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Fig.2.10 Mechanism of Photoluminescence process mediated through different routes of 

radiative electronic transitions when excited by a photon of energy hνexc. Photoluminescence 

is produced due to band-to-band electronic transition (hνPL1), the electronic transition to some 

intermediated defect state (hνPL2) or through the electronic transition between excitonic state 

and valance band edge (hνPL3). The “hot’ carriers are relaxed to the band edges through the 

continuum of states by the thermalization process in bulk material. 

Fig.2.11 Schematic representation of photoluminescence laboratory set up with temperature 

control unit. 

Fig.2.12 Schematic representation for the experimental set up of thermal evaporation 

technique. 
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Fig.2.13 Schematic representation of a complete experimental unit for photocurrent 

measurement. 

Fig.2.14 circuit diagram for the measurement of the temporal response of the photodetector. 

Fig.3.1 Schematic representation of different parts of the ICB deposition system. 

Fig.3.2 Comparative Raman spectra of the films deposited using neutral Ge clusters (Film-1) 

and using ionized Ge clusters (Film-2 and Film-3) under accelerating potentials of 1.5 and 2.5 

kV respectively. 

Fig.3.3 (a,c) Cross-sectional HRTEM image and (b,d) the SAED pattern for the Ge-

nanocrystalline Film-1 and Film-2.  Short-range crystallographic orientations in different 

directions are much more prominent in Film-2 than Film-1 as represented by encircled 

regions. 

Fig3.4 Optical absorption spectra of Ge-NC films with different relative abundance of cubic 

and tetragonal phase. Inset: Plot of (αhν)2 vs hν. From the intersections of the dotted lines with 

the energy axis, approximate values of optical gaps have been determined to be 1.75 eV, 1.60 

eV and 1.55 eV for Film-1, Film-2 and Film-3 respectively. 

Fig.3.5 Optical absorption spectra of the neutral film under three different environment: as-

grown, 30 minute photo-oxidized and 45 minute photo-oxidized. Inset: Plot of (αhυ)2 vs hυ from 

where the absorption band edge has been estimated to be ~1.75 eV, ~2 eV and ~2.25 eV under 

afore-mentioned conditions. 

Fig.3.6 Room temperature PL spectra of Film-1 in two different condition: as-grown (top) and 

30 mins photo-oxidized (bottom). The experimental data are de-convoluted (black lines) by the 

multiple peak Gaussian line shapes (colored lines). 
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Fig.3.7 XPS spectra of the neutral film (Film-1) under three different environment: air exposed 

(Black), UV photo-oxidized (Green) and aqueous HF solution (Red). Inset: De-convoluted XPS 

peaks of the air-exposed film. 

Fig.4.1 The Riber Epineat MBE system at IIT Bombay, specially designed to grow As-based 

compound semiconductor crystal.  

Fig.4.2 Schematic representation of experimental MBE set-up with its components. 

Fig.4.3 The schematic representation of the three main growth modes for different values of 

surface coverage Θ: (a) Volmer-Weber (VW), (b) Stranski-Krastanow (SK) and (c) Frank-van 

der Merve (FM). 

Fig.4.4 The SML-QDs growth process. (a) Flat InAs islands with surface coverage below 1 

ML, (b) Island buried due to subsequent deposition of GaAs layer, (c) The second layer of InAs 

islands, vertically self-aligning to the previous InAs layer islands due to the surface strain, (d) 

Islands again buried under subsequent GaAs layer, (e) After repeating the (a)-(d) process, QDs 

are formed. 

Fig.4.5 Vertical multi-structure containing a periodic array of embedded InAs SML quantum 

dots in GaAs matrix. 

Fig.5.1 AFM image (a, b, c, d) of the surface SML QDs taken within a scan range of 0.8 x 0.8 

µm2 and the respective QD diameter histogram (e, f, g, h) for different InAs coverage (0.4, 0.6, 

0.7 and 0.8 ML). The dotted line is representing the fitting of QD diameter distribution. 

Fig.5.2 (a) The bright field cross-sectional and (b) the corresponding high resolution TEM 

image for 0.4 ML InAs coverage. The encircled objects with black contrast are 

characteristically showing the InAs-rich regions or sub-monolayer quantum dots. (c) High 

angle annular dark-field scanning transmission electron microscopy (STEM-HAADF) image. 
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(d) EDX depth-wise line profile along the selected line ‘2’ and (e)-(g) the elemental mapped 

images over the selected area ‘3’ in figure (c). 

Fig.5.3 Intensity vs θ plot of θ-2θ XRD scan (dotted lines). The experimental results have been 

de-convoluted with fitting function (solid lines) with reduced χ2.value ~ 10-3, for different InAs 

coverage (0.4-0.8 ML). Evidently, the broad peak related to (004) InAs reflection gradually 

shifts towards the (004) GaAs related peak with increasing SML coverage. 

Fig.5.4 (a). Raman spectra from the QD samples for different InAs sub-monolayer coverage. 

(b) Raman spectra of reference pure GaAs sample. (c) Enlarged view of QD related 

contribution (dotted) with resolved InAs-like TO and LO phonon response (red and blue) fitted 

by PCM model with reduced χ2 values of ~10-3. Evidently, both the Raman modes red-shifted 

with decreasing InAs coverage. 

Fig.5.5 Dependence of observed redshift of InAs-like LO and TO Raman peak and the extracted 

average QD size (height~L0) with corresponding QD size dispersion (σ) quantitatively 

represented by the error bar. 

Fig.5.6 Schematic representation of the effect of hydrostatic strain upon the growth of InAs 

islands for different InAs SML coverage. With decreasing InAs layer coverage, the locally 

accumulated compressive strain gradually increases which leads to small-size scattered 

isolated well-separated islands with less number density. 

Fig.5.7 Schematic illustration of the scattering geometry in GISAXS experiment. The scattered 

small-angle near-specular intensity is recorded by a linear PSD as a function of qx. The angle 

of incidence (αi = 0.14o) of the x-ray beam is set to a value close to the critical angle (αc =0.16o) 

of total external reflection. Different azimuthal directions on the sample surface can be 

scanned by rotating the sample surface about the sample surface normal by angle Ω. 
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Fig.5.8 The scattered x-ray intensities from the embedded InAs QDs measured along qx in 

different azimuthal sample orientations. The peaks on both sides of the central 0th order peak 

at qx = 0 A-1  peak are the satellite peaks. Moreover, the satellite peaks are almost absent for 

x-ray scattering from SK-QD. 

Fig.5.9 (a) Low temperature (4 K) normalized PL spectra of SML-QD heterostructure for 

different InAs coverage (0.4-0.8 ML). The PL peak at ~1.52 eV is related to the interband 

transition in GaAs layers which are represented magnified. (b) Variation of QD-related PL 

peak energy and FWHM with InAs coverage fraction. 

Fig.6.1 Temperature variation of wavelength-integrated intensity (discrete points) and 

respective Arrhenius fits (solid lines; reduced χ2 ~ 10-2) with double activation energy (Ea1 and 

Ea2) related to two independent thermal carrier escape channels. The extracted lower thermal 

activation energies (Ea1) are 27±4.3, 51±5.4, 107±4.2 and 144±9.7 meV respectively for 

different (0.4-0.8 ML) InAs coverage. The relatively higher activation energy (Ea2) related to 

the second thermal escape channel has been extracted to be 235±4.5, 274±3.4, 252±5.6 and 

305±5.3 meV for 0.4, 0.6, 0.7 and 0.8 ML. 

Fig.6.2 (a) Temperature dependence of measured PL FWHM and (b) peak energy with 

corresponding Varshney fittings for different InAs coverage (0.4-0.8 ML). 

Fig.6.3 Different relaxation channels for QD captured photo-carriers in laterally coupled QDs 

embedded in GaAs host matrix where the dots are treated as array of quantum wells separated 

GaAs potential barrier. The captured photo-generated carriers under QD confinement 

potential can recombine back to its ground state (violet line) or escape out of the QD. The 

carrier escape can be conveyed either by thermal transfer to the barrier (red line) or by non-

dissipative transfer to the neighboring QD states by quantum mechanical tunneling (green line) 

through the intermediate GaAs barrier. 
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Fig.6.4 PL spectra (dotted lines) of SML QDs for different InAs SML coverage (0.4-0.8 ML) 

and reference SK QD sample at different temperature (5-285 K). The solid lines are the 

respective fits by using standard LSF model carrier rate equation with reduced χ2 ~ (2x10-3- 

6x10-3). The reference SK-QD sample exhibits an additional broadened PL peak at ~1.38 eV 

related to QD wetting layer electronic transition which is absent in PL spectra of SML-QDs. 

Fig.6.5 Temperature variation of TDPL extracted (a) inter-dot carrier tunnel time τt and (b) 

carrier radiative recombination time τr and for different SML coverage (0.4-0.8 ML) along 

with the reference SK QD sample. Both the characteristic lifetime has been found to be fairly 

constant with temperature with a standard deviation of 1.3-3.2 % and 1-3.9 % relative to their 

respective mean values. 

Fig.6.6 Variation of temperature averaged Γt, Γr and  Γr / Γt with InAs SML coverage (0.4-0.8 

ML) along with reference SK QD grown with threshold coverage of 1.7 ML. Evidently, Γr and 

Γt have exhibited increasing and decreasing trend with increasing SML coverage whereas their 

ratio Γr /Γt undergoes gradual enhancement. 

Fig.6.7 Variation of TDPL extracted carrier tunnel time Γt and theoretically calculated inter-

dot carrier tunnel time Гt
WKB with average inter-dot lateral separation <LB >related to different 

InAs SML coverage. Close agreement of their respective values justifies the co-relation 

between PL extracted fitting parameter Гt and average inter-dot separation LB extracted from 

GISAXS measurements. 

Fig.6.8 A schematic representing the relative measure of different average inter-dot in-plane 

separation LB and carrier tunneling time Γt as a function of InAs SML coverage. With 

increasing SML coverage, decreasing the degree of e-h wavefunction (green and black) 

overlap in QD ground state and a smaller value of LB (LB2< LB1) is associated with a faster 

rate of inter-dot carrier tunneling (Γt2<Γt1). 
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Fig.6.9 (a) Temperature variation of estimated steady-state total PL decay time τPL for different 

InAs SML coverage (0.4-0.8 ML) and the reference SK QD. Evidently, the PL intensity falls at 

a more accelerated rate for SK QD with temperature as compared to SML QDs. (b) The 

effective steady-state PL decay time increases with increasing InAs coverage. 

Fig.6.10 (a) The variation of PL FWHM (unfilled dots) with temperature for different InAs 

SML coverage (0.4-0.8 ML) along with the FWHMs of the respective fitted PL lineshapes (solid 

dots) characterized by different values of the Γr/ Γt ratio. At higher SML coverage (0.6-0.8 ML) 

PL linewidth showed an anomalous decrease with temperature in the range 5K to 150K 

associated with Γt < Γr. (b) The redshift of PL peak energy (unfilled dots) with temperature for 

different SML coverage along with respective fitted PL peak energies (filled dots) and 

Varshni’s peak energy fitting curve (dotted lines). (c) Quenching of integrated model PL 

intensity (unfilled dots) with temperature along with respective Arrhenius fits (solid lines). 

Fig.7.1 Schematic representation of the fabricated photodetector device with two top metal 

contacts. 

Fig.7.2 Near-infrared spectral photo-response for different SML coverage (0.4-0.8 ML) at 80K 

under -2V applied bias. Evidently the photo-response redshifts with increasing coverage 

fraction. Inset: Spectral response for the reference SK QD sample under the same conditions 

with a peak responsivity of 0.5x10-2 A/W. 

Fig.7.3 (a) Temperature dependence of photocurrent for different SML coverage including the 

reference SK QD sample. The discrete dots and the solid lines are representing the 

experimental results and model fits respectively. In the low temperature (≤100K) regime, a 

higher coverage sample exhibits higher Iph.  In the temperature-controlled (100 ≤T ≤180K) 

region, lower coverage samples exhibit a more rapid rise in Iph with increasing temperature. 
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(b) Calculated photocarrier dissociation efficiency and photoconductive gain in arbitrary units 

for different SML coverage. Both of them were found to increase with coverage. 

Fig.7.4 Schematic representation of energy band structure with distance for QD photodetector 

including different carrier capturing and relaxation channels. Inset: SML QD based 

photodetector with two top metal contacts of Au and Au-Ge. 

Fig.7.5 Evaluated photocarrier escape lifetime as a function of InAs SML coverage at different 

temperatures. 

Fig.7.6 Evaluated photocarrier dissociation efficiency and photoconductive gain in arbitrary 

units for different SML coverage. Both of them were found to increase with coverage. 

Fig.7.7 Variation of responsivity with an applied reverse bias for different SML coverage 

including reference SK QD sample. 

Fig.7.8 Transient photocurrent in response to a square signal oscillating at 400 Hz for different 

SML coverage measured at 80K under -2V bias. (b) The corresponding calculated relative 

balance for a different switching frequency of the input excitation signal. 

Fig.7.9 (a) Rise and (b) decay of transient photocurrent (dots) with corresponding 

multiexponential fitting (solid lines). 

Fig.7.10 The corresponding calculated relative balance for a different switching frequency of 

the input excitation signal. 

Fig.7.11 Variation of dark current with (a) applied bias in the range ±4V and (b) temperature 

for different SML coverage. 

Fig.7.12 Variation of measured noise power density with frequency at different temperatures 

for different SML coverage. 
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Fig.7.13 Variation of measured detectivity at f=400 Hz with (a) applied reverse bias and (b) 

temperature for different coverage fraction including the reference SK QD sample. 
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8.1 Conclusion 

The objective of this thesis is the study of the structural and optical properties of quasi zero-

dimensional semiconductor structures and investigate the feasibility of their implementation in 

light-emitting and photodetector devices. The whole thesis work is shaped into two major parts, 

i.e., growth and characterization of elemental Gr IV Ge nanocrystal and self-assembled sub-

monolayer quantum dot of III-V compound of InAs/GaAs. The study includes investigation of 

optoelectronic properties of the low-dimensional structures as a function of adatom kinetics 

and effective layer coverage of growth which has been systematically correlated with active 

lattice strain and structural information. 

Ge exists in two phases, namely simple cubic, and tetragonal (ST-12) structure. But in nature, 

Ge is mainly found in a normal cubic phase which has a very small indirect bandgap. On the 

other hand, the rare metastable tetragonal Ge phase has a direct bandgap of much higher energy 

which is more demanding for high gain light-emitting applications. But this novel phase can 

only be realized if the Ge crystallites are grown in sufficiently small size. As part of this thesis 

work, we have worked towards developing an ionized cluster beam deposition technique to 

grow this tetragonal phase in a substantial amount while suppressing the growth of the normal 

cubic phase through the formation of Ge nanocrystals. We have categorically shown a selective 

yield of co-existing cubic and tetragonal phases by controlling the kinetic energy of the beam 

of cooled Ge clusters in the deposition chamber. Through adequate structural and optical 

analysis, it has been observed that the relative abundance of the tetragonal phase can be 

significantly enhanced by decreasing the kinetic energy of the bombarding cluster beam. The 

film grown by using neutral Ge clusters corresponding to the lowest kinetic energy shows the 

highest relative yield of the tetragonal phase for a nanocrystallite size of 7 nm. The 

nanocrystallite size was found to decrease monotonically from 15 nm to 7 nm with decreasing 

beam acceleration potential from 2.5 kV to 0 kV. While decreasing the beam energy, below a 
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certain threshold value of NC’s size, the normal cubical phase transforms itself into a more 

compressed high energy metastable tetragonal (ST-12) phase. The appearance of a broadened 

redshifted TO-like phonon peak at 275 cm-1 in the Raman spectra confirms the growth of Ge 

nanocrystallites. The monotonic redshift in phonon energy corresponding to the broadened 

Raman peak with decreasing cluster beam energy (2.5 KV-0 KV) suggests progressively 

stronger confinement-induced phonon interaction with grain boundaries inside Ge nano-

crystallites. This is an indication of the emergence of another Ge phase coexisting with a normal 

diamond-like structure with a comparatively smaller crystallite size. 

The results show the feasibility of tuning the emission energy and efficiency of visible 

photoluminescence (1.55-1.75 eV) at room temperature (RT) to high values by selectively 

increasing the relative proportion of tetragonal Ge phase by controlling the beam energy. This 

offers potentiality of Ge-NCs enriched in the tetragonal phase for RT visible light-emitting 

applications. We have further studied the provision for controlled photo-oxidation of the 

tetragonal rich Ge thin films. In this way, it has been possible to further tune the luminescence 

to green color (~550 nm) while decreasing the effective size of the NC cores under oxide 

(GeOx) cover. 

The next part of this work is molecular beam epitaxial growth of self-assembled InAs sub-

monolayer quantum dots in GaAs matrix and their strain, structural and optical 

characterization. Photodetector application of these SML QDs has also been studied in detail. 

We have demonstrated the feasibility of spectral tuning of their excitonic photoemission in the 

near-IR region (1.4-1.5 eV) by controlling the InAs sub-monolayer coverage from 0.8 to 0.4 

ML. Through systematic high-resolution x-ray diffraction, Raman scattering and low-

temperature photoluminescence measurements, we have explicitly investigated the effect on 

spectral properties with varying InAs coverage, as a consequence of the different degree of 

strain and quantum size effect. The average QD heights for different InAs coverage are 



165 
 

extracted from the fitting of the associated Raman spectra by the Phonon confinement model 

(PCM). The average QD height reduces from 2.3 nm to 1.4 nm as the coverage is decreased 

from 0.8 ML to 0.4 ML. The x-ray diffraction measurement shows enhancement of in-plane 

compressive strain from 1.9 x 10-2 to 3.1 x 10-2 as a result of the reduction in SML coverage 

(0.8-0.4 ML). It also has been observed that the built-in compressive surface stress due to lattice 

misfit between InAs and GaAs, increasing from 54.5x108 Pascal to 178x108 Pascal with 

decreasing InAs sub-monolayer coverage (0.8 ML-0.4 ML) has controlled the quantum dot 

growth and played a leading role to determine their density and homogeneity in size 

distribution. The reduction of layer coverage from 0.8 ML to 0.4 ML causes a reduction in the 

dot density by almost one order of magnitude from 9x1010 cm-2 to 2x1010 cm-2. The variation 

of InAs coverage fraction also significantly affects the in-plane spatial arrangement of the 

embedded SML-QDs. The grazing incidence SAXS measurement along different azimuthal 

directions shows that with decreasing InAs coverage, the average separation between the 

embedded QDs as well as the correlation length of the laterally coupled QDs seems to increase. 

The spectral blueshift from 1.4 eV to 1.5 eV with decreasing InAs coverage from 0.8 ML to 

0.4 ML is attributed to the increasing degree of carrier confinement due to a stronger quantum 

size effect. The reduction of sub-monolayer coverage from 0.8 ML to 0.4 ML has also led to 

enhancement in exciton binding energy from 4.4 meV to 11.4 meV, which has caused stronger 

localization to the dissociated photo-carriers at lower InAs coverage. With increasing InAs 

coverage, the decreasing value of excitonic binding energy and average inter-dot separation 

(in-plane) initiate enhanced carrier wave function overlap and opens up easy pathways for 

escape in the form of inter-dot carrier tunneling. 

We have further studied the dynamics of photo-generated carriers in correlated self-assembly 

of embedded InAs/GaAs sub-monolayer quantum dots from the temperature-dependent PL 

(TDPL) measurements as a function of InAs fractional coverage. It was found that the mutual 
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competition of excitonic recombination and quantum mechanical photo-carrier tunneling 

through the carrier states of the electronically coupled system seems to determine the shape 

and intensity of the TDPL spectra. The lifetimes related to different carrier relaxation channels 

have been deduced through fitting the respective TDPL spectra by dynamical carrier rate 

equation following the Localized state functional model. The excitonic recombination lifetimes 

are found to be 172 ps, 242 ps, 453 ps, and 1125 ps whereas the tunnel times are measured to 

be 1008 ps, 828 ps, 437 ps and 350 ps for 0.4, 0.6, 0.7 and, 0.8 ML coverage respectively. 

Evidently, the recombination lifetime increases whereas the tunneling lifetime decreases with 

increasing SML coverage. More importantly, with increasing SML coverage (0.4-0.8 ML) the 

ratio of characteristic lifetimes (Γr/Γt) of recombination and inter-dot tunneling has been found 

to progressively increase from 0.17 to 3.3 which has been found to hold the key to determine 

the temperature-dependent spectral properties as a function of InAs sub-monolayer coverage. 

The extracted Γr/Γt ratio (~0.17 and 0.3) of less than unity at lower SML coverage (0.4-0.6 ML) 

suggests that the confined carriers tend to recombine faster in respective QD ground states 

before transferring into the well-separated neighboring QDs. This gives rise to faster quenching 

of PL signal with increasing temperature at lower SML coverage (0.4-0.6 ML). On the other 

hand, at higher SML coverage (0.7-0.8 ML), the value of Γr/Γt (~1.1 and 3.3) greater than unity 

suggests that the probability of exciton recombination before carrier escape via inter-dot 

tunneling decreases monotonically which effectively consequences to extended carrier 

lifetime. This is attributed to the simultaneous reduction in the probability of recombination of 

less confined exciton system and provision of faster tunneling of comparatively loosely bound 

dissociated carriers through narrower intermediate GaAs barrier. This has offered substantial 

luminescence efficiency up to elevated temperature, greater temperature stability to the peak 

emission energy and more interestingly a decreasing trend of spectral linewidth with 

temperature (5-150 K) for higher SML coverage. Activation of non-dissipative photocarrier 



167 
 

escape with effectively enhanced carrier lifetime for higher SML coverage consequently gives 

rise to subsequently enhanced PL efficiency which sustains up to nearly room temperature 

(~285 K). This is manifested by progressively increasing the value of extracted thermal 

activation energy with increasing SML coverage. At higher coverage (0.7-0.8 ML), the 

anomalous reduction in PL linewidth with increasing temperature in the range of 5 K to 150 K 

is attributed to energy selective tunnel-assisted carrier transfer and preferential carrier 

population in some locally minimum QD ground states. On the other hand, at lower SML 

coverage (0.4-0.6 ML) more localized photocarriers in QD states undergo regular spectral 

broadening due to predominant temperature-induced carrier-phonon scattering. Moreover, the 

absence of any photocarrier loss into the wetting layer in SML-QD and observed tunnel-

assisted fast photo-carrier transport with tunnel time as low as 350 ps has the potential to 

expedite the response speed of optoelectronic switching devices. In comparison to tunnel time 

of 1328 ps for conventional InAs/GaAs SK QDs, a four times faster inter-dot tunneling is 

observed in InAs/GaAs SML-QD system. Temperature independent carrier recombination and 

inter-dot transfer of photogenerated electrons in SML QDs offer more thermal stability than 

conventional SK QD which makes it more demanding for high-temperature optoelectronic 

applications. 

