity of LF to HF phonon for all NCps with 441.6 nm and 488 nm as 

excitation sources. Multiple absorption edges calculated from (h)
2
 vs  h  graph  in the range of 

interest (350 - 520 nm) for all NCps. 

NCp I(LF)/I(HF) : 441.6 nm I(LF)/I(HF) :488 nm Abs edge (eV) 

E1 (45s) 1.8 1.5 2.5, 2.88, 3.2 

E2 (90s) 2.0 1.4 2.5, 2.9, 3.1 

E3 (120s) 1.8 1.2 2.48, 2.9, 3.2 

E4 (150s) 3.0 2.7 2.55, 2.8, 3.3 

E5 (180s) 2.1 1.8 2.6, 2.92, 3.1 

E6 (210s) 1.5 No LF 2.75, 3.1 
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Fig. 3.3.14. (h)
2
 vs  h graph of NCp a) E1, b) E2, c) E3, d) E4, e) E5 and f) E6 obtained from 

absorption spectra. 
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Absorption spectra show absorption edges ~ 2.50 eV, 2.9 eV and 3.1 eV for all the 

samples except E6 (Fig. 3.3.14 and Table 3.3.5) where absorption edges ~ 2.3, 2.75 eV and 3.1 

eV are observed. In the above, we have discussed the observance of LF and IF phonons using 2.5 

and 2.8 eV excitation for all NCps except E6 (Table 3.3.3). Fir this particular NCp, 

surface/interface phonons are observed using only 2.8 eV excitation. This clearly brings out 

proximity of real energy level to the laser excitation/s and corresponding Raman signal 

enhancement due to resonance. This further explains observance of LF and IF phonons only for 

441.6 nm (2.8 eV) in case of E6. The results for all samples are summarized in table 3. For 

sample E4, ILF/IHF is highest for both 441.6 nm and 488 nm excitation source as compared to 

other samples. This can also be further correlated with observed absorption edges ~ 2.55 eV, 2.8 

eV for this sample (Fig. 3.3.14), which almost exactly matches with excitation wavelengths 448 

nm (2.54eV) and 441.6 nm (2.8 eV) respectively. Absorption edge ~ 3.1 eV observed in all the 

NCps corresponds to direct band gap of Si, whereas other absorption edges ~ 2.5 eV and 2.9 eV 

are related to interface of Si-SiO2 NCp originating from smaller size NCs [158, 241]. Further, 

our observation of these band edge are also in agreement with recent
 
eliipsometric study on Si-

SiO2 NCp also shows band edge ~ 2.8 eV and 2.5 eV from smaller size Si NCs [244, 245].  

3.3.1.6.  Understanding the origin of IF phonons    

  Results of LI experiment and continuous laser heating for longer time can be explained 

considering that these two IF1 and IF2 phonons come from two different intermediate size NCs, 

x1 and x2, where x1 <  x2. For smaller size x1, surface/interface phonon contribution is dominating 

(Fig. 3.3.4) whereas, for larger size x2, core and surface/interface phonon contribution is 

comparable (Fig. 3.3.5). The decrease in the intensity of IF1 phonon on heating can be correlated 

as due to moving away from the resonance condition for LF phonons due to increase in size and 
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thereby increase in core phonon contribution. Increase in intensity of IF2 phonon on heating can 

be said to be due to increase in the size of Si NC i.e. scattering volume. The non resonant nature 

of core phonon further explains the lesser C/s for IF2 phonon as compared IF1 phonon in the 

beginning of the LI experiment (Fig. 3.3.2).  

   It is found that during the LI experiment, more and more Si-O bonds are getting 

converted to Si-Si like environment causing increase in size of Si NC. This increases the 

intensity of IF2 phonons, which already has comparable core phonon contribution. It is important 

to note that C/s of IF1 phonons at the end of LI experiment is close to C/s of IF2 phonons at the 

beginning of the experiment. This further confirms the increase in size x1 and it is approaching 

size x2 on laser irradiation. This clearly suggests conversion of IF1 phonon to IF2 phonon and 

IF2 phonons to HF phonons. However, as we have discussed in last section, LF phonons did not 

show conversion of LF phonon to IF phonons during the LI experiment.
 
This is looked into by 

continuous laser heating for longer time of 3 hrs and 30 mins on LF phonons. It is observed that 

Fig. 3.3.15. a) Change in Raman spectra showing conversion of LF to IF phonon on continuous 

Laser heating as noted in the figure and b) Solid line is fit to raw data (+ and ˟). Raman spectrum 

of LF phonon is shifted in y-axis for the sake of clarity.    
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LF phonon (~ 497 cm
-1

: Lorentzian line shape) converted to IF phonon ~ 512.9 cm
-1

 (Fig. 3.3.15) 

after continuous heating. The asymmetric line shape of this phonon can be fitted with 

superposition of LF and HF phonon (Fig. 3.3.15b). This shows the conversion of LF to IF 

phonons and thus further confirming our interpretation of LF phonons, IF and HF phonons 

originating from interface of smaller, intermediate and core of larger size Si NCs. Understanding 

developed here for whole range of Si phonons (495 - 519 cm
-1

) in Si-SiO2 NCps can be used to 

explain and understand Raman data reported earlier in the literature. 

 

3.3.2. Corroboration of our results with the literature  

It may be interesting to see the correlation of size of NC, wavelength dependent Raman 

spectra with different interface or passivation of Si NCs reported in literature. Hydrogen 

passivated Si NCs of sizes ~ 2 - 6 nm excited with 514.5 nm and 496.5 nm show HF
 
[232, 235]

 

and LF phonon [236], respectively.
 
Raman spectra of Si-SiO2 NCp (size ~ 3 - 5 nm) excited with 

mainly 514.5 nm laser show mainly observance of core phonons [126, 138].
 
However, Si NCs of 

size ~ 2 - 4 nm excited using 488 nm, shows presence of Si phonon frequency ~ 495 cm
-1

 and 

517 cm
-1

 simultaneously. Further, peak ~ 495 cm
-1

 disappear for Si NCs of size ~ 6.3 nm [136]. 

These observations are consistent with our interpretation of LI experiment as noted above. This 

data further supports that occurrence of surface/interface phonons depends on two factors 1) size 

of Si NC and 2) excitation wavelength, whether Si NCs are grown in matrix (SiO2) or passivated 

by different atoms, as it leads to different electronic band structure [80]. The above mentioned 

data and our data together suggests that LF, IF and HF phonons are observed from sizes < ~ 4 

nm, ~ 4 to 6 nm and > ~ 6 nm, respectively.  
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In order to support our observation, that is to check whether, presence of oxygen is 

making significant contribution in observance of range of Si optical phonons, we have performed 

similar studies on one multilayer NCp film of Si-Al2O3 grown on amorphous Al2O3 deposited on 

crystalline Al2O3 substrate as described below 

 

3.3.3. Raman mapping of Si-Al2O3 nanocomposite  

We further performed wavelength dependent Raman mapping on another NCp E1A: Si-

Al2O3 (amorphous Al2O3) NCp, grown on crystalline Al2O3 with similar growth conditions. 

Raman mapping shows formation of clusters of Si NCs as is observed in Si-SiO2 NCp thin films. 

Further, phonon frequencies in the range 490 - 519 cm
-1 

are observed with 441.6 and 488 nm 

excitation (Fig. 3.3.16). However, only HF phonons (515 - 519 cm
-1

) are observed with 514.5 nm 

excitation. It is important to note that LF phonon (490 - 510 cm
-1

) shows Lorentzian line shape,  

HF phonons (515 - 519 cm
-1

) show asymmetric line shape which can be fitted using PCM and 

line shape of IF phonons (511 - 514 cm
-1

) can be understood using simultaneous contribution of 

LF and HF phonons similar to that noted in Si-SiO2 NCps. This confirms that presence of 

oxygen is making significant contribution in observance of surface/interface phonons due to 

presence of absorption edges in the visible region and Si-O bonding at the interface.  Here, 

lowest frequency for LF phonons is 490 cm
-1

.This could be because of difference in matrix that 

is used to embed Si NCs as change surrounding leads to change in frequency of surface phonons. 

Result of wavelength dependent Raman mapping corroborates well with absorption spectrum of 

the same NCp (Fig. 3.3.16). It is interesting to note that for this NCp film, interference fringe 

free absorption spectrum is observed using un polarized light at normal incidence (Fig. 3.3.16e). 
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This is because buffer layer (Al2O3) used in this NCp is same as that of substrate (crystalline 

Al2O3) and therefore there will not be any significant change in refractive index.  

 

   To summarize, IF phonons (511 - 514 cm
-1

) originate from intermediate size NCs where, 

both surface and core of Si NC contribute simultaneously. Further, temperature obtained from 

Stoke-antiStokes Raman spectroscopy and results of wavelength dependent Raman mapping in 

corroboration with absorption measurements show that resonance Raman scattering is crucial for 

the observance of surface/interface phonons. This also further explains large Raman signal 

Fig. 3.3.16. a) Optical image of E1A NCp, corresponding Raman image of marked region with 

excitation as b) 441.6 nm, c) 488 nm, d) 514.5 nm showing absence of LF and IF phonons with 

514.5 nm as excitation laser, e) absorption spectra of the same NCp measured with un polarized 

light showing absence of interference fringes and f) (h)
2
 vs  h graph for sample E7 obtained 

from absorption spectra. 
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observed from Si NC surface/interface and the Raman data variation observed in the literature 

for Si phonon frequency in Si-SiO2 NCps and Si NCs passivated using hydrogen. 

The observed sensitivity of Raman spectra to surface/interface and core of Si NCs in 

SiO2 matrix in corroboration with AFM is used to understand the observed morphology (clusters 

of Si NCs - section 3.2). This will be discussed in next section. 
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3.4. Understanding the morphology of nanocomposites from correlation of 

Raman and AFM mapping 

 

  In PLD grown Si-SiO2 NCps, Raman mapping shows cluster formation of Si NCs at 

isolated sites in each NCp, although the growth is carried out to be multilayer as discussed in 

chapter 2. This is consistent with the cross-sectional TEM data, which does not show any 

evidence of formation of Si-SiO2 multilayer. This is investigated by performing Raman and 

AFM mapping at same sites and further, plausible growth mechanism for the observed 

morphologies of Si NCs embedded in SiO2 matrix is elucidated using study of single layer NCp 

and multilayer NCps annealed at different temperatures as detailed in the following.   

 

3.4.1. Raman and AFM mapping 

 Raman spectroscopic measurements of Si-SiO2 NCps (E1-E6) show variation in the Si 

phonon frequencies from 495 to 519 cm
-1

 in all NCps studied. The observed Si phonon 

frequencies, i) 495 - 510 cm
-1 

(LF phonons), ii) 511 - 514 cm
-1 

(IF phonons) and iii) 515 - 519 

cm
-1 

(HF phonons) are attributed to originate from small (< ~ 4 nm), intermediate (~ 4 - 6 nm) 

and large (> ~ 6 nm) size Si NCs. Here, LF and HF phonons originate from surface (Si-SiO2 

interface) and core of smaller and larger Si NCs, respectively. IF phonons originate from 

intermediate size Si NCs where, both surface/interface and core of Si NC contribute 

simultaneously. In the present section, we will use the understanding developed for in previous 

section 3.2 and 3.3 for Si phonons to obtain information on morphology of Si-SiO2 NCps using 

Raman and AFM mapping on same selected area as described below. 
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3.4.1.1. Raman mapping 

   Raman mapping with acquisition time of 1 s and step size ~ 0.15 μm are performed at 

many sites on each NCp. Raman spectra observed in Raman mapping show phonon frequencies 

in the range 495 - 519 cm
-1

, hence Raman image is generated using intensity of frequencies in 

the range 490 - 525 cm
-1

. Representative Raman image for NCp E2 is shown in Fig. 3.4.1b. Fig. 

3.4.1c shows corresponding normalized Raman spectra for the positions marked in Fig. 3.4.1b.  

 

 

 

 

 

 

 

 

 

 

Raman images over all NCps indicate presence of clusters of Si NCs, sizes varying from ~ 1 - 4 

μm. Fig. 3.4.1c shows that observed red shift and asymmetric line shapes of Si phonon observed 

in the Raman spectra is well fitted using phonon confinement model for the phonons occurring in 

Fig. 3.4.1. a) Representative optical image of NCp E2, b) corresponding Raman image generated 

using intensity of phonon frequencies in the range 490 - 525 cm
-1

, c) Corresponding Raman spectra 

at positions as marked in Raman image and d) intensity profile of Raman image.  
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the frequency range 515 - 519 cm
-1

.
 
This suggests formation of Si NCs of different sizes in these 

clusters. Further, the fact that these Si NCs remained clustered without coalescence to form 

bigger NCs even after annealing the NCp at 800 
o
C, suggests that they are indeed isolated by an 

insulating matrix of SiO2. 

   Fig. 3.4.2a-c show Raman images created using intensities of LF, IF and HF range 

phonons for NCp E1. The result of similar measurements on many sites on all NCps is presented 

as a histogram. Histogram (Fig. 3.4.2d) is created for LF, IF and HF phonons for all NCps, 

giving the percentage of occurrence of these phonons in these NCps. 

   

 

 

 

 

   

 

 

   

Histogram shows that large distribution is present in occurrence of these frequencies indicating 

large size distribution in all NCps studied. However, there is a pattern observed with the 

deposition time. Occurrence of LF phonons (495 - 510 cm
-1

) is highest for NCp E1 i.e. NCp 

Fig. 3.4.2. Raman image generated using phonon frequency a) ~ 495 - 510 cm
-1

, b) 511 - 514 cm
-1

, c) 

~ 515 - 519 cm
-1

 and d) Histogram showing variation in percentage of occurrence of these phonon 

frequencies in the NCps grown with increasing deposition time from left to right. 
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grown with lowest time of deposition. This suggests that smaller size Si NCs have formed in 

large proportion in NCp E1. Occurrence of HF phonons (515 - 519 cm
-1

) is highest for NCp E6 

grown with highest time of deposition suggesting higher presence of larger size Si NCs. Further, 

the decrease in percentage of LF phonons with the increase in deposition time for NCps E1, E2 

and E3 is observed. Whereas, occurrence of IF phonons increases with the increase in deposition 

time in these three NCps.  

It is important to note that we have observed mainly two patterns of intensity profile for 

Raman images, performed on all NCps, 1) type-1: the intensity profile is nearly Gaussian (Fig. 

3.4.1d: Raman image is generated using intensity of frequencies in the range 490 - 525 cm
-1

) for 

most of these clusters (~ 60%) and 2) type-2: for some clusters, intensity is not maximum near 

the center of the cluster, but increases towards the edge (Fig. 3.4.3b).  Type-1 intensity profile is 

noted in the cluster, wherein i) LF, IF, HF phonons and ii) only HF phonons are observed. 

However, type-2 intensity profile is observed only for HF phonons. Since, HF phonons show 

non-resonant behavior, intensity of HF phonons mainly reflects density of Si NCs. This suggests 

that density of clustered Si NCs for type-1 is higher at the center and decreases towards the edge 

of cluster i.e. of Gaussian nature, whereas, for type-2, density of Si NCs has non Gaussian 

profile.  

 

 

 

 
Fig. 3.4.3. a) Representative optical image of NCp E4, b) Raman image of selected area generated 

using frequency ~ 515 - 519 cm
-1

 and c) intensity profile of Raman image (rotated by 90
0
 showing the 

non-Gaussian form of intensity). 
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It is important to note that for type-1 Raman images, one to one correspondence with 

observable isolated structures in the optical image is seen (Fig. 3.4.1). However, this is not the 

case for type-2 Raman images, as detailed in the following. Representative optical (Fig. 3.4.3a) 

and Raman image (of marked area in optical image: Fig. 3.4.3b) shows that cluster I stand out 

from the background (visible) in the optical image as a white spot, whereas cluster II and III 

cannot be separated from the background (not visible). It may be noted that black spot observed 

at cluster II does not represent size and shape of Raman intensity profile and similar observations 

are made for all such measurements. Therefore, white structures in optical images are only 

considered as Si-SiO2 clusters. Thus, one can say that absence of isolated structures in the optical 

image and non Gaussian intensity profile of a cluster in the corresponding Raman image is 

indicative of two dimensional (2D) clustering of Si NCs, since, it is difficult to imagine 

formation of three dimensional (3D) structures with largest density of Si NCs on the edge. AFM 

measurements are performed on all NCps to obtain further insight into the morphology of these 

multilayer NCps. 

3.4.1.2. AFM mapping 

Many sets of AFM and Raman mapping are performed on the same site with the help of 

visual guidance of the optical image, created using microscope as discussed in chapter 2. 

Representative data is shown in Fig. 3.4.4 for NCp E5. Fig. 3.4.4, shows the optical image, 

Raman image (Fig. 3.4.4b) and corresponding AFM image (Fig. 3.4.4c) of the area chosen (Fig. 

3.4.4a) for AFM and Raman study. One can observe one to one correspondence in all three 

images noted above. Raman mapping shows formation of larger Si NCs, as only HF phonons are 

observed in these clusters. This suggests that the intensity observed in Raman mapping represent 
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density of Si NCs in that particular cluster.  The low resolution (300 Å) AFM image (Fig. 

3.4.4c), shows presence of structures of height and width varying from 1 - 2 μm and 1 - 4 μm, 

respectively. Three dimensional intensity patterns observed in the Raman image and three 

dimensional AFM image shows formation of type-1 cluster that is 3D clustering of Si NCs. It is 

to be noted that there is one to one correspondence between intensity ratio in the Raman image 

(Fig. 3.4.4d) of two clusters (I/II ~ 1.08) and height ratio (I/II ~ 1.07) in the AFM image (Fig. 

3.4.4e) confirming our interpretation of 3D clustering. Low resolution (300 Å: Fig. 3.4.4c) shows 

that all the four cluster are quite smooth. We have tried to perform higher resolution (30 Å) AFM 

mapping on the clusters, wherein, only HF phonons are observed. It does not give any additional 

information as it shows to be one big cluster with no smaller distinguishable structures.   

 

Fig. 3.4.4. a) Representative optical image of NCp E5, b) Raman image of selected area generated 

using frequency ~ 515 - 519 cm
-1

 and c) Corresponding AFM image, d) intensity profile of Raman 

image and e) 3D AFM image. 
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For type-2 clusters, we do not observe one to one correspondence in optical, Raman and 

AFM imaging (Fig. 3.4.5) in cluster size and intensity as observed for type-1 clusters. Optical 

image and corresponding Raman image (Fig. 3.4.5) shows that cluster I is of type-1 and cluster II 

is of type-2. Corresponding Raman spectra show presence of HF phonons in both the clusters  

 

(Fig. 3.4.5d). Further, maximum intensity for cluster II is ~ 1.7 times that of maximum intensity 

for cluster I (Fig. 3.4.5e). The ratio is similar to intensity of maximum intensity phonon of cluster 

II to cluster 1 ~ 1.65. AFM measurement performed on the similar region shows that cluster I is 

observable in the topography image, which is a consistent observation. However, for cluster II, 
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Fig. 3.4.5. a) Optical image of NCp E1, b) Raman image, c) Low resolution AFM image, d) 

Corresponding Raman spectra showing presence of HF phonons in both clusters, inset show 

asymmetric line shape fitting for phonon ~ 515 cm
-1

 using PCM, e) intensity profile of Raman image 

(rotated by 90
0
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intensity in the   Raman image (Fig. 3.4.5b & e) is not matching with the topography (height ~ 

0.2 μm) observed in the AFM image (Fig. 3.4.5c & f). Instead, segregation of small clusters is 

observed in that region. This suggests 2D organization of small clusters of Si NCs. Raman 

mapping in corroboration with AFM shows larger Raman intensity (Fig. 3.4.5e & f) in 2D cluster 

as compared to 3D cluster. In order to look into this, we have fitted the Raman spectra using 

phonon confinement model [153]. We find that asymmetric line shape of HF phonon (518 - 519 

cm
-1

) observed in type-2 (2D) cluster can be fitted using size ~ 9.5 nm with unperturbed width is 

~ 6 cm
-1

. Whereas, asymmetric line shape of HF phonon (515 - 516 cm
-1

) observed in type-1(3D) 

cluster can be fitted using size ~ 7.5 nm with unperturbed width is ~ 8 cm
-1

. This suggests 

presence of larger NCs with better crystalline quality in type-2 cluster leading to larger Raman 

intensity (Fig. 3.4.5c).  
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Fig. 3.4.6 a) Optical image, b) Raman image of marked area, c) corresponding AFM image of marked 

area and d) optical image of same area after performing AFM once showing absence of that cluster.  
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It is important to note that, we have attempted to perform AFM measurements for several 

sites on the cluster, wherein LF and IF phonons are also observed (Fig. 3.4.6). However, we find 

that while AFM measurements in non contact mode are in progress, it never gets completed as 

cluster gets physically removed from the site, as can be seen in the optical (Fig. 3.4.6a & d) and 

Raman image after the AFM (Fig. 3.4.6c). All the care has been taken to use fresh AFM tips, 

non-contact modes etc, but the same observation gets repeated.  This indicates that these types of 

clusters are softer at the top and gets easily attached to the tip. This can happen if thicker part of 

the top is made up of amorphous SiOx matrix. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Since we could not perform AFM on these clusters, wherein LF phonons are observed, 

we have performed high resolution (30 Å) AFM measurements on the two closely spaced 
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Fig. 3.4.7.  a) Optical image of NCp E3, b) Corresponding Raman image, c) intensity profile of Raman 

image (rotated by 45
o
)), d) High resolution AFM image at the center of cluster I (marked with arrow), 

e) Raman spectra at marked positions and f) Raman image of whole cluster I after performing AFM 

once. 
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clusters, wherein we have observed HF and simultaneous LF/HF phonons (Fig. 3.4.7a, b & e). 