The different degrees of photocarrier escape and energy relaxation in the coupled array of 

InAs/GaAs sub-monolayer quantum dots as a function of QD spatial correlation offers a further 

provision of engineering charge transport properties by controlling InAs coverage fraction. 

With this motivation, the feasibility of simultaneously tuning the dark current, external 

quantum efficiency and speed of photo-response of QDIP by controlling InAs sub-monolayer 

coverage has been investigated. A quantitative investigation of radiative recombination and 

carrier escape from QD confined states has been performed to get a physical insight of tuning 

of physical response parameters of InAs/GaAs SML-QDIP. The observations have led to the 
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conclusion that variation of the SML coverage provides a means for controlling the relative 

time scales of the inter-band recombination and carrier tunneling that can essentially govern 

the overall detector performance also. The quantum efficiency of photo-response of the SML-

QD based photodetector has been found to be governed by the ratio of characteristic lifetimes 

of excitonic recombination and inter-dot tunneling escape. The ratio of lifetimes, as extracted 

from the steady-state charge transport simulation has exhibited an increasing trend with 

increasing SML coverage. This is in good agreement with the results deduced from the 

dynamical carrier relaxation simulation of temperature-dependent PL. 

The photo-response related to inter-band absorption has undergone consistent spectral redshift 

with increasing SML coverage in the NIR region due to a reduction in inter-band transition 

energy. The measured photoresponsivity has exhibited a progressive rise with increasing SML 

coverage at a low temperature (≤100 K) limit. The peak responsivity measured at 80 K under 

-2 V applied bias has been found to increase by almost ten times as the sub-monolayer coverage 

is increased from 0.4 ML to 0.8 ML. This can be characteristically described on the basis of 

the combined effect of increasing photocarrier dissociation efficiency and the probability of its 

subsequent extraction through the QD confinement states into active conduction channels. 

With increasing coverage, increasing photo-dissociation efficiency and activation of inter-dot 

tunneling faster than excitonic recombination (Γr >Γt ) has led to higher photoconductive gain 

and consequently promotes extraction of more free charge carriers into the electrodes through 

high conductivity channel. The external quantum efficiency (EQE) for 0.4, 0.6, 0.7 and, 0.8 

ML coverage are measured to be 4.1%, 9.7%, 17.3% and 23.8% respectively. The enhanced 

EQE is attributed to increasing photoconductive gain and carrier dissociation efficiency with 

increasing SML coverage. The progressively increasing charge carrier collection efficiency 

with increasing InAs SML coverage leads to enhancement in peak responsivity. The recorded 

peak responsivities are 1.9 mA/W, 5 mA/W, 7.8 mA/W and 9.5 mA/W for 0.4 ML, 0.6 ML, 
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0.7 ML and 0.8 ML coverage. The measurements show that in comparison to reference 

InAs/GaAs SK QD photodetector, the responsivity of 0.8 ML QD photodetector measured 

under similar conditions has increased by twenty times. The inter-dot carrier tunneling with 

lower characteristic lifetime also offers efficient transport of dissociated free photocarriers 

through the detector’s active medium which consequences to shorter response time. From 

transient photo-response of the QD photodetector, the response time has been measured to be 

366 μs, 253 μs, 182 μs, 100 μs for 0.4 ML, 0.6 ML, 0.7 ML, and 0.8 ML coverage. The 

relatively shorter detector response time at higher sub-monolayer coverage pushes up the 

operational switching frequency from ~ 600 Hz to 1.3 kHz. This offers a more robust temporal 

response up to higher operational frequency (few kHz) in response to an external switching 

photo-signal. At the same time, with increasing coverage, the increasing degree of trapping of 

injected carriers in the confined states of the quantum dot has led to a greater reduction of dark 

current. Higher thermal activation energy representing the potential offset between QD and 

barrier layer reduces the thermionic emission of the trapped injected carriers from the QD 

bound state. This essentially attributes to the reduction of dark current. The dark current at near 

room temperature (~250K) under -2V applied bias is recorded to decrease by ten times from 

5x10-4 A to 6x10-5 A as the coverage is increased from 0.4 ML for 0.8 ML. This has helped to 

significantly improve the detector’s high-temperature performance and pushed up the operating 

temperature for potential photodetection up to 250K with measured detectivity as high as 

~8x1011 cmHz1/2W-1. The peak specific detectivity increases by twenty-eight times from 1.5 

x1011 to 42 x1011 as the coverage is increased from 0.4 ML to 0.8 ML. Notably, two orders 

of magnitude lower dark current have been recorded for SML-QDs, as compared to the 

measured dark current of ~10-4 A for reference SK-QD sample under the condition of VB = -2 

V and T=250 K. This is a consequence of stronger confinement induced dark carrier trapping 

with a greater number of QD trap centres as compared to SK-QD based photodetector. 
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From a device performance standpoint, in spite of inherent tradeoff, we have shown the 

feasibility of tuning both the detector response speed and detectivity to significantly higher 

values by controlling InAs sub-monolayer coverage. This is attributed to the two-fold effect of 

laterally coupled SML QDs offering enhanced quantum dot carrier trapping leading to reduced 

dark current and increased photocurrent promoted by tunnel assisted faster free carrier 

transport. 

8.2 Possible extension of this work and future outlook 

Some possible extension and future aspects of the thesis work are as follows 

8.2.1 Study photo-carrier dynamics in coupled QD system under 

transverse E-field 

We have studied photocarrier dynamics and the consequences on TDPL and electro-transport 

properties of InAs/GaAs SML-QDs as a function of InAs sub-monolayer coverage without the 

presence of any transverse electric field. This work can be generalized to theoretical modelling 

of investigating photo-carrier relaxation dynamics in SML-QDs and other assemblies of 

strongly coupled nanostructures in the presence of a transverse electric field. Presently, I am 

working on developing a theoretical model to explicitly study field-dependent optoelectronic 

properties under strong carrier localization.  

8.2.2 Enhanced carrier lifetime by introducing SML-QD superlattice 

minibands in IBSC 

In my thesis, we have worked towards controlling the relative rate of tunneling to carrier 

recombination to tune light emission and photodetector response properties by varying SML 

coverage. The same methodology can be exploited to tune the product of open-circuit voltage 

(Voc) and short circuit current (Isc) in SML-QD based intermediate bandgap solar cell (IBSC). 

Strongly coupled SML QD superlattice can serve the role of a highly efficient intermediate 
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miniband in intermediate bandgap solar cell (IBSC). The spatial separation of electron-hole 

pair due to the internal electric field in solar cells enhances the carrier lifetime which is the key 

to improve the inter-subband transition strength and consequently to increase the two-step 

photocurrent (Isc). But this has an inherent trade-off with Voc which decreases with enhanced 

carrier lifetime. SML-QD can come handy in this situation which provides extended carrier 

recombination lifetime due to stronger quantum confinement, as well as promotes tunnel 

induced photo-carrier transport that can compensate Voc and thus maintains high power 

efficiency. 

8.2.3 Mid-infrared photonics in SML-QD quantum cascade and (DWELL) 

structure 

InAs/GaAs SML-QDs can be integrated into the quantum cascade and a dot-in-well (DWELL) 

structure which can serve as a novel active material for mid-infrared photodetector. These 

devices enjoy the advantage of zero-bias operation, lower dark current, high operating 

temperature and small power dissipation which has attracted immense interest for possible 

applications in “lab on a chip” technologies for chemical sensing and free-space 

communication. Now, for better performance of such devices, the strength of inter-subband 

transition needs to be high which may be feasible by trapping the carriers for long by inducing 

some trap states. In that sense, the recombination dynamics and carrier lifetime measurements 

can be a good probe where my expertise on theoretical modelling of photo-carrier dynamics 

may be suitable. 

8.2.4 Controlling photo-carrier relaxation dynamics in 2-D material 

The idea of tuning relative lifetime of carrier recombination to tunneling in electronically 

coupled self-assembly of QDs can be employed to describe the photocarrier dynamics in 

advanced two-dimensional optoelectronic materials, like graphene and newly introduced 
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transition metal dichalcogenides (TMDs), like MoS2 and WSe2. By systematically following 

the relative strength of excitonic recombination and carrier escape, it may possible to tune the 

EQE, the stability and quality of the corresponding photo conversion devices through variation 

of feasible physical parameters.  

8.2.5 Type-II SML-QD structure for photovoltaic application 

There is an increasing interest in type-II structures like colloidal ZnTe/ZnSe QDs, due to their 

unique tuneable optoelectronic properties with band alignment with large band offset and 

improved quantum confinement effects. Recently, a slightly modified system made out of type-

II ZnCdTe/ZnCdSe sub-monolayer QDs has emerged as one of the best candidates for efficient 

intermediate band solar cells due to its high carrier lifetime. I have a future interest in solar cell 

design by employing the strain compensated SML-QDs and analyze the combined photo-

transport and gain dynamics which is still very much open to being explored. From theoretical 

interest, the investigation of the Aharanov–Bohm effect can be feasible by controlling the 

degree of carrier localization inside the QDs. 
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Summary 

The objective of this thesis is to study the structural and optical properties of phase-selectively 

grown Ge nanocrystal (NC) and InAs/GaAs sub-monolayer quantum (SML-QD) dot 0-D 

semiconductor structures and to investigate the feasibility of spectrally tuning their light-

emission and electro-optic properties. 

Through formation of Ge-NC, we have categorically shown a selective yield of cubic and 

metastable tetragonal ST-12 phases of Ge which could be tuned by controlling the kinetic 

energy of the beam of ionized clusters in an ion cluster beam deposition chamber. It has been 

observed that with decreasing the beam accelerating potential (2.5-0 kV), a greater number of 

normal cubic crystallites transform into the compressed ST-12 phase along with a reduction in 

Ge nanocrystallite size (15-7 nm). The consequent variation in the quantum-size effect and 

relative abundance of the Ge phases have offered the feasibility of tuning the luminescence in 

the visible region (1.55-1.75 eV) at room temperature (RT). In the next part, we have 

demonstrated the feasibility of spectrally tuning the excitonic luminescence from MBE-grown 

GaAs-hosted self-assembled InAs SML-QD in the near-IR region (1.4-1.5 eV) by controlling 

the InAs SML coverage from 0.8 to 0.4 monolayer (ML). The blueshift in PL-peak energy is 

due to the increasing degree of the quantum size effect with progressively reduced average QD 

height (2.3-1.4 nm) as measured from the Phonon confinement model simulation. The 

enhancement of in-plane compressive strain (1.9x10-2 -3.1x10-2) as a result of the reduction in 

SML coverage (0.8-0.4 ML) which leads to a reduction in QD density (9x1010-2x1010 cm-2) 

and enhanced size homogeneity. The reduction in SML coverage also significantly increases 

both the average in-plane inter-dot separation and the correlation length the spatial distribution. 

Confinement induced enhancement in exciton binding energy (4.4 meV-11.4 meV) with the 

reduction in coverage leads to stronger localization to the photo-carriers. The variation of SML 
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coverage significantly controls the photo-carrier relaxation dynamics which essentially 

determine the temperature dependence of light emission and photodetector performance. It was 

found that the relative strength of the mutually competing excitonic recombination (Γr) and 

inter-dot tunnel (Γt) assisted carrier transport process, represented by the ratio of their 

characteristic lifetimes (Γr/Γt) basically hold the key to determine the temperature-dependent 

spectral properties as a function of InAs SML coverage. The related lifetimes have been 

deduced through fitting the respective TDPL spectra by a carrier rate equation following the 

Localized state functional model. The progressively increasing value of Γr/Γt from 0.17 to 3.3 

with increasing coverage indicates that the photocarriers are becoming more probable to escape 

QD potential by tunnelling before they could recombine. This is attributed to simultaneous 

enhancement in excitonic recombination lifetime (172-1125 ps) and reduction in the tunnel 

time from 1008 ps to 350 ps with increasing the SML coverage (0.4-0.8 ML). This leads to 

extended photocarrier lifetime and enhanced population density of free carriers at higher SML 

coverage which offers substantial luminescence efficiency sustainable up to more elevated 

temperature (~285 K). On the other hand, at lower coverage (0.4-0.6 ML) the confinement-

induced faster rate of excitonic recombination than carrier tunnelling (Γr/Γt <1) rapidly 

quenches the PL signal. At higher coverage (0.7-0.8 ML), we have observed an anomalous 

reduction in PL linewidth with increasing temperature (5-150 K) which can be described as a 

consequence of energy selective tunnel-assisted carrier transfer to some locally minimum QD 

ground states. We further have investigated the feasibility of simultaneously tuning the dark 

current, PC and response speed of QDIP by controlling InAs SML coverage. The increment in 

relative time scales Γr/Γt with increasing SML coverage seems to govern the rise in EQE from 

4.1% to 23.8% and reduction in detector response time from 366 μs to 100 μs. With increasing 

coverage, the increasing degree of trapping of injected carriers in the QD confined states has 

led to a ten times reduction in dark current from 5x10-4 A to 6x10-5 A at near-RT (~250K). 
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1.1 Introduction 

1.1.1 Introduction to quantum dot 

The introduction of quantum dot semiconductor nanostructures has fuelled up the 

optoelectronic and photovoltaic industry with novel optical and electrical properties, 

distinctively different from the bulk material [1]. Relaxation of momentum selection rules of 

three-dimensionally constrained carriers inside the nanostructures, like semiconductor 

nanocrystal and self-assembled quantum dots, gives rise to intense and sharp radiative 

transitions [2]. In this sense, quantum dot can be physically described as a quasi-zero-

dimensional (0-D) nanostructure. Its unique property of size-dependent carrier confinement 

effect makes it a source of pure excitonic emission with tuneable energy [3]. With a structural 

dimension smaller than the Bohr exciton radius, the excitonic (electron-hole pair) wave 

function becomes spatially localized within the length scale of Coulomb attraction. This gives 

rise to size-dependent fluorescence and sharp absorption spectral properties due to the delta 

function-like density of states (DOS). The exact energy of the discrete states depends on the 

strength of confinement, size, and shape of QDs, which can be controlled by varying the 

material growth parameters. Sometimes it is also called as “artificial atoms” because of atom-

like tunable discrete states. These have enabled a wide range of QD based device applications 

such as light-emitting devices, photodetectors and efficient photovoltaics [4]. 

1.1.2 Phonon bottleneck and effective carrier lifetime in QDs 

In the bulk material, the momentum space consists of continuously distributed k-points which 

offers many available states to the excited carriers for thermal relaxation to near-by states 

through phonon emission, as shown in Fig.1.1 (a). The carriers excited to higher energy states, 
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called ‘hot carriers’ find easy pathways to thermally relax into the ground state through a 

continuum of energy states, as depicted in Fig.1.1 (b). Generally, this is a fast process with hot  

electron relaxation or cooling time of a few ps which decreases further with depletion in the 

carrier density in an excited state. The thermal relaxation of photoexcited hot carriers into the 

ground state decreases the carrier population in excited states which consequently leads to 

degradation of optical quantum efficiency of optoelectronic devices. In a zero-dimensional 

structure like QD, the motion of carriers is completely constrained in all three dimensions 

which discretize the k-points in momentum space, as shown in Fig.1.2 (a). The separation 

between k-points increases with decreasing the physical dimension of the nanostructure which 

reduces the density of k-points. This essentially suppresses most of the electronic transitions 

except some selective ones between the discrete energy states following certain selection rules, 

as depicted in Fig.1.2 (b). 

Fig.1.1 (a) Continuous k-points in bulk material leads to faster thermal ‘hot carrier’ relaxation. (b) 

Phonon assisted carrier relaxation through the continuum of energy states in bulk material. 

Fig.1.2 (a) Discrete k-points, separated by some fixed distance in momentum space for QD structure 

slows down the thermal cooling. (b) Only the electronic transition between discrete states following 

certain selection rules. 
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This significantly reduces the possibility of temperature-induced electron-phonon scattering 

and helps to preserve large carrier density in excited states. This results in enhancement of 

carrier lifetime in an excited state by the process, technically known as the Phonon-bottleneck 

effect. The emission of longitudinal optical (LO) phonon also becomes energetically forbidden 

in QDs, owing to the fact that the phonon energy (< 40 meV) at room temperature falls well 

within the intra-band energy spacing (> 50 meV) for practical QD sizes [5]. This promotes 

quantum dot structure as an active medium for high gain photodetector and efficient light-

emitting devices operating at higher temperatures. The effective carrier lifetime is very critical 

for optoelectronic applications like photodetector or energy harvesting devices. If the carrier 

lifetime is short, the photogenerated carrier will relax to its ground state before being collected 

as photocurrent. This leads to a serious degradation of device efficiency. On the other hand, if 

the carrier lifetime is long enough the photocarriers are more likely to contribute to 

photocurrent before being recombined which helps to improve the device efficiency. 

In addition to the long carrier lifetime in the QD excited states due to active phonon bottleneck 

effect, the decoupling of carriers from optical phonons also offers temperature-independent 

performance. This promotes quantum dots for efficient light-emitting device applications 

operating at higher temperatures. The suppression of temperature-induced phonon scattering 

in QDs offers a carrier relaxation time significantly longer than that of quantum wells (~1-10 

ps) which are dominated by the emission of phonons. 

1.1.3 Zero-dimensional semiconductor nanostructure 

For three-dimensional carrier confinement, the structural dimension needs to be smaller than 

the electron de Broglie wavelength, so that the excitonic wave function could be completely 

localized inside the volume. This can only be attained in nanometer-size objects like 

nanocrystal or self-assembled quantum dots. Nanocrystals are grown by non-epitaxial 
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deposition of semiconductor materials whereas the self-assembled QDs are formed by 

heteroepitaxial deposition of semiconductor epilayers. 

1.1.3.1 Semiconductor nanocrystal 

Semiconductor nanocrystals (NC) are tiny crystalline nanometer size (1-100 nm) particle, 

dimensionally intermediate between large crystal and single small molecule. This 

simultaneously offers isolated atom-like confinement induced discrete radiative transitions and 

attractive structural and optical properties of crystalline materials [6-8]. Nanocrystals, with a 

size smaller than the excitonic radius, start to exhibit size-dependent sharp photoluminescence 

mediated by discrete electronic transitions that provide attractive optoelectronic features of 

tuning the emission energy over a large frequency range. 

There has been a significant interest to grow nanocrystal of Gr-IV semiconductor materials like 

Si and Ge which are less toxic and environment-friendly. Still, now, Si is the most widely used 

semiconductor material for electronic device applications due to its abundance in nature. But 

in spite of that, the characteristic indirect gap of Si degrades the light emission and energy 

conversion performance. On the other hand, Ge with a larger excitonic radius than Si has the 

potential to offer quantum confinement effect at larger particle sizes. Ge exists in two phases, 

namely the cubic structure and metastable tetragonal ST-12 structure. Ge is mainly found in a 

normal cubic phase which has a diamond-like crystal structure with a lattice constant of 5.66 

Å. The tetragonal ST-12 Ge structure is substantially elongated along the z-axis with lattice 

constant 9.346 Å as compared to the horizontal lattice constant of 5.292 Å [80]. The crystal 

structures of both the Ge phases are schematically shown in Fig.1.3 (a)-(b). Out of the two 

phases, only the tetragonal phase (ST-12) is demanding for high gain optoelectronic 

applications due to high direct bandgap. But this phase is very rare in nature. This novel 

tetragonal structure can only be realized if the grown Ge crystallites are sufficiently small in 

size. Ge enriched in tetragonal ST-12 phase, with a large direct bandgap of 1.47 eV [9-10] 
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makes it a better candidate for room temperature efficient light-emitting device applications in 

the visible-infrared range. The tetragonal Ge phase, as first reported by Saito et al in Ge 

nanoparticle of size less than 20 nm is relatively high in ground state energy than the normal 

cubic Ge phase [11]. Sato et al have reported that absorption band edge could be blue-shifted 

up to 2 eV by employing 4.3 nm size Ge-nanocrystal (NC) rich in the tetragonal phase. But 

above certain compressive stress, the excess strain energy is released while permanently 

transforming the cubical Ge phase to smaller crystallite size tetragonal phase which 

subsequently crystallizes in that form [12, 13]. Unfortunately, high yield growth of the 

tetragonal Ge phase is also limited by a certain degree of size dispersion of synthesized NCs. 

Therefore, it is still quite challenging to achieve a high proportion of tetragonal Ge phase over 

the cubic phase under three-dimensional spatial carrier confinement, both from optoelectronic 

device fabrication and physics point of view. 

1.1.3.2 Introduction to self-assembled sub-monolayer quantum dot 

III-V semiconductor-based self-assembled quantum dots also started to flourish parallelly from 

late 1990 which has opened up new windows of the photonic industry thanks to the introduction 

of sophisticated epitaxial growth deposition techniques, like Molecular Beam Epitaxy (MBE) 

Fig.1.3 Schematic representation of crystal structure of (a) tetragonal ST-12 and (b) 

diamond-like cubic Ge phase [80]. 
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or Metal Organic Vapor Phase Epitaxy (MOVPE) [14-16]. The buried quantum dots in a 

semiconductor environment potentially offers the provision of utilizing the novel 

optoelectronic properties for fabricating multi-stack heterostructure designed for particular 

device applications. The relaxation of excess lattice strain lattice mismatch between the 

consecutive heteroepitaxial layers gives rise to the formation of isolated self-assembled 

Stranski-Krasatanov (SK) quantum dots. InAs/GaAs quantum dot (QD) is one of such model 

systems of self-assembled formation with high lattice mismatch (~7%) between the grown 

InAs and GaAs epilayers. Through layer-by-layer heteroepitaxial deposition in MBE or 

MOVPE with atomic order precession (few Å) offers great control over the size uniformity of 

the grown embedded self-assembled quantum dots [17]. This semiconductor novel 

nanostructure acts as a source of pure excitonic emission spectrally tuned in the range from UV 

to IR with superior sensitivity to external parameters [18]. Heterostructure with vertically 

coupled stacks of buried self-assembled SK QDs, typically of 5-15 nm in diameter are usually 

employed in optoelectronic and intermediate bandgap solar cells to increase the optical gain 

and quantum yield [19].  

Throughout the last two decades, many research groups have reported numerous techniques of 

growing self-assembled QDs, such as molecular beam epitaxy (MBE), metalorganic vapor 

phase epitaxy (MOVPE), chemical beam epitaxy (CBE) and liquid phase deposition (LPD) 

[20-24]. MBE technique serves better control of growth through a physical route with 

atomically pristine substrate kept in ultra-high vacuum (UHV) as compared to the MOVPE 

technique with a characteristically unavoidable residue of reactant gas over the substrate. 