This suggests presence of smaller and larger size Si NCs in close proximity. Three dimensional 

intensity profile in Raman image suggest that this is type-2 cluster (Fig. 3.4.7c). Higher 

resolution (30 Å) AFM measurement (Fig. 3.4.7d) is performed on this particular cluster, 

wherein HF phonons are observed (center of the marked cluster I in the Raman and optical 

image: Fig. 3.4.7 a & b). Topography image shows presence of smaller clusters of height varying 

from 0.07-0.16 µm. This confirms that this is a type-2 cluster. Further, when we tried to perform 

AFM in the region, wherein only LF phonons are observed (lower region of the cluster), this 

cluster gets physically removed except the part which shows presence of HF phonons (Fig. 

3.4.7f: Raman image after performing AFM), as per our earlier observations. 

   Since, AFM could not performed, where LF phonons are observed, we performed Raman 

mapping with varying focal spot along the depth, which is also expected to confirm 2D and 3D 

formation of clusters of Si NCs as discussed below. 

 

3.4.2. Understanding the morphology and it’s origin 

3.4.2.1. Raman mapping by varying focal spot along the depth 

In Raman spectroscopic measurements at selected sites, we have noted change in phonon 

frequency, FWHM, line shape and intensity with change of focus (in z direction: depth), while 

optimizing the Raman signal. We investigate this in detail by performing Raman mapping by 

focusing the laser spot along the depth, in step size ~1.5 µm (Fig. 3.4.8 & 3.4.9).  Fig. 3.4.8a, 

shows the optical image, Fig. 3.4.8b - d show Raman image at different focal spot along the 

depth and corresponding Raman spectra are shown in Fig. 3.4.8e - g.  Highest intensity spectra 

are shown for different phonons (LF, IF and HF) in each image. The positions are marked where 
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highest intensity is obtained and one can note that it changes laterally (in x-y plane) along the 

depth, suggesting three dimensional organization of Si NCs. In the first step, taking help from 

visual guidance of optical image, laser is focused at the top region of the film and Raman 

mapping is performed. Raman image shows presence of LF, IF and HF phonons (Fig. 3.4.8a). 

We observed that when the focal point is moved deep inside the cluster, i) at focal point ~ 1.5 μm 

below the surface: only IF and HF phonon are observed, ii) increase in intensity of HF phonon, 

iii) increasing in area where HF phonons are present and iv) when focal point is moved further 

below by ~ 1.5 μm, HF phonons are observed at the site of LF and IF phonons (Fig. 3.4.8). The 

observation that LF phonons (originating from smaller size NCs) are coming from upper region 

of the cluster, whereas HF phonons (originating from larger size NCs) are coming from deeper 

region and IF phonons (originating from intermediate size NCs) from the intermediate region of 

film, suggest stacking of different size of Si NCs, wherein smaller NCs are formed in upper 

region of the film and larger size NCs are present in deeper region of the film. This is consistent 

with the observation of higher intensity for HF phonons as we move down in the cluster. Herein, 

Raman mapping is performed with acquisition time of 0.5 s, where we observe Raman signal 

from crystalline Si only. However, Raman mapping performed with higher acquisition time of 10 

s shows Raman signal from crystalline Al2O3 substrate too. This suggests that with lower 

acquisition time (0.5 s), only higher intensity Raman signal is being picked up, which show 

significant difference in Si optical phonons along the depth of a cluster. This can happen only if 

Si NCs are well separated along the depth. Further, our observation suggests that the stacking of 

large, intermediate and smaller size Si NCs from bottom to top are organized in pyramid like 

shape i.e. base is broad. Therefore, as the focal spot moves deeper in the cluster, Raman image of 

HF phonons becomes larger in lateral dimensions, as Raman signal from all larger Si NCs 
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forming a base can be observed, however, for the focal spot at the top, only region consisting of 

larger scattering volume (high density of larger Si NCs) can give rise to observable Raman signal 

(HF phonon). Therefore, both focal spot and scattering volume together need to be considered 

for explaining the intensity profile in the Raman image. 
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Fig. 3.4.8. a) Optical image of NCp E4, corresponding Raman image of marked area at the b) 

top, c) middle and d) bottom region of the chosen area observed by varying focal spot along 

depth. The green region shows HF phonons (515-519 cm
-1

), Blue color shows IF phonons (511-

514 cm
-1

) and red shows LF region of frequencies (495-510 cm
-1

). Fig. 3.4.8e-g shows Raman 

spectra for maximum intensity of observed LF, IF and HF phonons in Raman image b, c and d 

respectively. C/s for all the three spectra is shown in Fig. 3.4.8e. 
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   Raman mapping is also performed by changing focal spot along the depth in the region, 

where we have observed only HF phonons in type-1 clusters. Intensity profile of Raman image 

shows increase in size of Raman image (Fig. 3.4.10c) when the focal spot is moved to deeper 

region (1.5 μm) of the cluster (Fig. 3.4.10b), although there is no change in C/s. This suggests 

that in this case, clusters of larger Si NCs are organized in 3D. Further, moving focal spot deeper 

in the region, we observed decrease in C/s because of decrease in scattering efficiency. 

 

 

 

 

 

 

 

 

 

 

   Further, Raman mapping is also performed by changing focal spot along the depth in the 

region, where we have observed type-2 clusters. Intensity profile of Raman image shows 

decrease in C/s (Fig. 3.4.11c) when the focal spot is moved to deeper region (1.5 μm) of the 

Fig. 3.4.10. a) Representative optical image of NCp E5 with corresponding intensity profile of 

Raman image b) at top and c) in the deeper region at step size of ~ 1.5 µm. 
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Fig. 3.4.11. a) Representative optical image of NCp E4, b) intensity profile of Raman image (rotated 

by 90
0
) of selected area and c) intensity profile of Raman image (rotated by 90

0
) performed at step 

size of ~ 1.5 µm.  
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cluster (Fig. 3.4.11b). This suggests the formation of small clusters of Si NCs in this case to be 

organized in two dimensions i.e. in plane. 

   Results obtained from Raman mapping with varying focal spot are consistent with 

observations and understanding developed using Raman and AFM mapping. These results show 

that Si NCs are clustered in i) smaller clusters (~ 100 nm), which are organized closely in two 

dimensions and ii) a big (~ 2 µm) three dimensional isolated cluster. This can also explain the 

discrepancy between the size of cluster observed in optical image and it’s Raman image, as noted 

in sub subsection 3.4.2.1. Optical image is the fluorescent image (emission) created in the 

reflection mode. Thus, it may happen that we are able to observe fluorescence from only the 

surface of these clusters, whereas, emitted light from the bottom of the film/cluster is getting 

reabsorbed within the clusters. However, we are able to collect the Raman signal from the 

bottom of the cluster as well, leading to the larger Raman image (penetration depth ~ 3 - 5 μm, 

for 441.6 - 514.5 nm). These observations are repeated at several sites on all NCps. However, it 

is important to note that the size of cluster in Raman image is quite large from optical image for 

clusters, wherein, LF, IF and HF phonons are observed (Fig. 3.4.8 & 3.4.9) as compared to 

cluster showing only HF phonons (Fig. 3.4.10). Reason of this is discussed later. 

To further understand the region of nanocomposite films, wherein small clusters (height 

~ 0.3 - 0.6 μm) are seen in AFM and Raman signal for crystalline silicon could not be obtained 

(Fig. 3.4.4 & 3.4.5), longer acquisition time (5 s) mapping is performed.  These measurements 

are performed at many sites on all the NCps. Representative Raman mapping is shown in Fig. 

3.4.12. Raman image generated using phonon frequency ~ 515 - 525 cm
-1 

(Fig. 3.4.12a) and 465 

- 495 cm
-1 

(Fig. 3.4.12b) shows two additional peaks, i) substrate related (crystalline Al2O3) 

phonon peak  ~ 415 cm
-1

 over the whole mapping region (Fig. 3.4.12c) and ii) a broad 

a 
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asymmetric Raman spectrum ~ 480 cm
-1 

in the region where crystalline Si phonon peak is not 

observed (Fig. 3.4.12b), indicating presence of amorphous Si nanoparticles (NPs) in this region. 

Raman images of Fig. 3.4.12 suggest that there is Si throughout the film either in the form of 

clustered Si NCs or amorphous Si NPs dispersed in SiO2 matrix.  

 

 

 

 

 

 

 

 

 

 

 

 

From the above discussion, we find that the grown NCp films have morphology as shown 

in the schematic (Fig. 3.4.13). Fig. 3.4.13 shows, organization of small clusters of Si-NCs in 2D 

(in plane) and big 3D clusters with different or same size Si NCs embedded in SiO2 matrix. The 
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Fig. 3.4.13. Schematic of Si-SiO2 nanocomposite film showing presence of 2D and 3D clusters of 

Si NCs embedded in SiO2 matrix. Remaining film consist of amorphous Si NPs embedded in SiO2. 

Line drawn in cluster showing stacking of different size Si NCs is guide to eye. 
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Fig. 3.4.12. Raman image generated using phonon frequency a) ~ 515 - 525 cm-1, b) 465-495 cm
-1

 and 

c) Raman spectra (acquisition time 5s) showing Si NC (marked as 1), amorphous Si (marked as 2).  
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rest of the film consists of amorphous Si NPs.  The possible mechanism of these formations is 

discussed in the next sub section. 

3.4.2.2. Formation of clusters of Si NCs embedded in SiO2 matrix 

It is quite intriguing to know that small clusters of Si NCs are closely organized in 2D or 

grows to become big 3D clusters, although the growth is carried out to be multilayer. To 

understand the origin of cluster formation of Si NCs in grown multilayer NCps, we have 

investigated single layer Si deposition on SiO2 buffer layer (deposited on crystalline Al2O3 

substrate with deposition time of Si-45 s). Raman mapping of single layer shows presence of 

crystalline Si only at particular sites (Fig. 3.4.14: structure marked with arrow). Further, as only 

HF phonons are observed it suggests presence of larger size Si NCs (> ~ 6 nm). Variation in Si 

phonon frequency and it’s line shape (asymmetric) in the structure (Fig. 3.4.14b & c) itself, 

suggests presence of different sizes of Si NCs in this structure/cluster. This suggests that 

clustering of Si NCs occurs in a single layer deposition itself. Raman mapping in corroboration 

with AFM performed at the same site show that cluster of type-1 with Gaussian intensity profile 

(Fig. 3.4.14e: size ~ 2.5 μm with height ~ 800 nm) are formed in a single layer. This indicates 

that it is intrinsic to basic growth mechanism of pulsed laser ablation (PLA). However, it is 

important to note that density of cluster observed in single layer deposition is much less then 

multilayer deposition, as observed by Raman mapping.  It is important to note that in a single 

layer, size of cluster in optical, Raman and topography image is nearly same, whereas this is not 

the case for multilayer films as noted earlier. 
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Growth mechanism for the formation of NCs by PLA in the laser induced plume has been 

studied theoretically [246] as well as experimentally [247 - 252]. The size of NCs can be 

controlled by different laser parameters as fluence, wavelength, and pulse duration. In our case, 

Si-SiO2 nanocomposites are grown by ablation of Si and SiO2 targets, alternatively in PLD 

chamber using KrF laser beam (λ - 248 nm, pulse duration - 20 ns, repetition rate - 10 Hz) with a 

fluence of 2 J/cm
2
. Crystalline Si particles of size ≥ 20 nm have been observed for these laser 

parameters, when deposition is performed in vacuum [248]. Further, the background gas pressure 

is also an important parameter, which influences the structure and morphology of the deposited 

material by affecting the collision rate of ablated species within the plume [249-252]. For similar 

laser, parameters, smaller particles (average size ~ 5 nm) have been obtained in the presence of 
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Fig. 3.4.14. a) Representative optical image of single layer of S-SiO2, b) and c) corresponding 

Raman image and Raman spectra showing presence of HF phonons only, d) intensity pattern of 

Raman image (rotated by 90
0
) and e) 3d AFM image (rotated by 90

0
)  showing one to one 

correspondence with Raman image.  
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helium background (~ 1 mbar) in the plume in gas phase and similar size particles condense and 

agglomerate on substrate [249-252]. Since, in the present case, growth is performed at 

background helium pressure of 10
-1

 mbar, Si NCs with size > ~ 6 nm can be formed in the 

ablated plume, which will get deposited at low energy sites on the substrate with buffer layer of 

SiO2. Raman mapping (Fig. 3.4.14b & c) of single layer Si deposition on SiO2 buffer layer shows 

variation in Si phonon frequency and it’s asymmetric line shape suggesting that different sized Si 

NCs (6 -10 nm) are formed and clustered at particular sites. The fact that these Si NCs remained 

clustered without coalescence to form larger Si NCs even after annealing at 800 
o
C, suggests that 

they are indeed isolated by an insulating matrix of SiO2. This can happen if, SiO2 buffer layer is 

being ruptured by high energy Si NCs during deposition, which is a finite possibility under these 

growth conditions. Thus, the cluster formation of Si NCs in SiO2 surrounding may have been 

formed by embedding Si NCs from the plume. It is important to note that multilayer Si 

deposition leads to i) increase in density of clusters and ii)  cluster arrangement  in 2D and 3D 

and iii) observance of stacking of smaller (< ~ 4 nm), intermediate (~ 4 – 6 nm) and larger (> ~ 6 

nm) size Si NCs. In multilayer deposition, increase in Si layers leads to increase in the density of 

Si NCs.  Si NCs of forthcoming layer can either form another cluster on the existing cluster or 

they may find another low energy site to form another cluster at different spatial position. This 

can lead to three and two dimensional organization of clusters of Si NCs, respectively and 

increase in density of these clusters. In order to understand the third observation i.e. stacking of 

smaller, intermediate and larger Si NCs in descending order from top to bottom of the cluster, we 

have studied one unannealed multilayer NCp as the only possibility we could think of this 

stacking is due to annealing.  
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3.4.2.3. Study of growth mechanism leading to formation of smaller Si NCs 

Annealed (E2) and unannealed (E2U) NCps grown under same growth conditions (15 

multilayers NCp with deposition time of Si is 90 s) are studied using Raman mapping. Raman 

mapping of an annealed NCp (E2) show observation of LF, IF and HF phonons suggesting 

presence of smaller, intermediate and larger Si NCs as noted above. However, Raman mapping 

of an unannealed (E2U) NCp (E2U), shows presence of Si phonon frequencies in the range ~ 

516 - 519 cm
-1

 with FWHM ~ 8-10 cm
-1

 suggesting  larger Si NCs with good quality are formed 

at room temperature itself (Fig. 3.4.15c). This is consistent with the understanding that Si-NCs 

are formed in plume itself, which then forms into clusters at low energy sites on the substrate.  It 

is important to note that size of clusters observed in an unannealed NCp is quite large (5 - 6 μm) 
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Fig. 3.4.15. a) Representative optical image of an unannealed NCp, b) and c) shows corresponding 

Raman image and Raman spectra, d) optical image of annealed sample e) and f) corresponding Raman 

image and Raman spectra. . Inset of Figure 3.4.15c & f shows full range spectra showing presence of 

defect PL in unannealed NCp. 
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as compared to annealed NCps (1-2 μm). It is well known that clusters obtained in PLD are 

loosely bound clusters with dangling bonds, which can easily get separated on annealing, leading 

to smaller size clusters of Si NCs. Comparison of Raman mapping of an unannealed and an 

annealed NCp (Fig. 3.4.15c and Fig. 3.4.15f) show that after annealing at 800 
o
C, defect PL is 

significantly reduced (inset of Fig. 3.4.15f) compared to that of an unannealed NCp (inset of Fig. 

3.4.15c), supports presence of dangling bonds in unannealed NCps.  In an unannealed NCp, 

Raman signal corresponding to amorphous Si couldn’t be observed in the rest of the region, due 

to the presence of large defect PL (inset of Fig. 3.4.15c) throughout the NCp, which is probably 

masking an amorphous Si Raman signal. 

The above discussion suggests that room temperature PLD growth leads to formation of 

only larger Si NCs, whereas, annealing leads to formation of smaller and intermediate size Si 

NCs. Let us look at the possible reasoning for this. In the literature, we find that Stenger et al. 

have reported observance of simultaneously phonons ~ 500 cm
-1 

and 518 cm
-1 

from Si NCs (size 

~ 4 nm : TEM), when SiOx is annealed at 1000 
o
C [136].  Li et al. have reported observance of 

Si phonon frequency ~ 495 cm
-1

, when Si excess SiO2 is annealed at 900 
o
C [118]. This suggests 

that higher temperature is required to form Si NCs from SiOx matrix because in the first step 

there will be formation of amorphous Si (~ 800 
o
C) and then crystalline Si (~ 1000 

o
C), whereas, 

in Si excess SiO2, Si NCs are formed at relatively lower temperature. In our case, Si and SiO2 are 

ablated alternatively, and thus it can be considered to be Si excess SiO2. Therefore, there is a 

good possibility of formation of smaller size Si NCs in this case at lower temperature (800 
o
C). 

In a PLD chamber, heater is attached to the substrate holder, which means that the heat is getting 

transferred from bottom of the film to the top layer of the cluster. Further, SiO2 being insulator, 

lesser heat will be transferred to the top of the cluster, suggesting that there is possibility of 
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thermal gradient across the cluster. This thermal gradient can lead to formation of smaller size Si 

NCs at the top and intermediate size Si NCs in the middle of the cluster, leading to pyramid 

formation of different size Si NCs. Based on this understanding, absence of smaller size Si NCs 

in single layer Si deposition can also be correlated to presence of lesser amount of SiOx at the 

surface i.e. there is not enough SiOx to give rise to formation of different size Si NCs. Further, 

observance of smaller size Si NCs in annealed multilayer in some clusters can be correlated to 

presence of enough amount of SiOx at the top in that particular clusters. This is consistent with 

the fact that AFM measurements are not possible for clusters showing LF phonons as noted 

above. This is also consistent with our attribution of LF phonons to be originating due to Si-O 

bonding environment at the surface of small Si NCs. This understanding further, explains the 

difference between size of cluster in Raman and optical image for stacking of i) smaller, 

intermediate and larger size Si NCs from bottom to top (Fig. 3.4.8 & 3.4.9) and ii) only larger Si 

NCs (Fig. 3.4.10). In the first case, presence of significant amount of SiOx, reabsorb light emitted 

from the bottom of the cluster leading to huge difference in optical and Raman image. Whereas, 

in the second case, lesser amount of SiOx is present and thus lesser emitted light will be 

reabsorbed. Therefore, comparatively lesser difference in size of cluster in Raman and optical 

image is observed.   

Effect of annealing is also further studied for ten multilayer Si-SiO2 NCps, annealed at 

different temperature (un annealed, 200 
o
C, 400 

o
C, 600 

o
C and 800 

o
C). All other growth 

conditions are kept same. Raman mapping is performed on these NCps, which shows that LF, IF 

and HF phonons are observed only in NCp annealed at 800 
o
C, whereas, in all other NCps, we 

could observe only HF phonons. Representative Raman mapping is shown for unannealed NCp 
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(E11: Fig. 3.4.16) and annealed at 400 
o
C (E13: Fig. 3.4.17). This supports our interpretation 

discussed above.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To summarize, Raman mapping and AFM together are used to investigate and 

understand the morphology of Si-SiO2 multilayer nanocomposites. Raman and AFM mapping 

together showed formation of different types of clusters of Si NCs in size and stacking in pulsed 

laser deposited Si-SiO2 NCps. Further study of specially grown Si-SiO2 NCps suggest formation 

of smaller Si NCs at the top due to annealing at 800 
o
C in Si rich SiO2 and possible existence of 

Fig. 3.4.17. a) Optical image and b) corresponding Raman image of Si-SiO2 NCp annealed at 400 
o
C 

shows presence of smaller clusters. 
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Fig. 3.4.16. a) Optical image and b) corresponding Raman image of unannealed Si-SiO2 NCp shows 

presence of larger clusters. 
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thermal gradient in an insulating matrix of SiO2. Whereas, larger Si NCs are formed in plume 

itself.  

Thus, Raman mapping in corroboration with AFM has been used successfully to 

understand and describe the morphology of PLD grown Si-SiO2 nanocomposite films. It is 

however, important to note that one needs to have proper understanding of the Raman spectra, in 

order to correlate it with AFM data in order to obtain unique information about the morphology 

of these nanocomposites, which is difficult to obtain by any other conventional techniques. 
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3.5. Size dependent interface bonding of Si nanocrystals: corroboration of 

Raman mapping and XPS study 

 

In this section, we aim at establishing quantitative corroboration between Raman 

mapping and XPS studies for Si-SiO2 NCps. In previous sections, we have attributed LF (495 - 

510 cm
-1

) phonons to vibration of Si-Si bonds at the surface of Si NCs in presence of oxygen in 

Si-SiO2 NCps. Since, Raman spectroscopy is an indirect technique to study surface/interface, it is 

important to obtain similar information, independently using another experimental method. We 

have chosen to study size dependence of surface/interface for Si-SiO2 NCps using XPS, as this 

has already been established for obtaining size dependent information of Si NCs in Si-SiO2 NCps 

[225]. For Si-SiO2 NCps, it has been predicted theoretically that for smaller Si NCs, Si=O bond 

forms at the interface leading to formation of Si
3+

 suboxides [222].  Further, increase in size of Si 

NCs leads to formation of only Si-O bonds leading to formation of Si
2+ 

[222]. Thus, the 

flexibility of oxygen in establishing different coordination states at the surface of Si NCs can 

lead to variation in the Si–O bonds at the surface, which can be probed using XPS, wherein one 

measures the binding energy of core electron (photoelectric effect), which is sensitive to the 

bonding environment. For example, change in oxidation state (positive) of an element reflects in 

the change in binding energy (increase) of that element due to change in interaction of core 

electron and nucleus. However, it is important to note that the beam size in XPS (~ 1 cm x 1 cm) 

covers the full NCp and therefore, an average signal from XPS measurement needs to be 

corroborated with the statistical information obtained from the Raman mapping data. In order to 

do this, we choose those NCps which show contrast in Raman mapping results and thus results 

can be effectively corroborated with the XPS results. In this section, we have used Raman 
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mapping in corroboration with absorption and XPS to study Si-SiO2 i) 15 multilayers (E1-E6), ii) 

10 multilayer (E7 (top layer SiO2) and E8 (top layer Si)) and iii) single layer (Si/SiO2: E9 (top 

layer Si) and E10 (top layer SiO2)) nanocomposite film grown on crystalline Al2O3 substrate 

using PLD.  

 

3.5.1. Corroboration of Raman mapping and XPS  

  Correlation of Raman mapping results and XPS data has been presented for NCp E1 and 

E7 in section 3.2. In the present section, we will study one to one correspondence between 

Raman mapping and XPS for all the NCps noted above. Further, results of XPS are corroborated 

with the understanding developed for observed morphology of these NCps. 

3.5.1.1. Comparison in abundance of LF and IF phonons  

i) E1- E6 Si-SiO2 NCps (15 multilayer) 

 Raman image is generated using intensity of frequencies in the range 490 - 525 cm
-1

. 

Representative Raman image is shown for NCp E4 (Fig. 3.5.1a). Raman mapping of NCps E1-

E6 suggest abundant presence of smaller Si NCs in all the NCps (LF phonons). The percentage 

occurrence of LF phonons in these NCps (E1-E6) is summarized in histogram given in Fig. 

3.5.8. Further, density of smaller Si NCs is less in NCp E6 as compared to other NCps. This is 

further investigated using XPS. XPS spectra of Si 2p core-level for E1-E6 NCps (Fig. 3.5.1) are 

fitted using  Gaussian-Lorentzian line shape profile after standard linear background subtraction 

using XPS peak fit software [206]. The XPS spectra of Si-SiO2 NCps are fitted by fixing the 

peak values of Si
0
, Si

1+
, Si

2+
, Si

3+
 and Si

4+
 states at binding energy (B.E.) ~  99.8, 100.5, 101.4, 

102.4, and 103.4 eV, respectively, keeping intensity and width as variable parameters [225]. Fig. 

3.5.1 shows XPS spectra of NCps E1 (Fig. 3.5.1b), E4 (Fig. 3.5.1c) and E6 (Fig. 3.5.1d). We find 

a 
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that the XPS spectra of NCps E1, E4 and E6 need to be deconvoluted into three chemical 

structures corresponding to Si
4+

, Si
3+

 and Si
2+

. Further, intensity (I) of Si
3+

 component is greater 

than Si
2+

 component (Fig. 3.5.1). The theoretical prediction that Si
3+

 suboxide is formed at the 

interface for smaller Si NCs [222] is also confirmed experimentally using XPS by Kim et al. 

[225].
 
Further, increase in size of Si NCs leads to observance of Si

2+
 (intermediate size) and Si

1+  

 

(larger size) suboxides. This suggests that higher ratio of Si
3+

 component as compared to Si
2+

  

 

Fig. 3.5.1. a) Raman image showing LF, IF and HF phonons. XPS spectra of NCps b) E1), c) E4 

and d) E6 shows difference in total intensity. Solid line (red color) is total fit to the raw data (+). 

Separate components are shown with blue line.  
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and/or Si
1+

 correspondence to smaller Si NCs. Higher ratio of Si
2+

 component correspondence to 

intermediate size Si NCs, whereas, higher ratio of Si
1+

 component correspondence to larger Si 

NCs. In our case, relative intensities (I) of Si
3+ 

and Si
2+

 i.e. I(Si
3+

)/I(Si
2+

) > 1 for NCps E1 - E5. 

Relative intensities of Si suboxide states are summarized in Fig. 3.4.8 for all NCps studied. This 

result is in agreement with the Raman mapping (Fig. 3.5.8), which shows abundant occurrence of 

LF phonons in all these NCps. It is interesting to note that I(Si
3+

)/I(Si
2+

) ~ 2.6 for NCps E1-E5, 

whereas, for NCp E6, this ratio is ~ 1.8 suggesting decrease in number of smaller Si NCs. This is 

also in agreement with Raman mapping results (Fig. 3.4.2 & Fig. 3.5.8).  

It is important to note that the total intensity of XPS spectrum decrease with the increase 

in deposition time of Si (Fig. 3.5.1b-d), indicating that total number of electrons reaching the 

detector decrease from NCp E1 to E6. In previous section, we have discussed the morphology of 

these NCps and showed that Si NCs are not homogenously distributed; instead they are clustered 

together at particular sites. Further, density of clusters increases with the increase in number of 

Si layers. This suggests that increase in deposition time of Si also leads to increase in density of 

Si NCs. Therefore, there is possibility that presence of clusters of Si NCs leads to scattering of 

electron from nearby surface and therefore we are not able to collect the signal from the whole 

surface, which is leading to decrease in intensity of XPS spectra from NCp E1 to E6.  

ii) E7: Si-SiO2 NCp (10 multilayers: SiO2 as top layer)  

 Raman mapping of NCp E7 also shows clusters of Si NCs (Fig. 3.5.2). Further, Si 

phonon frequencies (495 - 519 cm
-1

) in Raman spectra suggest formation of small, intermediate 

and large size Si NCs in this NCp too. These observations are consistent with the understanding 

developed from NCps E1-E6. It is important to note that, using 441.6 nm excitation, we have 

only observed IF phonons in the region where LF phonons are observed using 514.5 nm 
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excitation. This suggest conversion of LF phonons to IF phonons. This is further checked by 

repeating the Raman mapping using 514.5 nm excitation (Fig. 3.5.2e) and we find that only IF 

and HF phonons are observed in the same cluster. This suggests that using 441.6 nm excitation, 

laser irradiation has lead to conversion of LF phonon to IF phonon i.e. easy manipulation as 

discussed in previous section.  

 

 

 

  

 

 

 

 

 

 

 

Mainly three differences are observed in NCp E7 as compared to NCp E1-E6: 1) Rare 

presence (5%) of LF and IF phonons, although in the region where LF phonons are observed, 

percentage of occurrence of LF phonons is quite high (Fig. 3.5.2b), 2) Wavelength dependent 

Fig. 3.5.2. a) Optical image of NCp E7, corresponding Raman image with excitations, b) 514.5 nm and 

c) Raman spectra showing LF, IF and HF phonons with 514.4 nm excitation. Raw data is shown with 

symbol and Solid line fit to the data. Raman image with excitations d) 488 nm and e) 441.6 nm and f) 

Raman image again created using 514.5 nm excitation. 
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Raman mapping in corroboration with absorption spectroscopy suggests that LF and IF phonons 

are observed with laser wavelength of 514.5 and 441.6 nm (Fig. 3.5.2) and 3) Absence of Raman 

signal due to amorphous Si in the remaining region of NCp. This NCp is further investigated 

using XPS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5.3. (αhν)
2
 vs (hν) showing different band edges in NCp E7. 
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Fig. 3.5.4.  XPS spectrum of NCp E7 showing presence of different suboxides. Solid line (red 

color) is total fit to the raw data (+). Separate components are shown with blue line. 
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By deconvoluting XPS spectrum of NCp E7, we find that three chemical structures 

corresponding to Si
4+-2+

 are observed in this NCp too (Fig. 3.5.4). Presence of Si
3+ 

and
 
Si

2+ 

component in NCp E7 suggests presence of smaller and intermediate size Si NCs. However, 

I(Si
3+

)/I(Si
2+

) ~ 0.6 for NCp E7, which is quite less, unlike higher ratio observed in NCps E1-E6. 

Therefore, XPS measurement on NCp E7 shows lesser intensity of Si
3+

 component, which in turn 

suggests lesser content of LF phonons in this NCp. This further suggests rare presence of smaller 

Si NCs as compared to NCps E1-E6, which is consistent with the observation of Raman 

mapping. 

3.5.1.2. Comparison in presence of IF and HF phonons 

i) E8: Si-SiO2 NCp (10 multilayers: Si as top layer 

 

 

 

 

 

 

 

 

 

Raman mapping of NCp E8 (Fig. 3.5.5) also show cluster of Si NCs at some places only 

as noted for NCps E1-E7. However, Raman mapping of NCp E8 shows Si phonon frequencies 

only in the range 510 - 519 cm
-1

. This suggests that lowest frequency that can be observed in this 

NCp is ~ 510 cm
-1

. This suggests presence of only intermediate and larger size Si NCs. Further, 

Fig. 3.5.5. a) Raman image showing presence of only IF and HF phonons, b) (αhν)
2
 vs (hν) showing 

different band edges and c) XPS spectrum of NCp E8. Solid line (red color) is total fit to the raw data 

(+). Separate components are shown with blue line. 
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wavelength dependent Raman mapping shows observance of IF phonons only with laser 

wavelength of 514.5 nm. This is also supported with absorption spectroscopy, which shows 

observance of band edges ~ 2.43 eV and ~ 2.95 eV. The observed differences are understood to 

be due to the difference in top layer (Si), unlike in other NCps, wherein top layer is SiO2 (E1-

E7). In previous section, we have discussed the possibility of formation of smaller Si NCs in Si 

excess SiOx (top layer: SiOx) at 800 
o
C, which leads to observation of LF phonons (495 - 510 

cm
-1

). Observance of only IF and HF phonons in NCp E8 (top layer: Si) is consistent with this 

understanding of formation of smaller Si NCs in Si excess SiOx. Absence of smaller Si NCs is 

further investigated using XPS. By deconvoluting XPS spectra of NCp E8, we find four chemical 

structures corresponding to Si
0-2+,4+

 are observed (Fig. 3.5.5c). As we have noted above that Si
3+

 

suboxides is observed for smaller size Si NCs, whereas, increase in size of Si NCs (intermediate 

and large size) leads to formation of only Si-O bonds leading to observance of Si
2+

 and Si
1+ 

suboxides [225]. Presence of only Si
1+ 

and Si
2+

 components in NCp E8 suggests absence of 

smaller Si NCs and presence of only larger and intermediate size Si NCs, respectively. This is 

also consistent with Raman mapping results, which show presence of only IF and HF phonons. 

Further, observance of Si
0
 (~ 100 eV) is expected as the top layer is Si in this NCp. It is 

important to note that the observed B.E. for Si
0
 is higher as compared to reported one (~ 99.78 

eV). This positive shift in B.E. of core electron can be understood using it’s correlation with Si-

Si bond length. For a given Si atom, the elongation of it’s bond length leads to decrease in local 

electron density at the center of the bond, which results in repulsion between electrons (valence 

and core electrons) of Si atom leading to higher B.E of core electrons. This suggests tensile strain 

in this NCp and is consistent with the tensile strain observed for intermediate size Si NCs as 

discussed in section 3.3.  
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ii) Monolayer Si-SiO2 NCp: E9 (top layer: Si) and E10 (top layer: SiO2)  

Raman mapping for NCp E9 (Fig. 3.5.6) shows presence of clusters of only larger size Si 

NCs in both the NCps, as only HF phonons are observed. Sizes of silicon NCs that we have 

obtained from line shape fitting are ~ 9 nm. Observance of only HF phonons in wavelength 

dependent Raman mapping is well matching with the absorption spectra as we have observed 

band edge ~ 3 eV in (αhν)
2
 against (hν). We have discussed the Raman mapping of NCp E9 in 

previous section. Similar observations are made for NCp E10 (Fig. 3.5.7) i.e. cluster formation of 

larger Si NCs and observation of band edge ~ 3 eV in (αhν)
2
 against (hν). Further, in these two 

NCps also, we do not observe any signal due to amorphous Si.  

 

  

 

 

 

 

Deconvolution of XPS spectra for NCps E9 (Fig. 3.5.6c) and E10 (Fig. 3.5.7c) show 

chemical structure corresponding to Si
4+,1+ 

and Si
4+

, respectively. Observance of Si
1+

 suggests 

presence of larger Si NCs in E9 NCp. Intensity of this component is quite less, which is expected 

as the density of Si clusters in single layer Si deposition is quite less compared to multilayer Si 

deposition as observed in Raman mapping. Further, we have only observed Si
4+

 component in 

NCp E10 as top layer is SiO2 in this NCp.  

Fig. 3.5.6. a) Raman image with excitation source as 514.5 nm, b) (αhν)
2
 vs (hν) plot showing 

different band edges and c) XPS spectrum. Solid line (red color) is total fit to the raw data (+). 

Separate components are shown with blue line. Inset is shown for clarity of peak. 

2.0 2.5 3.0 3.5 4.0

  

 

hν 

(α
h

ν
)2

 

b 

514.5 nm 2 μm 

a c 

96 98 100 102 104 106 108
0

400

800

1200

98 100 102

  

 

B. E. (eV)

 

 

In
te

n
s

it
y

B. E. (eV)



 

143 

 

 

 

 

 

 

 

 

 

Raman mapping of NCps E7 - E10 shows absence of amorphous Si. These NCps are 

grown at different time with same growth parameters that were used for NCps E1 - E6, earlier. 

These differences observed may be related to higher laser power due to freshly filled laser. 

 

3.5.2. Correlation of size and interface: Raman, absorption and XPS spectroscopy 

 One to one correspondence obtained between Raman mapping and XPS for all the NCps 

is presented as histogram in Fig. 3.5.8. Observed band edges are also noted for each sample in 

the histogram.  

3.5.2.1. Correlation of band gap with size and interface 

 This histogram clearly suggests observance of Si
2+

 and Si
3+ 

suboxide components 

with higher intensity in XPS, corresponding to higher content of IF and LF phonons in Raman 

mapping, respectively. Therefore, XPS results independently confirm our attribution of LF 

phonons to be originating from surface/interface of Si NCs in SiO2 matrix. Further, corroboration 

of Raman mapping, absorption spectra and XPS for NCps E1-E10 suggests that direct band gap 

(edge) ~ 2.8 and 2.95 eV can be correlated to presence of smaller (< ~ 4 nm) and intermediate (~ 

Fig. 3.5.7. a) Raman image with excitation source as 514.5 nm, b) (αhν)
2
 vs (hν) plot showing 

different band edges and c) XPS spectrum. Solid line (red color) is total fit to the raw data (+).  
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<4 & < 6 nm) size Si NCs, respectively (Fig. 3.5.8). Since, Bohr exciton radius of Si is ~ 4.3 nm, 

strong and weak confinement of electrons is expected in smaller and intermediate size Si NCs, 

respectively. Based on the confinement of electron, expected direct band gap of Si NCs of size ~ 

1 nm, 4 nm, 6 and 10 nm are calculated to be ~ 4.5 eV, 3.19 eV, 3.14 eV,  3.11 eV, respectively 

(bulk Si E1 ~ 3.1 eV). However, our observation of lowering of this E1 gap for smaller and 

intermediate size Si NCs is rather intriguing. In this regard, lowering of direct band gap in Si 

NCs is understood to be due to presence of oxygen in the matrix. Further, our result in 

corroboration with these calculation, thus suggest that it is not just the oxygen bonding but the 

bonding environment (Si-O or Si=O) also influence critically the direct band gap of Si-SiO2 

NCp.  Thus, direct band gap for hydrogenated Si NCs follows the electron confinement, in which 

the diameter of NC is the principal quantity, whereas, in oxygen passivated Si NCs, both 

confinement and oxygen bonding environment play important roles. The type of oxygen bonding 

itself depends on the size of Si NCs and hence, absorption spectra, XPS and RM data can be well 

correlated to size of Si NCs in Si-SiO2 NCps. Thus, systematic study of Si-SiO2 NCps performed 
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XPS results. 
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using Raman mapping in corroboration with absorption and XPS spectroscopy has established 

the size dependent surface/interface of Si nanocrystals and it’s implication on the band gap in 

these NCps.  

3.5.2.2. Correlation of XPS with formation mechanism of nanocomposites  

It is important to note that the escape depth of electron is nearly ~ 5-10 nm i.e. electrons 

present in 5 nm of surface will give rise to XPS signal. These NCps have ~ 20 nm thick SiO2 

layer deposited at the top, which is large as compared to escape depth of electron. This raises 

question on how we get such a good one to one correspondence of XPS with statistical 

information from Raman mapping data. In previous section, we have discussed the morphology 

and the plausible growth mechanism of Si-SiO2 NCp, wherein Raman mapping of un-annealed 

and annealed NCps suggests formation of smaller Si NCs in Si excess SiO2 at the top region. 

This understanding is also supported by absence of LF phonons in NCp E8 (Si top layer). 

Therefore, we are able to collect signal from interface of smaller Si NCs, because smaller Si NCs 

are formed at the top in the SiOx layer. This explains one to one correspondence between XPS 

and Raman mapping data for NCps studied.  

In all these NCps, XPS data suggests that width increases with the increase in oxidation 

state from Si
0
 (1.1 eV) to Si

4+
 (2 eV). We find that three effects mainly contribute to the 

measured width of the Si 2p core-level components:  i) Structural disorder in the sample, ii) 

phonon broadening and iii) core-hole lifetime [253]. In Si-SiO2 NCps, the transition lifetime 

decreases as we go from Si
0
 to Si

4+
 due to charge transfer at the interface and thus increasing the 

natural width of the suboxide peak. Further, we have observed larger width of all the components 

viz Si
0
 (1.1 eV), Si

1+
 (1.2 eV), Si

2+
 (1.3 eV), Si

3+
 (1.4 eV), Si

4+
 (2 eV) as compared to that 

reported Si-SiO2 NCp [225]. We have observed larger width of LF and IF phonons in Raman 



 

146 

 

spectra of Si-SiO2 NCps, which is understood as due to variation in bonding environment at the 

surface of Si NCs. Further, geometry analysis of Si41 clusters, suggest variation in bond angle 

(Si-O-Si) and bond length (Si-Si) due to sp
3
 and sp

2
 hybridization at the surface of the cluster. 

Thus, variation in bonding environment can give rise to larger width of XPS spectra. Further, 

To summarize, size dependent variation in surface/interface of Si NCs in single and 

multilayer Si-SiO2 NCps studied using Raman mapping is well corroborated with XPS studies. 

Raman mapping and XPS on different NCps suggests that higher intensity of Si
3+

, Si
2+

 and Si
1+ 

suboxide states correspond to higher content of surface/interface (495 - 510 cm
-1

), intermediate 

(511-514 cm
-1

) and core (515 - 519 cm
-1

) phonons for smaller (< ~ 4 nm), intermediate (~ 4 nm < 

6 nm) and larger (~ > 6 nm) Si NCs, respectively. Thus, quantitative corroboration between 

Raman mapping and XPS found for all the NCps studied establish Raman microscopy/mapping 

of optical phonons as a standard tool to get information of surface/interface of smaller Si NC in 

Si-SiO2 NCps. Important result of the corroboration of these data is that direct band gap ~ 2.8 

and ~ 2.95 eV observed are attributed to smaller and intermediate size Si NCs, respectively and 

are understood to be due to interplay between confinement effect and bonding of oxygen at the 

interface of  Si NCs in SiO2 matrix.   

 

3.6. Summary 

 

In Si-SiO2 NCps grown by PLD, large variation (495 - 519 cm
-1

) in Si phonon 

frequencies is studied. Based on the line shape variation and behavior of Si phonons during 

specially designed laser irradiation experiment, Si phonon frequencies in the range 495 - 510 cm
-

1
 and 515 - 519 cm

-1 
are attributed to the surface/interface of Si NCs and SiO2 matrix and core of 
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Si NCs respectively. Further, Si phonons frequencies in the range 511 - 514 cm
-1

 are attributed to 

originate from intermediate size NCs where, both surface and core of Si NC contribute 

simultaneously. Stoke/anti-Stokes Raman spectroscopy and results of wavelength dependent 

Raman mapping in corroboration with absorption measurements show that resonance Raman 

scattering is crucial for the observance of interface phonons. Thus, large size distribution of Si 

NCs in these NCps is used advantageously to probe similarity and differences in them under 

certain experimental conditions. This understanding can also be used to obtain information of the 

interface and estimation of size in Si-SiO2 NCps nondestructively and without needing any 

sample preparation. Further, this understanding in corroboration with AFM mapping is used to 

understand the morphology of Si-SiO2 NCps, which suggests formation of cluster of Si NCs 

embedded in SiO2, although the growth is carried out to be multilayer. Raman and AFM mapping 

together showed that Si NCs are clustered in i) smaller clusters (~ 100 nm) organized closely in 

two dimensions (2D) and ii) a big (~ 2 µm) three dimensional (3D) isolated cluster. Raman 

mapping performed by varying the focal spot along the depth shows stacking of larger (> ~ 6 

nm) to smaller sizes (< ~ 4 nm) Si NCs from bottom to top for some clusters. Further study of 

specially grown Si-SiO2 nanocomposites to understand observed morphologies suggest, 

formation of smaller Si NCs at the top due to annealing at 800 
o
C in Si rich SiO2 and possible 

existence of thermal gradient in an insulating matrix of SiO2. Whereas, larger Si NCs are formed 

in plume itself. 