Most of the studies of self-organized QDs is relied on heteroepitaxial growth of lattice-

mismatched material systems, like InAs/GaAs, In(Ga)As/GaAs and InAs/InP [25]. During the 

epitaxial growth of a multi-layered structure, each layer follows the lattice arrangement of the 

layer just below it. Therefore, in a heterostructure, while growing an epilayer of higher lattice 
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constant over a layer of comparatively lower lattice constant, the lattice structure of the above 

layer adjusts so as to follow the in-plane lattice constant of the layer below. As a consequence, 

a compressive strain is induced on the above layer. At first, a complete 2-D layer of QD 

material is formed over the substrate which is called the wetting layer. With further increase in 

the thickness of the above layer, strain starts to build up and above a certain critical thickness, 

the excess strain energy is partially relaxed by reducing the surface area through the formation 

of some embedded isolated 3-D islands, as represented by a schematic in Fig. 1.4. As an 

example, when the QD layer of InAs is grown above its critical thickness (~1.7 ML) over the 

crystalline GaAs substrate layer, the partial strain relaxation results in the formation of self-

assembled InAs quantum dots. These islands are very small in all three dimensions and thus 

the motion of the carriers is constrained in all the directions inside the structures which 

essentially constitutes a zero-dimensional structure. But the formation of a 2-D wetting layer 

associated with the growth of self-assembled 3-D quantum dot leads to a significant reduction 

in carrier confinement and quantum efficiency. The consequent uncontrollable relaxation of 

strain can also lead to extended defect formation which greatly limits the provision of faithful 

device applications. 

Fig. 1.4 (a) Heteroepitaxial growth under compressive strain when alayer>asub (b) Formation 

of self-assembled quantum dot (example: InAs/GaAs QD) by relaxation of excess strain when 

the thickness of quantum dot layer exceeds the critical thickness. 
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These limitations can be overcome with the introduction of sub-monolayer quantum dot (SML-

QD), characteristically having higher dot density (~1010-1011 cm-2) and practically no wetting 

layer. SML-QD has emerged as a better alternative to conventional SK-QD with higher 

quantum gain and higher photoemission efficiency [26]. Sub-monolayer quantum dots are 

isolated flat islands, typically grown by depositing the QD material (InAs) in some lattice-

mismatched barrier material (GaAs) in a very small amount with an effective coverage below 

one monolayer (ML). This is associated with stronger quantum confinement effect with 

enhanced exciton binding energy which offers better optoelectronic tunability than the 

conventional SK quantum dot for practical light emission and photodetector applications [26]. 

In the sub-monolayer growth mode of self-assembled QDs, the QD material is deliberately 

deposited in a lower amount than that required to form a complete 2D layer over the substrate. 

When substrate (like GaAs) layer and QD epitaxial layer (like InAs) with coverage below a 

monolayer are alternately stacked along the growth direction, patch-like QD islands (InAs) 

with a diameter of 6-8 nm are formed due to the effect of lattice strain between epitaxial layer 

and substrate. Followed by subsequent deposition of alternative layers, these islands become 

embedded in the multi-stacks and start to vertically correlate due to surface strain. The 

electronic wave functions of vertically spaced aligned 3D islands in the multi-stack have a 

strong degree of overlap which makes it characteristically equivalent to a quantum dot array. 

The correlation along the growth direction is one of the effective routes to produce an ordered 

array of QDs which possesses novel properties like low emission linewidth and better 

crystalline quality [27]. Under suitable choice of an epitaxy method, substrate materials, and 

growth condition, the vertical correlation among stacked QD layers can be greatly enhanced 

which leads to the growth of dislocation free crystalline heterostructure. This gives rise to 

stronger absorption of normal incidence of IR radiation which is quite handy for potential 

optoelectronic applications. The growth of SML-QD is practically devoid of any 2-D wetting 
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layer. This results in suppression of carrier relaxation into the wetting layer states and improved 

carrier confinement than that of SK-QD. The absence of the wetting layer in SML QD is also 

manifested by the absence of any wetting layer transition in PL spectra, as reported in 

InAs/GaAs sub-monolayer QD at low temperature. This is shown in Fig.1.5 [28]. In addition 

to this, less size inhomogeneity, and a higher number density promotes SML-QD for high gain 

optoelectronic applications with better spectral tunability than conventional SK-QD structure. 

1.2 Motivation: State of the art 

This section contains the fundamental aspects and state of the art applications of tetragonal Ge 

nanocrystal and sub-monolayer quantum dot along with their important macroscopic material 

properties, the timescales of photocarrier dynamics and their effects on optoelectronic 

properties. 

1.2.1 Growth of tetragonal Ge phase 

Unlike bulk structure, zero-dimensional nanostructure, with discrete energy levels provides 

superior wavelength tunability which was first realized in quantum structure semiconductor 

lasers by Dingle and Henry [29]. Reduction in threshold emission wavelength was first 

theoretically modelled by Asada et al and Arakawa et al [30-31]. A new window of 

optoelectronic and photovoltaic industry opened up for the first time when heavy metallic core 

Fig.1.5 Photoluminescence spectra of InAs/GaAs SK and SML quantum dot measured at 4 K [28]. 
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quantum dots were replaced by nanocrystals of non-toxic Gr-IV semiconducting material, like 

Si and Ge [32]. Germanium nanocrystals were actually introduced as ‘‘microcrystals” by 

Hayashi et al in 1982 [33]. But their size-dependent luminescence and absorption 

characteristics analysed through a series of measurements have established the fact that they 

are indeed nanocrystals (NC). Germanium-NC, with a much larger excitonic Bohr radius 

(~24.3 nm) than that of Si (~4.5 nm) is more superior for light emission applications than other 

Gr-IV semiconducting material, like Si, in spite of its abundance in nature. This helps to 

achieve substantial quantum confinement effect in Ge-NC for a relatively larger size than in Si 

[34]. Saito et al first reported the existence of the tetragonal ST-12 phase in Ge particles of size 

less than 20 nm which is more suitable for efficient optoelectronic applications as compared to 

the normal cubic diamond-like structure [34]. In the presence of high energy tetragonal Ge 

phase, the absorption band edge can be blue shifted up to 2 eV, as reported by Sato et al in NC 

of size 4.3 nm [35]. Kanemitsu et. al. reported that, below a certain threshold nanoparticle size 

of 4 nm, the normal diamond-like Ge phase can directly transform into the tetragonal structure 

by relaxing its surface energy [36]. The tetragonal Ge phase, exhibiting a direct transition of 

energy of ~1.47 eV can give visible photoluminescence (PL) at room temperature [37-38]. 

There have been many independent techniques to grow Ge-NCs, such as solution-based 

synthesis [39-40], chemical vapor deposition [41], laser ablation [42], magnetron sputtering 

[43], ion implantation [44] and cluster beam deposition [45], etc. But most of these deposition 

techniques give Ge NCs mainly enriched in normal cubic phase and very little yield in the 

tetragonal phase. The techniques are also limited in terms of tuning the PL peak energy over a 

broader spectral region by directly controlling the Ge crystallite size [46]. However, it is 

possible to achieve a greater abundance of novel Ge-tetragonal phase and suppression of the 

normal cubic phase in Ge-nano-crystalline thin-film employing ionized cluster beam 

deposition (ICB) technique [47-48]. Although this technique was first introduced by Takagi et 
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al to grow smooth metallic film with atomic order precession, this has been extended to grow 

semiconducting thin films on various substrates [49]. 

1.2.2 Epitaxial growth of self-assembled sub-monolayer quantum dot 

All of the above non-epitaxial processes of growing 0-D nanostructures are limited due to a 

lack of precise controlling of quantum dot size, morphology and strain homogeneity. This puts 

a serious barrier to the production of high yield of quantum dot density, necessary for efficient 

energy conversion device applications. The introduction of self-assembled quantum dots (QD), 

originated from strain relaxed (partial) hetero-epitaxial layers opened up new pathways for 

highly efficient new generation photonic device applications, like QD-intermediate bandgap 

solar cell, QD-IR photodetector [50], single-photon QD lasers [51] and QD-double well 

detectors [52]. The inter sub-band absorption in the QDs has been employed to design 

photodetectors tuned in mid-infrared to the long-wave infrared region of the spectrum [53-54]. 

The recent advancement in growth and device design flexibility of self-assembled QDs have 

rendered a widespread application in high performance QD-based optoelectronic devices. This 

area is still open for further fundamental research on improving material properties and device 

designing. Epitaxy refers to the ordered deposition of layers of crystalline materials with one 

atomic lattice grown precisely atop another [55]. In a semiconductor heterostructure, the 

spontaneous formation of alternative buried QD layers separated by multi-layers of higher 

bandgap materials gives rise to a different degree of inter-dot carrier coupling. The strength of 

coupling essentially determines the overall optical properties of the heterostructure which can 

be tuned by controlling the barrier thickness and suitably choosing the material of multi-layers. 

This provides huge flexibility in designing semiconductor heterostructure optoelectronic 

devices for versatile photonic applications [56]. Self-assembly of QDs was reported by growing 

highly strained epitaxial layers, like InAs on GaAs with a lattice mismatch of 7%. But it is also 

accompanied by the possibility of crystal dislocation after the growth of InAs by few 



13 
 

monolayers. This can seriously degrade the structural and optoelectronic properties of crystals. 

Fortunately, at fractional InAs coverage below 1 ML, small size (1-4 nm) InAs-rich islands or 

QDs have been introduced which have shown remarkable size homogeneity and very small 

strain fluctuation. 

In sub-monolayer deposition, incorporation of a very small amount of dot material minimizes 

the possibility of carrier loss through wetting layer formation which offers better carrier 

confinement and greater optical gain than conventional SK QDs [57]. Ledentsov et al reported 

that the formation of InAs-rich defect-free QD clusters with higher aerial density (~1010-1011 

cm-2) partially compensates the mismatch between GaAs (host) and InAs (QD) which 

suppresses the possibility of any incoherent strain relaxation. This offers a higher range of 

defect-free multi-stacking of heteroepitaxial layers with improved crystal quality as compared 

to SK-QD structures [17]. This can effectively enhance the strength of absorption of incident 

radiation and quantum gain of the QD based photovoltaics and photodetectors [18]. Strong 

carrier confinement associated with few monolayer high vertical dimensions can serve the 

provision of tuning the photoluminescence energy to visible-near IR (NIR) region, as was 

reported by Ting et al in InAs/GaAs SML-QDs [19]. Confinement-induced spatial localization 

of carriers can significantly enhance the excitonic binding energy and increase carrier lifetime 

to ten’s of nanoseconds, as has been observed by Patwari et al in InGaAs/GaAs SML-QD based 

IR photodetector [26]. This makes SML-QDs potentially applicable as high gain inter sub-band 

photo-detectors. 

1.2.3 Tuning of quantum dot light emission properties 

For a wide range of optoelectronic and photovoltaic applications which fundamentally follows 

from the nature of charge carrier dynamics under different degree of spatial confinement, it is 

useful to tune the device performance by controlling growth parameters [58]. There are many 

reports of tuning photoemission and carrier transport properties by controlling deposition rate, 
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the number of multi stacks or through the incorporation of confinement enhancing (CE) barrier 

layers. There have been previous reports of tuning the photoemission energy of buried SML-

QD based heterostructure by other physical means such as the incorporation of strain inducing 

layers and varying thickness of the spacer layer [58]. Krestnikov et al reported blueshift of QD 

photoemission energy by incorporating some confinement enhancing (CE) barriers of higher 

bandgap material [59]. The photoluminescence (PL) energy can also be tuned by varying the 

number of stacks of QD layers that govern the overall confinement potential of the 

heterostructure. J. Kim et al previously reported a method of tuning the PL peak energy in the 

range of 750-840 nm from InAs SML-QDs by varying the number of stacks (2-6) inserted 

between confinement enhancing higher bandgap AlGaAs barrier layer [20]. But most of these 

techniques are limited by specific material selection [22]. However, there is also one possible 

way to directly tune the luminescence energy solely by controlling the active amount of the dot 

material at the time of growth. In my thesis work, I have worked on tuning the optoelectronic 

and structural properties by controlling the amount of InAs in each epitaxial layer of the 

periodic structure by varying the InAs layer coverage below 1 ML. 

According to previous reports, the growth of SML-QD of InAs in the host matrix of highly 

mismatched GaAs is naturally subjected to a certain degree of indium interdiffusion [59]. This 

leads to inhomogeneous strain and compositional modulation that can initiate the formation of 

some kind of additional InxGa1-xAs quantum well (QW) structure along with InAs-rich islands. 

Energy relaxation into these QW states degrades the QD excitonic luminescence. Formation of 

QWs and QDs structures are distinguished by different degree of lattice strain relaxation. The 

average strain plays an important role to determine the luminescence property. Increasing 

compressive strain leads to redshift in PL peak energy. Therefore, at different volumes of the 

dot material (InAs) in each layer, systematic monitoring of lattice strain relaxation is also an 

important aspect of improved light emission applications [60]. Strain also plays an important 
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role in carrier relaxation and transport process, as any undesirable defect center mediated by 

uncontrollable strain relaxation can reduce the carrier lifetime and degrade the efficiency of the 

optoelectronic devices at higher temperatures [61]. 

1.2.4 Localization induced carrier lifetime 

The varying extent of confinement and inter dot carrier coupling with different InAs layer 

coverage may have a significant impact on the carrier localization and relaxation processes, as 

observed by Switaiski et al [12] in InAs/GaAs sub-monolayer stacks coupled to SK-QD. It is 

quite important to judge the potentiality of the SML-QDs to be used as efficient optoelectronic 

devices operating at room temperature [12]. Through temperature-dependent 

photoluminescence (TDPL) study of in-plane GaN/AlGaN multi-quantum wells, Wu et al 

reported a provision of controlling exciton localization by varying the degree of quantum 

confinement [62]. Similarly, by controlling the exciton binding energy inside a highly dense 

array of closely spaced SML-QDs, it may be possible to tune the inter dot carrier coupling. De-

localization of excitons can offer easy pathways for carrier transport, demanding for fast speed 

optoelectronic applications. However, ultra-small dimensions of the SML-QD can offer 

confinement to both the excitons and thermal phonons which can strongly couple with each 

other and significantly affect the optoelectronic properties. So, it is also worth studying the 

qualitative features of phonons and the carriers confined within the SML-QD potential with 

varying InAs coverage which is important for efficient semiconductor QD light-emitting 

devices operating at high temperatures. 

For high-performance optoelectronic device applications, the characteristic time related to 

carrier escape process from the QDs need to be very small to ensure fast response and higher 

carrier collection efficiency [63]. Usually, the effective carrier transfer in the QD ensemble 

depends on how many greater numbers of photo-generated carriers can escape QD confinement 

potential by quantum mechanical tunnelling before getting recombined. Unfortunately, due to 
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the presence of wetting layers in the SK QDs, dissociated electrons tend to recombine with the 

ground state holes before they could escape the QD confinement potential and reach the next 

QD [64]. Low carrier mobility, fluctuation of strain and energy barrier associated with the 

wetting layer causes a substantial delay and carrier loss in the net carrier transfer [65]. Many 

research groups have estimated carrier tunnel time to be 0.9-1.3 ns for 5-12 nm-sized 

InAs/GaAs SK QDs which is too slow for ultrafast device operation such as in the fast 

switching applications [65]. So, it is very useful to look for a correlated structure that can offer 

a direct dot to dot transport with higher carrier mobility and higher collection efficiency of 

photo-generated carriers. If SK QDs are replaced by correlated InAs sub-monolayer (SML) 

QDs, the time delay and carrier loss due to relaxation to wetting layer states can be highly 

reduced, as reported by Lam et al and Qiao et al [66]. They observed the feasibility of 

improving the time response and also the efficiency of the system by allowing direct carrier 

transfer among ground states of the nearby dots. There are many reports of increasing the rate 

of inter-dot tunnelling by increasing the spatial density of QDs or narrowing the width of the 

intermediate barrier layer. Fry et al reported two orders of magnitude enhancement of the 

strength of tunnelling with increasing the in-plane number density of InAs QD buried in the 

GaAs matrix by five times [67]. Tackeuchi et al reported one order of magnitude enhancement 

of the rate of quantum tunnelling by decreasing the thickness of an intermediate GaAs barrier 

layer vertically separating a two-QD system (In0.15Ga0.85As and InAs) [68]. This is attributed 

to a higher degree of the partially penetrated inter-dot carrier wave functions overlap among 

closely-spaced QDs separated by narrow barriers. Therefore, an ensemble of SML QDs having 

areal number density (~1010-1011 cm-2), larger at least by one order of magnitude than that of 

SK QDs (~109 cm-2) can be instrumental to give rise to faster inter-dot tunneling than that 

reported for SK QDs [53]. 
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The temperature dependence of QD photoluminescence and optical quantum yield is also 

affected by the process of radiative recombination of confined electron-hole pairs in the QD 

ground state. Typically, the recombination lifetime is found to be 500-2000 ps whereas carrier 

tunnel time is 10-60 ns for InAs/GaAs quantum dot at low temperature (4K) [13-14]. This leads 

faster carrier recombination before they could attribute to the conduction of free charge 

carriers. This degrades the external efficiency of QD-based photodetector and luminescence 

efficiency at high temperatures. For the improvement of the light emission and photo-current 

response properties, the two characteristic lifetimes need to be comparable with each other. 

Through theoretical DFT based calculations, Gobel et al reported enhancement of radiative 

recombination probability with decreasing QD dimension along the direction of quantum 

confinement, owing to the stronger overlap of the e-h wave function [69]. Then, achievement 

of a comparable rate of inter-dot tunnelling is readily feasible by exploiting an array of 

characteristically high-density closely-spaced coupled SML QDs. 

1.2.5 Carrier dynamics in quantum dot infrared photodetector 

Infrared quantum dot photodetector (QDIP) is one of the major applications of InAs/GaAs, 

InGaAs/GaAs or InAs/InP QD systems. Due to the advantage of three-dimensional carrier 

confinement, they are expected to serve potential high temperature (RT) photo-detection by 

reducing dark current [70]. The confinement induced active carrier-phonon bottleneck effect 

gives rise to a long excited-state lifetime of hundreds of picoseconds that can potentially 

increase the intrinsic photo-response [71]. However, low dot density, large size inhomogeneity 

and photocarrier loss into the inherent wetting layer in conventional SK-QDs lead to higher 

dark current and low quantum efficiency [72]. All these factors degrade the overall 

photodetector’s (PD) performance. Sub-monolayer (SML) QD is one of the attractive 

alternatives to SK-QDs with several advantages. Stronger quantum confinement in absence of 
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any dissipative QD wetting layer, higher dot density and size uniformity inherent to SML QD, 

offers dark current-reduced improved sharper photo-response up to higher temperature. 

Now, normal QD photodetector operation is based on either inter-band transition between two 

bound states in QD or inter sub-band transition between one bound and the delocalized 

continuum states. But for a high responsivity photodetector, usually, a long carrier lifespan 

against recombination is suited. In that sense, QDIP based on inter-band absorption with longer 

carrier lifespan (τ~500 ps) serves the requirement better. The lifetime of inter-band 

recombination is about a hundred times higher than inter sub-band lifetime, as reported by Liu 

et al in InAs/GaAs QDIP at room temperature [73]. Through k.p model calculations, Lim et al 

have demonstrated that for smaller QDs with very few accommodated bound states (at most 

two), the oscillator strength for ‘bound to bound’ excitation can be highly enhanced due to 

larger overlapping between electron-hole wave function. This, in turn, can significantly 

enhance the inter-band transition probability and suppress long-wavelength inter-subband 

transitions. Therefore, few monolayers high SML QDs may be a good choice to be used as the 

active medium of high-performance QD photodetector based on short wavelength (NIR) inter-

band absorption [73]. 

Carrier confinement in deep energy levels of QDs helps to suppress the detector’s dark current 

up to high temperature. Due to three-dimensional carrier confinement and phonon-bottleneck, 

QDIP serves as a better element to control the dark current as compared to the quantum well 

photodetector (QWIP). The performance can be sustainable if a sufficient amount of such 

capture centres are present in the active medium which can be achieved by increasing the QD 

density. Jahromi et al have reported that the resulted photodetection performance for QD based 

PDs maximizes at some optimal values of QD size and density [74]. Small size (1-3 nm) SML 

QDs with strong carrier confinement and high areal density (1010-1011 cm-2) can be handy in 

providing such trap centres for dark carriers and giving rise to high detectivity. The QD size-
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dependent inter-band absorption gives the further provision of tuning the photo-response over 

a wavelength range in the infrared (IR) region [71]. 

But the photodetector device architecture designed to achieve high detectivity usually suffers 

from having slow response speed. Detectivity can be enhanced by simultaneously increasing 

the responsivity, achieved by the large photocarrier lifetime in QD states and suppressing the 

dark current. But this large carrier lifetime severely limits the detector speed, as reported by 

Maulu et al in PbS QD-based IR photodetector [75]. Both of them need to be taken care of 

simultaneously for high-temperature sustainable photodetection in fast switching 

optoelectronic applications [76]. According to previous research, the detector’s response speed 

is also limited by the transit time of the locally photoexcited carriers to the electrode through 

the quasi-neutral active region by the slow process of diffusion [77]. However, there is an 

alternative direct photocarrier escape pathway by the process of tunnelling through the states 

of nearby QDs which can non-dissipatedly convey the charge carriers to the edge of the 

depletion region followed by sweeping out by the depletion field. Chu et al have proposed a 

theoretical model of tunnel dependent photo-response in QDIP, that can effectively determine 

the detector operational speed [77]. With the provision of increasing the in-plane density of 

SML-QDs, the strength of interdot carrier tunnelling can be tailored which can help to control 

the speed of charge transport along the lateral conductive channel. Tunnel assisted carrier 

escape and subsequent transport can also lead to the greater quantum efficiency of the detector, 

as reported by Ryzhii et al [78]. The external quantum efficiency (EQE) of QD-PD is directly 

proportional to two fractional efficiencies related to the processes of excitonic dissociation into 

individual charge carriers and photocarrier extraction by transport through the QD active 

region. According to the previous report, both these processes are limited by the probability of 

charge recapturing down to QD ground state by recombination characterized by a timescale 

called the time of persistence under illumination [79]. Therefore, microscopically it all boils 
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down to the competition between the strength of photocarrier escape (1/τesc) and recombination 

(1/τrec) which determines the macroscopic PD parameters like photoresponsivity and response 

speed. 

I have worked on controlling the relative yield of the co-existing phases in Ge nanocrystal by 

physically adjusting the kinetic energy of stream the Ge ionic clusters, bombarding on a 

crystalline substrate in ion cluster beam (ICB) deposition chamber. We have categorically 

shown the feasibility of achieving higher yield of the novel Ge tetragonal phase by controlling 

the cluster beam energy. We have investigated the consequent changes in structural and optical 

properties of the as-grown and photo-oxidized Ge-nanocrystalline thin film as a function of 

accelerating potential. Following that, we worked on investigating the feasibility of tuning of 

photoemission and photo-carrier transport properties of InAs/GaAs SML-QD by controlling 

the active sub-monolayer coverage of InAs per layer. We have analyzed the effect of varying 

InAs sub-monolayer coverage upon the combined charge carrier recombination dynamics and 

transport from the temperature dependence of PL and photocurrent response properties of 

InAs/GaAs SML-QD heterostructure and described in terms of relative lifetimes of the 

excitonic recombination and inter-dot carrier tunnelling. 