Further, in order to support the results obtained using Raman mapping, XPS 

measurements are performed on the NCps, which show distinct average Raman mapping data. 

XPS measurements showed observance of Si
1+

, Si
2+

 and Si
3+ 

suboxide states with higher 

intensity in the NCps corresponding to higher content of HF, IF and LF phonons in Raman 
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mapping, respectively. Thus, quantitative corroboration between Raman mapping and XPS had 

been established for all the NCps studied. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Chapter 4 

 

 

CdS-PVP nanocomposites 
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4.1. Introduction 

 

 Nanocomposite of semiconductor NCs and organic polymer matrix can effectively 

combine properties of both components to create a material with new unique properties [159, 

160]. Polymers provide stability and processibility, keeping intact the optoelectronic properties 

of semiconductor NCs or enhancing it. In case of inorganic-organic NCps, lots of work has been 

done for NCs-block copolymer mixtures. It has been predicted theoretically as well as observed 

experimentally that the separation in block copolymers and interaction between NCs and block 

copolymers could be used to promote the ordering of NCs and thereby create highly organized 

hybrid materials [84-88] and is well established. However, for NCs-polymer NCps, whether the 

effect of interaction between the two constituents can also affect the formation of NCp is not 

well studied. We have chosen CdS-PVP NCps to investigate the effect of interaction between 

NCs and polymer on the formation and properties of NCp. CdS is a semiconducting material 

having unique optoelectronic properties, as it is possible to engineer the band gap over a wide 

spectral range (visible to UV). PVP matrix is chosen as monomers of PVP prefers to complex 

with many inorganic compounds and thus provide surface passivation. 

Further, to find simple and cheap technique to grow
 
inorganic-organic NCps with good 

control and being able to extend it to large scale production is one of the challenges in the field 

of NCps. Several chemical and physical routes have been used to fabricate semiconductor NCs, 

either in the form of powder or thin film [179-183].
 
However, inorganic-organic NCps are 

preferably grown using chemical techniques. Chemical bath deposition (CBD) [184-193]
 
is one 

such simple route to grow thin film of NCs as well as NCps. Most of the literature shows that 

CdS-polymer NCps are grown using two-step process [184-190] i.e. CdS NCs are grown 
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separately using either a chemical/physical process and then by some chemical process they are 

embedded in to a polymer matrix. This method is time and resource consuming.
  

Here, we 

present one-step growth process, wherein growth of CdS NCs and formation of PVP matrix 

embedding them happens simultaneously. The process is therefore complex and need to be 

investigated systematically in order to gain control over the growth of such NCps. Herein, 

systematic study of CdS-PVP NCps by varying Cadmium acetate (Cd ion source), Thiourea (S 

ion source), PVP concentration, deposition time and heating/cooling cycles is discussed in 

section 4.2, which suggests co-operative growth mechanism for CdS-PVP NCp [254]. Further, 

we also find that very low concentration (100 times lower) of Cd
2+

/S
2-

 ion sources show large 

differences in absorption and PL spectra as compared to NCps grown with higher concentration. 

In order to understand these differences, NCps are further studied using Raman, AFM and PL 

mapping, which clearly brings out  differences in morphologies of these CdS-PVP NCps [255], 

wherein CdS NCs are embedded in i) thin film and ii) sphere of PVP for lower and higher 

concentration of Cd/S ion sources, respectively, as described in section 4.3. Further, we have 

discussed the effect of growth temperature on the collapse transition of PVP in section 4.4. 

Raman and AFM mapping along with XRD suggests that the collapse transition of PVP is not 

favored at 70 
o
C, which leads to opening (at 70 

o
C) and reformation (room temperature) of CdS-

PVP NCp [256], which leads to band gap tuning of CdS NCs embedded in isolated PVP spheres, 

due to generation of stress during reformation of CdS-PVP NCp. These results obtained using 

Raman and AFM mapping data in corroboration with optical spectroscopies and electron 

microscopies, which gives insight into chemical, structural, crystalline and surface quality and 

it’s correlation with morphology for CdS-PVP NCps are described in the following.  
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4.2. Insight into one-step growth of nearly monodispersive CdS nanocrystals 

embedded in PVP spheres 

 

In this section, we discuss the optimization study of formation of CdS NCs embedded in 

a PVP matrix, grown using one-step CBD technique. We have used absorption, PL and diffuse 

reflectance spectroscopy in corroboration with SEM and TEM to study these NCps. Systematic 

study of variation in Cadmium acetate (Cd
 
ion source), Thiourea (S

 
ion source) and PVP 

concentration, deposition time, heating/cooling cycles, elucidates co-operative growth 

mechanism for one-step growth process for CdS-PVP NCps. Most of the literature shows that 

NCps are grown using two-step process [184-190].
 
In this two-step growth process, NCs are 

grown separately and are later incorporated in polymer matrix.
 
Using this

 
growth process, CdS-

PVP NCps is relatively well studied. This growth process leads to formation of CdS NCs 

embedded in PVP thin film, which show huge size distribution (absorption edge) of CdS NCs. 

However, to the best of our knowledge, no systematic study has been performed for one-step 

growth of CdS-PVP NCp grown using CBD.  

 

4.2.1. Growth: Chemical bath deposition 

   CdS-PVP NCps are grown using CBD technique. The ingredients used for this purpose 

are Cd-A, ThU and PVP. It is important to note here that for all depositions, molarity of Cd-A 

and ThU is taken to be same. For writing convenience, Cd-A & ThU concentration is written in 

molar (M) units and content of PVP is written in gram (g) for 100 ml of aqueous chemical bath. 

NCp grown with 1M: Cd-A & ThU concentration and 2g: PVP content, will be described 
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hereafter as 1M, 2g. To study the growth of CdS NCs in PVP matrix from various angles, we 

have investigated, 

(1) The effect of different molarities of Cd-A & ThU: Three different Cd-A & ThU 

concentrations 0.01, 0.5 and 1 M are used to study the growth. NCps are described as S1 (0.01 

M, 4g), S2 (1 M, 2g), S3 (1 M, 4g), S4 (0.5 M, 2g), S5 (0.5 M, 4g) 

(2) The effect of different quantity of PVP: quantity of PVP is varied from 0.05 g to 10 g (1.25 

*10
-2

 mM to 2.5 mM) in discrete steps for 0.5 M Cd-A & ThU.  NCps are described as S6 

(0.05g), S7 (0.1 g), S8 (10g)                                    

(3) The effect of deposition time and heating/cooling process on growth is studied for 1 M, 2g. 

NCps are described as S2+ (1 M, 2g), S2H (1 M, 2g). 

  Total 40 NCps are prepared using different concentration of Cd-A & ThU, PVP quantity, 

heating/cooling cycles and depositions time. However, only those 10 NCps, for which data is 

presented in the thesis, are summarized in Table 4.2.1.  

 

4.2.2. Systematic study of growth 

In previous work [257], thin films of CdS were deposited using CBD technique. Two 

different molarities of the solution as 0.01 M and 0.02 M were used for optimization. SEM 

image showed particulate nature of surface for film grown using 0.02 M, while more uniformity 

is observed for 0.01 M CdS films. Absorption data also showed that films grown with 0.01 M 

concentration have lesser scattering losses as compared to films deposited using other molarity. 

Thus, basic characterization suggests that 0.01 M concentration leads to best quality films. 

Similar results have also been reported by other groups [174,179]. Based on the observation 
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noted above, growth of CdS-PVP NCp is started with same CdS growth parameters, i.e. 0.01 M 

Cd-A & ThU.  PVP content of 4 g in 250 ml of aqueous solution with stirrer is used (S1).   

 

 

 

 

 

 

 

 

 

 

 

 

Band gap of S1 NCp and size of CdS NCs are obtained from it’s absorption spectrum (Fig. 

4.2.1) as per formulism given in chapter 2 (equations-2.29-2.31). The average diameter of CdS 

NCs for S1 is calculated to be ~ 8 nm.  Further, we find that the PL spectrum for S1 (Fig. 4.2.1b) 

can be fitted with minimum three Gaussian peaks, where, PL corresponding to band gap is ~ 483 

nm (highest in energy) with FWHM ~ 50 nm and stronger defect PL peaks ~ 555 and 620 nm.  

The observed large defect PL suggests poor passivation of CdS NCs. It is important to note that 

we have observed interference fringes in PL spectra for λ > 500 nm. These fringes are observed 

in other samples (ZnO, CdZnS) too at similar positions. This suggests that observance of these 

fringes is related the optical elements used in Raman system. Formation of CdS NCs
 
and it’s 

crystalline quality is independently checked using Raman spectroscopy. Raman spectrum (Fig. 

(α
h

ν
)2

 

Fig. 4.2.1. a) Absorption spectrum of NCp S1 (0.01M, 4g), inset shows band gap calculation by plotting 

(αhν)
2
 against (hν) and b) corresponding PL spectrum showing peak related to band edge and defect. 

Cumulative fit (red solid line) to the raw data (black solid line) and separate Gaussian component are 

shown with solid blue lines. 
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4.2.2) shows asymmetric line shape of CdS LO phonon ~ 300 cm
-1

, which is red shifted as 

compared to LO phonons of bulk CdS ~ 303 cm
-1 

[179]. For NCs, quantum confinement of 

phonons leads to red shift, broadening and asymmetric line shape of phonons due to relaxation of 

Raman selection rule [153]. Observed asymmetric line shape and red shift of LO phonon from 

the bulk value along with blue shift in the band gap (band gap of bulk CdS is ~ 2.42 eV [179]), 

suggests formation of CdS NCs.  

 

 

 

 

 

 

 

Since, this concentration of Cd-A & ThU (0.01 M) does not show desired quality, 

passivation and sizes of CdS NCs, therefore, we study the NCp growth with systematic variation 

of the bath parameters covering wide range. CdS-PVP growth is optimized using parameters 

like, 1) Cd-A & ThU concentration, 2) PVP quantity, and 3) heating/cooling and deposition time. 

Salient feature of this study is that, the growth of CdS - PVP NCp being co-operative in nature, 

and hence optimization of Cd-A & ThU concentration depends on the content of PVP in the 

chemical bath. For all NCps grown, we observe either an edge or a peak in absorption spectra. 

Absorption spectra of NCps grown with  0.5 M and 1 M concentration of Cd-A & ThU and PVP 
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Fig. 4.2.2. Raman spectrum of sample S1 with 457.9 nm as excitation source showing 1LO phonon of 

CdS. This data is taken using RAMNAOR U1000, (Jobin Yvon, France) with CCD detector. 
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content of 0.05 g, 0.1 g, 2 g, 4 g (for 100 ml aqueous solution) show absorption peak for various 

growth conditions. Furthermore, SEM measurements show that sphere with sizes in the range 

100 - 600 nm are formed in these NCps. However, for CdS-PVP NCp with 0.01 M Cd-A & ThU 

and 4 g PVP (250 ml aqueous solution), absorption spectra show band edge,  irrespective of the 

variation in other growth conditions like sequence of addition, deposition time, heating etc. 

These observed differences for 0.01 M Cd-A & ThU are further investigated using Raman and 

AFM mapping and will be discussed in next section.  

  

 

 

 

 

 

 

 

The observation of a peak in the absorption spectrum indicates formation of nearly 

monodispersive CdS NCs. To check, whether the absorption peak is due to band gap of nearly 

monodispersive CdS NCs, we have performed PL measurements on all NCps. Representative 

absorption and PL spectra are shown for NCp S2 (1M, 2g) in Fig. 4.2.3a. Band gap (Eg) is 

obtained by calculating the second derivative [258,259]
 
of the absorption spectrum having peak 
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Fig. 4.2.3. a) Absorption and PL spectrum of NCp with Cd-A/ThU and PVP concentration as 1M, 2g 

(S2), b) Raman spectrum of the same NCp. 
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~ 2.68 eV (462 nm). The band gap from PL spectrum is obtained by fitting the lowest PL peak to 

a Gaussian. The band gap obtained is ~ 2.65 eV (468 nm, FWHM ~ 30 nm). This is in close 

agreement with the band gap obtained using the absorption spectrum. We find that the band gap 

values obtained from PL spectra are in close agreement with that obtained from absorption 

spectra (peak or band edge) for all NCps studied. The band gap obtained from PL spectrum is 

found to be within 2-6 nm lower in energy, due to band tailing effects. This confirms that the 

observed peak in absorption spectra is due to band gap of CdS NCs. Further, Raman spectrum of 

S2 (Fig. 4.2.3b) shows CdS LO phonon ~ 300 cm
-1

 having asymmetric line shape and FWHM ~ 

13 cm
-1

. This suggests formation of good crystalline quality CdS NCs as compared to NCp S1 

(FWHM ~ 18 cm
-1

). 

It is important to note that the absorption spectrum show significant absorption even in 

the longer wavelength region (Fig. 4.2.3), following an absorption peak, which indicates 

scattering contribution at longer wavelengths. In order to investigate the scattering contribution, 

diffuse reflectance measurements are performed on all NCps. Diffuse reflectance spectroscopy is 

commonly used to obtain band gap of porous, powder NCps etc, where transmission 

measurements are not feasible [260,261].
 
The onset of the linear decrease in diffuse reflectance 

with increasing photon energy is taken as a measure of band gap [260]. Representative 

comparison of diffuse reflectance (R(D)) spectrum and absorption spectrum for NCp S2 is 

shown in Fig. 4.2.4a. It is important to note that, band gap observed using diffuse reflectance 

measurements is also in close agreement with that observed using absorption and PL 

spectroscopy measurements.  Further, for powder samples, diffuse reflectance spectrum (DRS) 

shows nearly flat region at longer wavelengths followed by an abrupt decrease in reflectance 

(band gap). However, we observe either sloping (Fig. 4.2.4a) or near exponential curves at 



 

157 

 

longer wavelengths manifesting the contribution of different type of scattering. Further, specular 

component (R(S)) shown in Fig. 4.2.4b is obtained by subtracting diffuse reflectance from the 

total reflectance, which shows flattening at longer wavelengths as expected. 

 

 

 

 

 

 

 

 

 

 

 

The similar shape of absorption and DRS (Fig. 4.2.4a) in the longer wavelength region 

further confirms scattering contribution to the absorption spectrum. We find that DRS can be 

fitted using a polynomial in the longer wavelength region for S2. Taking this into consideration, 

absorption spectrum is deconvoluted using a Lorentzian and a polynomial, where, Lorentzian 

corresponds to the band gap absorption of nearly monodispersive CdS NCs and a polynomial 

corresponds to the contribution due to scattering of light (Fig. 4.2.5a).  

 

 

 

Fig. 4.2.4 a) Comparison of absorbance and diffuse reflectance (R(D)) for NCp S2 showing similar 

shape in the longer wavelength region and b) total reflectance (R(D+S)) and specular reflectance 

(R(S)) component. 
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Taking diffuse reflectance spectra as a guide, we have deconvoluted all absorption 

spectra using a Lorentzian and a polynomial. Fitting parameters of a Lorentzian for all NCps are 

Fig. 4.2.6. a) A Lorentzian peak + a polynomial fit of the absorption spectrum for S3. Solid line (red) 

show cumulative fit to raw data (dash dot line). Separate Scattering contribution (parrot color) and 

fitted absorption peak (blue color) are shown with solid line and b) SEM micrograph shows sphere 

sizes in the range ~ 300 - 400 nm. 
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Fig. 4.2.5. a) A Lorentzian peak + a polynomial fit to the absorption spectrum for NCp S2. Solid line (red) 

show cumulative fit to raw data (dash dot line). Separate Scattering contribution (parrot color) and fitted 

absorption peak (blue color) are shown with solid line and b) SEM micrograph shows sphere sizes in the 

range ~ 200 - 300 nm. 
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summarized in Table 4.2.1. Further, in order to elucidate the origin of this observed scattering 

contribution and find possible correlation with the morphology of NCps, NCps are investigated 

using SEM. It is well known that when the size of scatterer is very small as compared to incident 

wavelength, scattering efficiency goes as 1/λ
4
 whereas, when the size is of the order of incident 

wavelength, Mie scattering dominates.  SEM micrograph of NCp S2 shows formation of spheres 

of sizes from 200 to 300 nm (Fig. 4.2.5b). Correlating this with scattering contribution obtained 

from deconvolution suggests that scattering of light (Rayleigh scattering ~ 1/λ
4
) due to spheres 

plays significant role in the absorption spectrum at longer wavelengths (Fig. 4.2.5a and b). 

Similar scattering contribution observed for NCp S3 (1M, 4g) at longer wavelengths is also 

consistent with the observation of sphere sizes in the range 300 - 400 nm for S3 (Fig. 4.2.6).  

Further, for some NCps (S4 to S7), sphere sizes either lie in the range 300 - 600 nm or 

mainly structures formed on coagulation of spheres is found to be in this range of size. For these 

NCps, shape of absorption spectra and diffuse reflectance spectra is nearly a sloping straight line 

(at longer wavelengths) and consistently, deconvoluted scattering contribution shows flattening 

in the wavelength range 300 - 550 nm. This suggests dominance of Mie scattering in this case. 

Thus, the shape of absorption spectra is found to depend on both Rayleigh and Mie scattering 

contributions, which in turn depends on the sizes of spheres/structures observed in the NCp. 

Later in the section, we shall correlate the deconvoluted scattering contribution of the absorption 

spectra with morphology of the NCps. In the following, we discuss results obtained for growth 

under different bath parameters on the basis of understanding developed above.  

Three Cd-A & ThU concentrations viz 0.01 M, 0.5 M and 1 M are used for the NCp 

growth and we observe very interesting results for two concentrations 0.5 M and 1 M. 

Absorption spectra for these NCps show presence of absorption peak, unlike for NCps grown 
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using 0.01 M of Cd-A & ThU, which shows band edge. Observed difference may be related to 

the difference in morphology of these NCps. This will be discussed in detail in next section. 

Thus, two concentrations (0.5 and 1 M Cd-A & ThU) are studied under different growth 

conditions as discussed below. 

4.2.2.1. Effect of Cadmium-Acetate &Thiourea concentration 

Absorption spectra for NCps S2-S5 are shown in Fig. 4.2.7a.  It is important to note that, 

shape of the absorption spectra in the longer wavelength region is different for NCps S4,S5 (0.5 

M, 2 g & 4 g) as compared to NCps S2,S3 (1 M, 2 g & 4 g). Difference in scattering contribution 

obtained after deconvolution of absorption spectra is shown in Fig. 4.2.8. It shows flattening of 

scattering contribution in the wavelength range ~ 400-550 nm for NCps S4,S5, whereas, increase 

in scattering with decreasing wavelength for S2,S3 NCps. This observation is consistent with 

sphere sizes observed in SEM micrographs (Table 4.2.1), which suggests dominance of Mie 

scattering for NCps S4,S5, whereas Rayleigh scattering is dominant for NCps S2,S3. 
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Fig. 4.2.7. Absorption spectra for 0.5 M and 1 M Cd-A/ThU concentration with 2g and 4g PVP 

content. Corresponding PL is also shown for 0.5M, 2g. 
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Band gap and thus size of NCs is calculated from the deconvoluted absorption peak for 

S2-S5 (Fig. 4.2.9) using equations 2.29-2.31, as noted above.
 
 It is important to note that, 

irrespective of the growth conditions chosen or the amount of  PVP taken (i.e. 2 g/4 g), 0.5 M 

concentration of Cd-A & ThU (S4, S5) leads to larger size CdS NCs (~ 7.5 nm: Table 4.2.1)) 

compared to that for 1 M Cd-A & ThU (S2, S3 ~ 6  nm: Table 4.2.1). This suggests that for 

larger molarity of Cd-A & ThU, smaller NCs are generated, irrespective of the variation of other 

bath parameters in the range specified above. This is not obvious, as one would expect faster 

growth of CdS with higher concentration of Cd-A & ThU (keeping the same amount of PVP) 

and hence larger CdS NCs. Further, Fig. 4.1.9 shows absorbance to be order of magnitude higher 

(Table 4.2.1) for NCps with 1 M to that of 0.5 M Cd-A & ThU concentration, suggesting larger 

density of CdS NCs for S2 and S3. This is in accordance with higher concentration of Cd-A & 

ThU in the chemical bath, although it is much larger than change in the concentration. These two 

Fig. 4.2.8. a & b Fitted absorption spectra and difference in scattering background for 0.5 M and 

1M Cd-A/ThU concentration with 2g and 4g PVP content. Solid line (red color) is fit to raw data 

(dot dash line). Solid line (blue color) shows scattering background.  
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observations suggest co-operative growth mechanism for the CdS-PVP NCp growth and are 

discussed in more detail in theory corroboration part (sub sub section 4.2.2.5).  

 

 

 

 

 

 

 

 

 

 

 

Although, scattering contribution can be corroborated with size of spheres observed in 

SEM micrographs, it is important to note here that sizes of CdS NCs as calculated using 

absorption spectra are in the range of 6 - 8 nm. This is in contrast with sphere sizes observed in 

SEM i.e. 100 to 600 nm. To elucidate this difference and understand morphology of these NCps, 

one NCp is further investigated using TEM in the following. 