1.3 Structure and outline of the thesis 

The focus of this thesis is to investigate the structure and optical properties of quasi zero-

dimensional confined Gr IV elemental Ge nanocrystal and Gr III/V elemental InAs/GaAs self-

assembled semiconductor quantum dot structure and their implementation in both light 

emission and photodetector applications. With this goal, the research work can be divided into 

two major parts focussed on 0-D nanostructures belonging to IV and III/V group of 

semiconductors as follows:  
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(i) The first part of the thesis is devoted to the study of the phase-selective growth of Ge 

nanocrystalline films by ionized cluster beam deposition technique. The variation in structural 

and optical properties of these films is investigated as a function kinetic energy of Ge cluster 

beam. We worked on tuning the luminescence properties in the visible region by controlling 

the relative amount of novel tetragonal ST-12 and the normal cubic phase of Ge. In addition to 

that, investigation of light emission and oxidation states of the subsequent photo-oxidized Ge 

nanocrystalline thin films are performed. 

(ii) In the second part of the thesis, the relative variation of the structural, morphological and 

optical properties of Molecular beam epitaxy grown InAs/GaAs sub-monolayer quantum dots 

heterostructure has been investigated as a function of sub-monolayer coverage. This includes 

the combined study of photocarrier transport and recombination with their related lifetimes 

through analysis of temperature-dependent light emission and electro-optic properties of the 

sub-monolayer quantum dots. We have investigated the relative effect of the excitonic 

recombination and inter-dot carrier tunnelling upon the quantum gain properties as a function 

of InAs sub-monolayer coverage. This technique has been extended to simultaneously tune 

near-infrared photodetector performance by varying InAs sub-monolayer coverage. In a 

nutshell, the work is all about studying the structural and optical properties of MBE grown self-

assembled InAs/GaAs quantum dots and describe the temperature dependence of PL and IR-

photodetector performance in terms of parameters of photocarrier dynamics as a function of 

Fig.1.6 Schematic representation of combined study of MBE grown InAs/GaAs SML QD heterostructure as 

a function of InAs sub-monolayer coverage. 
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InAs sub-monolayer coverage. The associated experimental and simulation studies are mainly 

divided into three main areas, as schematically shown in Fig.1.6. 

1.3.1 Outline of the thesis 

The complete work has been described by arranging them into different chapters as follows  

Chapter 2 represents basic principles of different experimental technics, like XRD, micro-

Raman spectroscopy, AFM, GISAXS, HRTEM; PL spectroscopy for optical characterization; 

Spectral photocurrent measurement, dark current measurement, I-V characteristic and transient 

photo-response measurement for photodetector device characterization. 

Chapter 3 represents the phase selective growth of Ge nanocrystalline thin film by ionized 

cluster beam deposition technique and characterization of their crystallographic, structural and 

optoelectronic properties followed by the light-emitting properties of the corresponding photo-

oxidized films. 

Chapter-4 represents the self-assembled growth of GaAs-hosted InAs sub-monolayer 

quantum dot multi-stack heterostructure by molecular beam epitaxy technics. 

Chapter-5 represents a study of low-temperature photoluminescence spectra and carrier 

localization in correlation with strain, size and in-plane structural details of quantum dots as a 

function of InAs sub-monolayer coverage. 

Chapter-6 represents photocarrier relaxation and lifetime study from TDPL measurement. 

Chapter-7 represents near-IR photodetector application of InAs/GaAs SML-QDs with the 

tuning of spectral photo-response, operation speed and dark current characteristics as a function 

of temperature by varying sub-monolayer coverage. 
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2.1  Introduction 

The characterization of semiconductor nanostructure is a very important aspect of the 

investigation of the material properties. The material characterization techniques are mainly 

based on direct imaging by microscopy and indirect measurement by spectroscopy or x-ray 

scattering. Transmission electron microscopy, scanning electron microscopy and atomic force 

microscopy are the most commonly used microscopic techniques for material characterization. 

Photoluminescence spectroscopy, Raman spectroscopy, and Absorption spectroscopy are the 

most useful spectroscopic techniques. X-ray diffraction (XRD), x-ray reflectivity and Grazing 

incidence small-angle x-ray scattering (GISAXS) techniques are based on x-ray scattering from 

materials. These techniques were employed to investigate the structural, strain, morphological 

and optical properties of the grown nanostructures. The device performance of the fabricated 

quantum dot infrared photodetector has been studied by spectral photocurrent response and I-

V measurements. The various employed experimental techniques are discussed in this chapter 

in detail. 

2.2 Structural and morphological characterization 

The structural and morphological properties of the grown nanostructures are studied by several 

microscopic, spectroscopic and x-ray scattering techniques. Strain and structural details have 

been characterized through direct imaging by the transmission electron microscope. Atomic 

force microscopy measurements are performed to characterize the morphology of the surface 

nanostructures. Raman spectroscopy is used for quantum dot size measurement and 

characterization of phonon modes. X-ray scattering experiments, like XRD and GISAXS are 

performed to characterize the strain, in-plane structural and crystallographic properties of the 

quantum dot structure. 
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2.2.1 Atomic Force Microscopy 

Atomic force microscopy (AFM) provides information on surface topography by generating a 

3D profile of the surface with characteristic resolution up to nanoscale. This is imaged by 

scanning a sharp tip (probe) over the sample surface measuring the force between the probe 

(<10 nm) and the surface at very small separation (0.1-8 nm). The experimental set up is 

equipped with a flexible cantilever that supports the AFM tip, a laser diode, a piezoelectric 

motor, and a position-sensitive photodetector, as shown in Fig.2.1. The repulsive Van der 

Waals force acting between the tip and the surface causes the cantilever to deflect which is 

further magnified by a laser beam reflection and finally recorded as the vertical displacement 

of the tip. Most available tips for commercial purposes are made of materials like Si3N4 or 

tungsten spikes designed to have very high aspect ratios. 

AFM is typically operated in three basic modes [1]: contact mode non-contact mode and 

tapping mode.  

Contact mode 

It is a fast and convenient way of imaging a relatively hard surface with a probe to surface 

separation of less than 0.5 nm. This mode is based on registering the variation in tip deflection 

Fig.2.1 AFM measurement set up consisting of a diode laser, flexible cantilever with a sharp tip, a 

position-sensitive photodetector and a piezoelectric motor. 
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due to the force of repulsion between the tip and the surface while scanning. The main 

advantage of the contact mode is very high resolution for probing the surface topography. But 

this mode is also limited by the possibility of damaging or deforming soft sample surface due 

to the formation of large lateral frictional forces on the sample as the tip is “dragged” over the 

surface. AFM in contact mode is operated in two possible ways as following: 

Constant height scanning: In this mode, the height of the tip from the sample surface remains 

fixed as it scans. Therefore, the spatial variation of the cantilever deflection is used directly to 

generate the topographic image. This mode is mainly used for taking images of atomically 

smooth surfaces where the variation in cantilever deflection is small. This mode is especially 

suited for high-speed scanning. The vertical tip position and associated cantilever deflection 

while scanning the sample surface are schematically shown in Fig.2.2 (a). 

Constant force scanning: In this mode, the cantilever deflection is kept constant which 

suggests that the total force applied to the sample remains constant. The constant deflection of 

the scanner is served as the input to a feedback circuit that moves the scanner up and down in 

the vertical (z) direction, according to the topography of the surface. The AFM image is 

generated by counting the topographic data set registered from the scanner’s z-motion. The 

Fig.2.2 Schematic representation of (a) constant height and (b) constant force contact mode AFM 

scan, showing the variation of vertical tip position and cantilever deflection along the direction of 

scanning over the surface. 
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vertical tip position and associated cantilever deflection while scanning the sample surface are 

schematically shown in Fig.2.2 (b). 

Non-contact mode 

In this mode, the tip (0.1-10 nm probe-surface separation) does not contact the sample surface, 

but it oscillates above the surface while scanning by maintaining a spatial separation of 0.1 nm 

to 10 nm from the probed surface. The variation in surface topography is measured by 

monitoring cantilever deflection due to changes in amplitude of interacting attractive Van der 

Waals forces which is amplified by using a feedback loop. Comparatively lower exerted force 

on the sample (10-12 N), helps to probe soft surfaces in this mode without damaging the surface. 

But, the possibility of interference of the contaminant layer on the surface with the probe 

oscillation, extended probe lifetime for better imaging, limits the resolution below the atomic 

scale. The operation of this mode is also accompanied by the requirement of ultra-high vacuum 

(UHV) which heavily hampers the performance. The physical probe used in AFM imaging is 

not ideally sharp for imaging the true surface topography. Rather, the imaging reflects the 

interaction of the probe with the sample surface recorded through probe convolution. 

Tapping mode 

This is intermediate of the above two modes where the probe taps the surface for a sufficiently 

low contact time while oscillating at its resonant frequency (usually hundreds of kHz) keeping 

an average separation is 0.5 nm to 2 nm from the surface. This makes the tapping mode 

extremely useful for topographical imaging of soft surfaces at the cost of slower scan speed. 

Tapping mode enjoys the advantages of the above two modes. It eliminates interaction force 

with the sample by intermittently contacting the surface by oscillating with sufficient 

amplitude. 
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2.2.2 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) provides structural and chemical information 

through high-resolution imaging by passing high energetic electron beam through the sample 

[2]. The cross-sectional view in TEM imaging is usually employed for structural analysis of 

thin films with interfaces and embedded nanostructures. The indispensability of probing 

structures with an electron beam for the microscopic detailing at the atomic scale with a 

resolution of few Å makes TEM a powerful characterization technique. Normal optical 

microscopes with its spatial resolution limited to a few micrometers, imaging of materials at 

the nanoscale regime are not possible. A high resolution can be achieved by accelerating the 

electrons to sufficient energy to have the de Broglie wavelength well below that of light. 

In TEM, the electrons are accelerated by applying high voltage, typically in the range of 200 

to 300 kV which is good enough for the electrons to be able to pass through such a thin sample. 

By employing high energetic electrons associated with short de Broglie wavelength enables 

TEM to image structural features of length scale from atoms to few hundreds of nanometers 

which is characteristically smaller than that imaged by scanning electron microscopy (SEM). 

Nowadays, atomic resolution images are routinely achieved by using High-Resolution TEM 

(HRTEM). A modern TEM can provide a resolution (~0.1 nm) smaller than the interatomic 

distance in a crystalline sample, allowing direct imaging of atoms. Quantitative analysis of the 

chemical properties of a single nanocrystal is also possible by focusing the electron beam 

within a diameter of ~ 0.2 nm. TEM is also significantly efficient for precise characterization 

of size, shape and inter-particle correlation of embedded nanostructures and crystallinity of thin 

film [3]. However, TEM also has its limitations. Usually, sample preparation (thinning), 

especially for cross-sectional TEM is quite tedious and time-consuming. Moreover, the high 

penetration power of the electron beam is subjected to the possibility of damaging the soft 
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specimen. It is also difficult to image the surface as the beam penetrates deep through the 

sample, imaging the bulk only. 

2.2.2.1 TEM specimen preparation 
For TEM imaging, it demands special attention to specimen preparation before 

characterization. The liquid sample can be inserted by drying them on a carbon-coated Cu grid. 

But the solid sample needs to be made electron transparent following the steps described below.  

Initial thinning 

In general, the lateral dimension of the specimen used for TEM is 3 mm in diameter. Therefore, 

a nearly about 3 mm diameter disc is cut from the sample using a disc grinder (Gatan). Then, 

they are thinned by silicon carbide paper before dimpling. 

Dimpling 

After the initial thinning, the central portion of the sample is dimpled to reduce its thickness 

more. By this process of selective thinning, the chance for breaking of the sample is diminished. 

After that, the sample is placed on the turntable of the dimple grinder rotating at a constant 

speed. The speed of rotation can be varied according to the hardness of the sample. A diamond 

paste is applied to the sample. The grinding wheel is lowered on the sample by fixing a certain 

dimple thickness. After dimpling, the final polishing is done with a 0.25 µm grain size diamond 

paste.  

Ion milling 

The above discussed mechanical thinning techniques are not enough to make the sample 

electron transparent. For that purpose, a Precession Ion Milling System (PIPS) (Gatan, 

Pleasanton, CA model) is usually employed where Argon ions are impinged on the dimpled 

sample to knock out atoms from it to make it electron transparent. A CCD attachment in 

conjugation with an LCD is used to monitor the sample inside the chamber. In our present ion 

milling system, there is a provision of varying ion energy up to 6 Kev and the angle of incidence 
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can be varied in the range of ±10o. The electron transparency of the sample is confirmed by 

observing the appearance of a tiny perforation in the dimpled region as viewed in the LCD. 

Sample preparation for cross-sectional TEM 

The cross-sectional view in TEM is necessary to extract the detailed structural parameters of 

epitaxial layers. At first, two pieces of the sample of less than 3 mm width are cut and bonded 

with epoxy, keeping the deposited or the treated side face to face. For this purpose, Gatan 

Epoxy is used which consists of two parts, a resin, and a hardener, mixed in an 8:1 ratio. Then 

the sample is heated at 120oC to produce strong adhesion. Now the composite is inserted into 

a brass tube and the empty place is filled with thin dummy substrates and epoxy. The sample 

contained inside the brass tube is cut to make 0.5 mm discs, using a diamond wire saw. The 

disc is now mechanically thinned to 60-100 µm, with the disc grinder and silicon carbide paper 

of different grit sizes. The central portion of this thin sample is now dimpled down to 30 µm 

thickness and inserted inside the PIPS chamber for ion milling. The electron transparent sample 

for the cross-sectional TEM study is obtained only after the ion milling. 

2.2.2.2 Experimental setup 

Different components of a typical TEM is represented by a schematic as shown in Fig.2.3. 

Stream of monochromatic electrons is generated in an electron gun placed at the top of the 

instrument and subsequently focused in the form of a coherent beam by two condenser lenses 

(lens 1 and 2). Then, by employing a condenser aperture system, most of the off-axis (optic 

axis as indicated by the dotted line) electrons are cut off and the width of the beam is reduced. 

Now, when the stream of electrons strikes the specimen, the electrons subsequently undergo 

processes like back-scattering, emission of Auger electrons, secondary electrons, x-ray, 

cathodoluminescence (CL) and transmission which are schematically shown in Fig.2.4. Out of 

those electrons which pass through the thin specimen, some of them undergo scattering (both 

elastic and inelastic) due to their mutual interaction with the sample atoms and the rest of the 
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electrons transmit un-scattered right through the specimen in the forward direction without any 

interaction with the sample atoms. The elastic interaction (no loss of energy) of the incident 

electrons with the regular array of atoms in the specimen deflects the electron and produces a 

diffraction pattern. The inelastically scattered electrons lose energies after interaction with the 

sample atoms which are unique to each element associated with its unique bonding state. 

Therefore, the inelastic scattering in TEM can also be employed to extract the compositional 

and bonding information of the examined region of the specimen. The transmitted signal of 

electrons carries the information of the detected specimen which is subsequently focused by 

either an objective lens or selected area metal apertures depending upon the mode of imaging. 

The corresponding two TEM operations are image projection and diffraction pattern projection. 

In image projection mode, the objective aperture is employed which enables us to achieve high 

image contrast by guiding down the beam of the transmitted unscattered electrons and 

Fig.2.3 Schematic representation of a TEM experimental set up showing different components. 
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constricting high-angle diffracted electrons. Now with decreasing specimen thickness, the 

transmission probability of such unscattered electrons increases immensely. As a result, the 

thinner or lighter parts of the specimen allow more unscattered electrons to pass through than 

the thicker or denser parts and give rise to a relatively brighter TEM image. On the other hand, 

in the diffraction pattern projection mode, the diffraction of electrons from periodically ordered 

atomic arrangements in the sample is investigated as facilitated by the selected area aperture. 

This is mediated by elastic scattering of the incident electrons from the periodic crystal planes 

regularly arranged atoms in the specimen following Bragg’s law of diffraction. The divergent 

beam of the scattered electrons is collected by using a system of magnetic lenses to which 

finally form patterns of diffraction spots. These diffraction patterns are the guidelines to 

identify the crystalline structure, lattice plane orientation, atomic arrangement and ordering in 

the physical area that has been probed. Therefore, this mode of TEM imaging is also known as 

Selected Area Electron Diffraction (SAED). Then the emergent electron beam is guided 

through the intermediate and projector lenses along the vertical axis of the TEM tube before it 

strikes the fluorescent screen where the final image is formed. 

Fig.2.4 Schematic representation of different physical processes when an electron beam encounters a 

material. 
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2.2.3 X-ray scattering measurement 

2.2.3.1 Grazing incidence small-angle X-ray scattering 

Grazing incidence small-angle (GISAXS) is an important characterization technique for in-

plane structural measurement of thin films containing surface roughness and embedded objects. 

Usually, this is obtained by plotting the sample scattered x-ray intensity distribution in different 

in-plane azimuthal directions as a function of qx. GISAXS measurement has been performed 

to study the spatial arrangement and correlation among surface and embedded InAs quantum 

dots in a vertical heterostructure, along with different lateral directions over a plane 

perpendicular to the growth direction. 

To study average dot to dot lateral separation and spatial ordering along with different lateral 

directions over the X-Y plane perpendicular to the growth direction, we have performed 

grazing-incidence small-angle x-ray scattering (GISAXS) study of the embedded QDs.  

GISAXS measurements were carried out with a beam energy of 14 keV at the KEK beamline 

BL-12, Photon Factory, Japan. The sample was mounted on a 4-circle goniometer. This is 

designed to freely rotate over a horizontal table to select different in-plane crystallographic 

directions to azimuthally scan the sample around the sample surface normal for a fixed angle 

of incidence (αi) with respect to the sample surface. In order to avoid scattering of x-ray with 

air molecules, the entire beam path from the goniometer has been coupled through an evacuated 

metallic cylinder. The geometrical configuration of the GISAXS setup is schematically shown 

in Fig. 2.5. For the measurements related to my thesis work, angle of incidence (αi) has been 

set at 0.14o, very close to the critical angle (αc) of 0.16° for total external reflection for 

achieving better surface sensitivity. With this configuration, the penetration depth of x-rays in 

pure InAs is about 10 nm which is quite less than the thickness of the multi-structure sample. 

Thus, the collected scattered x-ray is limited to the illuminating surface and the examined 
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embedded quantum dot structure. Both the highly intense specularly reflected beam and the 

scattered intensity profile along qx direction is recorded by a linear position-sensitive detector 

(PSD) mounted parallel to the sample surface at a fixed small exit angle (αf) with respect to the 

sample surface. To avoid the overflow of the detector, the intensity of the strong central 

specular beam is attenuated by placing a thin metallic wire stopper in front of the detector. The 

instrumental resolution of the PSD for qx scans is 3.2 x 10-3 Å-1. 

2.2.3.2 X-ray diffraction 

X-ray diffraction (XRD) is one of the powerful non-destructive techniques for structural 

characterization of crystalline thin film and epitaxial layers. X-rays with wavelength 

comparable to the atomic dimension along with high penetration power is best suited for 

probing structural arrangement of atoms and bringing out information, like strain and 

composition of bulk structure from deep into the material. 

X-rays are scattered in various directions when it interacts with electrons in matter. 

Constructive interference of such scattered x-rays from the periodic atomic planes of the crystal 

is detected when Bragg’s condition for diffraction is satisfied, as given by 

Fig.2.5 Schematic representation of geometrical configuration of scattering in GISAXS experimental 

arrangement. 
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2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝛳 = 𝜆                                                                                                 (2.2.3.2.1) 

where ϴ is the Brag angle, λ is the wavelength of incident x-ray radiation and dhkl is spacing 

between two diffracting (hkl) parallel lattice planes. X-ray Bragg diffraction from crystal 

planes is schematically depicted in Fig.2.6. For cubic crystals with lattice constant a, the 

perpendicular spacing is 

𝑑ℎ𝑘𝑙 = 𝑎 (ℎ2 + 𝑘2 + 𝑙2)1/2                                                                           (2.2.3.2.2)⁄  

The lattice structures of Ge, GaAs, and InAs are basically cubic with two inter-penetrating fcc 

lattices separated by one-fourth of the lattice constant along the body diagonal. 

Experimental setup 

The XRD experiment is performed in a double crystal x-ray diffractometer by employing a 

monochromatic x-ray beam (Cu-Kα) with a continuously varying incident angle (θ) and 

recording a spectrum of diffraction intensity as a function of a diffraction angle (2θ). The 

wavelength of the employed x-ray radiation is 1.54 Å. The divergent x-ray radiation generated 

by an x-ray tube is collimated by the Soller slits in the diffractometer which is made to strike 

Fig.2.6 Schematic representation of Bragg’s diffraction of x-ray radiation from parallel set of crystal 

planes (hkl). 
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the sample. The diffracted X-rays from the specimen are collected by receiving slits and made 

to converge through a monochromatic filter made of graphite crystal into the detector. This 

arrangement allows diffraction of only Kα radiation into the detector and can suppress the 

background radiation originating within the specimen and other wavelengths. 

The elements of a diffractometer can have various types of geometric arrangements for the 

collection of x-ray data. For the usual θ-2θ scan, the x-ray incident beam is kept fixed, while 

both the sample stage (on which the sample is mounted) and the detector rotate around the axis 

perpendicular to the plane of incidence. The angle (θ) of incidence is continuously varied by 

rotating the sample stage. The detector is rotated at an angular speed twice that of the sample 

stage to ensure the collection of diffracted x-rays by maintaining angular θ-2θ correlation 

between the sample and detector rotation. The geometrical arrangement and corresponding 

relative movements of the x-ray source, specimen and detector are demonstrated in Fig.2.7. 

Only those crystallographic planes making angle θ with respect to the incident x-ray beam 

follow Bragg’s law, contribute to the diffracted intensity collected by the detector. The 

diffractometer data acquisition and treatment are mainly processed by a computer interface. 

Fig.2.7 A schematic demonstration of geometrical arrangement and corresponding relative 

movements of x-ray source, specimen and detector in θ-2θ scan. 
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2.2.4 Raman spectroscopy 

Working principle 

When a beam of light is incident on a material, the incident photons are inelastically scattered 

through interactions with phonons, commonly known as Raman scattering. The interaction of 

the incident photon with various phonon modes in the material gives rise to a frequency shift 

of the scattered photons. Some of the outgoing photons are shifted to the lower energy values 

as a consequence of the absorption of the incident photon by atomic electrons, giving rise to 

the stokes line. Some of the outgoing photons gain energy, giving rise to the anti-stokes line, 

as some atomic electrons lose energy by emitting a photon. 

Raman scattering is a second-order process and thus much weaker than other optical processes, 

like Photoluminescence. However, with the development of excitation sources and ultra-

sensitive detectors, Raman Spectroscopy has become an extremely useful technique for 

characterizing semiconductor properties, like crystalline quality, crystallite size, phonon 

modes, the density of impurity states and lattice strain.  

In this work, Raman scattering in back-scattering geometry has been employed to figure out 

crystalline phases, nano-crystallite size, and strain. 

Experimental Setup 

The measurement related to this thesis work has been performed by an 800 mm focal length 

Horiba Jobin Yvon HR-800 Raman spectrograph. A 20 mW He-Ne laser has been employed 

as the excitation source operating at a wavelength of 633 nm. The Raman scattered intensity is 

detected and analyzed by a charge-coupled device (CCD) detector maintained at liquid nitrogen 

temperature (77K) in conjugation with LabSpec software. The excitation and sample scattered 

radiation and different components of the set up are illustrated in Fig.2.8. 
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The incoming excitation laser radiation is incident on a notch filter which reflects and focuses 

the light on the examined sample through an objective lens. The backscattered Raman radiation 

from the sample and the reflected laser lights are transmitted back through collected by the 

microscope objective lens and are directed towards the notch filter which is finally collected 

by a monochromator. The notch filter rejects the laser transmission lines and only allows pure 

Raman scattered radiation to reach the spectrometer. The exciting laser light is taken through 

a laser filter to avoid the plasma lines. The HR-800 spectrometer scans over a selective spectral 

range by employing two gratings with a different operational spectral range of interest. A 600 

g/mm and a 2400g/mm grating have been used for the scanning range of 0-2600 nm and 0-650 

nm respectively. The CCD detector is calibrated by using the Raman shift of a standard Si 

reference sample. The exciting laser light travels through a laser filter to avoid plasma lines. 

The microscope is equipped with four different objectives, one for UV light and the other three 

for visible light offering 10X, 50X and 100X magnification respectively. Six neutral density 

Fig.2.8  Schematic representation of Raman spectroscopy set-up consisting of components like a 

laser, a monochromator, a set of neutral density filters, one Notch filter and a video system or CCD 

for monitoring. 
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filters are employed to reduce the intensity of the incident laser beam and the 

photoluminescence reaching the screen.  according to the relation 

𝐼 𝐼0 = 10−𝐷                                                                                                     (2.2.4.1)⁄  

Where D can vary in the range zero to four.  

2.3 Optical characterization 

Non-destructive experimental techniques, like optical absorption spectroscopy and 

photoluminescence spectroscopy, have been performed for optical characterization of 

semiconductor quantum dot structures. 

2.3.1 Optical Absorption spectroscopy 

UV-visible absorption spectroscopy is one of the most useful optical characterization 

techniques for studying the optoelectronic properties of nanostructures. This technique 

employs light absorption by the sample which is unique for each element. 

A typical UV-visible spectrometer set-up contains the following components: 

(i) Light source: The incident radiation covers a spectral range from ultra-violet (UV) to 

infrared (IR) by employing a deuterium lamp for UV range, tungsten lamp for visible (VIS) 

and IR ranges of the spectrum respectively.  

(ii) Monochromator: The incident radiation is focused onto a monochromator to select a 

single wavelength from the polychromatic radiation and enables scanning over a desired range 

of frequencies. 

(iii) A sample holder: The examined specimen is kept fixed on a sample holder. 
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(iv) Light detector: A light detector, usually in the form of a charge coupled device (CCD) or 

photomultiplier tube (PMT) is placed following the sample which measures the transmitted 

intensity of each monochromatic light after the absorption through the specimen. 

v) A computer interface: Records and displays the absorption spectrum on a screen. 

A typical UV-VIS spectrometer is schematically shown in Fig. 2.9. 

Working Principle 

While traversing through the specimen, if the specimen absorbs light of certain wavelengths, 

the intensity of transmitted light reduces. The optical absorption spectrum of the sample is 

generated by plotting the transmitted intensity collected by the absorption spectrometer as a 

function of light wavelength. The relative intensity of the light beam after traversing the 

specimen of thickness ‘t’ with respect to the intensity of radiation incident on the sample is 

related through the equation 

𝐼(𝜆) 𝐼0(𝜆)⁄ = exp[−𝛼(𝜆)𝑡]                                                                          (2.3.1.1) 

where, I0(λ) is the intensity of the incident radiation for a light of wavelength λ, I(λ) is the 

intensity of the corresponding output beam, (λ) is the wavelength-dependent material 

Fig.2.9 Schematic representation of experimental set up for optical absorption measurement 

with its essential components. 
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absorption coefficient and t is the specimen thickness. The optical absorption coefficient of the 

material is more conveniently expressed in terms of optical density (OD), as given by 

𝛼(𝜆) = 2.303 × 𝑂𝐷 𝑡⁄                                                                                     (2.3.1.2) 

where, OD=log (I0/I) by definition. The numerical value of OD=1 represents a 90% absorption 

and OD=2 corresponds to a 99% absorption. The absorption coefficient α(λ), which is 

independent of light intensity can be determined by measuring the sample thickness (t) and 

optical dentistry (OD) by the spectrophotometer. A typical absorption spectrophotometer, 

equipped with two separate chambers, one for the examined sample and the other for a 

reference specimen enables to filter out all other features of the sample (such as reflection from 

the sample surface) leading to reduction of the output intensity, other than the sample 

characteristic absorption. The optical bandgap of the sample material can be determined from 

the optical absorption spectral analysis which is related to the absorption coefficient α(λ) by 

the equation 

𝛼ℎ𝜈 = 𝐶(ℎ𝜈 − 𝐸𝑔)𝑛                                                                                  (2.3.1.3) 

where C is a frequency-independent proportionality constant, Eg is the optical band edge or 

bandgap of the sample material and n is a constant which determines the type of the optical 

transition. n=1/2 corresponds to direct allowed transitions and n=2 corresponds to indirect 

allowed transitions. The optical bandgap of tetragonal-phase-Ge nanocrystal related to direct 

allowed transition (n=1/2) has been determined from the (αhν)2 vs hν plots by using the 

extrapolation method.  

2.3.2 Photoluminescence spectroscopy 

Photoluminescence spectroscopy is an efficient nondestructive method to probe the electronic 

structure of materials as a macroscopic phenomenon. When an optically active material is 

excited by a photon with energy typically higher than the bandgap, it subsequently gives rise 
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to different luminescent transitions to the lower electronic levels in the form of a spectrum via 

radiative recombination. This is called photoluminescence. The electronic transitions can take 

place either through the inter-band fundamental gap or via different intermediate defect states 

as shown in Fig.2.10. The energy of the emitted light relates to the difference in energy levels 

between the two electronic states involved in the transition. The quantity of the emitted light is 

proportional to the population density of the carriers involved in the process. It is an important 

optical characterization technique for the determination of bandgap, defect states, impurity 

concentration, recombination properties and crystalline quality of semiconductor materials, 

like GaAs, InAs, InP, and Ge. This is also a very useful technique to measure the exact chemical 

composition (x) of alloys like InxGa1-xAs and AlxGa1-xAs etc. The period between absorption 

and emission can be extremely short, it ranges from the femtosecond second-regime for the 

emission from free-carrier plasma in inorganic semiconductors up to milli-second for 

Fig.2.10 Mechanism of Photoluminescence process mediated through different routes of radiative 

electronic transitions when excited by a photon of energy hνexc. Photoluminescence is produced due to 

band-to-band electronic transition (hνPL1), the electronic transition to some intermediated defect state 

(hνPL2) or through the electronic transition between excitonic state and valance band edge (hνPL3). The 

“hot’ carriers are relaxed to the band edges through the continuum of states by the thermalization 

process in bulk material. 
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phosphorescent processes in molecular systems. However, it can also be extended into minutes 

or hours under special circumstances. Photoluminescence is a three-step process 

I. Generation of new electron-hole (e-h) pairs through absorption of the exciting radiation, 

II. The electron-hole pairs recombine radiatively 

III. Radiation escapes the sample in the form of photons 

When a sample is illuminated by the excitation radiation, the generation of e-h pairs is limited 

within the diffusion length of excess carrier distribution which is so short that the PL signal 

coming out of the sample can be practically considered to be mostly contributed from the 

irradiated surfaces. Therefore, usual PL experiments are designed to collect the surface 

photoluminescence signal from the irradiated surfaces. Thin samples with reduced absorption 

cross-section for the recombination radiation also provides the provision of transmission 

photoluminescence [4]. Photoluminescence has direct applications in numerous light-emitting 

devices such as light diodes, semiconductor lasers, electroluminescent panels, and many others. 

2.3.2.1 Radiative transitions 

The emission of photoluminescence signal is mediated by the radiative transition between 

electronic levels. The PL intensity degrades due to the non-radiative recombination of carriers 

through the process of thermalization of ‘hot’ carriers. The different routes of radiative 

recombination leading to luminescence are as follows 

(a) Process-1: Intraband transition. 

(b) Process-2: Band-to-band transition. 

(c) Process-3: Excitonic transition. 

Different routes of radiative transitions among electronic states in bulk material are 

schematically depicted in Fig. Fig.2.10. 
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(a) Band to band transitions: The band–band recombination of an electron in the conduction 

band with a hole into the valence band leads to photoluminescence. The inter-band 

recombination is mediated by two different processes. In a direct bandgap semiconductor, 

electrons can make the direct optical transition between the bottom of the conduction band to 

the top of the valence band. Whereas, in an indirect bandgap semiconductor, this transition is 

only feasible with the assistance of a phonon [5]. Therefore, the probability of recombination 

is less in indirect bandgap semiconductor as compared to the direct bandgap semiconductors. 

The band–band recombination includes spontaneous emission, absorption and stimulated 

emission. 

(b) Intra-band transitions: Relaxation of hot electrons by successive transitions through the 

energy states in a band can lead to photoluminescence.  

In addition to that radiative transition is also mediated through shallow donor to valance band 

transition, conduction band to acceptor transition and shallow donor to shallow acceptor 

transition. 

(c) Excitonic transitions 

Exciton is a bound state of an electron and hole pair, bound by an electrostatic Coulomb force 

of attraction. It is an electrically neutral quasi-particle that exists in insulators, semiconductors 

and in some liquids [6]. An excitonic bound state is formed when the Coulombic attraction 

force between a photogenerated pair of electron and localized hole gives rise to an energetically 

stable configuration. Consequently, the exciton has slightly less energy than the unbound 

electron and hole. The decay of exciton by recombination of the electron and hole gives rise to 

PL signal which is limited by extended lifetime due to Resonance Stabilization [7]. 

There are mainly two types of excitons: 

• Free excitons. 

• Bound exciton 
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Free-exciton recombination: Radiative recombination of free exciton leads to PL signal. This 

is observed only at low temperatures in semiconductors having small exciton binding energies 

(such as in GaAs) whereas it is observed even at room temperature in semiconducting materials 

having large exciton binding energy.  

Bound-Exciton Recombination: The recombination of excitons, localize at some potential 

fluctuations like QDs and QWs or impurities gives rise to PL signal. Excitons can be bound to 

neutral or ionized impurities (donors and acceptors). 

2.3.2.2 Low-temperature PL set-up 

The experimental low-temperature PL set-up is described by a schematic, as shown in Fig.2.11. 

Typically, the experimental arrangement contains the following components. 

(a) Excitation source: An Ar+ laser with variable excitation power and tuneable operating 

wavelength in the range 488 nm to 514 nm has been employed as the excitation source. The 

laser beam is linearly polarized with a measured beam diameter of 2 mm on the sample surface.  

Fig.2.11 Schematic representation of photoluminescence laboratory set up with temperature control 

unit. 
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Band-pass filter: Band-pass filter of 488 nm and 514 nm were employed to cut off other laser 

lines illuminating the sample. 

(b) Beam attenuator: A series of glass slides were mounted in the path of the incident beam 

to cut down the beam intensity. 

(c) Sample stage: A sample holder equipped with an X-Y-Z translation stage is used to mount 

the sample. 

(d) Collection optical system: Set of two convex lenses of the focal length of 40 nm and 60 

nm are placed in front of the sample to collect the resulting PL emission from the sample and 

couple it to the spectrometer. The focused PL signal is taken through an edge filter of 488 nm 

and 514 nm respectively before the beam enters into the spectrometer chamber. The edge filters 

eliminate all the wavelengths from the collected PL signal below 488 nm and 514 nm 

respectively. 

(e) Spectrometer: A Horiba Jobin Yvon iHR-550 series triple grating spectrometer has been 

used here with a focal length of 550 nm (f/6.4 aperture). The gratings are characterized by 1200 

gr/mm with a spatial resolution of 0.025 nm. The collected PL signal is spectrally dispersed by 

the gratings which are subsequently fed into the detector system. The spectrometer is equipped 

with two detectors which can detect wavelengths in the spectral range from 150 nm to 1500 

nm. A photomultiplier tube (PMT) detector is employed for the detection of wavelength in the 

range of 185-900 nm. For detection of wavelength in the infrared (IR) range from 800-1500 

nm, a thermionically cooled InGaAs detector is used in conjugation with a lock-in amplifier 

and a chopper. The signals produced by the detectors are recorded and analyzed by a computer 

system. 

For low temperature (up to 3.4 K) PL measurements, the examined specimen is mounted inside 

a closed cycle He cryostat (Janis Research Co. Inc., SHI- 4). There is a provision to control the 



53 
 

temperature of the sample from 3.4 K to room temperature by using a tiny heat pump. The 

resulting low-temperature luminescence is then coupled to the spectrometer through a system 

of converging lenses and analyzed by the detectors.  

2.4  Device characterization of electro-optic properties 

Different experimental techniques, like photocurrent and dark current measurement, I-V characteristic 

and temporal photo-response have been employed to characterize the quantum dot infrared 

photodetector (QDIP) device performance over a range of temperature and bias voltage. Before 

characterization, metallic contacts were grown over the sample by Thermal evaporation technique 

which is commonly used for thin-film deposition. The contacts are grown by suitably musking the 

sample surface. The detail of the deposition technique is also discussed in the following sub-section. 

2.4.1 Growth by Thermal evaporation technique 

Thermal evaporation (TE) is one kind of physical vapor deposition (PVD) technique where the 

material to be deposited is melted and evaporated by means of heating. This is basically a thin 

film deposition technique performed in the presence of a vacuum (residual pressure ~10-6 

mbar). Typically, the air pressure of the chamber during evaporation is maintained around 10-

6 mbar. For this process, the material to be deposited is placed in a crucible and heated to its 

characteristic temperature of vaporization through the Joule heating effect of a filament (mainly 

of tungsten). The evaporated stream of vapor from the material easily get transported through 

the vacuum and finally condense into a thin layer onto a substrate. We have employed TE for 

the growth of the top contacts of Au and alloyed Au-Ge metal on the InAs/GaAs quantum dot-

based heterostructure by using proper masks. The following subsections contain a brief 

discussion on the experimental setup for the thermal evaporation technique. 
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2.4.1.1 Experimental setup for Thermal evaporation technique 

The experimental setup for the TE technique is schematically depicted in Fig. 2.12. The 

essential components are the following: 

Crucible: The material for thin film deposition is taken inside a crucible which is subsequently 

heated. The crucibles are usually made with materials such as tungsten, molybdenum, or 

tantalum, having a very high melting point and very low vapor pressure. The shape of the 

crucibles used is in the form of a coil. Their endpoints are directly connected to the heavy 

copper or stainless-steel electrodes for the completion of the electrical circuit. In our case, we 

have used tungsten crucible during contact growth. 

Tungsten Filament: The material inside the crucible is heated through the Joule heating effect 

of a filament made of tungsten.  

Vacuum Pump: A turbopump in conjugation with an oil pump (a rotary pump can also be 

used) is used to reach an overall vacuum level of 10-6 mbar and sustain it for the deposition. 

Fig. 2.12 Schematic representation for the experimental set up of thermal evaporation technique. 
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Substrate Holder: A metal plate is used for holding the substrate. 

Heater: To heat the sample for the deposition of thin-film at high temperature. The maximum 

achievable temperature is 400o C. It is attached to the substrate holder.  

Quartz Crystal Monitor: For measuring the thickness and growth profile of the grown 

material. 

2.4.2 Photo-current measurement 

Photo-current spectroscopy is a routine characterization technique for measuring the 

photocurrent in the form of a spectrum, generated through the absorption of monochromatic 

radiation over a certain range of frequencies. The motion of photo-generated electron-hole pairs 

driven by the device built-in electric field towards the metallic contacts grown on the 

semiconductor sample gives rise to the spectral photocurrent. The device parameter, spectral 

photo-responsivity of a specimen is defined as 

𝑅𝜆 = 𝐼𝜆 𝑃𝜆⁄                                                                                                       (2.4.2.1) 

where Iλ is the wavelength-dependent photogenerated current and Pλ is the spectral power of 

the incident radiation. The external quantum efficiency or quantum yield is defined as  

𝐸𝑄𝐸 = 𝑅𝜆ℎ𝑐 𝜆𝑞⁄                                                                                                 (2.4.2.2) 

Where λ is the wavelength of the incident photon, h is the Planck’s constant and q is the 

electronic charge. The peak wavelength corresponding to the maximum of the spectral photo-

response, provide information about different energy gaps in quantum dot confined structure. 



56 
 

Photo-current measurements of the quantum dot structures were carried out by using a 450W 

xenon lamp excitation source with tuneable wavelength covering a spectral range from 150 nm 

to 1000 nm. The experimental set-up with its components is schematically shown in Fig.2.13.  

The sample, mounted on a probe holder is illuminated by monochromatic light. The light from 

the xenon lamp has been dispersed through 0.3-m Gemini-180 monochromator and directed 

towards the sample surface via a band-pass filter and a series of mirrors and lenses. The 

resulting PC in the sample has been collected via two metal contacts grown on the sample and 

then amplified and analyzed in a Keithley 4200 SCS source meter in conjugation with a 

preamplifier. PC measurements were performed as a function of applied bias voltage in the 

form of I-V characteristic to evaluate the dependence of the electric field on photo-response. 

2.4.3 Temporal photo-response 

There is also a provision of temporal measurement of the photo-response of the QDIPs. For 

temporal measurement, an optical pulse of desirable frequency is generated through powering 

a laser by an ultrafast function generator. The photo-response of the device is registered by 

additionally employing a Tektronix TBS2102 digital storage oscilloscope (DSO). The 

corresponding experimental arrangement is shown in Fig.2.14. 

Fig.2.13 Schematic representation of a complete experimental unit for photocurrent measurement. 
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2.4.4 Dark current measurement 

I-V characteristic at a fixed temperature and temperature dependence of injection current at a 

fixed bias are performed under ‘no light’ condition with the same set up as discussed above. 

For noise current measurement under dark condition, an SR-830 lock-in amplifier has been 

installed to measure the noise power density throughout the operating temperature range. 
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3.1 Introduction 

Out of two phases of Ge, viz., the cubic and the tetragonal (ST-12), the latter one is demanding 

for high gain optoelectronic applications due to its high direct bandgap. Unfortunately, Ge is 

usually found in a diamond-like cubic phase in nature. However, the ST-12 structure can be 

realized if the Ge crystallites are grown in a sufficiently small size. We have categorically 

shown the feasibility to attain a predominantly selective yield of the tetragonal phase by tuning 

the growth of Ge nanocrystals (NCs) by varying the kinetic energy of the impingent beam of 

Ge clusters on substrates. A set of Ge nanocrystalline thin films have been grown in an ionized 

cluster beam deposition (ICB) chamber. The generated clusters were ionized in the chamber, 

cooled in the second zone and then accelerated in the potential range of 0-2.5 kV. Thus, the Ge 

clusters were made to impinge on substrates at different kinetic energies. The corresponding 

structural and optical properties and the possibility of tuning the emission energy are studied 

as a function of cluster beam energy. These results are discussed in great detail in this chapter. 

3.2 Phase selective growth Ge-NC thin films by ICB deposition 

3.2.1 Basics of ICB deposition technique 

Ionized cluster beam deposition (ICB) is a useful growth technique, typically employed to grow 

nanocrystalline thin films where an adiabatically cooled stream of ionized clusters in the vapor 

phase is accelerated through a high potential to impinge on a substrate and nucleate into 

nanocrystals of the cluster material. The components of a modern ICB system are schematically 

shown in Fig.3.1. A set of Ge nanocrystalline thin films have been grown on a quartz substrate 

by using both neutral and ionized beam of supercooled Ge clusters in ICB deposition chamber. 

3.2.2 Laboratory growth of Ge-NC 

A small amount of Ge powder, loaded inside a cylindrical graphite crucible of length 14 mm, 

thickness 1 mm and diameter 8 mm is directly vaporized by heating it up to 1700 K through a  
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winded resistive coil. A high purity (99.998%) supersonic jet of Ge atoms in the vapor phase 

is made to be ejected from the higher-pressure zone into a relatively lower pressure vacuum 

(~10-6 Torr) chamber through a constricted nozzle of diameter 0.5 mm. This conveys adiabatic 

expansion of the Ge vapor and subsequent rapid cooling of the Ge atoms combining into large 

size material clusters (~102-103 atoms). The fast-moving stream of Ge clusters was directed 

towards a quartz substrate, maintained at liquid nitrogen temperature (LNT). The substrate was 

kept 130 mm apart from the crucible. The clusters impinge on the substrate surface and nucleate 

into Ge nanocrystals. The size of the grown nano-crystallites may be different owing to 

different impinging kinetic energy which can be externally controlled by ionizing the cluster 

beam and subjecting to pass through different accelerating potential. The neutral beam directly 

impinges on the substrate surface with the minimum kinetic energy to form Ge-nanocrystalline 

thin film (Film 1). To produce the ionized beam, Ge clusters were partly ionized through 

Fig.3.1 Schematic representation of different parts of the ICB deposition system. 
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electron impact under constant ionization current. Then the beam of ionized clusters was 

subjected to different accelerating potential (1.5 kV and 2.5 kV) which consequently impinge 

on the substrate with different kinetic energy to form Ge-nanocrystalline films (Film 2-3). The 

rate of growth was maintained at 0.03 nm/sec through monitoring by a crystal oscillator. The 

crucible and substrate were kept apart by a distance of 120 mm. The growth rate was monitored 

by a crystal oscillator and was kept constant at ~0.03 nm/s. 

3.3 Structural and optical characterization of Ge-NC thin films 

For characterization and measurement of the structural and optical properties as a function of 

cluster beam energy, three sets of Ge nanocrystalline films have been grown, corresponding to 

the neutral beam (Film-1) and ion beam subjected to 1.5 kV (Film-2) and 2.5 kV (Film-3) 

respectively. 