4.2.2.2. Size of CdS NCs: consistency of absorption spectroscopy, SEM and TEM 

As noted earlier in SEM micrographs, sphere sizes for different NCps are different and 

lie in the range 100 - 600 nm, whereas, absorption spectra suggest size of CdS NCs to be in the 

range of 6 - 8 nm. This led us to believe that these white spheres may be polymer spheres and  

400 450 500 550
0.00

0.05

0.10

0.15

0.20

0.25

 

0.5M,4g

0.5M,2g

1M,4g

 (nm)

a
b

s
1M,2g

0.000

0.002

0.004

0.006

0.008

0.010

0.012

 a
b

s

Fig. 4.2.9. Comparison of absorption peak for S2-S5 NCps.  
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CdS NCs of sizes ~ 6 - 8 nm may be dispersed in the darker region. To check this, we have 

performed EDS measurements on these NCps. We find rather intriguing result that the 

appropriate stoichiometric ratio for Cd and S is obtained in the region of white spheres and not in 

the darker region. The only possibility, we could think of is that smaller size CdS NCs are 

embedded in these spheres and these spheres are PVP spheres. To further look into this, we have 

performed TEM measurement on one NCp S2+ (1 M, 2 g). This NCp is grown by allowing NCp 

S2 to remain in the chemical bath for additional 24 hrs at room temperature. NCp S2+ is chosen 

for TEM measurement, because absorption and PL spectra (Fig. 4.2.10a) show sharp band gap 

related peak and SEM micrographs (Fig. 4.2.10b) show uniform and large density of spheres. For 

TEM measurement, one white sphere is chosen and is looked into with high resolution. Since, 

electron beam in TEM is needed to cross lot of polymer and CdS material, TEM imaging is very 

difficult to achieve for a sphere and the image obtained is at the edge of the sphere. The TEM 

image (Fig. 4.2.10c) shows near monodispersivity of the CdS NCs along with consistency of size 

Fig. 4.2.10. a) Absorption and PL spectra of NCp with Cd-A/ThU and PVP concentration as 1M,2g 

(S2+), b) corresponding SEM image and c) TEM image of the  same NCp. 
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(~ 8 nm) obtained from the absorption spectrum. This establishes the fact that, we have achieved 

the growth of nearly monodispersive spherical CdS NCs embedded in a polymer, wherein, 

polymer itself is taking the morphology of a sphere. Thus, our study suggests change in 

conformation of PVP i.e. form two dimensional planar structure to three dimensional sphere 

formation. It is interesting to understand, why PVP is conformed to this morphology and will be 

discussed in the theory corroboration part (sub sub section 4.2.2.5).  

4.2.2.3. Effect of PVP concentration  

To study the effect of PVP quantity, we have chosen 0.5 M concentration of Cd-A & 

ThU and PVP quantity viz 0.05 g (S6), 0.1 g (S7), 2 g (S4), 4 g (S5) and 10 g (S8) are used. 

Absorption spectra for all NCps are shown in Fig. 4.2.11, which shows absorption peak for all 

NCp except S8, wherein absorption edge is observed. For NCps, wherein absorption peak is 

observed, deconvolution of the absorption spectra (Fig. 4.2.12) show flattening of scattering 

contribution in all NCps, suggesting dominance of Mie scattering. Deconvolution of the 

absorption spectra show flattening of scattering contribution in the range ~ 400 - 500 nm in S6 

and S7, suggesting dominance of Mie scattering. SEM micrographs show PVP spheres sizes ~ 

100 - 200 nm, however, micrograph shows that large density of structures of the size ~ 400 - 500 

nm are formed due to coagulation of PVP spheres, which are responsible for the Mie scattering 

observed. Consistent with higher density of structures it shows maximum absorbance (Table 

4.2.1) for NCp S7. Further, observation of flattening of scattering contribution in the wavelength 

range ~ 400 - 550 nm for NCps S4, S5 is consistent with sphere sizes observed in SEM 

micrographs (Table 4.2.1). 
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Narrow absorption peaks (Fig. 4.2.13) observed for all the NCps (except for PVP-10 g) 

suggest the formation of nearly monodispersive CdS NCs. Further, absorption spectra show that 

almost similar NC sizes (~ 8 nm: Table 4.2.1) are formed for NCps with PVP quantity of 0.05 - 2 

g, whereas smaller size (~ 7 nm: Table 4.2.1) CdS NCs are observed for NCp with PVP content 

of 4 g. This can be understood by considering that higher quantity of PVP i.e. 4 g, will lead to 

faster growth of PVP restricting the development of larger CdS NCs by capping. However, 

similar sizes of CdS NCs for 0.05 to 2g PVP quantity are rather surprising. For NCp S8, 

absorption edge is observed and thus band gap is obtained from (αhν)
2
 v/s (hν) plot to be  ~ 2.44 

eV (508 nm). 
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Fig. 4.2.11. Absorption spectra of NCps with Cd-A & ThU concentration as 0.5 M and different 

contents of PVP as 0.05 g (S6), 0.1 g (S7), 2 g (S4), 4 g (S5) and 10 g (S8). Corresponding PL 

spectrum is shown for NCp S6. 
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Fig. 4.2.12. Deconvoluted absorption spectra for NCp S7, S6, S4 and S5 (noted in the figure), which 

shows flattening of scattering background and corresponding SEM micrographs. 
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It is important to note that PL spectrum of S8 (showing absorption edge) is fitted using 

minimum required (three) Gaussian peaks ~ 509 nm, 550 nm, and 620 nm (Fig. 4.2.14).  PL peak 
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Fig. 4.2.13. Absorption peak obtained after the removal of scattering contribution from observed 

absorption spectra for NCps with Cd-A & ThU concentration as 0.5 M and different contents of PVP 

as noted in the Fig. 4.2.13. 

Fig. 4.2.14. Comparison of PL spectra for S4 and S8 NCps. PL spectrum for S4 (PVP: 2g) is shifted in 

y-axis by 35 C/s to enhance the clarity. Cumulative fit to raw data (+) is shown with solid red line. 

Separate Gaussian components are shown with dash line.  
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~ 509 nm corresponds to the band gap transition, whereas, stronger PL peaks ~ 550 nm and 620 

nm corresponds to defect PL. For comparison, Fig. 4.2.14 show PL spectrum of the S4 (0.5M, 

2g: absorption peak), which can be fitted using two Gaussian peaks. For this NCp, intensity of 

the defect PL (peak ~ 680 nm) is much less as compared to the intensity of band gap PL (~ 483 

nm). Similar observations are made for all the NCps, which show absorption peak for the band 

gap transition. This suggests that in these NCps, CdS NCs are better passivated, whereas, non-

radiative transitions are dominant in case of NCps showing absorption edge. 

4.2.2.4. Effect of deposition time and preheating 

 To understand the effect of deposition time and temperature of the chemical bath on the 

growth of NCp, total eight NCps are studied. The as grown (growth: 40 hours (RT)) NCps (S2-

S5) are taken and rest of the NCps are further allowed to grow for 24 hour in chemical bath (S2+ 

- S5+ ) at room temperature. In the next step, the same chemical bath is subjected to heating at ~ 

70 
0
C for 2 hours and then allowed further growth in the chemical bath for 36 hrs (S2H - S3H) at 

room temperature. Representative absorption spectra of NCp S2, S2+ and S2H are shown in Fig. 

4.2.15. Deconvoluted absorption peaks show increase in size of CdS NC size from ~ 6 nm (S2) 

to 11 nm (S2H). Larger absorbance observed for NCp S2+ (Fig, 4.2.15a-c and Table 4.2.1) is 

consistent with increased density of PVP spheres as observed in SEM micrographs (Fig. 4.1.15d-

f). Further, SEM micrographs show that on heating, non-uniformity in polymer sphere sizes 

increases (~ 200 - 600 nm: Table 4.2.1). Absorption spectra show increase in width of absorption 

peak from 50 nm (S2) to 90 nm (S2H) (Table 4.2.1) indicating larger size distribution of CdS 

NCs or degradation of crystalline quality. Both the observations together suggest that these 

growth conditions lead to non-uniformity in sizes of both CdS NCs and PVP spheres. Heating 

the bath has also led to decrease in absorbance (Table 4.2.1). Such a large variation in size and 
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density of PVP spheres and CdS NCs after heating indicates reformation of PVP spheres and 

thus CdS-PVP NCps. This is further investigated and is discussed in detail in section 4.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2.15. Deconvoluted absorption spectrum and diffuse reflectance spectrum for NCp. a) S2, b) 

S2+ and c) S2H. Cumulative fit (red color) to raw absorption data (dash dot) and separate 

component (black line and dash line) are shown. Diffuse reflectance spectra are shown with line + 

symbol (+) and 7d-f) corresponding SEM images for these NCps. 
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Fig. 4.2.15a-c shows difference between R(D) spectra for these three NCps. This 

difference in scattering contribution to absorption spectra with change in growth conditions can 

also be well correlated to PVP sphere sizes observed (S2: 200 - 300 nm (Fig. 4.2.15d), S2+ : 400 

- 500 nm (Fig. 4.2.15e) and S2H: mainly 200 - 600 nm (Fig. 4.2.15f)) in these NCps. It is to be 

noted that onset and center of diffuse reflectance edge, matches with corresponding band gaps 

obtained from sharp and broad absorption peaks, respectively. Although, Fig. 4.1.15 is scaled to 

show only part of diffused reflectance spectra, it is to be noted that onset of edge in DRS 

matches with absorption peak for S2+, where there is uniformity in CdS NCs.  

 

4.2.3. Theory corroboration 

 There are quite a few observations in this set of experiments, which can be termed as 

unusual, since they cannot be explained using simple and common reasoning. In the quest of 

understanding these observations, we looked for possible explanation in the existing literature 

related to modeling of growth. The qualitative corroboration obtained from the literature is given 

below. 

1. Observation: One expects CdS NCs to be embedded in two dimensional polymer matrix in 

CBD grown films. However, SEM and TEM results show that CdS NCs are embedded in PVP 

with CdS - PVP NCp taking the morphology of a sphere.  

  A collapse of a polymer in a solvent or in the presence of NCs, leading to formation of 

globules has been explained in terms of effective mediated attraction between the side chains 

monomers due to NCs-polymer [84]. Diamant et al. have shown that not only interaction 

between particle/molecule and polymer, but also intra-polymer interactions have an important 

role as well in partial collapse of the polymers [85].  Recently, in PVP–Mn doped CdS NCp, 
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attractive interaction between PVP and CdS i.e. C = O→Cd
+2

 is observed [262,263]. This 

attractive interaction between CdS NCs and monomers leads to collapse of a polymer into a 

globule formation i.e. conformation of polymer to a sphere embedded with CdS NCs. Further, it 

may be noted that the concentration of polymer and NCs is also a determining factor for 

condition of partial collapse of polymer and this will be discussed in next section.   

2. Observation:  Our absorption data indicates decrease in size of CdS NCs for higher 

concentrations of Cd-A & ThU (0.5 and 1M) while keeping PVP concentration (2g/4g) same.   

Cao et al. has reported DFT for a coarse-grained model of block copolymer-nanoparticle 

mixtures and predicts that well-organized structures can be effectively controlled by adjusting 

the polymer-particle interaction [86] and thus this is the main parameter controlling the 

structure/morphology. This interaction can be changed with change in concentration of PVP & or 

Cd/S ions, temperature. Variations in these parameters can give rise to different size of CdS NCs 

and different morphology of CdS-PVP NCps as noted earlier. Further, in complex mixtures of 

polymers and nanoparticles, it is not simply the ordering of the polymers that effect the spatial 

organization of the particles; the particles in fact affect the self-organization of the copolymers 

[84].
 
In our case, it is only polymer and hard spheres (nanoparticles) and probably therefore no 

self organization of polymers are observed. However, there are evidences of co-operative growth 

mechanism of NCp of PVP and CdS hard spheres like i) lower size Cd/S NCs in higher 

concentration of Cd/S ion source which depends on relative PVP concentration, while 

conserving the total amount of CdS in the film as observed in our case, ii) Change in size of CdS 

NC occurs only for certain PVP content when Cd-A & ThU is kept constant and PVP content is 

varied, etc. 
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3. Observation: While changing the ratio of Cd/S ions and PVP, we observe that there is 

optimum concentration of PVP for fixed concentration of Cd/S ions, to have a narrow size 

distribution of NCs.  

Thompson et al. [87] and Balazs et al. [88] using combination of self consistent field 

theory and DFT have predicted that in NCp, only NCs having sizes in a particular range will 

form. This is because, NCs are solid and thus polymer chains must stretch around these NCs, 

which causes a loss in conformational entropy and thus require extra energy.
 
Further, this loss 

will be larger for larger NCs and thus larger energy is required to include these NCs. Therefore 

larger NCs will not be included in the bulk of the polymers as it is not favored 

thermodynamically. Also the process of formation and dissolution of NCs is an equilibrium 

process and thus smaller particles may be dissolved. This will lead to monodispersity in size of 

NCs within polymers as is observed in our case.  

Thus, our experimental observations in corroboration with existing growth simulation 

studies suggests that co-operative growth mechanism leads to collapse of PVP, which in turn 

thermodynamically favors inclusion of only nearly monodispersive CdS NCs.   

In view of the above discussion it is interesting to note the following: 

i) Stirring leads to size distribution, although it may be homogenous as reported [185]. This 

suggests that if additional kinetic energy is provided, it allows larger size NCs to be included in 

polymer matrix thus leading to larger size distribution.  

ii) 0.5-1 M Cd-A & ThU and 2-4g PVP gives rise to most interesting set of nearly 

monodispersive CdS NCs. Indicating suitable co-operative growth and polymer collapse 

conditions for these NCps. 
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iv) Elashmawi et al. have also reported decrease in crystallite size, with increase in Cd/S ion 

concentration with Cd/S ion concentration ~ 0.6, 1.2, 2.4 M (similar to our case). However, their 

observed size of CdS NCs and calculated size from absorption spectra shows inconsistency, 

probably as the spheres observed in TEM has been identified as CdS NCs, instead of polymer 

embedded with CdS NCs as is shown by us [193]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2.1. Growth conditions, peak position (band gap), peak width, area under the curve 

and corresponding size of CdS NCs and PVP spheres are summarized for all NCps. 

   PVP +H2O  

+ Cadmium 

acetate  +  

Thiourea 

Absorption spectra : 

band gap  and 

absorbance obtained  

from fitting 

Size of CdS 

NCs (~ nm) 

calculated 

from band 

gap 

SEM: PVP 

sphere size 

(~ nm) 

NCp Cd-

A/ThU 

(M) 

PVP 

(g) 

Growth 

conditions 

Peak/Edge 

Position 

(width) nm 

Area 

under 

the 

curve 

  

S1 0.01 4 70 
0
C : 3 hrs 482 (Edge) ___ 8.0  

S2 1 2 RT  : (40 hrs) 463.5 (50) 22.5 6.2 200-300 

S3 1 4 -do- 463.9 (46) 10 6.3 300-400 

S4 0.5 2 -do- 482 (50) 0.89 8.0 300-600 

S5 0.5 4 -do- 472 (70) 1.14 7 200-600 

S6 0.5 0.05 -do- 481 (56) 0.9 8 100-200 

S7 0.5 0.1 -do- 483 (60) 1.29 8.3 100-200 

S8 0.5 10 -do- 510 (Edge) ___ 32  

S2+ 1 2 (S2)  + (24 

hrs) 

482 (80) 68 8.2 400-500 

S2H 1 2 (S2+)  + (70 
0
C (1.30 hr) 

+ 36 hrs) 

495 (90) 15 11 200-600 
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To summarize, systematic study of one-step CBD grown CdS-PVP NCps suggests that 

co-operative growth mechanism plays an important role in the formation of these NCps. While, 

this method eliminates an additional step for growth of NCps, we find that complexity of the 

process actually led to better control on the growth i.e. formation of nearly monodispersive CdS 

NCs. Further, it is important to note that these CdS-PVP NCps have shown stability as we have 

not observed any changes in the absorption spectra and SEM images over ~10 years.  

Based on the understanding developed, co-operative nature of growth for CdS-PVP NCp 

using CBD is further investigated using Raman and AFM mapping and will be discussed in next 

section. 
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4.3. Effect of relative concentration of Cd/S ion source and PVP on the 

morphology  

 

In the previous section, we have discussed the results of absorption, PL and diffuse 

reflectance spectroscopy along with SEM data, which gives important insight into the inclusion 

of nearly monodispersive (absorption peak) CdS NCs in PVP sphere for 0.5 and 1 M Cd-A/ThU. 

However, PL and absorption spectra of NCps grown with 0.01 M Cd-A/ThU concentrations are 

significantly different.  

Controlled synthesis of inorganic NCs-polymer NCp requires a good understanding of 

the influences of polymer chemical structure and its interactions with NCs. Further, question 

whether and how the morphology of composite materials can be effectively manipulated by 

changing the parameter of polymers such as its chain length or the characteristics of NCs such as 

their size and concentration of NCs is of current interest. As noted in the previous section the 

differences observed in absorption and PL spectra for S1 (0.01M, 4g{0.4 mM}) and  NCp S2 

(1M, 2g{0.5 mM}) may be related to morphology of the NCps, we further investigate this using 

Raman, AFM and PL mapping. Raman and AFM mapping on same sites, suggests that CdS NCs 

are mainly embedded in thin film of PVP for lower Cd/S ion concentration (0.01 M), whereas, 

sphere formation of PVP is observed for larger Cd/S ion concentration (1 M). This observed 

difference in morphology is corroborated with the existing growth modeling on NCps and is also 

used to explain the differences observed in absorption, PL and Raman spectra.  

 

4.3.1. Study of co-operative growth: Raman mapping 

To study co-operative growth mechanism using Raman mapping, we have chosen five 
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NCps: S1-S5. In the first part, we have studied the effect of interaction between CdS and PVP on 

the morphology of NCp. Further, effect of different relative concentration of Cd-A/ThU (0.5, 1 

M) and PVP (2g, 4g) on the CdS NCs embedded in PVP spheres. 

4.3.1.1. Effect of interaction between CdS and PVP on the morphology 

In order to understand the difference observed in NCp S1 and S2 as noted in last section, 

we have performed GIXRD on these NCps to know, if structure plays any role in the same, along 

with Raman, PL and AFM mapping as discussed below. 

Raman and AFM mapping  

i) S1: 0.01 M, 4g (0.4 mM: PVP) 

GISXRD data for S1 NCp is shown in Fig. 4.3.1a (INDUS BL-12). Position (2θ) and 

FWHM of each peak is estimated using Gaussian line shape, which shows diffraction peaks 

centered ~ 2 = 20.91
0
, 22.96

0
. A comparison of the measured XRD data with JCPDS data (No. 

751546 (C) & 772306 (H)) shows that peak exclusive to hexagonal (2 = 20.91
0
) as well as 

cubic phase (~ 2 = 22.96
0
) is observed in this NCp. This suggests the formation of both cubic 

and hexagonal phase. Further, comparison of observed data with that of JCPDS data shows that 

both the planes are shifted towards lower 2θ values suggesting higher d (interplanar spacing) 

values. Interplanar distance d = λ/2sinθ, thus obtained, is used to estimate the strain = (d - 

dhkl)/dhkl, where, dhkl is the tabulated value of interplanar distance for (hkl) plane [264]. Positive 

values of strain suggest elongation in the planes, whereas negative value of strain suggests 

presence of compression. We find that the order of strain is ~ 0.02 and ~ 0.03 in cubic and 

hexagonal phase, respectively. Further, the calculated size of CdS NCs estimated from GIXRD 

data using the Scherrer formula [265] comes out to be ~ 40 nm, which is quite large as compared 

to size obtained using absorption spectrum (~ 8 nm). This is due to noted FWHM (~ 0.2
0
) being 
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underestimated due to presence of background (inset of Fig. 4.3.1a) and thus leading to 

overestimated size of NCs. Further, SEM is performed to study the morphology of this NCp. 

SEM image (Fig. 4.3.1b) of this NCp suggests presence of rarefied PVP spheres of size ~ 100 

nm. This indicates that lower concentration of Cd/S ion source leads to formation of rarefied 

PVP spheres, which is further studied. 

 

 

 

 

 

  

 

 

   

  Optical image of S1 NCp created using microscope shows the presence of rarefied 

isolated white and black structures. Raman mapping is performed on the selected area at many 

places. Representative Raman image (10*10 μm
2
 with step size ~ 0.1 μm, acquisition time ~ 3s) 

created using intensity of frequencies in the range 292-305 cm
-1

 is shown in Fig. 4.3.2b. This 

range is chosen because, while performing Raman spectroscopy measurements at spatially 

different positions, we observed variation in CdS LO phonon frequency from 295-303 cm
-1

. 

Raman image and corresponding Raman spectra show observance of Raman signal 

corresponding to CdS over the whole mapping region (Fig. 4.3.2 b & c). Observed red shift of 

Fig. 4.3.1. a) GISXD pattern of NCp S1 showing formation of both cubic and hexagonal phase and b) 

SEM image showing rarefied PVP sphere. Inset shows presence of large background.  
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LO phonon of CdS in the range 300 - 302 cm
-1

 and asymmetric line shape suggests existence of 

different size CdS NCs. Although, Raman line shape is found to be asymmetric, PCM fit to the 

line shape is not feasible due to presence of PL background. Further, there is variation in FWHM 

in the range 17 - 20 cm
-1

 over different region, indicating variation in crystalline quality of CdS  

 

NCs. In order to check the surface passivation of CdS NCs, PL mapping is performed, which 

shows variation in position of PL peak related to band gap suggesting size distribution of CdS 

NCs over different region of the NCp (Fig 4.3.2 d). Further, the FWHM of band gap related peak 

is ~ 50 nm. PL mapping shows defect PL in the range ~ 620 - 630 nm suggesting presence of 

Fig. 4.3.2. a) Optical image of NCp S1 showing rarefied isolated PVP spheres, b) corresponding 

Raman image of the marked area, c) Raman spectra and d) PL spectra at marked positions show 

variation in Raman and PL peak position.  
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sulfur vacancies [266]. Also variation in intensity of defect PL over different region of the film 

(Fig. 4.3.2d) is observed. In most of the regions, intensity of defect PL is larger or comparable to 

intensity of band gap related PL peak. This suggests that CdS NCs formed in this NCps are not 

passivated properly.  

  Raman and PL mapping suggests presence of CdS NCs over whole region of the NCp. 

Further, SEM image as well as optical image suggests rarefied PVP spheres. This indicates the 

possibility that CdS NCs are embedded in PVP, wherein PVP is mainly taking the morphology 

of thin film. In order to know about the morphology of this NCp, AFM measurements (step size 

~ 160 Å) are performed on the same region that is chosen to perform Raman mapping (Fig. 

4.3.3). Topography image suggests no sphere like formation, however Raman mapping shows 

presence of CdS NCs (abs edge: size ~ 8 nm) over the whole region. Thus, Raman and AFM 

mapping suggests that lower concentration of Cd/S ion source leads to formation of CdS NCs, 

which are mainly embedded in thin film of PVP. We shall like to note that the black structures 

observed in these NCps shows Raman signal corresponding to graphite.  

 

 

 

 

 

 

 

Fig. 4.3.3. a) Optical image created using 50 x objective, b) Raman image and c) topography image 

of the marked area in optical image.  
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In the above, we have discussed Raman and AFM mapping data of S1 NCp and 

interpreted that CdS NCs are embedded in thin film of PVP as sphere formation of PVP is not 

observed. It can also happen that only CdS NCs are formed at the substrate and not PVP film. 

However, previous study performed [257] as well as literature suggests that [174,179] with 0.01 

M concentration of Cd-A/ThU, good crystalline and optical quality CdS thin should be formed 

with the growth conditions used.  However, our absorption data suggests that CdS NCs of size ~ 

8 nm (Table 4.2.1) are formed in this S1 NCps, which can happen if there is another source 

restricting the growth of CdS i.e. PVP. Since, sphere formation of PVP is not observed; only 

other possibility considered is thin film formation of PVP. This understanding is further 

corroborated with the existing theory and will be discussed later in this section. 

 

ii) S2: 1 M,  2g (0.5 mM: PVP) 

 

 

 

 

 

 

 

 

GIXRD pattern of S2 NCp is shown in Fig. 4.3.4. Position (2θ) and FWHM of each peak 

estimated using Gaussian line shape, shows diffraction peaks centered ~ 2 = 19.04
0
, 20.13

0
 and 

23.15
0
. A comparison of the measured XRD data with JCPDS data (No. 751546 (C) & 772306 
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Fig. 4.3.4. GISXRD spectrum of NCp S2 showing peaks corresponding to both hexagonal and cubic 

structure. 
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(H)) shows that peak exclusive to hexagonal (2 = 18.93
0
) as well as cubic phase (~ 2 = 23.36

0
) 

is observed in our NCps, whereas peak ~ 20.19
0
 corresponds to both hexagonal and cubic phase. 

This suggests the formation of both cubic and hexagonal phase. Further, comparison of observed 

data with that of JCPDS data shows that hexagonal plane is shifted towards higher 2θ values 

suggesting lower d (interplanar spacing) values, whereas cubic plane is shifted towards lower 2θ 

values, which suggests compressive strain (~ 0.006) along hexagonal plane and tensile strain (~ 

0.006) along cubic plane.  

Optical image (Fig 4.3.5a) of S2 NCp suggests presence of isolated white PVP spheres. 

Raman mapping is performed on these spheres at many places. Representative Raman image 

(2*2 μm
2 
with step size ~ 0.1 μm, acquisition time ~ 3s) created using intensity of frequencies in  

Fig. 4.3.5. a) Optical image of NCp S2, b) Raman image, c) corresponding Raman spectra at marker 

positions showing no change in LO phonon except intensity, d) Normalized Raman spectra at spatial 

different points showing no change in FWHM, e) PL spectrum and f) three dimensional Raman intensity 

intensity profile.  
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the range 292 - 305 cm
-1

 is shown in Fig. 4.3.5b. We observe asymmetric line shape of red 

shifted LO phonons ~ 300/14 cm
-1

 across this isolated PVP sphere (Fig. 4.3.5c) in the bright 

region. In the rest of the region, no Raman signal corresponding to CdS can be observed with 

this acquisition time as well with higher acquisition time. This shows that CdS NCs are present 

in the PVP spheres only. Further, PL spectrum (Fig. 4.3.5e) suggests that intensity of defect PL 

is quite less as compared to band gap related PL (~ 468 nm). Thus, Raman and PL data shows 

that CdS NCs are of better crystalline quality and are better passivated as compared to CdS NCs 

formed in S1 NCp. It is important to note that we have not observed any change in Raman (line 

shape, frequency, FWHM) and PL (peak position) spectra of CdS NCs embedded in one isolated 

PVP sphere (Fig. 4.3.5d) of size ~ 0.3 µm, where Raman data is taken in steps of 0.1 µm (Fig. 

4.3.6). However, these parameters vary from one PVP sphere to other PVP sphere. This indicates 

presence of nearly monodispersive CdS NCs inside one PVP sphere. However, size of PVP 

sphere is less as compared to spatial resolution of the system (~ 0.4 μm). Thus, in order to find 

Fig. 4.3.6. a) Raman image of NCp S2, wherein array is formed with step size of 0.1 μm, b) 

corresponding Raman spectra for all the positions marked in Raman image. 
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out, whether these observations are due to presence of nearly monodispersive CdS NCs or 

because the size of PVP sphere is less than the spatial resolution of the system, we have 

performed Raman mapping in the region where we have observed two closely placed PVP 

spheres (ref: Annexure 4.3.1). 

Raman mapping of two closely spaced PVP spheres (Fig. A4.3.1) shows variation in 

Raman and PL peak position and line shape at step size of ~ 0.1 μm, which shows that the 

observed spatial resolution is better. This is understood to be due to decrease in actual laser 

intensity, which reaches CdS NCs inside the PVP sphere because of scattering of light from the 

PVP sphere. Thus, only the highest intensity of Gaussian beam gives measureable Raman signal 

in Raman mapping leading to observance of better spatial resolution than expected. Therefore, 

from the Raman mapping data, one can say that nearly monodispersive CdS NCs are embedded 

in isolated PVP sphere. This is consistent with the observed absorption peak in the absorption 

data. 

In order to know about the sizes of PVP spheres, AFM measurements (step size ~ 160 Å) 

are performed on the same region that is chosen to perform Raman mapping. One to one 

correspondence is observed between optical, Raman and AFM image (Fig. 4.3.7). Topography 

image shows presence of isolated PVP spheres (Fig. 4.3.7c & d). Raman mapping suggests 

presence of CdS NCs in these PVP sphere and black structures only. Further, AFM 

measurements show that size of isolated PVP spheres is ~ 200 - 300 nm. 
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Thus, Raman and AFM mapping data of NCp S1 and S2 suggest two different 

morphologies of CdS-PVP NCps, i) thin film formation of PVP and ii) sphere formation of PVP. 

Further, sphere formation of PVP leads to inclusion of only nearly monodispersive CdS NCs of 

better crystalline quality with better passivation, whereas, this thin film formation of PVP leads 

to broad size distribution in CdS NCs with relatively poor crystalline quality and surface 

passivation. Both these NCps are grown at room temperature. Since, concentration of PVP is 

similar for both the NCps, lower concentration of Cd/S ion source is expected to give smaller 

size CdS NCs and one would expect larger size distribution for larger Cd/S concentration. 

However, our observations suggest the opposite behavior. The only difference between these two 

NCps seems to be the relative ratio of Cd/S ion source and PVP, which is expected to lead the 

observed differences. It may be important to recall that the spherical morphology of PVP has led 

Fig. 4.3.7. a) Optical image, corresponding b) Raman image, c) AFM image of NCp S2 and d) 3D profile 

of topography image showing presence of spheres. 
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to near monodispersivity of CdS NCs. This further emphasizes the fact that co-operative growth 

mechanism plays an important role in deciding the morphology of these NCps.  The collapse of 

polymer in presence of NCs has been modeled as already discussed in last section. Further, 

corroboration of our experimental result with the predictions of growth modeling studies 

[89,267] is discussed in the following.  

Theory Corroboration  

Simulation on growth modeling suggests that the collapse of polymer depends on 1) 

attractive interaction between NCs and polymer and 2) concentration of NCs [89]. The collapse 

of polymer happens when polymer undergoes a sharp change from an extended, low density state 

to a high density collapsed accompanied by a corresponding sharp increase in density of NCs 

absorbed within the polymer [89,267], which means that the collapse transition of polymer is a 

first-order phase transition. This transition occurs as a competition between NC-polymer 

attraction, which tends to shrink the polymer chain and repulsion between side chains of 

monomers of a polymer, which tends to expand it. Indeed, the evidence of attractive interaction 

between Cd
2+

 ion of CdS NCs and C=O of PVP is reported [262] and later it is also predicted 

using DFT [263]. This suggests that the attractive interaction between CdS NCs and PVP as well 

as high density of CdS NCs leads to formation of PVP spheres, which can overcome the 

repulsion of side chains at room temperature for S2 NCp. This can also be seen from three 

dimensional intensity profile of Raman image (Fig. 4.3.5f), which shows Gaussian profile of 

isolated PVP sphere embedded with CdS NCs. Monte Carlo simulations performed by Antypov 

et al. [267] show that the attraction between NC and polymer leads to collapse of polymer, with 

volume absorption of high density NCs, as is observed in Raman mapping (Fig. 4.3.5f). This 

further suggests that high density of CdS NCs is leading to sphere formation of PVP sphere. 
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Further, theoretically it is predicted that change in density of NCs by three times can lead to 

differences in the morphology of NCp, wherein they have take polymer containing 100 

monomers [89]. In S1 NCp, lesser concentration of Cd/S ion source is expected to give lesser 

density of CdS NCs compared to S2, which is also supported by absorption spectra. Thus, one 

can say that the lower density of CdS NCs does not fulfill the collapse condition for PVP. Thus, 

high density of CdS NCs leads to formation of PVP sphere as is observed for 1 M Cd-A/ThU 

concentration for 2g PVP content, whereas, low density of NCs (i.e. low concentration of Cd-

A/ThU (0.01 M) as compared to PVP content (4g)) will mainly lead to thin film formation of 

PVP. Thus, corroboration of Raman and AFM mapping with theoretical predication suggests that 

density of CdS NCs is an important factor affecting the morphology of CdS-PVP NCps. Further, 

in previous section, we have discussed that formation of PVP sphere thermodynamically favors 

inclusion of only nearly monodispersive CdS NCs. Since, NCs are embedded in high density 

PVP spheres; they are better passivated in S2 NCp as compared to S1 NCp.  These two NCps are 

further studied using Attenuated total reflectance-Fourier transform Infrared spectroscopy (ATR-

FTIR) measurements to get further information about interaction between two constituent 

components, which are leading to very different morphologies in these cases as discussed below.  

Fourier transforms Infrared spectroscopy  

We have performed attenuated total reflectance-Fourier transform Infrared spectroscopy 

(ATR-FTIR [268]) on these chosen NCps. IR spectra give information of various functional 

groups within a molecule and the vibrations related to specific bonds thus reflect effect of 

surrounding environment. FTIR for CdS-PVP NCp can give direct evidence of the change in 

interaction between CdS NCs and PVP in case of thin film or sphere formation of PVP. FTIR 

measurements in transmission mode were not feasible due to presence of absorbing glass 
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substrate. Therefore, ATR-FTIR measurements were performed on these NCps, in here IR beam 

is directed into a crystal of relatively higher refractive index as compared to sample. The IR 

beam is totally internally reflected at the crystal/sample interface. Because of its wave-like 

properties, the light is not reflected directly by the boundary surface but from the sample. The 

fraction of light reaching into the sample i.e. it’s penetration depth depends on the incident 

wavelength, incident angle, the refractive indices of the ATR crystal and the sample. In the 

spectral regions where the sample absorbs energy, the wave is attenuated. After several internal 

reflections, the IR beam exits the ATR crystal and is directed to the IR-detector. In case of 

polymer-metal hybrid materials, the interaction between functional groups of polymer such as 

NH2, -CO-, etc and Cd
+
, Ga

+
, Mn

+
 ions etc. is expected. For example, in PVP, the C=O groups 

show a prominent peak at ~ 1650 cm
-1

 in FTIR spectrum [269]. This characteristic peak is used 

to explore the interaction between PVP and metal ions. The shift in the peak towards lower wave 

number is attributed to bond weakening as a result of bond formation between O atom and Cd 

ion, which eventually passivate the NC surface.  

ATR-FTIR spectroscopy measurements are performed in the region 600 – 1800 cm
-1

. 

Comparison of FTIR spectra (Fig. 4.3.8a) for glass substrate and NCps suggest presence of 

signal from substrate too. After the removal of  this background (FTIR of substrate), we have 

plotted the spectra (Fig. 4.3.8b) in the range 1550 - 1750 cm
-1

 in order to study the effect of 

interaction between CdS and PVP on the C=O of PVP for two NCps S1 and S2. It is important to 

note that FTIR background is nearly flat in this region. 
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FTIR spectra of the both the NCps are well fitted using Gaussian function (Fig. 4.3.9), 

which suggests presence of large distribution in the bonding environment. Comparison of spectra 

for S1 and S2 NCps (Fig. 4.3.9) suggests that in the both the NCps, peak corresponding to C=O 

Fig. 4.3.8. a) ATR-FTIR spectra of S1 (black line), S2 (blue line) and plain glass substrate (red line) 

and b) ATR-FTIR spectra obtained after removing the substrate background for S1 and S2 NCps.  
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Fig. 4.3.9. ATR-FTIR spectra of NCps a) S1 and b) S2. Solid line (red) is fit to raw data (+) and 

separate Gaussian peaks are shown by blue solid line. 
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is red shifted as compared to that reported for pure PVP (~ 1650 cm
-1

), manifesting interaction 

between CdS NCs and PVP. Further, we find that the observed red shift is larger in S2 (~ 1635 

cm
-1

) as compared to S1 (~ 1643 cm
-1

). Since, observed red shift suggests interaction between 

NC and PVP, the greater peak shift reveals stronger interaction [270] between CdS and PVP. 

Therefore, FTIR results suggest stronger interaction between CdS NCs and PVP in S2, which is 

consistent with our understanding developed that the strength of total interaction between CdS 

NCs and PVP is large due to large density of CdS NCs, which is leading to sphere formation of 

PVP. Whereas, strength of total interaction is weaker for lesser density of CdS, which is giving 

rise to thin film formation of PVP. It is important to note that the intensity of absorption peak is 

large in S1 as compared to S2. This is understood as in S1 NCp, there is continuous film of PVP, 

whereas, isolated PVP sphere are observed in S2 leading to decrease in cross section. Another 

peaks observed ~ 1575 cm
-1

 and ~ 1693 cm
-1

 in both NCps corresponds to graphite and amide 

group of PVP, respectively 

4.3.1.2. Effect of relative concentration on size and passivation of CdS nanocrystals 

embedded in PVP spheres 

Change in concentration of Cd/S ion source  

We have studied the effect of change in concentration of Cd-A/ThU from 0.5 to 1 M for 

2g/4g PVP. Absorption spectra show decrease in band gap of CdS NCs with the decrease in Cd-

A/ThU concentration from 1 M (Eg ~ 463 nm) to 0.5 M (Eg ~ 482 nm). XRD measurements in 

both these sample suggests presence of both cubic and hexagonal phase. Further, we find 

compressive strain (~ 0.006) in hexagonal plane and tensile strain (~ 0.006) along cubic plane. 

This suggests that decrease in band gap of CdS NCs for 0.5 M Cd-A/ThU can be correlated to 

increase in size of NCs (~ 8 nm). Further, AFM measurements in agreement with SEM results 
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show increase in variation in sizes of PVP spheres (from 200-300 nm to 300-600 nm) with 

decrease in Cd-A/ThU concentration (Figure 4.3.10 c & g). This suggests that increase in size of 

CdS NCs leads to increase in size of PVP spheres. This is expected as the polymer sphere has to 

increase its volume in order to accommodate larger NCs, which is leading to increase in size of 

PVP sphere [87,88].  

 

For 0.5 M concentration of Cd-A/ThU we have observed sizes of PVP spheres in the 

range 300 - 600 nm. Comparison of Raman and PL mapping of isolated PVP sphere with size ~ 

300 nm show that smaller CdS NCs (band gap PL ~ 468 nm) are embedded for 1M Cd-A/ThU 

concentration (Fig. 4.3.5) compared to that for and 0.5 M concentration (band gap PL ~ 482 nm: 

Fig. 4.3.11).  FWHM in smaller CdS NCs is expected to be larger due to confinement effects, 

however, it is smaller (~14 cm
-1

) compared to that for larger NCs (~ 17 - 22 cm
-1

), which 

Fig. 4.3.10. Optical image, Raman image and corresponding AFM image for NCps S2 (a, b & c) and 

S4 (e, f & g). d) Raman spectra and h) PL spectra at marked positions.  
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suggests that smaller CdS NCs are of better crystalline quality. Further, Raman and PL mapping 

shows variation in FWHM (~ 17 - 22 cm
-1

) of LO phonon as well as variations in intensity of 

defect PL across one PVP sphere in NCp S4 (0.5 M). At some spatial positions, intensity of 

defect PL is comparable to intensity of band gap PL. This suggests that larger CdS NCs 

embedded in similar size PVP sphere (~ 300 nm) are of degraded crystalline quality and 

passivation. 

 

Raman and PL mapping (Fig. 4.3.12) of PVP sphere of size ~ 600 nm (S4: 0.5 M) shows 

variation in size of CdS NCs as there is variation in frequency of LO phonon in the range ~ 298 – 

300 cm
-1 

and variation in position of band gap related PL (band gap PL varies in the range 492 - 

499 nm). FWHM of LO phonon also varies in the range 16 - 22 cm
-1 

across this isolated PVP 

Fig. 4.3.11. a) Optical image shows three isolated PVP spheres, b) corresponding Raman image, c) PL 

image, d) & e) Raman and PL spectra on the marked positions. 
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sphere. Comparison of PL mapping at two different size PVP spheres (size ~ 300 nm (Fig. 

4.3.11) and 600 nm (Fig. 4.3.12) shows that smaller CdS NCs (band gap PL ~ 484 nm) are 

embedded in smaller PVP sphere, whereas large NCs (band gap PL varies in the range 492 - 499 

nm) are embedded in larger sphere. PL mapping shows that the CdS NCs of different sizes are 

randomly dispersed within the PVP sphere. Also for larger PVP sphere, intensity of defect PL is 

larger as compared to that in smaller sphere suggesting poor passivation. Thus Raman mapping 

in corroboration with PL mapping shows that smaller NCs embedded in small PVP spheres are 

of better crystalline quality and are better passivated as compared to larger CdS NCs embedded 

in larger PVP spheres. This suggests that size of PVP sphere depends on the size of CdS NCs, 

which in turn further affects the crystalline quality and passivation of CdS NCs i.e. co-operative 

mechanism plays an important role in the growth of CdS-PVP NCps. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 4.3.12. a) Optical image showing isolated PVP sphere ~ 600 nm, b) corresponding 

Raman image, c) PL image, d) & e) Raman and PL spectra on the marked positions. 
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Change in size of CdS NCs as well as PVP sphere occurs simultaneously when, 

concentration of Cd-A/ThU relative to PVP is varied. This suggests that the growth mechanism 

is co-operative in nature. In addition, absorption spectroscopy, Raman, PL and AFM mapping 

show that smaller and larger sizes CdS NCs are included respectively in smaller and larger PVP 

spheres. Further, smaller size CdS NCs are of better crystalline quality and better passivated. 

This is understood as surface area is larger for larger CdS NCs and hence, passivation of all the 

dangling bonds is thermodynamically less favored, as polymer has to wrap around a NC.  It  also 

shows that for different relative ratio of Cd-A/ThU and PVP concentration, the same PVP sphere 

size gives different size of CdS NCs. Further, for the same NCp, when the PVP sphere size 

increase from 300 nm to 600 nm, it is observed that there is corresponding increase in size of 

CdS NCs from ~ 8 nm to ~ 12 nm. This is consistent with the results [267] obtained from growth 

simulation studies, which suggests increase in size of polymer sphere due to increase in szie of 

NC.  