3.3.1 Phase and nano-crystallite size determination from Raman 

spectroscopic measurement 

The Raman spectra corresponding to the three films are depicted in Fig.3.2. Evidently, in 

addition to a phonon peak at ~300 cm-1, another broadened TO-like Raman peak has appeared 

Fig.3.2 Comparative Raman spectra of the films deposited using neutral Ge clusters (Film-1) and using 

ionized Ge clusters (Film-2 and Film-3) under accelerating potentials of 1.5 and 2.5 kV respectively. 
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in all three spectra. The phonon peak fixed at ~300 cm-1 for all three samples is associated with 

Raman scattering from bulk regular cubical diamond-like Ge crystallite structures (Г25) [1]. 

The monotonic Raman redshift of the broadened lower energy TO-like Raman peak from 282 

cm-1 to 275 cm-1 with decreasing cluster beam kinetic energy (2.5 kV-0 kV) suggests 

progressively stronger confinement-induced phonon interaction with grain boundaries inside 

Ge nano-crystallites [2]. The asymmetric TO-phonon response has been deconvoluted by using 

the standard phonon confinement model. This is an indication of the emergence of another Ge 

phase coexisting with the normal diamond-like structure with a comparatively smaller 

crystallite size. Further, redshift in Raman peak energy associated with the new phase with 

decreasing the beam accelerating potential (VB~2.5 kV-0 kV) suggests a reduction in the 

average nano-crystallite size. The Ge-nanocrystalline film corresponding to neutral clusters has 

exhibited the maximum Raman redshift to ~275 cm-1. From the respective shift in phonon 

energy, the average crystallite size associated with the second more compressed Ge-phase has 

been deduced to be ~ 7 nm, 10 nm and 15 nm for Film-1, Film-2 and Film-3 respectively [3-

4]. One can also notice that the ratio of scattered intensity related to the broadened red-shifted 

peak to the normal cubical Ge-related peak (~300 cm-1) increases with increasing the beam 

energy and becomes maximum and greater than unity for the Film-1 (neutral cluster). This 

suggests the progressive increment of the relative proportion of the compressed second phase 

of germanium as compared to the normal cubical Ge phase with increasing the cluster beam 

impinging kinetic energy. 

3.3.2 High-resolution TEM analysis: Crystallographic measurements 

The relative crystallinity study of both the co-existing Ge phases for different beam energy has 

been carried out through the high-resolution transmission electron microscopic (HRTEM) 

images and selected area electron diffraction (SAED) pattern of Film-1 and Film-2, as shown 

in Fig.3.3 (a)-(d). The lattice fringes are highlighted by encircled regions in the respective TEM 
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images. The short-range orientation of lattice fringes along different directions is much more 

prominent in Film-2 as compared to the Film-1 (neutral cluster), as depicted in respective HR-

TEM images. The average value of crystallite size has been measured to ~ 7 nm and ~11 nm 

for Film-1 and Film-2 which quite closely agrees with their values as deduced from Raman 

measurements. The information of lattice plane spacings has been determined from the radii of 

the observed rings in respective SAED patterns. For Film-2, related to a beam energy of 2.5 

kV, the determined lattice plane spacings (dhkl) are 0.3267 nm, 0.2 nm, 0.1705 nm, and 0.1298 

nm corresponding to (111), (311) and (331) lattice planes of diamond-like cubical crystal 

structure [5]. On the other hand, the SAED pattern (Fig.3.3 (b)) for neutral cluster Film-1 gives  

the impression of (111) and (210) lattice planes with determined dhkl values of 0.3514 nm and 

0.265 nm. This corresponds to some close-packed tetragonal crystal structure (ST-12) [6-8]. 

(a) (b) 

(c) (d) 

Fig.3.3 (a,c) Cross-sectional HRTEM image and (b,d) the SAED pattern for the Ge-nanocrystalline 

Film-1 and Film-2.  Short-range crystallographic orientations in different directions are much 

more prominent in Film-2 than Film-1 as represented by encircled regions. 
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From this, it can be apparently inferred that the second phase of Ge is metastable tetragonal 

ST-12 structure, whose abundance relative to the normal bulk cubic Ge phase increases with 

decreasing the cluster beam energy. The higher relative abundance of smaller size compressed 

tetragonal nano-crystallites reduces the polycrystallinity of the grown films. 

Discussion 

Ge usually crystallizes in the normal low-pressure cubic diamond-like structure. But while 

depositing Ge-nanocrystals (NC) in the form of impinging clusters, the large lattice misfit 

between Ge and the substrate material induces high compressive stress upon the grown Ge-

layers [10]. For a certain minimum critical size of the grown Ge-NC, this excess strain energy 

is released while permanently transforming the cubical Ge phase to smaller crystallite size 

tetragonal phase which subsequently crystallizes in that form [11]. The phase transformation 

from cubic to tetragonal Ge phase is most prominent for neutral beam Ge clusters with 

minimum kinetic energy. With successively higher energy charged cluster beam, resulting in 

greater average kinetic energy of the Ge adatoms reduce the effect of strain compression and 

offer stronger cohesive interaction with the adjacent NCs. This greater degree of Ge adatom 

migration offers coagulation of Ge-clusters in bigger NCs consisting of the normal bulk cubical 

structure without giving rise to any phase transformation. 

3.4 Optical characterization of the Ge-NC thin films 

3.4.1 Optical absorption spectra: Determination of bandgap energy 

To investigate the optical properties of the Ge-nanocrystalline thin films due to the presence of 

different relative proportions of individual phases, the optical absorption spectra for the three 

films are analysed. The respective optical absorption coefficient α is plotted with irradiating 

photon wavelength, as depicted in Fig.3.4. The optical bandgap or equivalently the absorption 

band edge for different cluster deposited Ge thin films has been deduced from the individual 
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(αhν)2 vs hν plot, as shown in the inset of Fig.3.4. The evaluated absorption band edges are 

1.75 eV, 1.60 eV and 1.55 eV for the Film-1, Film-2 and Film-3 respectively. Evidently, with 

decreasing Ge-cluster beam energy, the optical bandgap associated with the grown Ge nano-

crystalline thin film blueshifts to progressively higher values with respect to bulk Ge bandgap 

energy. The monotonic rise in bandgap energy for the Ge thin films possessing a higher 

concentration of tetragonal (ST-12) phase, apparently indicates characteristically higher 

bandgap for tetragonal Ge structure as compared to the bulk normal cubical structure. The 

carrier confinement originated quantum size effect due to decreasing nano-crystallite size has 

also played a contributory role for widening the bandgap [9]. 

3.5 Photo-oxidation study of the tetragonal Ge phase 

To quantitatively study the effect of oxidization under UV exposure upon the tetragonal Ge 

phase, the neutral cluster Film-1, with the greatest relative abundance of tetragonal phase, has 

been photo-oxidized and subsequently characterized. The measurements have been carried out 

Fig3.4 Optical absorption spectra of Ge-NC films with different relative abundance of cubic and 

tetragonal phase. Inset: Plot of (αhν)2 vs hν. From the intersections of the dotted lines with the energy 

axis, approximate values of optical gaps have been determined to be 1.75 eV, 1.60 eV and 1.55 eV 

for Film-1, Film-2 and Film-3 respectively. 
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with the thin films irradiated by constant UV exposure of 30 min and 45 min and compared 

with the untreated as-grown neutral film (Film-1). 

3.5.1 Optical absorption analysis of the photo-oxidized films 

The optical bandgap of the photo-oxidized Ge-nanocrystalline films has been deduced from 

the (αhν)2 vs hν plots extracted from individual optical absorption spectra, as shown in Fig.3.5. 

The optical bandgap for 30 min and 45 min photo-oxidized Ge thin films have been deduced 

to be ~ 2 eV and 2.5 eV along with ~1.75 eV for the untreated neutral Film-1. Evidently, the 

optical gap progressively increases with increasing photo-exposure time or equivalently with 

increasing thickness of the GeOx oxide layer upon the Ge-NCs. The blueshift in the optical gap 

can be attributed to two different factors. Firstly, stronger quantum confinement effect with the 

shrinkage of Ge-NC cores under the progressively thick GeOx layers may have led to a rise in 

bandgap energy [12-13]. Secondly, monotonically increasing thickness of the grown GeOx 

layer with increasing time of photo-oxidation also offers conversion of a greater number of Ge-

Fig.3.5 Optical absorption spectra of the neutral film under three different environments: as-

grown, 30 minute photo-oxidized and 45 minute photo-oxidized. Inset: Plot of (αhυ)2 vs hυ from 

where the absorption band edge has been estimated to be ~1.75 eV, ~2 eV and ~2.25 eV under 

afore-mentioned conditions. 
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Ge bonds into Ge-O-Ge bonds which can essentially give rise to enhancement in NC’s bandgap 

[1,14]. 

3.5.2 Room temperature PL analysis 

To analyse the effect of photo-oxidation upon the light emission properties of the Ge-NCs 

enriched in high energy tetragonal phase, room temperature (RT) photoluminescence (PL) 

spectra for the as-grown untreated (neutral) Film-1 and the 30 min-photo-oxidized film are 

recorded, as depicted in Fig.3.6 (a)-(b). For that purpose, all the samples are excited by 514 nm 

Ar+ laser. Multi peak PL spectra have been properly de-convoluted by using standard Gaussian 

fitting function. The emission energies corresponding to the two of the multi-PL peaks that 

appeared in the RT-PL spectra for the as-grown film have been found to be ~ 1.7 eV and ~2.06 

eV. The measured PL peak energy of ~1.7 eV is in good agreement with the deduced absorption 

band edge from optical absorption spectra. These PL peaks are attributed to electron-hole inter-

band transition in Ge. But for the 30-min-photo-oxidized Ge film, these peaks are rather 

Fig.3.6 Room temperature PL spectra of Film-1 in two different condition: as-grown (top) and 30 

mins photo-oxidized (bottom). The experimental data are de-convoluted (black lines) by the 

multiple peak Gaussian line shapes (colored lines). 
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suppressed by other stronger blue-shifted luminescence signal peaking at ~1.82-1.95 eV [15]. 

The multi-peak PL profile may have been originated from radiative transitions between 

different ground and excited excitonic states of Ge-NC thin films at room temperature. The 

most intense PL peak is related to the ground state excitonic transition of Ge ST-12 phase 

which has been considered as the PL peak energy in the thesis. The feeble lower energy peak 

at ~1.5 eV is related to bandgap transition of lower concentration diamond-like Ge phase. The 

other higher energy peak of as-grown Ge-NC film is associated to radiative transition related 

to the excited states. The suppression is more prominent for the photo-oxidized film as 

compared to the as-grown neutral film. These intense PL peaks are ascribed to bound excitonic 

transitions from Ge-NCs emitting in visible range [16]. With increasing degree of carrier 

confinement under a thicker layer of GeOx the strength of these excitonic transitions is further 

enhanced as compared to the electron-hole pair inter-band recombination [17-18]. The 

consequent carrier confinement inside compressed NC cores under GeOx cover leads to the 

blueshift in the resulting PL peak energy by 300 meV from the peak energy of the as-grown 

film [15,]. The compressed Ge-NC cores in photo-oxidized Ge thin films thus resembles some 

quantum dot structure [19]. Increment of observed PL bandwidth for the photo-oxidized Ge 

film as compared to as-grown film is an indication of enhanced quantum dot size dispersion as 

a result of photo-oxidation. The GeOx oxide layers also give rise to PL signal ~3.1 eV [20]. 

The effect of increasing oxygen composition (x) in GeOx with increasing degree of oxidation 

increases the bandgap of GeOx leading to blueshift of its bandgap related PL peak energy. But 

nevertheless, that is well beyond the range of our PL scanning energy. 

3.5.3 Determination of Ge oxidation states from XPS study 

To analyse different oxidation states of the tetragonal Ge-structures, X-ray photoelectron 

spectroscopic (XPS) measurement of the neutral cluster Ge-nanocrystalline thin film (Film-1) 

has been performed by employing using Al-Kα x-ray source of energy 1486.6 eV. XPS spectra 
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have been observed to study the oxidation states of Ge-NC subjected to three different 

environments: as-grown un-treated air-exposed neutral film (Film-1), UV excited photo-

oxidized film and aqueous HF treated film. Aqueous HF solution has been employed to remove 

the oxide layer from Ge-NCs. The corresponding XPS spectra are depicted in Fig.3.7. Each 

spectrum has exhibited two pronounced XPS peaks at ~ 29.3 eV and ~ 32 eV associated with 

Ge-3d core electrons and surface sub-oxides of GeOx. The peaks are properly de-convoluted, 

as depicted in the inset of Fig.3.7. Evidently, the air-exposed as-grown Ge film has exhibited 

an oxide-related peak at ~ 31.8 eV along with a chemical shift of 2.5 eV. This is associated 

with Ge3+ oxidation state. For the UV-exited photo-oxidized Ge thin film, the oxide-related 

peak has shifted to ~ 32.6 eV, along with a chemical shift of 3.3 eV. This is associated with the 

Ge4+ oxidation state [21]. The HF-treated Ge thin film, exhibits a much weaker oxide related 

peak, owing to the chemical removal of the grown oxide GeOx layers by this treatment. 

 

Fig.3.7 XPS spectra of the neutral film (Film-1) under three different environments: air exposed 

(Black), UV photo-oxidized (Green) and aqueous HF solution (Red). Inset: De-convoluted XPS 

peaks of the air-exposed film. 
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3.6 Conclusion 

We have studied the feasibility of growing Ge nanocrystal with a selective yield of specific Ge 

phase by externally controlling the energy of the cluster beam in the ionized cluster beam 

deposition chamber. Through this work, we have shown a substantial amount of novel Ge 

tetragonal phase can be attained while suppressing the growth of the normal cubic phase by 

tuning the energy of impingent Ge clusters. Through adequate structural and optical analysis, 

it has been observed that the relative abundance of the tetragonal phase can be significantly 

enhanced by decreasing the kinetic energy of the bombarding cluster beam. The relative 

proportion of the Ge tetragonal phase is maximum in the neutral cluster film. While decreasing 

the beam energy, below a certain threshold value of NC’s size, the normal cubical phase 

transforms itself into a more compressed high energy tetragonal phase. This also offers tuning 

of emission energy in the visible range. By using high bandgap tetragonal Ge phase, an intense 

sharp blue-shifted visible photoluminescence has been achieved at room temperature which 

offers the provision for visible light-emitting optoelectronic device application operating at 

room temperature. We further have studied the provision for controlled photo-oxidation of Ge 

thin films enriched in the tetragonal phase. In this way, it has been possible to further tune the 

luminescence to green color (~550 nm) while decreasing the effective size of the NC cores 

under oxide cover. 
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4.1 Basics of Molecular Beam Epitaxy (MBE) 

Epitaxial growth refers to an ordered layer-by-layer growth of a crystal on some well-defined 

crystalline substrate with the growing layer having a definitive crystallographic relation with 

the substrate. The successively grown layers follow the in-plane crystal structure of the 

underlying epilayer. Crystalline films can be grown on a substrate having the same lattice 

constant by the process of homo-epitaxy whereas the growth of epilayer on a lattice-

mismatched substrate is called the hetero-epitaxy. Molecular beam epitaxy is an ultra-high 

vacuum process which provides the possibility to prepare such epitaxially grown high-quality 

complex multilayers with abrupt interfaces for a wide range of Gr IV and III-V semiconductor 

materials [1]. This offers precise control over the composition and thickness of the grown thin 

film up to atomic level accuracy [2-3]. 

MBE technique has been first introduced in Bell Laboratories, USA in the early 1970s. The 

growth process essentially consists of the deposition of atomic or molecular beams on a single-

crystal substrate inside an ultra-high vacuum chamber (UHV) with a residual pressure of 10−9-

10−10 Torr. The source materials, either in liquid or solid form are evaporated or sublimated in 

an effusion cell equipped with computer-controlled exit shutters. The well-directed stream of 

thermal atoms or molecules issued from the effusion cell impinges onto a single-crystal 

substrate, conveniently heated to an elevated temperature. The arriving stream of particles gets 

adsorbed on the substrate surface. The adsorbed entities with sufficient thermal energy start to 

migrate all over the substrate surface to adopt the crystallographic orientation of the substrate 

and complete the layer growth with adsorbents sitting in the adequate lattice sites. The elevated 

substrate temperature helps to serve enough kinetic energy to the adatoms to migrate over the 

surface to those lattice sites. But a higher substrate temperature also leads to some degree of 

interfacial diffusion and desorption from the surface. Therefore, optimization is done by 

usually setting the temperature to a moderate value. The nearly collision-free motion of the 
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impinging atoms through the UHV helps to achieve uniform beam flux over the substate. The 

presence of UHV and a fast switching shutter make it possible to grow a film of pristine quality 

with a provision of changing the composition of the impinging flux quite abruptly. More 

interestingly, the composition of the beam flux can be changed within a time scale much shorter 

than the time it would require to grow a single atomic layer of the film. This offers a huge 

potentiality of crystal growth by tailoring composition and impurity level layer-by-layer in the 

MBE technique. Usually, layer by layer growth at the atomic scale is obtained at a typical rate 

of 0.1-1 µm/h by deliberately employing a low flux beam. 

4.2 Details of the setup 

The (Riber Epineat III-V) MBE system at nanofabrication Facility (NF), IIT Bombay is 

specially designed to grow As-based compound semiconductor crystal. The system consists of 

three main pump-controlled inter-locked vacuum chambers: a growth chamber, a load lock, 

and a buffer chamber, as shown in Fig.4.1. The load lock is used to bring samples in and out 

of the vacuum environment while restoring the vacuum integrity of the rest of the chambers. 

This is employed to achieve greater material throughput in which one or more substrate is 

loaded without exposing the outgassed constituents of the growth chamber to the atmosphere. 

Fig.4.1 The Riber Epineat MBE system at IIT Bombay, specially designed to grow 

As-based compound semiconductor crystal.  
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A vacuum inter-lock or introduction chamber is employed to allow inter-chamber transport of 

substrate through a small vacuumed carrying device without introducing much air load into the 

main vacuums. The transportation of the substrate from the loading chamber to the growth 

chamber is very crucial to keep vacuum integrity intact. In modern days MBE systems, this is 

done by employing magnetically coupled transport rods in conjugation with some trolley 

system and rotary pumped to vacuum. The buffer chamber is often used for additional substrate 

preparation and storage. Surface characterization tools like XPS or AES are installed inside the 

buffer chamber. Tools like Mass Spectroscopy or Electron Diffraction are also employed for 

real-time measurements. The third vacuum chamber is used for actual growth which is kept in 

isolation while material growth or the introduction of the substrate. The isolation is compulsory 

for maintenance of contamination-free growth during the pressure burst related to the opening 

of the introduction chamber and incorporation of surface probes at the time of growth. 

Modern-day MBE systems, designed for large commercial throughputs employ simultaneously 

grown multiple large area wafers. This is usually achieved by mounting the large area wafer 

on a rotating platen capable of receiving the beam flux from multiple sources. This effectively 

increases the size of the growth chamber and material output. 

4.2.1 Details of the growth chamber 

The growth chamber which is the most critical part of the MBE system typically constituted of 

the following essential components, as shown in Fig.4.2: 

Source ovens: The growth chamber contains heated Knudsen effusion cells for III-element 

source material like Ga, In, Al, Be (p-doping), Si (n-doping) and a cracker cell for V-element 

As. The sources are designed according to the material-dependent temperature of evaporation. 

All the cells are mounted and surrounded by a chilled liquid N2-filled panel to reduce radiative 

heating of the chamber. The cells containing the sources are usually made of pristine pyrolytic 
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boron nitride (PBN) which is the least reactive with a wide range of source material, including 

highly reactive elements like Al and Ga. The cells are equipped with conically shaped crucible 

to ensure high uniformity of the deposited layer. The As the source is equipped with a needle 

valve and cracker wherein the ejected As-flux from a heated As ingot is controlled with the 

valve, After crossing the valve system, the As the beam passes through a cracker tube which 

converts As4 to other molecular species As2. The beam of As2 is preferred over As4 mainly due 

to lower consumption and more efficient incorporation into GaAs substrate. This finally leads 

to better crystal growth with pristine quality. 

Beam shutters and actuators: Beam shutters are basically Ta plates installed across the beam 

to tune the time of flux reaching the substrate. 

Substrate holder and heating arrangement: Substrate mounting is an important aspect for 

epitaxial growth where precise control over temperature is critical. A wafer of crystalline 

semiconductor material is mounted on a holder and heated by an underlying metal heater 

through a proper thermal contact with the substrate. Usually, a low melting metal such as In is 

Fig.4.2 Schematic representation of experimental MBE set-up with its components. 
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employed to make liquid thermal contact with the heater at the growth temperature. 

Alternatively, the use of a more advanced radiative coupling between substrate and heater has 

become more popular nowadays. The wafer of suitable dimension to fit into a particular holder 

is placed on an open ring with a ribbon wound around it. The radiation with an energy greater 

than the semiconductor wafer bandgap rapidly heats the substrate. 

There is additional importance of substrate holder related to the uniformity of grown layers 

when more than one sources are used. For example, when Ga and In beams are directed along 

with two different directions onto a large substrate to grow films of binary alloy InGaAs, there 

is a great chance of inducing a high concentration gradient on the wafer. This is avoided by 

continuously rotating the holder along with the wafer throughout the growth. Typically, for a 

growth rate of 1 ML/s, the speed of rotation has to significantly fast to avoid the formation of 

any concentration fluctuation. However, the rotation of the substrate gives rise to a designing 

difficulty to mount a thermocouple for accurate temperature measurement which usually needs 

a good stationary thermal contact with the substrate surface. Taking this into consideration, 

modern MBE systems are equipped with a non-contacting stationary thermocouple to measure 

the temperature through recording of the radiant flux from the substrate. But this only provides 

the information of relative change in temperature. For absolute calibration of substrate 

temperature, the infrared optical pyrometer is used in order to measure temperature in the range 

400-700 degree C. For temperature measurement of the semiconductor substrate, the energy 

window of the pyrometer is chosen above the bandgap of the substrate.  

Vacuum pumps: A system of ionic pumps in conjunction with cryo panels in the growth 

chamber help to keep a vacuum as high as 10−9-10−10 torr while the effusion cells are heated to 

the working temperature. Samples are loaded onto a rotating sample holder inside the growth 

chamber through a magnetically coupled transfer rod. The sample holder is designed for 

executing continuous azimuthal rotation for better uniformity of the grown epilayer. The 
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chamber pressure or more specifically the beam equivalent pressure (BEP) of the material 

sources is determined by an ion gauge mounted on the opposite side of the sample. A system 

of additional cryopumps is used to remove the residual undesirable gases like CO2 and H2O 

which is capable of keeping the respective partial pressure less than 10-11 Torr. 