Change in concentration of PVP  

We have studied the effect of concentration of PVP from 2g to 4g for Cd-A/ThU 

concentration of 0.5 & 1 M. Absorption spectra suggest similar size (~ 6 nm) CdS NCs in both 

these NCps. PL mapping also suggests that similar size CdS NCs are formed with the increase in 

PVP content from 2g (1 M Cd-A/ThU: band gap PL ~ 468 nm) to 4g (1 M Cd-A/ThU: band  gap 

PL ~ 468 nm).  Mapping (Fig. 4.3.13) results show that CdS NCs of similar size embedded in 

PVP spheres show poor passivation when growth is done using larger PVP content. Further, 

density and non-uniformity in PVP spheres size increase with the increase in PVP content.  Both 

these results are consistent with our understanding that passivation of CdS NCs in case of sphere 

comes from conformation of the PVP, whereas CdS NC in PVP thin film  are passivated by 
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miscelle formation with PVP on surface of a NC. The later will have stronger dependence of 

passivation of NCs on PVP concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

To summarize, Raman and AFM mapping investigation of CdS-PVP NCps on same 

selected sites suggest that CdS NCs are embedded in PVP sphere and thin film of PVP for higher 

and lower concentration of Cd/S ion source, respectively. Sphere formation of PVP is understood 

to be due to larger density of CdS NCs, which is leading to stronger strength of interaction. 

ATR-FTIR spectroscopic measurements also support this understanding developed.  

 

 

 

 

Fig. 4.3.13. Optical image, Raman image and corresponding AFM image for NCps S2 (a, b & c) and 

S3 (e, f & g). d) Raman spectra and h) PL spectra at marked positions. 
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4.4. Effect of preheating of chemical bath on the morphology  

 

 In this section, we have used Raman and AFM mapping as a local probe in corroboration 

with average results obtained using XRD, to study the effect of heating the chemical bath on the 

growth of CdS-PVP NCps. In the earlier section (4.2), we have studied that on heating the 

chemical bath at 70 
0
C and further allowing the growth at room temperature in the chemical bath 

for 36 hrs (S2H:table 4.2.1), we found increase in size of CdS NCs as well as PVP spheres.  This 

is difficult to explain, as CdS NCs are already embedded in PVP spheres and new PVP spheres 

may be formed, but the data suggests modification of existing CdS NCs and PVP spheres. In the 

present section, we have used Raman, PL and AFM mapping to understand this reformation of 

PVP spheres with larger size CdS NCs on preheating of chemical bath. Two NCps S2 and S3 are 

studied for the effect of increase in bath temperature. These two NCps are further kept at room 

temperature in same chemical bath for 36 hrs with preheating at 70 
0
C for 2 hrs and are referred 

as S2H (Table 4.2.1) and S3H.  

 

4.4.1. Study of strain tuning of band gap  

Before going into the discussion of S2H and S3H, we shall discuss Raman and AFM 

mapping for S2 and S3 NCps in further detail. 

4.4.1.1. Growth at room temperature 

Optical image of both these NCps show the presence of yellowish green coagulated 

structures and white PVP spheres. Here, we will discuss the mapping of coagulated structures.  

Representative Raman image of the chosen area (10*10 μm
2 
with step size ~ 0.1 μm, acquisition 

time - 0.5 s) is created using intensity of frequencies in the range 292-305 cm
-1

 (Fig. 4.4.1b) to 
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include the observed variation in CdS LO phonon frequency from 295-300 cm
-1

 at spatially 

different positions. Raman spectra show asymmetric line shape of phonons with frequencies 

varying in the range 295-300 cm
-1

 within one coagulated structure (Fig. 4.4.1). This suggests 

presence of CdS NCs of different sizes/stress in coagulated structures. Further, CdS NCs 

embedded in isolated PVP spheres (Fig. 4.3.5: FWHM ~ 14 cm
-1

) are of better crystalline quality 

as compared to embedded in coagulated structures (Fig. 4.4.1: FWHM ~ 20 cm
-1

). In the 

previous section, we have shown that nearly monodispersive CdS NCs are embedded in one 

isolated PVP spheres. However, parameters for CdS NCs i.e. frequency of phonon, it’s FWHM 

changes from one sphere to another sphere. This can explain the variation observed in coagulated 

structures.  

 

 

 

 

 

 

After performing the Raman mapping once, we observe the diminishing of yellowish 

green color in the optical image. To check, whether laser heating is destructive in the present 

case, we have performed Raman mapping twice at chosen area consecutively. Raman mapping 

shows similar Raman image as obtained earlier (Fig. 4.4.2b & d). However, laser exposure has 

caused quenching of defect PL as observed in optical image (Fig. 4.4.2a & c) and Raman spectra 

Fig. 4.4.1. a) Optical image of NCp S2, b) Raman image and c) corresponding Raman spectra of 

marked positions in Raman image showing variation in LO phonon. 
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(Fig.4.4.2e). This suggests that laser annealing has caused reductions in the surface defects. This 

is further checked by performing time series PL spectroscopic measurements at similar power 

density that is used to perform Raman mapping. This measurement shows reduction of defect PL 

within a time span of 90s and after that we do not observe any change in the spectra (Fig. 4.4.2f).  

 

 

 

 

  

 

  

 

 

 

In order to know about the sizes of PVP spheres, AFM measurements are performed on 

the same region that is chosen to perform Raman mapping. One to one correspondence is 

observed between Raman image and AFM topography (Fig. 4.4.3). Topography image shows 

presence of large coagulated PVP structures and isolated PVP spheres of different sizes (Fig. 

4.4.4c). Size of isolated PVP spheres (200 - 300 nm) observed from AFM measurements are in 

accordance with SEM observation. 
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Fig. 4.4.2. a) Optical image, b) corresponding Raman image of marked area in (a), c) optical image 

after repeating the measurements again on the same area, d) corresponding Raman image of same 

area and e) Raman spectra showing quenching of PL after performing Raman mapping. f) Time 

series PL spectra showing reduction in defect PL. 

 
.1 

.2 

a 

 
.3 

.4 

c b 

1 μm  

d 

1 μm  

200 400 600 800 1000 1200 1400

 1

 2

 3

 4

Quenching of PL 

 

 

C
/s

Raman shift (cm-1)

e 



 

198 

 

 

 

 

 

 

 

 

Further, as discussed in the previous section, the GISXRD data of S2 NCps (Fig. 4.4.4), 

which suggests presence of both hexagonal and cubic phase. Further, comparison of observed 

data with that of JCPDS data shows that hexagonal plane is shifted towards higher 2θ values 

suggesting lower d (interplanar spacing) values, whereas cubic plane is shifted towards lower 2θ 

values. Using this, we find compressive strain (~ 0.006) in hexagonal plane and tensile strain (~ 

0.006) along cubic plane. Presence of two phases can lead to the observance of stress.  

 

 

 

 

 

 

 

 

4.4.1.2. Growth at room temperature after preheating at 70 
0
C  

Optical image of these two NCps (S2H and S3H) suggests that coagulation has decreased 

considerably for these two NCps compared to S2 and S3. Representative optical image is shown 

Fig. 4.4.3. Optical image, Raman image and corresponding AFM image for NCp S2.  
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for NCp S2H (Fig. 4.4.5a). Here, larger PVP sphere with size varies mainly from 0.5 - 0.7 µm 

have formed. Optical image (Fig. 4.4.5a), Raman image (Fig. 4.4.5b) and topography (Fig. 

4.4.5c) image for NCp S2H show presence of two types of PVP spheres -1) isolated PVP spheres 

(~ 0.5 - 0.7 µm): type-I and 2) dimer: type II. Raman (Fig. 4.4.5b) and AFM mapping (Fig. 

4.4.5c) performed on the same site show phonons ~ 298 and 300 cm
-1

 for isolated and dimer 

PVP sphere, respectively. Red shift observed in type I structure as compared to type II structure 

suggests either smaller size CdS NCs or presence of tensile stress. This is further studied using 

GIXRD measurements as discussed in the following. 
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Fig. 4.4.5. a) Optical image of NCp S2H showing decrease in coagulation, b) Raman image, c) AFM 

image showing one to one corresponds between optical, Raman and AFM image, d) Normalized Raman 

spectra of marked positions showing difference in position of LO phonon and e) PL spectra at similar 
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GISXRD data (Fig. 4.4.6) for NCp S2H and S3H shows diffraction peaks centered ~ 2 = 

21.48
0
 (101 (H)). GISXRD pattern shows peak exclusive to hexagonal (2 = 21.48

0
) phase of 

CdS NCs. This shows the formation of dominantly hexagonal phase of CdS NCs in both the 

NCps, which suggests heating the chemical bath has led to formation only hexagonal phase of 

CdS NCs, which is stable phase of CdS. Further, it is interesting to note that a strong 

peak/shoulder at lower 2 is observed in both the NCps suggesting presence of some region i.e. 

some of CdS NCs are under tensile strain ~ 0.006 and ~ 0.007 for NCps S2H and S3H, 

respectively. Taking Young’s modulus ~ 62 GPa (of bulk [271]), we find that stress comes out to 

be ~ 0.3 GPa.  

 

 

 

 

 

 

 

 

 

 

 

This order of stress leads to Raman shift ~ 1.8 cm
-1 

[272]. This suggests that observed 

Raman shift ~ 298 cm
-1

 from type I PS sphere may be due to presence of tensile stress indicating 

that the actual phonon frequency (inclusive of confinement effect) is ~ 300 cm
-1

 for both type I 

Fig. 4.4.6. a) GISXD pattern showing presence of only hexagonal phase for NCps a) S2H (1 M, 2g) 

and b) S3H (1M, 4g). 
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and type II spheres. Further, the stress will also change band gap [273] of CdS NCs. Stress ~ 0.3 

GPa will lead to change in band gap ~ 0.12 meV. PL spectra of type I and type II structures are 

well fitted using three Gaussian peaks (Fig. 4.4.7). Strong band gap related peak for both the 

structures is observed ~ 497 nm. Further a sharp peak ~ 522 nm and 533 nm is also observed for 

type I and type II structures, respectively. Further, difference between these two band gaps 

observed is ~ 0.1 meV for type I sphere, similar with the calculated value using GIXRD data. 

This confirms that the observed stress is the reason for red shift of Raman spectra for type I w.r.t 

type II structures.  

 

 

 

 

 

 

 

 

We have also performed Stokes/anti-Stokes Raman measurements (using 514.5 nm 

excitation) in these two types of structures. Intensity ratio of Stokes to anti-Stokes (IS/IAS) is 

nearly 1 (sharp resonance) for NCs embedded in isolated PS whereas, IS/IAS > 1 for two 

coagulated PSs (Fig. 4.4.8). This suggests presence of resonance Raman scattering in case of 

CdS NCs embedded in isolated PSs, which can be corroborated to the band gap peak ~ 522 nm 

Fig. 4.4.7. Cumulative fit (red color) to raw (+) PL data for isolated (1) and dimer PVP (2) 

spheres. Separate Gaussian components are shown with solid line (blue color). 
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observed in these structures. This band gap peak is closer to excitation source (514.5 nm) used 

for the Raman study. Thus, Raman and PL in corroboration with GIXRD suggest stress related 

band gap tuning resulting in resonance Raman scattering for CdS NCs embedded in type I 

structures. In the following, we shall analyze these results in perspective of NCps growth on 

heating of chemical bath. 

 

  Raman and AFM mapping suggest conversion of coagulated structures in S2 to isolated 

PVP spheres in S2H after heating. This suggests that this growth condition has led to reformation 

of PVP spheres. Theoretically, it has been observed that heating at this temperature leads to 

disruption of water-polymer and nanocrystal-polymer bonds [274] indicating unfavorable 

condition for collapse transition of PVP. Thus this growth conditions can lead to opening of PVP 

spheres when heated at 70 
0
C and subsequent room temp growth will lead to reformation of PVP 

spheres. Similar observations are also made for NCp S3H. However, comparison of three 

dimensional topography images for NCp S3H (Fig. 4.4.9d) and S2H (Fig. 4.4.9e) suggests that 

the isolated PVP spheres show nearly Gaussian profile, whereas, dimmers show flat at the top. 

For S3H NCp, mainly flat shape is observed at the top suggesting that mainly dimmers of PVP 

Fig. 4.4.8. Stokes/anti-Stokes Raman spectra for type I (black color) and type 2 (blue color) 

structures, performed using 514.5 nm excitation. 
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spheres are formed, whereas, in NCp S2H, isolated spheres are of high density. This could be 

due to larger density of PVP spheres in S3 leading to more dimer formations in S3H.  Further, 

from the above discussion, one can say that tensile strain for CdS NCs embedded in isolated PVP 

spheres on growth after heating gets relaxed on dimmer formation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ATR-FTIR spectroscopy: Comparison for S2 and S2H 

  Comparison of IR spectra for NCps S2 and S2H (Fig. 4.4.10) suggest presence of two 

peak ~ 1618 cm
-1

 and 1650 cm
-1

 corresponding C=O in S2H, wherein peak ~ 1618 cm
-1

 is red 

shifted from it’s normal value (~1650 cm
-1

). This can be corroborated with the observation of 

2 µm 

2 µm 

c 

Fig. 4.4.9. a) Optical image of NCp S3H, corresponding b) Raman and c) topography image. 

Comparison of 3D topography image of d) S3H and e) S2H suggests larger density of dimmers in S3H 

NCp. 
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two peaks corresponding to normal and stressed CdS NCs in XRD data. Peak observed ~ 1618 

cm
-1

 corresponding to C=O is more red shifted in NCp S2H compared to that in S2 (~ 1635 cm
-

1
). Tensile strain in CdS NCs weakens the Cd-S bond, which will lead to corresponding 

strengthening of C-O bond of PVP, which is connected to Cd. This will lead to more red shift of 

C-O bond for S2H as compared to S2. An additional peak ~ 1650 cm
-1

 suggests presence of 

some region wherein C=O bond is unperturbed. This can be correlated to dimer structures 

consistent with larger defect PL indicating dangling bonds of CdS NCs. 

 

To summarize, it is found that this collapse transition of PVP is not favored at 70 
o
C and 

thus it leads to opening (at 70 
o
C) and reformation (room temperature) of purely hexagonal phase 

CdS in PVP spheres leading to formation of only isolated and dimmer PVP structures. Stronger 

resonance Raman scattering for CdS NCs embedded in isolated PVP structures is observed due 

to stress related band gap tuning. 

Fig. 4.4.10. ATR-FTIR spectra of NCps, a) S2 and b) S2H. Solid line (red) is fit to raw data (+) and 

separate Gaussian peaks are shown by blue (relevant) and black solid line. 
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4.5. Summary  

 

We have chosen to study CdS-PVP NCps to investigate the effect of interaction between 

CdS NCs and PVP on the formation and properties of NCp. Systematic study of variation in bath 

parameters elucidated co-operative growth mechanism, which leads to formation of only nearly 

monodispersive CdS NCs embedded in PVP spheres. Further, Raman and AFM mapping 

investigation on same selected sites on CdS-PVP NCps show that CdS NCs are embedded in 

PVP sphere and thin film of PVP for higher and lower concentration of Cd/S ion source, 

respectively. This observation is understood in the light of existing growth modeling on NCps, 

which predicts that the larger density of CdS NCs leading to stronger attractive interaction 

between NCs surface and polymer can facilitate collapse of polymer i.e. sphere formation of 

PVP under specific conditions, which in turn thermodynamically favor inclusion of nearly 

monodispersive NCs. This understanding is further supported with ATR-FTIR measurements. 

Raman and AFM mapping in corroboration with GIXRD data suggests that the collapse 

transition of PVP is not favored at 70 
o
C i.e. heating the chemical bath leads to opening of PVP 

spheres and reformation (room temperature) of CdS-PVP NCp. Heating the chemical bath has 

also lead to formation of two types of PVP spheres, i) isolated and ii) dimer. Raman and AFM 

mapping in corroboration with XRD data suggest presence of residual tensile stress in CdS NCs 

embedded in single PVP sphere as compared to the dimer, which leads to observance of 

resonance Raman scattering of CdS NCs due to stress related band gap tuning.  

It is interesting to note that CdS NCs embedded in PVP matrix has shown promising and 

better NLO property as compared to bare CdS NCs as well as CdS NCs embedded in other 

polymer matrices [174] because of better crystalline quality and better passivation of CdS NCs.  
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Raman spectroscopy/mapping is used as a local probe to study semiconductor 

nanocomposites (NCps) i.e. semiconductor nanocrystals (NCs) embedded in a matrix. Further, 

the understating developed using Raman mapping is used in corroboration with atomic force 

microscopy (AFM) mapping to get unique information about the morphology of NCps studied, 

which is difficult to obtain by any other conventional technique. In NCps, properties can depend 

not only on the individual components used, but may also depend on the interaction between 

NCs and matrix. Although, this interaction is expected to be weak, it is considered interesting to 

see, if they can have significant contribution in the formation and properties of NCps. We have 

studied two NCps, i) Si-SiO2 NCps and ii) CdS-polyvinyl pyrrolidone (PVP) NCp. In the former 

case, ceramic matrix is an oxide of the same semiconductor, whereas, in the second case, organic 

matrix provides complete heterogeneous structure. The interaction between semiconductor NCs 

and matrix is expected to be quite different for these two cases. This study is expected to 

elucidate the role played by range of interactions between two weakly interacting constituent 

components of NCPs on their formation and properties.  

i) Si-SiO2 nanocomposites 

 To go back in history, the UV-visible PL in porous Si, Si NCs and specifically Si NCs 

embedded in SiO2 matrix has been area of intense research activity. The debate is still going on 

whether, quantum confinement or surface plays a major role in the observance of UV-visible PL. 

Parallel to this, we find similar debate about Si phonon variation in Raman spectra of Si NCs in 

Si-SiO2 NCps. For Si-SiO2 NCps grown using different techniques, different groups have 

reported different Si phonon frequencies in the range 495 - 519 cm
-1

. In this range of Si optical 

phonons, origin of high frequency (≥ 515 cm
-1

) Si phonons is well understood to be due to 

phonon confinement in Si NCs. However, understanding of origin lower frequencies ~ 500 cm
-1
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is far from satisfactory. We have investigated six Si-SiO2 multilayer NCps using Raman 

mapping, which shows Si optical phonons in the range 495 - 519 cm
-1 

in each NCp studied. The 

large distribution in Si phonon frequencies is used advantageously to compare their behavior 

with respect to each other under same experimental conditions. Based on the line shape, whole 

range Si phonons are broadly separated into three different regions as, i) 495 - 510 cm
-1 

(low 

frequency - LF) phonons with 
 
Lorentzian line shape, ii) 515 - 519 cm

-1 
(high frequency - HF) 

phonons with asymmetric line shape  and  iii)  511 - 514 cm
-1 

(intermediate frequency - IF) 

phonons with asymmetric line shape. Our study elucidates that LF phonons originate from the 

smaller size NCs, where phonon frequency is governed by dominant surface/interface effect and 

HF phonon originates from core of larger size Si NCs, where frequency is governed by the 

confinement effect. Further, IF phonons originate from intermediate size Si NCs, wherein both 

core and surface/interface phonons contribute. It is found that the contribution of core and 

surface/interface phonon depends on size of the Si NC.  

To understand the origin of whole range Si optical phonons, Raman spectroscopy 

monitored local laser irradiation experiment is performed at the desired frequency. In this five 

step experiment, changes in Raman spectra were measured, while laser irradiation was kept ON 

and OFF for certain durations. To avoid any perturbation due to laser heating, this experiment is 

performed at low laser power density ~ 2-5 kW/cm
2
. This power density is chosen based on the 

laser heating study reported in literature for Si NCs embedded in insulating matrix. On the basis 

of line shape variation and behavior of Si optical phonons during the laser irradiation 

experiment, LF Si phonons in the range 495 - 510 cm
-1

 are attributed to originate from the 

surface/interface of Si-SiO2 for smaller Si NCs (< ~ 4 nm). The phonon frequency variation in 

the range 495 to 510 cm
-1

 is attributed to variation in local SiOx environment seen by Si-Si bonds 
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at the surface of the Si NC. HF Si phonons in the range 515 - 519 cm
-1 

originate from core of 

larger Si NC (~ 6 - 10 nm). Consistently, our study further elucidates that IF Si phonons (~ 511 - 

514 cm
-1

) originate from intermediate size Si NCs (~ 4 to 6 nm) wherein, both surface/interface 

and core of Si NC contribute simultaneously. Further, during the laser irradiation, the 

contribution of core increases with the increase in size of Si NC, which self-consistently explain 

our attribution of these phonons. In a collaborative work, Raman spectra is calculated for Si41 

cluster by Dr. C. Kamal (ISUD, RRCAT), which show dominant contribution of Si atoms 

vibrating at the surface of the cluster and thus support our understanding developed from the 

experiment. This shows that the interface between Si NCs and SiO2 matrix plays important role 

in Raman spectra and surface/interface phonon contribution is dominant for smaller Si NCs. It is 

important to note that we have observed larger Raman signal coming from surface/interface of 

Si-SiO2 compared to that from core of Si NCs, which is difficult to appreciate because of low 

scattering volume (width ~ 10 Å) of the surface/interface. This is further investigated using 

wavelength dependent Raman mapping in corroboration with absorption measurements, which 

elucidate that resonance Raman scattering is crucial for the observance of surface/interface 

phonons, whereas, core phonons show non resonant behavior. This understanding is consistent 

with the observation of such a strong signal from surface/interface of Si-SiO2. Further, observed 

absorption edge ~ 3.1 eV in all NCps corresponds to direct band gap of Si, whereas absorption 

edges ~ 2.5 eV and 2.9 eV are related to surface/interface of Si-SiO2 NCp originating from 

smaller size NCs. This suggests that the electronic band structure is different for smaller Si NCs, 

because surface/interface effects are dominating. Thus, we find that the occurrence of 

surface/interface phonons depends on, i) size of Si NC and ii) excitation wavelength. This 

understanding can be used to explain the Raman data variation reported in the literature in 
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different Si-SiO2 NCps over a decade, as different groups have used different excitation 

wavelength, although they have observed similar size Si NCs embedded in SiO2 matrix.  