In-situ growth characterization tools: The in-situ growth rate measurements are most 

commonly obtained from RHEED observations of growing film or crystal structure. RHEED 

system consists of an electron gun and a phosphor screen displaying the real-time RHEED 

pattern of the growing surface under the exposure of the molecular beam [4]. RHEED works 

on recording the time-dependent diffracted intensity coming from the temporary evolution of 

the growing structure. Usually, the information like growth rate, surface topography, and 

composition of the evolving structure are monitored by observing the intensity of the specular 

diffracted beam as a function of time. 

The ultra-low density of ambient atomic concentration in the UHV also makes the operation 

of tools like Mass spectroscopy and Electron diffraction possible which are used for real-time 

measurement of the growing layer surface and its environment in the close vicinity of the 

growing region. In addition to RHEED, these are also very useful tools for in-situ observation. 

4.2.2 Chamber preparation prior to growth 

While growing III-V based compound in MBE, the substrate temperature and the V/III ratio 

are chosen in such a way that the adatom diffusion and the growth rate is effectively controlled 

by the incorporation rate of group-III element alone, depending upon their growth kinetics [5-

7]. For fabrication of GaAs-based heterostructures, GaAs substrate mounted on molybdenum 

supports are introduced into the loading chamber where they are degassed for 2 hours at 120˚C 

prior to the sample growth. Then, it is taken into the preparation chamber where it is heated for 

two hours at a temperature around 400˚C. After that, the heated substrate is brought into the 



80 
 

growth chamber and heated to 630˚C under an over-pressure arsenic atmosphere to remove the 

protective surface oxide layer. Then a 200 nm-thick GaAs layer is deposited at 590˚C to achieve 

the working surface quality before the actual growth of the multilayers. The substrate 

temperature is measured by an optical pyrometer mounted on the sample holder facing the 

sample surface. 

4.3 General mechanism of MBE growth 

Information about the dynamics of the growing surface is very essential to optimize the growth 

mechanism. Many real-time measurements have shown that MBE growth produces a well-

ordered surface with great freedom of altering surface chemical composition and the 

arrangement in atomic layers. The theory of the basic MBE growth model is reviewed by Tsao 

et al [8]. 

At the beginning of the growth, usually, the surfaces are rough at the nanoscale. But, once the 

epitaxial growth sets in, the surfaces start to become smooth rapidly. This was explained by 

Frank and van der Marwe as a consequence of the migration of atoms over the flat terraces of 

rough surface and incorporation of step edges advancing the terraces [9]. The step edges 

bounded by wider terraces advance more rapidly as compared to those which are bounding the 

narrow terraces. As a result of that, the wider terraces grow in a bigger size while the narrow 

ones disappear and the surface becomes smoother. 

Homo-epitaxial and hetero-epitaxial growth of single component growth (one element, like Si 

and Ge) and compound growth (more than one element, like SixGe1-x, GaAs, AlAs, AlxGa1-

xAs and InxGa1-xAs, etc) are routinely performed in MBE system. 

4.4 Hetero-epitaxial growth of strained layers 

Fabrication of two-dimensional structure is one of the most important aspects of MBE where 

alternating thin layers of two different semiconducting materials are grown which have similar 
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or dis-similar lattice constants. If layers of different materials having the same lattice constants, 

namely homoepitaxial layers are stacked with certain periodicity larger than the lattice spacing, 

it forms a superlattice. On the other hand, if a hetero-epitaxial layer is grown on a lattice-

mismatched substrate, the initial growth of the film occurs through adopting the in-plane lattice 

constant of the substrate. This growth of the film over the substrate is ‘pseudomorphic’ where 

a uniaxial tensile strain is induced on the film. Now with increasing the lattice mismatch, the 

distortion causes increasing strain in the film up to an extent. Above that, the excess strain 

becomes relaxed through the formation of some misfit dislocation in the interfacial plane. 

There is a characteristic thickness of the film layer at which the strain is sufficient for the 

formation of dislocation, called ‘critical thicknesses’. The critical thickness for pseudomorphic 

growth depends on the elastic constant of the film material. But as long as the film thickness is 

below the critical thickness, there are some artificial as well as spontaneous processes to get 

rid of the possibility of dislocation generation. Sometimes, the structure of the substrate and 

high temperature of the film surface may force the epilayer growing into a thermodynamically 

stable pseuodomorphic configuration, depending upon the interfacial energy and lattice strain. 

This may result in the formation of islands of epitaxial material instead of a smooth surface 

through layer-by-layer deposition by Frank-van der Merwe mode [10]. Island formation can 

occur in two ways, either on clean surfaces with no 2-D layer (Volmer-Weber growth) or after 

the growth of the surface above one monolayer (Stranski-Krastanov growth) [11-12]. The 

spontaneous growth of three-dimensional islands by Stranski-Krastanov (SK) mode is 

commonly known as a self-assembled quantum dot. 

4.4.1 Growth of self-assembled quantum dot 

Self-assembled quantum dots are formed as a consequence of excess strain relaxation between 

epitaxially grown lattice-mismatched epilayers. InAs/GaAs QD is one such model systems for 

self-assembled formation with large lattice mismatch (~7%) between InAs and GaAs epilayer. 
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However, with piling up more material above the critical thickness, the accumulated strain can 

also lead to the formation of extended defects. Thus, the thickness of the grown QD layer must 

have enough precession to fabricate defect-free structures. The introduction of epitaxial growth 

techniques, like the Molecular beam epitaxy (MBE), can provide such atomic order precession 

to the layer thickness. Now depending upon the amount of QD material (InAs) deposition in 

the host material (GaAs), the growth of QDs can be mediated through two distinct growth 

modes: Stranski-Krastanov and sub-monolayer epitaxial deposition. SK growth mode is related 

to layer coverage in between 1-2 monolayer (ML) or above. This is a more conventional way 

to grow self-organized QDs. The sub-monolayer growth mode is limited to the layer coverage 

below 1 ML. Growth of self-assembled InAs/GaAs quantum dots by both of these two modes 

are discussed in detail in this chapter.  

4.4.1.1. SK quantum dot 

Heteroepitaxial growth of thin films on a crystalline substrate is mainly mediated through three 

processes depending upon the strength of interaction of the adatoms with the substrate surface, 

as schematically shown in Fig.4.3. The adatoms stick to the preferential sites of the substrate 

surface when the compressive strain on the epitaxial layer grown on the substrate is minimal. 

This leads to the growth of atomically smooth two-dimensional (2D) layers through the Frank-

van der Merwe mode. The strain starts to increase with the thickness of the epitaxial layer and 

beyond a certain critical thickness of the epilayer, it finds an easy route of reliving the excess 

strain energy by reducing the surface area through the formation of isolated 3D islands. This 

mode of quantum dot growth is referred to as Stranski-Krastanow (SK) mode where a transition 

from 2D layer-by-layer to 3D islands takes place. This is the most widely accepted growth 

mode of self-assembled QDs with high crystal quality and better optoelectronic properties. On 

the other extreme, if the strain is very high due to the large lattice misfit between the epilayer 

and the substrate, the adatom-adatom interaction dominates over the interaction between 
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adatom-substrate which eventually leads to direct formation of 3D adatom islands. This regime 

of growth is called the Vollmer-Weber growth mode. The three growth modes are 

schematically represented in Fig.4.3 for different layer coverage in between 1-2 monolayer 

(ML) or above. 

4.4.1.2 Sub-monolayer quantum dot 

There is also an alternative epitaxial technique to grow self-assembled QDs by inserting less-

than-a-monolayer thick layers of quantum dot material in the host matrix of higher bandgap 

material. When the amount of deposited QD material (InAs) is lower than that required to form 

a complete 2-D monolayer over the substrate, an InAs-rich patch like isolated flat islands with 

6-8 nm in diameter are formed due to the effect of lattice strain between epitaxial layer and 

substrate. The existence of a minimum in total energy per particle for a certain number of 

particles, as formulated from different theoretical frameworks supports the formation of such 

a stable structure [13]. In other words, deposition of material over a substrate in a small amount 

(below 1 ML coverage) can lead to the formation of stable 2-D islands (low height/diameter 

ratio) or sub-monolayer QDs depending upon the elastic constants of the growing material. 

While alternatively stacking the hetero-epitaxial layers of QD material (like InAs) and substrate 

Fig.4.3 The schematic representation of the three main growth modes for different values of 

surface coverage Θ: (a) Volmer-Weber (VW), (b) Stranski-Krastanow (SK) and (c) Frank-van 

der Merve (FM). 
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(like GaAs) along the growth direction, such islands become embedded in the heterostructure 

and start to vertically correlate due to surface strain. The electronic wave functions of such 

vertically aligned islands in the multi-stack have a strong degree of overlap which makes it 

characteristically equivalent to a quantum dot. This sub-monolayer epitaxial growth mode is 

schematically represented in Fig.4.4 for different layer coverage below 1 ML. 

4.5 Laboratory MBE growth 

InAs/GaAs self-assembled quantum dots are grown in our MBE system upon semi-insulating 

crystalline (001) GaAs wafer, both by SK mode and sub-monolayer epitaxy. 

4.5.1 Growth of InAs/GaAs SK-QD heterostructure 

A semiconductor heterostructure has been grown in our MBE system with InAs/GaAs self-

assembled SK-QD. At first, a 200 nm-thick GaAs buffer layer was grown at 590°C under a 

background pressure of 1x10-7 Torr. This is followed by the growth of the active region 

consisting of four stacks of alternative deposition of InAs and GaAs epilayers. One such 

structure has been repeated twice to form the heterostructure. The InAs layers were grown 2.2 

ML thick at the rate of 0.1 ML/s. During the growth, the temperature of the active region was 

set at 480°C and As2 pressure was lowered to 1x10-5 Torr. In our case, SK QDs were grown as 

Fig.4.4 The SML-QDs growth process. (a) Flat InAs islands with surface coverage below 1 ML, (b) 

Island buried due to subsequent deposition of GaAs layer, (c) The second layer of InAs islands, 

vertically self-aligning to the previous InAs layer islands due to the surface strain, (d) Islands again 

buried under subsequent GaAs layer, (e) After repeating the (a)-(d) process, QDs are formed. 
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a reference sample which enables characteristic comparison with the InAs/GaAs sub-

monolayer quantum dots grown under identical conditions. 

4.5.2 Growth of InAs/GaAs SML-QD heterostructure 

The sample under consideration was grown by molecular beam epitaxy (MBE) equipped with 

As2 cracker source on a semi-insulating GaAs (100) substrate. The active region of the sample 

consists of 4 stacks of alternative insertions of InAs sub-monolayer (less than a monolayer 

coverage) and lattice-mismatched 1.5 ML thick GaAs barrier layers. Consequently, In-rich 

small clusters or quantum dots are spontaneously formed in the GaAs host matrix. This 

structure is repeated for two periods each of which is separated vertically by 1 nm thick GaAs 

spacer layer, as shown by a schematic in Fig.4.5. The thin spacer layers are capable of 

transferring the strain fields to the next quantum dot layer and thus can offer better vertical 

correlation [14-15]. The sub-monolayers were deposited at a very slow rate of 0.032 μm/hr to 

maintain uniformity in the grown islands. The growth time of InAs layer deposition has been 

set at 13 sec, 20 sec, 23 sec and 26 sec for 0.4 ML, 0.6 ML, 0.7 ML, and 0.8 ML surface 

Fig.4.5 Vertical multi-structure containing a periodic array of embedded InAs SML quantum dots 

in GaAs matrix. 
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coverage respectively. First, a 200 nm thick GaAs buffer layer was grown at 590 ⁰C. Then the 

temperature was reduced to 480 °C to grow the SML stacks and GaAs spacer layer followed 

by a 50 nm thick GaAs barrier layer grown above the active region at 590⁰C. For sub-monolayer 

growth, Arsenic pressure was set at ~ 1x10-5 Torr with As2 flux of ~5x1010 cm-2 sec-1. 
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5.1 Introduction 

The optical and electronic properties of low-dimensional structures strongly depend on shape 

and size. The strain in the system also plays a very important role to determine the 

luminescence properties. To explore the dependence of optoelectronic properties of sub-

monolayer QD heterostructure on its structural details with varying InAs sub-monolayer 

coverage, a combined study of strain, size and in-plane spatial distribution of QDs has been 

performed systematically. The experimental and simulation results with adequate explanations 

are discussed in detail in this chapter. 

5.2 Structural characterization 

5.2.1 Determination of morphology of surface QDs from AFM 

measurement 

The variation in morphology of the surface quantum dots as a function of coverage fraction 

from 0.4 ML to 0.8 ML has been investigated by Atomic force microscopy (AFM) in contact 

mode. AFM micrographs, as shown in Fig.5.1 (a)-(d) have been obtained by analysing the 

uncapped quantum dots. The lateral size distribution of QDs for different SML coverage (0.4, 

0.6, 0.7 and 0.8 ML) have been extracted from the respective micrographs and represented as 

histograms in Fig. 5.1 (e)-(h). The average QD diameter has been evaluated by fitting the 

respective size distribution by suitable fitting functions. The measured average diameter of 8, 

12, 14 and 17 nm for 0.4, 0.6, 0.7 and 0.8 ML respectively, indicates a clear decreasing trend 

of QD diameter with decreasing SML coverage. The areal dot density is also reduced by an 

order of magnitude from 9x1010 cm-2 to 2x1010 cm-2 as the coverage fraction is reduced from 

0.8 ML to 0.4 ML. 
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5.2.2 Structural impression of QDs from TEM imaging 

The two-period cyclic insertion of InAs SML dots in GaAs host matrix is visualized by the two 

strip regions of width 7-9 nm, separated by a gray barrier layer of GaAs, exhibiting a significant 

contrast in the cross-sectional bright-field transmission electron microscope (TEM) image as 

shown in Fig.5.2 (a). The dark patches in the associated high-resolution TEM (HRTEM) 

images (Fig.5.2 (b)) provides the impression of the grown SML QDs or InAs-rich regions with 

low height to diameter aspect ratio. To detect the existence of quantum dots formed by vertical 

stacking, a depth-wise line profile has been obtained by energy dispersive x-ray (EDX), as 

shown in (Fig.5.2 (d)). The periodic peaking up of In concentration is the signature of cyclic 

insertion of InAs sub-monolayers in GaAs matrix. To visualize the lateral arrangement of the 

SML QDs, elemental mapping over a selected area has been performed by employing high 

angle annular dark-field scanning transmission electron microscopy (STEM-HAADF). Figure 

Fig.5.1 AFM image (a, b, c, d) of the surface SML QDs taken within a scan range of 0.8 x 0.8 µm2 

and the respective QD diameter histogram (e, f, g, h) for different InAs coverage (0.4, 0.6, 0.7 and 

0.8 ML). The dotted line is representing the fitting of QD diameter distribution. 
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5.2 (e)-(g) illustrates the elemental (Ga, AS and In) mapping corresponding to a selected area 

of the TEM image, as shown in Fig.5.2 (c). 

5.2.3 Strain analysis from XRD measurement 

The average strain in the heterostructure and the effect of surface stress upon the growth of the 

embedded InAs-rich islands have been analysed by θ-2θ x-ray diffraction (XRD) scan as a 

function of InAs sub-monolayer coverage. as shown in Fig.5.3. Two Bragg peaks appeared for 

each of the samples. The peaks are de-convoluted by a standard Gaussian fitting function. The 

fitting has been performed with reduced χ2.value of ~5×10-3. The narrower and more intense 

peak at θs ~33.1⁰ is related to the Bragg reflection from substrate GaAs (004) crystal planes 

whereas the broadened peak located at a lower angle (θQD) is associated to (004) Bragg 

reflection from InAs quantum dots. The average out-of-plane hydrostatic lattice strain in the 

multi-structure acting upon the embedded dots relative to the substrate layer has been estimated 

as a function of InAs sub-monolayer coverage by using the relation [1-2] 

Fig.5.2 (a) The bright field cross-sectional and (b) the corresponding high resolution TEM image 

for 0.4 ML InAs coverage. The encircled objects with black contrast are characteristically showing 

the InAs-rich regions or sub-monolayer quantum dots. (c) High angle annular dark-field scanning 

transmission electron microscopy (STEM-HAADF) image. (d) EDX depth-wise line profile along 

the selected line ‘2’ and (e)-(g) the elemental mapped images over the selected area ‘3’ in figure (c). 
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ɛ𝑧(𝑑𝐼𝑛𝐴𝑠) = (𝑠𝑖𝑛θ𝑆 − 𝑠𝑖𝑛θ𝑄𝐷) 𝑠𝑖𝑛θ𝑆                                                                         (5.2.3.1)⁄  

The evaluated strain values are enlisted in the Table-5.1 for different sub-monolayer coverage. 

The progressive shift of angle (θQD) of the QD related XRD peak away from the substrate peak 

with decreasing SML coverage is a signature of increasing out-of-plane tensile strain in the 

grown multi-structure. 

The corresponding average in-plain component of this strain acting upon the embedded 

quantum dot surfaces is evaluated by using bi-axial strain relation 

ɛ𝑥𝑥 = ɛ𝑦𝑦 = ɛ∥ = −
ɛ𝑧

𝜎𝑠𝑡
                                                                                                    (5.2.3.2) 

where 𝜎𝑠𝑡 = 2𝐶12 𝐶11⁄  is the Poison’s ratio of the grown InAs pseuodomorphic layer [1]. C’s 

are the elastic constants of InAs having the values of C11=0.833 and C12 =0.453 [3]. This strain 

is compressive in nature and isotropic over the entire x-y plane. This is a valid approximation, 

Fig.5.3 Intensity vs θ plot of θ-2θ XRD scan (dotted lines). The experimental results have been de-

convoluted with fitting function (solid lines) with reduced χ2.value ~ 10-3, for different InAs 

coverage (0.4-0.8 ML). Evidently, the broad peak related to (004) InAs reflection gradually shifts 

towards the (004) GaAs related peak with increasing SML coverage. 
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as long the active shear strain is negligibly small. The associated surface stress of the 

compressed InAs layers due to locally exerted strain is estimated by using 

𝜎0 =
𝑌

1−𝜎𝑠𝑡
ɛ∥                                                                                                                     (5.2.3.3) 

where Y is Young’s modulus of pure InAs pseuodomorphic layer [4]. The measured values of 

ԑz, ԑ|| and σ0 for different SML coverage (0.4-0.8 ML) are enlisted in Table-5.1. The effective 

compressive stress has been measured to increase from 54.5×108 to 178×108 as the sub-

monolayer coverage is reduced from 0.8 ML to 0.4 ML. Evidently, the reduction of InAs 

coverage leads to building up of excess in-plane strain and compressive surface stress upon the 

SML-QDs embedded in GaAs host matrix. 

Table-5.1 Measured quantities from XRD scan 

 

5.2.4 Raman Analysis: Simulations by using phonon confinement model 

Observation of phonon response is an important aspect both for providing spectral evidence of 

the formation of the QDs and for quantitative understanding phonon-energy shifts due to the 

confinement and strain inside the QDs. Figure 5.4 (a) shows the Raman spectra of the SML-

QDs which exhibits several key features and trends, such as (i) two-mode asymmetric and 

broadened optical phonon response at lower energies related to the sample structure which gets 

red-shifted with decreasing fractional coverage of InAs and (ii) strong transverse (TO) and 

InAs 

coverag

e  

(ML) 

 

ΘS 

(degree) 

Out-of-plane 

strain ɛ𝑍 

(x 10-2) 

 

 In-plane 

compressive 

strain ɛ∥ 

(x 10-2) 

Compressive 

Surface stress  

𝝈𝟎  

(x108 Pascal) 

Average 

QD 

height 

(nm) 

       

0.4 32±0.008 3.08±0.003  -3.1±0.003 178±0.4 1.4 

0.6 32.05±0.009 2.814±0.001  -2.96±0.002 171±0.3 1.55 

0.7 32.24±0.007 2.478±0.004  -2.6±0.004 135±0.2 1.9 

0.8 32.39±0.008 1.784±0.004  -1.9±0.005 54.5±0.2 2.3 
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longitudinal (LO) optical phonon response for the host GaAs material at 270 cm-1 and 295 cm-

1, respectively [5]. The appearance of the additional feature of strong GaAs TO Raman peak 

under back-scattering geometry which were absent in the pure bulk GaAs sample without 

quantum dot (Fig.5.4 (b)) indicates relaxation of certain phonon selection rules attributed to 

release of some strain induced in the GaAs matrix in the presence of the QDs [6-7]. In addition 

to that, the asymmetric and broadened redshifted phonon line-shapes which could be de-

convoluted to obtain two distinct peaks (Fig.5.4 (c)) characteristically confirms the formation 

of InAs quantum dot structure with inhomogeneous vertical size distribution [8-9]. The de-

convoluted asymmetric Raman peaks which obeyed all the selection rules of phonon modes 

(TO and LO) in normal zinc blend material can thus be readily considered to be first-order 

InAs-like TO and LO phonon peaks related to InAs SML-QDs [10-12]. As the InAs coverage 

is decreased, these peak positions are increasingly red-shifted from bulk InAs TO (230 cm-1) 

and LO (240 cm-1) which serves the spectral evidence of progressively enhanced confinement 

effect in InAs SML-QDs [13]. One may also notice that the spectral intensity of the SML-QDs 

relative to that of GaAs substrate material progressively increases with increasing coverage of 

InAs layer which indicates the increment of the effective volume of the grown quantum dots. 

Fig.5.4 (a). Raman spectra from the QD samples for different InAs sub-monolayer coverage. (b) 

Raman spectra of reference pure GaAs sample. (c) Enlarged view of QD related contribution 

(dotted) with resolved InAs-like TO and LO phonon response (red and blue) fitted by PCM model 

with reduced χ2 values of ~10-3. Evidently, both the Raman modes red-shifted with decreasing InAs 

coverage. 
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Both the effects of phonon confinement and average strain may simultaneously lead to the shift 

of phonon energy from the bulk value [14-17]. Spatial confinement of phonons gives rise to 

Raman redshift whereas the compressive strain leads to blueshift in Raman peak energy [18]. 

In our case, the energy blueshift due to the compressive lattice strain as estimated from the 

XRD analysis, has been incorporated as a correction term to the phonon energy in the 

expression of scattered phonon intensity following the phonon confinement model. The 

asymmetric Raman line shape can be well described by a model of phonon confinement inside 

the inhomogeneous nanometre-sized InAs islands which is used to fit the two-mode QD 

phonon response by considering a Gaussian confinement function [19]. 