During the laser irradiation experiment, laser energy can either lead to correction of 

bonds or heating effect. Results of this experiment suggests that used laser energy (low laser 

power density) leads to more crystalline Si-Si bonding environment i.e. correction of bonds at 

the surface/interface for smaller Si NCs, whereas, no measurable changes are observed for larger 

Si NCs. This can be understood as the interface is porous i.e. incoherent for smaller Si NCs 

embedded in SiO2 matrix due to presence of large density of dangling bonds, whereas interface 

tends to become coherent as the size of NC increases. Thus, low laser energy in laser irradiation 

experiment is used for correction of surface/interface for smaller Si NCs. Further, it is important 

to note that if enough time is given, LF phonon gets converted to IF phonon, which in turn gets 

converted to HF phonon on laser irradiation.  

NCps also plays an important role in third generation photovoltaic devices. These devices 

employ multiple optical gaps in a single device to increase the efficiency of single band gap 

device. Further, Si NCs embedded in SiO2 matrix are also used preferably in metal-oxide-

semiconductor (MOS) memory devices compared to thin film Si/SiO2. Our study suggests 

observance of multiple optical gaps in Si-SiO2 NCp and the understanding developed can be 

gainfully used to manipulate and characterize Si-SiO2 NCp, simultaneously for photovoltaic and 

MOS device applications.  

The understanding developed using Raman mapping in corroboration with AFM mapping 

is further used to get unique information about morphology of Si NCs embedded in SiO2. Raman 

and AFM mapping shows that Si NCs are clustered in i) smaller clusters (~ 100 nm) organized 

closely in two dimensions (2D) and ii) a big (~ 2 µm) three dimensional (3D) isolated cluster, 
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although the growth is carried out to be multilayer (Si/SiO2). Raman mapping performed by 

varying the focal spot along the depth shows stacking of larger (> ~ 6 nm) to smaller sizes (< ~ 4 

nm) Si NCs from bottom to top. To understand formation of these observed morphologies in Si-

SiO2 NCps, additional NCps with specific growth parameters/conditions are grown and studied 

in view of the above understanding. Raman and AFM mapping of a single layer suggest that 

larger Si NCs are formed in the plume itself and cluster formation occurs at the substrate. Thus, 

various types of cluster formations in multilayer growth can be understood as Si NCs of next 

layer will either sit on the existing cluster or it may find another low energy site to form another 

cluster at different spatial position, thereby increasing either size of a cluster or number density 

of clusters. Further, Raman mapping of an unannealed Si-SiO2 NCps suggests formation of 

smaller Si NCs at the top due to annealing at 800 
o
C in Si rich SiO2 and possible existence of 

thermal gradient in an insulating matrix of SiO2. This suggests that although higher temperature 

is required to form Si NCs from SiOx matrix because in the first step there will be formation of 

amorphous Si (~ 800 
o
C) and then crystalline Si (> 1000 

o
C), whereas, in Si excess SiO2, Si NCs 

are formed at relatively lower temperature. 

Earlier, we have discussed the use of Raman mapping to probe the effect of size 

dependence of surface/interface on Raman spectra of Si-SiO2 NCps. Size dependence of 

interface for Si-SiO2 NCps has already been established using XPS in the literature. Thus, size 

dependence of surface/interface using Raman mapping can be independently corroborated using  

XPS. The beam size in XPS (~ 1 cm x 1 cm) covers the full sample, therefore, an average signal 

from XPS measurement needs to be corroborated with the statistical information obtained from 

the Raman mapping data. In order to do this, we have chosen samples which show average 

contrast in Raman mapping results regarding size of Si NCs. XPS measurements show 
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observance of Si
1+

, Si
2+

 and Si
3+ 

suboxide states with higher intensity in the NCps corresponding 

to higher content of HF, IF and LF phonons in Raman mapping, respectively. Although, we have 

observed one to one correspondence between Raman mapping and XPS, it is important to note 

that the escape depth of electron is nearly ~ 5-10 nm i.e. electrons present at surface will give 

rise to XPS signal. However, these NCps studied have ~ 20 nm thick SiO2 layer deposited at the 

top, which is large as compared to escape depth of electron. The observed one to one 

corroboration can however be explained with the understanding that smaller Si NCs are formed 

in Si excess SiO2 top layer during annealing at 800 
o
C.  

ii) CdS - PVP nanocomposites 

CdS NC is chosen for the study, as it is considered an important optoelectronic material, 

due to the possible band gap engineering over a wide spectral range (visible to UV). PVP matrix 

is chosen as monomers of PVP prefers to complex with many inorganic compounds and thus 

provide surface passivation. In case of inorganic-organic NCps, lots of work has been done for 

NCs-block copolymer NCps, which suggests that the separation in block copolymers and 

interaction between NCs and block copolymers could be used to promote the ordering of NCs. 

However, for NCs-polymer NCps, whether the effect of interaction between the two can also 

lead to ordering is the aim of this study. We have chosen to study CdS-PVP NCps to investigate 

the effect of interaction between NCs and polymer on the formation of NCp. Our study suggests 

that in CdS-PVP NCps grown using one-step chemical bath deposition(CBD) process, the 

interaction between Cd
+
 ion at the surface of CdS nanocrystal and PVP monomers give rise to 

collapse of polymer, which leads to inclusion of nearly monodispersive CdS nanocrystals 

embedded in PVP spheres.  



 

213 

 

Systematic study of variation in Cadmium acetate (Cd-A: Cd
+
 ion source), Thiourea 

(ThU: S
-
 ion source), PVP concentration, deposition time and heating/cooling cycles elucidated 

co-operative growth mechanism for one-step CBD grown CdS-PVP NCp. The observation of a 

peak in the absorption spectrum indicates formation of nearly monodispersive CdS NCs. 

However, observed significant absorption even in the longer wavelength region, following an 

absorption peak, indicates scattering contribution at longer wavelengths from these NCps. The 

observed scattering contribution in absorption spectra is separated by using diffuse reflectance 

spectra as a guide. This scattering contribution is understood as occurring due to Rayleigh and 

Mie scattering, which is in turn correlated with spheres/structures seen in SEM micrographs. 

Deconvoluted absorption peak in corroboration with SEM and TEM show that nearly 

monodispersive CdS NCs (size ~ 6 - 10 nm) are embedded in PVP sphere (size ~ 100 - 600 nm). 

This observation is understood in the light of existing growth modeling on NCps, which predicts 

that the attractive interaction between NCs surface and polymer can facilitate collapse of 

polymer i.e. sphere formation of PVP under specific conditions. Further, only similar size NCs 

will be included in polymer spheres, as inclusion of larger NCs is not favored 

thermodynamically and smaller NCs may get dissolved. Thus, interaction between CdS NCs and 

PVP monomers leads to formation of PVP sphere with inclusion of nearly monodispersive CdS 

NCs of better crystalline quality and passivation.  

Further, Raman and AFM mapping investigation on same selected sites on CdS-PVP 

NCps show that CdS NCs are embedded in i) PVP sphere and ii) thin film of PVP for different 

relative concentration of Cd-A/ThU to PVP. We find that for fixed PVP content, larger 

concentration of Cd/S (0.5 M &1 M) ion source (larger density of CdS NCs) leads to formation 

of PVP sphere, whereas, thin film of PVP is observed in case of lower concentration of Cd/S 
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(0.01 M) ion source. This suggests growth condition is favorable for collapse transition of  PVP 

in first case, but not in the second case, consistent with the theoretical predictions reported. ---

predicts that the morphology of NCp depends on the interaction between NCs and polymer as 

well as density of NCs. Further, three dimensional Raman intensity profile of isolated PVP, 

which suggests volume absorption of large density of CdS NCs, is also expected from growth 

modeling studies. This understanding is further supported with ATR-FTIR measurements, which 

shows stronger interaction between CdS NCs and PVP for larger concentration of Cd/S ion 

source, which leads to sphere formation of PVP. Further, it is found that smaller CdS NCs of 

better crystalline quality and better passivation are embedded in smaller PVP spheres. This is 

understood as larger energy is required for PVP to stretch over larger NCs while forming a 

spherical morphology, which can leave more dangling bonds at the surface of CdS NCs. 

Further, Raman and AFM mapping in corroboration with XRD data suggests that the 

collapse transition of PVP is not favored at 70 
o
C i.e. heating the chemical bath leads to opening 

of PVP spheres and reformation (room temperature) of CdS-PVP NCp. Further, XRD data shows 

formation of both cubic and hexagonal phases for NCps grown at room temperature, whereas, 

chemical bath heated at 70 
o
C leads to NCps with only stable hexagonal phase of CdS NCs. 

Heating the chemical bath has also lead to formation of two types of PVP spheres, i) isolated and 

ii) dimer. Raman and AFM mapping in corroboration with XRD data suggest presence of 

residual tensile stress in CdS NCs embedded in single PVP sphere as compared to the dimer, 

which leads to observance of resonance Raman scattering of CdS NCs due to stress related band 

gap tuning.  

Thus, one-step growth of CdS-PVP NCp using CBD is found to be co-operative in 

nature. An interaction between CdS NCs and PVP leads to different morphology of NCp, 
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depending on their relative concentrations; in here it is defined by initial Cd/S ion source to PVP 

concentration in the chemical bath. While, this method eliminates an additional step for growth 

of NCps, we find that complexity of the process actually leads to better control on the growth i.e. 

formation of nearly monodispersive CdS NCs of better crystalline quality and better passivation. 

This is expected to enhance the non-linear optical (NLO) properties of CdS NCs, which are 

useful for optical limiting devices.  

In both NCps studied, we find that the weak interaction between constituent parts i.e. 

semiconductor nanocrystal and matrix plays an important role in determining the morphology as 

well as properties of nanocomposites. 

Future scope 

To probe nearly monodispersive Si and CdS NCs with sizes in the range 2 – 7 nm using 

Triple stage Raman spectrometer, in order to develop one to one correlation between confined 

acoustic and optical phonons. Further, in case of Si-SiO2 NCps, one to one correlation between 

confined acoustic phonon, optical phonon and PL spectrum can also explain the variation 

observed in PL spectra of these NCps. This is because, we believe that the variation in Raman 

and PL spectra are interconnected and correlation of the two is already established for studied 

NCps. In case of CdS-PVP NCp, wherein CdS NCs are embedded in thin film of PVP, it has 

been reported that this NCp give better NLO property as compared to bare CdS NCs as well CdS 

NCs embedded in other polymers because of better crystalline quality and better passivation. Our 

study suggests that CdS NCs embedded in PVP spheres are of better crystalline quality and 

passivation compared to CdS NCs embedded in thin film of PVP. Thus, it would be interesting to 

study NLO property for these two different morphologies.  
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3.2.1. Phonon confinement Model 

For a bulk crystal, conservation of momentum requires Raman scattering of only optical 

phonons near the centre of the Brillouin zone (q ~ 0). This is because in the Raman scattering 

experiment, the magnitude of scattering vector is 2k0 sin(θ/2), where k0 is the wave vector of the 

incident light and θ is the scattering angle. Thus, the maximum value of the scattering vector 

could be 2k0 (corresponding to the backscattering geometry), which has a value ~ 5×10
4
 cm

-1
 for 

visible light. Hence, the wave vector probed by this techniques is much smaller than the wave 

vector q of the full phonon dispersion curve, which extends up to the boundary of the Brillouin 

zone (q/a ~ 10
8
 cm

-1
, where a is the lattice parameter). This q ~ 0 selection rule is essentially a 

consequence of the infinite periodicity of the crystal lattice. Thus, for bulk crystals, Raman 

spectrum is a symmetric line with Lorentzian line shape with a FWHM, which can be related to 

phonon lifetime. For NCs, due to lack of long range order, the q vector selection rule does not 

apply and the range of q vectors having their wave vectors non-zero are also accessible. As 

crystallite gets confined in one, two or three dimensions, translational symmetry breaks in the 

direction of confinement. This leads to relaxation of q ~ 0 selection rule as uncertainly in q, q ~ 

1/d (confinement) and one can sample q 0 (~1/d). Here the allowed values of q are q α 1/d, 

where d is the diameter of the particle. Hence, for smaller particle, there will be contribution 

from higher q’s and thus leading to the observed red shift, asymmetric line and broadening of 

optical phonon as explained by phonon confinement model (PCM) by Campbell and Fauchet 

[153].  

Consider a spherical nanoparticle of diameter d. A plane-wave-like phonon wave 

function cannot exist within the particle because the phonon cannot propagate beyond the crystal 
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surface. Thus a weight function was introduced W (r, L), which decays to a very small value 

close to the boundary. The wave function of phonon for infinite crystal, 

 Φ (  = u ( )                                                                                          A3.2.1 

For confined phonon, wave function is 

 Ψ (  = W(r, L) u ( )                                                                            A3.2.2                                  

 Ψ (  = (  u ( )                                                                                   A3.2.3                                    

Expanding  

(   =  

Where, 

 C ( ) =                                                                         A3.2.4 

 

The particle (nanocrystal) phonon wave function is a superposition of plane waves with q vectors 

centered at q0.  It was seen that the Gaussian weight function was best suited as compared to 

other functions and thus 

  W (r, d) = exp( )                                                                                            A3.2.5 

                                

Therefore, 

 C ( ) = exp{ }                                                                         A3.2.6                                                                  

Where the value of α decides how rapidly the wave function decays as one approaches the 

boundary. Value of α = 8  was used by Campbell. This gives for  = 0 

  = exp{ }                                                                           A3.2.7                                       

First order Raman spectrum is then given by  



 

219 

 

 I(ω) =                                                                                             A3.2.8                          

Where, ω(q) is the phonon dispersion curve and    is the natural line width of the zone-center 

optical phonon in the bulk. Line shape will be different when confining in one direction or two 

directions because integration depends on the dimension of confinement (Fig. A3.2.1). 

 

 

 

 

 

 

 

 

 

 

 

As crystallite gets confined in one, two or three dimensions, translational symmetry 

breaks in the direction of confinement. This leads to relaxation of q = 0 selection rule as 

uncertainly in q, q ~ 1/d (confinement) and one can sample q 0 ~1/d. This leads to sampling of 

acoustic phonons q 0 ~1/d, (cap~10-50 cm
-1

), which can be observed in Raman spectroscopy. 

As size decreases, in addition to confinement, surface to volume ratio increases and this makes 

observation of surface phonons possible.  
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Fig. A3.2.1. Calculated line shape for one dimensional (1-

D), two dimensional (2-D), three dimensional (3-D) phonon 

confinement. 
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3.2.2. Spatial resolution: Raman mapping of Si-SiO2 nanocomposites  

While performing Raman mapping, we have observed variation in frequency, FWHM 

and line shape of Si optical phonon at step size of 0.15 μm. This suggests betterment in spatial 

resolution because the calculated spatial resolution is ~ 0.5 μm. This is further looked into. 

Raman mapping is performed on 4 * 4 μm
2 
area with step size of ~ 0.15 μm and thus, an array of 

area 0.15 * 0.15 μm
2
 is created over the Raman image (Fig. A3.2.2a). Fig. A3.2.2b shows 

corresponding Raman spectra at marked positions showing variation in LO phonon (frequency, 

line shape) and it’s FWHM at a step size of ~ 0.15 μm across one structure (Fig. A3.2.2), which 

suggests that the observed resolution is better. TEM micrographs [158] show presence of isolated 

particles with separation between two particles is ~ 100 nm. This suggests that the observed 

betterment in spatial resolution is due to two factors, 1) separation between two particles is ~ 0.1 

μm and 2) central part of Gaussian beam profile is giving the significant signal during Raman 

mapping. 
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Fig. A3.2.2. a) Raman image of Si-SiO2 NCps, wherein array is formed with step size of 0.15 μm and b) 

corresponding Raman spectra for all the positions marked in Raman image.  
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3.2.3. Calculation of Raman spectra of Si cluster (Si41) 

 First, optimized geometric structure of Si cluster is obtained and then the optimized 

structures are employed to perform calculations of Raman spectra. DFT [231] based electronic 

structure calculations with bulk-like tetrahedral coordination, using Amsterdam Density 

Functional (ADF) code [232] are carried out. Two possible terminations for Silicon atoms 

present at the surface of the cluster, namely (a) oxygen and (b) hydrogen atoms are considered, 

in order to avoid the dangling bonds. The former termination is used to mimic the Si cluster/SiO2 

interface. The calculations of ground state properties have been carried out by using triple-ξ 

Slater-type orbital (STO) basis set with two added polarization functions (TZ2P basis set of ADF 

basis set library) [232]
 
along with generalized gradient approximation (given by Perdew-Burke-

Ernzerhof (PBE)
 
[232]) exchange-correlation (XC) functional. The geometric structures of the 

cluster with the two above mentioned terminations, and with bulk-like initial positions, are fully 

relaxed using the BFGS technique until the norm of the energy gradient and energy attain values 

less than 10
−4 

au and 10
−6

 au respectively. The optimized geometric structure of Si41 cluster is 

obtained with two different terminations like Si41O42H24 and Si41H60. 

 For the calculation of Raman spectra of these optimized geometric structures, linear 

response theory within TDDFT is used, which is implemented in RESPONSE module of the 

ADF code [233]. The intensity of Raman spectra is calculated by estimating the first derivative 

of the polarizability with respect to normal coordinates. The same TZ2P basis set is used for the 

calculations of polarizability. It is well known that for performing calculations of response 

properties within TDDFT, it is required to use approximate forms for the XC potential at two 

different levels. At the first level, standard PBE XC potential for the calculation of ground-state 

Kohn-Sham orbitals and their energies are used. The second level of approximation is needed for 
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XC kernel which determines the XC contribution to the screening of applied fields and for this 

we use the reasonably accurate adiabatic local density approximation (ALDA).  
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3.3.1.   Removal of interference fringes from absorption spectra (Si-SiO2) 

Absorption spectra of all NCps show interference fringes (Fig. 3.3.13). It is well known 

that when an un-polarized (combination of p and s-polarized light) light passes through a thin 

film with the thickness comparable to that of wavelength of light, wave reflected from upper and 

lower surface interfere constructively and destructively leading to observance of interference 

fringes [243]. During the growth, SiO2 is used as buffer layer leading to SiO2/Al2O3 interface. 

Since the refractive index of these materials is different, interference fringes in the absorption 

spectra are observed. The interference fringes free absorption data can be obtained by measuring 

the absorption at Brewster angle (instead of normal incidence) using p-polarized light [243]. Due 

to transverse nature of electromagnetic field and according to intensity of radiation emitted from 

a dipole, p-polarized light will not be reflected if the angle of incidence is given by [243] 

 θB = arc tan (n2/n1)                                                                 A3.3.1                                

This equation is known as Brewster law, and θB is Brewster angle. Here, n1 and n2 is the 

refractive index SiO2 (~ 1.5) and crystalline Al2O3 (~ 1.7), respectively. Brewster angle comes 

out to be ~ 50
0
.  One can clearly see the disappearance of interference fringes in the absorption 

spectrum when the p-polarized light falls at ~ 55
0 

on the NCp (Fig. A 3.3.1). 

 

 

 

 

 

 Fig. A3.3.1. Absorption spectra of E5 measured at different angles using p-polarized light. 
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4.3.1. Spatial resolution: Raman mapping of CdS-PVP nanocomposites  

 

 

 

 

 

 

 

 

 

 

 

 

Raman mapping is performed on 2 * 2 μm
2
 area with step size is 0.1 μm. Therefore, we 

have created an array of area 0.1 * 0.1 μm
2
 over the whole Raman image (Fig. A4.3.1b). Fig. 

A3.3.1c shows corresponding Raman spectra at marked positions showing variation in PL over 

different arrays. Further, Raman spectra near the boundary of two different PVP spheres i.e. at 

four adjacent arrays suggest variation in phonon frequency (from 295 to 300 cm
-1

), FWHM 

Fig. A4.3.1. a) optical image, b) Raman image of NCp S3, wherein array is formed with step size of 0.1 

μm, c) corresponding Raman spectra for all the positions marked in Raman image and d) Raman 

spectra for four marked positions showing variation in Raman spectra at step size of 0.1 μm.  
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(from 16 - 18 cm
-1
) and PL at a step size of ~ 0.1 μm as shown in Fig. A4.3.1d. This clearly 

shows observed betterment in spatial resolution (~ 0.1 μm) as the expected resolution is ~ 0.4 

μm. This betterment in spatial resolution is observed because of presence of scattering of light 

due to presence of PVP sphere (as also observed in absorption spectra), while focusing the laser 

on this region (Fig. A4.3.2). Scattering of light (Rayleigh cross section α d
6
/λ

4
) from the PVP 

sphere leads to decrease in the intensity and thus very less intensity is available for inelastic 

scattering. In this case, only central part of Gaussian beam profile with highest intensity gives 

Raman signal leading to better spatial resolution than expected. Therefore, Raman mapping of 

isolated PVP spheres show presence of nearly monodispersive CdS NCs in the sphere, in 

agreement with the absorption spectroscopy results.    

 

 

 

 

 

 

 

 

 

 

Fig. A4.3.2. a) Optical image, b) laser focused at the PVP sphere (~ 0.3 μm) 

marked with arrow, c) Optical image, b) laser focused at the PVP sphere (~ 

0.6 μm) marked with arrow. 
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