The total scattered Raman intensity I(w) from an ensemble of nano-crystallites of dimension 

L, defined as integral of a superposition of weighted Gaussian contributions from all the wave 

vectors throughout the whole Brillion zone can be approximated to [20] 

𝐼(𝑤) = ∑ ∫
𝑒𝑥𝑝 (− (𝐿 − 𝐿0)2 2𝜎2)⁄

√2𝜋𝜎

∞

0

2

𝑖=1

⤫ ∫
𝐶(𝑞)2𝑑3𝑞

(𝑤 − {𝑤𝑖(𝑞) + ∆𝑤𝑖(𝑞)})2 + (𝛤 2⁄ )2

𝐵𝑍

   (5.2.4.1) 

where Γ is the natural Raman full width at half maximum (FWHM), q is the wave vector, wi(q) 

is the linear two-atom InAs phonon dispersion function [1] for the selected Raman mode. The 

discrete sum is taken over two selected modes with necessary weightage to fit the experimental 

Raman line shape. The spatial phonon confinement inside the QDs is represented by the Fourier 

coefficient of the Gaussian phonon confinement function C2(q) = exp (− q2L2 8β⁄ ) , where L 

is the length dimension (dot height) along the direction of phonon confinement and β=2п2 

according to Campbell’s Phonon confinement (PCM) model [21-22]. More realistically, the 

SML-QDs may have a size distribution which can cause more asymmetric broadening of 

Raman line shape. This has been incorporated in the model by a Gaussian size distribution 

function centered at the mean size (vertical) L0 with standard deviation σ (Table-5.2). The 

combined effect of phonon confinement and average compressive strain including the QD 
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finite-size dispersion seemed to explain well the energy shift and asymmetric broadening of 

the phonon peak at lower energy. The effect of the weak average (inhomogeneous) 

compressive strain [23] leading to small energy blue shift of the two-mode InAs-like Raman 

response is justifiably incorporated in the model (Eq. 5.2.4.1) by the extra term ∆wi =

−3γiwi(q)ɛ|| in the phonon energy expression, where ɛ|| is the average in-plane compressive 

strain, directly used from the respective XRD data (from Table-5.1) associated with different 

InAs ML coverage and γi is the Grüneisen parameter for the selected Raman mode of InAs [1]. 

The mean QD height (L0), SD of QD height distribution (σ) and Raman peak FWHM (Γ) are 

the extracted parameters obtained by fitting the experimental Raman line shapes by the 

aforesaid phonon confinement function with reduced χ2.value of 2x10-3-6x10-3. The measured 

Raman redshift, extracted average QD height (L0) with finite-size dispersion (σ) for different 

InAs coverage are tabulated in Table-5.2 and plotted as functions of InAs layer coverage in 

Fig.5.5. Both the  

InAs-like (TO and LO) Raman peaks are observed to get more redshift with decreasing InAs 

layer coverage which is a measure of stronger phonon confinement induced by quantum size 

Fig.5.5 Dependence of observed redshift of InAs-like LO and TO Raman peak and the extracted 

average QD size (height~L0) with corresponding QD size dispersion (σ) quantitatively 

represented by the error bar. 
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effect inside SML-QDs of decreasing size. From the Raman redshift, the effect of exciton-

phonon interaction can be inferred qualitatively [7]. As stronger phonon confinement inside 

lower dimensional structures is usually associated with enhanced exciton-phonon coupling via 

the Fröhlich [14] interaction, it is very likely that with decreasing InAs coverage the exciton-

phonon coupling strength increases [24]. This may affect the luminescence properties by 

playing a vital role in phonon-assisted carrier relaxation, especially at higher temperatures. The 

estimated small SD of QD size distribution of 5-12% with respect to the mean QD height L0 

for different InAs coverage (0.4-0.8 ML), as shown in Table-5.2, suggests a reasonably 

homogenous growth of QDs by sub-monolayer epitaxy. The QD size distribution gets a little 

dispersed with increasing InAs coverage. This is evidence of tuning the dot size with very small 

size fluctuations by varying the active thickness of InAs sub-monolayer. 

Table-5.2 Extracted QD size with dispersion from the PCM model 

 

5.2.5 Qualitative strain-size correlation 

A qualitative correlation between average quantum dot size, as extracted from Raman 

measurement and the effective lattice compressive strain deduced from XRD measurement can 

be drawn. The progressively decreasing trend of InAs-rich islands or SML-QDs with 

decreasing sub-monolayer coverage can be described as a consequence of the increasing degree 

of in-plane compressive stress acting on the local strain centers. The accumulated compressive 

strain can control further evolution of surrounding islands by constricting the adatom (In) 

InAs 

Coverage 

(ML) 

TO redshift 

(cm-1) 

LO 

redshift 

(cm-1) 

Average 

dot height 

L0 (nm) 

Size 

Dispersion 

(nm) 

0.4 14.6±0.35 14.47±0.94 1.4±0.005 0.06±0.009 

0.6 12.35±0.82 11.65±0.69 1.55±0.009 0.098±0.009 

0.7 5.25±1.12 5.65±0.80 1.9±0.009 0.17±0.005 

0.8 1.82±0.54 2.76±0.55 2.3±0.003 0.35±0.006 
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diffusion through the matrix owing to enhanced potential barrier [29]. This, in turn, reduces 

the average size of the grown islands. E. Penev et al have previously reported such strain-

controlled kinetic evolution of uniform island growth, purely based on density functional 

theory (DFT) framework [25]. Similarly, while depositing InAs in GaAs matrix, the resulting 

excessive compressive strain due to lattice misfit between InAs and GaAs accumulated near 

the islands (strain centres) hinders adatom (In) migration throughout the host matrix. 

Subsequently, it diminishes In adatom concentration at the nucleation sites, thus retards the 

adjacent islands from further growing up in size [26]. The monotonically increasing degree of 

compressive strain with decreasing SML coverage (0.8-0.4 ML) thus essentially gives rise to a 

more homogeneous distribution of progressively small size, isolated InAs islands [27]. Greater 

relaxation of strain energy with increasing SML coverage basically leads to weaker control 

over the island evolution which essentially attributes to the growth of closely-spaced high 

density bigger islands with lower size uniformity [13], as deduced from AFM measurements. 

With decreasing SML coverage, the increasing effect of built-in strain upon the size and 

morphology of the grown InAs islands is schematically shown in Fig.5.6. 

Fig.5.6 Schematic representation of the effect of hydrostatic strain upon the growth of InAs islands 

for different InAs SML coverage. With decreasing InAs layer coverage, the locally accumulated 

compressive strain gradually increases which leads to small-size scattered isolated well-separated 

islands with less number density. 
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5.2.6 Measurements of in-plane dot-to-dot separation from GISAXS study 

The in-plane spatial arrangement and average lateral separation of the embedded SML-QDs 

have been quantitatively analyzed by grazing-incidence small-angle scattering (GISAXS) 

measurements. The samples were irradiated by x-ray originated from synchrotron source. The 

relative variation in the associated feature as a function of sub-monolayer coverage has been 

discussed in this section. 

The in-plane information about a point along different azimuthal directions has been obtained 

by collecting the scattered x-ray intensity while rotating each sample around the surface normal 

from -15° to 115°, as schematically illustrated in Fig.5.7. The rotation angle 0° is set to align  

to [110] azimuthal direction. The scattered x-ray intensity along the x-direction is collected by 

a position-sensitive detector (PSD) and the extracted I-qx GISAXS peak profile is depicted in 

Fig.5.8 (a)-(e). The GISAXS profile for each of the samples vividly depicts the appearance of 

satellite peaks corresponding to the non-specular scattering from embedded SML-QDs 

symmetrically oriented about the central (qx=0°) specular peak. Three distinct sets of GISAXS 

Fig.5.7 Schematic illustration of the scattering geometry in GISAXS experiment. The scattered small-

angle near-specular intensity is recorded by a linear PSD as a function of qx. The angle of incidence 

(αi = 0.14o) of the x-ray beam is set to a value close to the critical angle (αc =0.16o) of total external 

reflection. Different azimuthal directions on the sample surface can be scanned by rotating the 

sample surface about the sample surface normal by angle Ω. 
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profiling have been performed corresponding to 0°[110], 45°[100] and 90°[1-10] azimuthal 

directions. The appearance of well-resolved satellite peaks after de-convoluting them by 

standard weighted Lorentzian line-shape with suitable instrumental resolution function [1], 

indicates some sort of in-plane regular ordering in the spatial arrangement of the embedded 

quantum dot structures [28]. The characteristic length scale (Lb) related to the periodicity of 

the arrangement has been determined by the relation Lb ~2π/Δqx where Δqx is the separation 

between 0th order specular peak and de-convoluted 1st order satellite peak, directly measured 

from the respective I-qx profile [29-30]. This length scale corresponds to the average inter-dot 

lateral separation. The measured average dot-dot separation along the mentioned three 

azimuthal directions from different sub-monolayer coverage (0.4-0.8 ML) are enlisted in 

Table-5.3. Evidently, the average inter-dot separation decreases with increasing SML 

coverage. The well-separated higher-order satellite peaks with progressively greater separation 

from the 0th order peak also manifest more closely spaced spatial distribution of SML-QDs at  

Fig.5.8 The scattered x-ray intensities from the embedded InAs QDs measured along qx in different 

azimuthal sample orientations. The peaks on both sides of the central 0th order peak at qx = 0 A-1  

peak are the satellite peaks. Moreover, the satellite peaks are almost absent for x-ray scattering 

from SK-QD. 
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Table 5.3 GISAXS results: Dot-dot separation along different lateral directions 

 

higher InAs coverage. Notably, the inter-dot average separation for reference InAs SK-QD has 

been found to quite larger as compared to InAs SML QD samples, mainly attributed to one 

order higher density of QDs [31]. The variation in measured satellite peak FWHM for different 

SML coverage reflects a different type of short-range periodicity in the in-plane spatial 

arrangement of the QD ensemble. This may have been attributed to the local variation of some 

planner properties in the vicinity of each QDs, leading to a coherent broadening of the non-

specularly scattering peaks [31]. This is represented by a correlation length Lc, manifesting the 

spatial range of local in-plane ordering of dots. The corresponding correlation length have been 

quantitatively determined by using the relation Lc~2π/Δ where Δ is the measured instrument-

corrected FWHM of the 1st order satellite peak [32]. The calculated correlation lengths along 

InAs coverage 

(ML) 

Azimuthal 

orientation 

Average dot-dot 

Separation LΩ (nm) 

Correlation 

length LC (nm) 

0.4 [110] 

[100] 

[1-10] 

85±5 

98±5.2 

87±4.4 

127±8.8 

148±9.8 

115±8.9 

0.6 [110] 

[100] 

[1-10] 

68±5 

71±4.4 

75±5.1 

95±5 

112±10.2 

98±9 

0.7 [110] 

[100] 

[1-10] 

47±4.2 

43±1.4 

44.7±2.1 

52±8.5 

 49±5.4 

55±6.4 

0.8 [110] 

 [100]  

 [1-10] 

39±4.9 

40±1 

37.5±2.3 

 44±6 

47±6 

41±6 

SK  [100] 105±6.7                
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different azimuthal scanning directions for different SML coverage (0.4-0.8 ML) are listed in 

Table-5.3. Evidently, the correction length has been found to increase with decreasing SML 

coverage which indicates a higher range of existing lateral ordering of QDs. The appearance 

of a greater number of prominent higher-order satellite peaks is also a sign of a greater degree 

of QD correlation for low InAs coverage fraction. The higher-order satellite peaks flatten out 

for higher SML coverage (0.7-0.8 ML) which is an indication of a more limited range of lateral 

QD correlation. The standard deviation (SD) associated with the measured inter-dot average 

separation has been evaluated for different lateral directions. The estimated SD of 20% along 

[100] azimuth has been found to be lower than the SD of 29% along other directions for 0.4 

ML coverage. This indicates a relatively more uniform spatial ordering of dots along [100] 

direction for 0.4 ML coverage [29]. This also suggests the markedly anisotropic distribution of 

average QD separation. The quantum dot distribution becomes more azimuthally randomized 

with increasing the SML coverage, as is reflected in evaluated SD of the mean inter-dot 

separation enhanced up to ~40% at 0.8 ML. Noticeably, the difference in magnitude of average 

dot-to-dot separation along different azimuthal directions progressively decreases with 

increasing InAs SML coverage which indicates a more isotropic in-plane distribution of 

embedded quantum dots. 

5.3 Optical characterization 

The optical properties, carrier confinement effect and carrier localization in the SML-QD based 

heterostructure have been investigated by low-temperature photoluminescence measurements. 

The relative variation of characteristic optical properties for different sub-monolayer coverage 

has been discussed in this chapter in detail. 
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5.3.1 Low-temperature PL study 

The carrier confinement inside the sub-monolayer quantum dots and the modified excitonic 

binding energy under quantum confinement have been quantitatively analysed by low-

temperature photoluminescence (PL) spectroscopy. The PL measurements of the SML-QDs 

with different coverage fraction (0.4-0.8 ML) have been performed at 4K, as depicted in Fig.5.9 

(a). A sharp and strong luminescence has been observed from all the samples originated from 

a ground state Wannier excitonic transitions between confined states in quantum dots [33]. 

This is mediated by radiative recombination between an electron (e) and a heavy hole (hh) pair 

[34]. The PL peak energy exhibits blueshift from 1.406 eV to 1.496 eV with decreasing InAs 

sub-monolayer coverage from 0.8 ML to 0.4 ML, as depicted in Fig.5.9 (b). The increasing 

degree of QD size inhomogeneity [34-35] with increasing sub-monolayer coverage is reflected 

in progressively increasing PL linewidth, as graphically shown in Fig. 5.9 (b). This is quite 

similar to the increasing trend of Raman extracted QD size dispersion. 

5.3.2 Carrier confinement and excitonic binding energy 

Photoluminescence peak energies are evaluated by de-convoluting the respective peak by 

standard Gaussian fitting functions with reduced χ2 value of the order of 10-4. The electron and 

Fig.5.9 (a) Low temperature (4 K) normalized PL spectra of SML-QD heterostructure for different 

InAs coverage (0.4-0.8 ML). The PL peak at ~1.52 eV is related to the inter-band transition in GaAs 

layers which are represented magnified. (b) Variation of QD-related PL peak energy and FWHM 

with InAs coverage fraction. 
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hole confinement energies (ΔEC and ΔEV) are calculated by using the variational method under 

envelope-function approximation [36,40]. The SML-QDs with characteristically low height to 

diameter ratio has been quiet justifiably approximated as quasi-two-dimensional ‘lens-like’ 

structures [37]. Thus, an array of laterally coupled SML-QDs can be simplistically represented 

as a series of cylindrical potential wells with very small height to base diameter ratio, separated 

by finite potential barriers [38-40]. The measured quantum dot height and diameter for different 

coverage fraction are fed into the model. The estimated quantum confinement energy 

(ΔEC+ΔEV) is enlisted in Table-5.4 which clearly suggests an increasing trend of confinement 

energy with decreasing sub-monolayer coverage. This has led to the observed blueshift in PL 

peak energy with decreasing InAs sub-monolayer coverage. Both quantum confinement and 

strain have played a vital role to determine the peak emission energy, as given by 

𝐸𝑔 = 𝐸𝐼𝑛𝐴𝑠 + 𝛥𝐸𝐶 + 𝛥𝐸𝑉+ 𝛥𝐸𝑠𝑡𝑟𝑎𝑖𝑛                                                                            (5.3.2.1) 

where Eg is the smallest energy difference between the electron and heavy-hole state, modified 

due to the combined effect of strain and confinement [41]. The correction in the electronic 

transition energy due to the compressive strain (ɛ∥) is incorporated by the term ΔEstrain, which 

has been estimated for different SML coverages by using the relation [47] 

𝛥𝐸𝑆𝑡𝑟𝑎𝑖𝑛 = −2𝑎
𝐶11 − 𝐶12

𝐶11
ɛ∥ … … … … … … … … … … … … … … … … … … … … … … (5.3.2.2) 

where a=6.058 Å is the lattice constant of bulk InAs. This has led to a redshift in PL peak 

energy [40]. The corresponding estimated values are enlisted in Table-5.4. EInAs =0.43 eV is 

the bandgap energy of bulk InAs at 4K [40]. The effective mass of the electron and heavy hole 

under InAs QD confinement, used in the energy calculation are me*=0.026m0 and mh*=0.41m0 

respectively [42]. The energy gap Eg has been estimated to be 1.51 eV, 1.49 eV, 1.44 eV and 

1.41 eV for 0.4 ML, 0.6 ML, 0.7 ML and 0.8 ML respectively. Evidently, the combined effect 
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of quantum confinement and strain has led to the enhancement of the energy gap with a 

reduction in sub-monolayer coverage.  

Table-5.4 Determined energy shift due to strain and quantum confinement 

 

5.3.3 Excitonic binding energy and exciton dimension 

The binding energy of the electron-hole pair in the bound excitonic state is approximately 

evaluated by using the relation 

𝐸𝑏 = 𝐸𝑔 − 𝐸𝑃𝐿                                                                                                                   (5.3.3.1) 

where EPL is the observed PL transition energy, as enlisted in Table-5.5 [41]. Evidently, the 

energy of the e-hh bound state increases with decreasing coverage fraction which is attributed 

to enhanced Coulomb energy due to reduced e-h separation mediated by decreasing QD 

dimension along the direction of spatial confinement. 

The associated excitonic Bohr radius 𝑎𝐵
∗  is evaluated by using the relation 

𝐸𝐵 = ħ2 2µ𝑎𝐵
∗ 2⁄                                                                                                             (5.3.3.2) 

where μ=me*mh*/(me*+mh*) is the excitonic mass. This is a measure of the effective physical 

dimension of the e-hh pair bound state in the presence of active quantum confinement. The 

InAs coverage  

(ML) 

PL peak energy 

(eV) 

PL redshift 

Due to strain 

∆𝑬𝒔𝒕𝒓𝒂𝒊𝒏 (meV) 

Calculated confinement 

energy ∆𝑬𝒄𝒐𝒏 (meV) 

0.4 1.496±4x10-4 -2.3±0.07 1074±12 

0.6 1.482±3x10-4 -2.1±0.09 928±9.5 

0.7 1.430±9x10-4 -2±0.03 865±10.3 

0.8 1.406±5x10-4 -1.4±0.06 676±6.9 
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confinement-induced excitonic radius as listed in Table-5.5, have been found to be smaller than 

the bulk InAs Bohr radius  𝑎0~34 nm [43] and further monotonically decreases with 

decreasing sub-monolayer coverage. The enhancement of the measured exciton binding energy 

(BE) with monotonically reduced average QD size (1.4-2.3 nm), much less than the bulk Bohr 

radius (~34 nm) is in good agreement with Hribrank’s model of potential well thickness-

dependent excitonic BE in quantum well structure [44]. The deviation in exciton radius from 

its bulk value due to the effect of spatial confinement is more directly characterized by lowering 

exciton dimension relative to the bulk, as empirically given by 

𝑎𝐵
∗ =

𝑎0

2√𝐷
                                                                                                                         (5.3.3.3) 

where D is the excitonic dimensionality constant. The dimensionality constant varies from 0.25 

to 1 when the exciton is lowered from three-dimension to two-dimension. The calculated D 

values (shown in Table-5.5) have been found to increase from 0.4 to 0.92 as InAs sub-

monolayer is reduced from 0.8 ML to 0.4 ML. Evidently, the excitonic properties are shifting 

more toward the 2D-like nature from 3D bulk characteristics with decreasing coverage fraction 

as a consequence of stronger confinement induced progressively increasing binding energy. 

Table-5.5 Evaluated exciton BE and effective Bohr radius 

 

InAs coverage  

(ML) 

Excitonic BE  

Eb (meV) 

Excitonic Bohr 

radius (nm) 

Dimensionality 

Constant (D) 

0.4 11.4±0.03 16.2±0.09 0.92±0.006 

0.6 8.3±0.04 17.4±0.10 0.8±0.004 

0.7 6.13±0.07 20.2±0.16 0.6±0.009 

0.8 4.4±0.05 24.7±0.14 0.4±0.004 
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5.4 Summary 

In this chapter, we have discussed molecular beam epitaxial growth of InAs/GaAs sub-

monolayer quantum dot multi-stack heterostructure and their combined strain, structural and 

optical characterization. We have demonstrated the feasibility of spectrally tuning their 

excitonic photoemission in the near-IR region by controlling InAs sub-monolayer coverage 

from 0.4 to 0.8 ML. Through systematic high-resolution x-ray diffraction, Raman scattering 

and low-temperature photoluminescence measurement, we have explicitly discussed the 

variation in spectral properties with varying InAs coverage, as a consequence of the different 

degree of the quantum size effect. The progressive spectral blueshift with InAs coverage has 

been attributed to the increasing degree of carrier confinement due to smaller quantum dot size. 

We have observed that the built-in compressive surface stress due to lattice misfit between 

InAs and GaAs layer increases with decreasing SML coverage which helps to control the 

quantum dot growth and plays a leading role to determine their density and size distribution 

for different InAs sub-monolayer coverage. The reduction of layer coverage in the sub-

monolayer domain has induced a reduction in QD size and number density. 

With progressively increasing quantum confinement effect, the strength of exciton-phonon 

interaction is subjected to increase which can play a serious impact on the PL spectra at higher 

temperatures. Therefore, the temperature variation of PL spectra becomes very important to 

study as a function of SML coverage which is discussed in the following chapter. 
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6.1 Introduction 

The intensity of photoluminescence depends on the number of radiative recombination which 

is proportional to the free carrier population in excited electronic states. At elevated 

temperature, this population density depletes and redistributes in different energy states 

through different relaxation channels. This has a direct consequence to the variation in spectral 

properties. The processes of photocarrier relaxation can be significantly modified in the 

presence of discretized carrier states under quantum dot spatial confinement. We have analyzed 

the temperature-induced relaxation of photogenerated carriers for different InAs sub-

monolayer coverage from temperature-dependent photoluminescence (TDPL) measurements. 

From the respective spectral analysis, the relative degree of energy relaxation through the 

confined states for different InAs coverage fraction has been studied by comparing the 

temperature dependence of PL peak integrated intensity, peak energy, and linewidth. A 

simulation study of photocarrier relaxation in the electronically coupled assembly of SML-

QDs has been performed to describe different features of temperature-dependent 

photoluminescence as a function of InAs layer coverage. The experimental and simulation 

results are elaborately discussed in this chapter. 

6.2 TDPL measurement: Experimental results 

6.2.1 Temperature-induced quenching of PL intensity for different 

coverage fraction 

Radiative recombination of the dissociated carriers gives rise to photoluminescence whose 

intensity is proportional to the number density of the dissociated excitons. In addition to that, 

another carrier relaxation mechanism becomes significant at higher temperatures due to non-

radiative (NR) recombination mediated by thermal scattering of the confined carriers [1]. This 

gives rise to quenching of PL intensity with increasing temperature (shown in Fig.6.1), the  
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onset of which is quantitatively characterized by ground state thermal activation energy Ea. 

The activation energy is extracted by fitting the observed high-temperature variation of PL 

intensity (shown in Fig.6.1) by the standard Arrhenius relation for bi-channel thermal 

quenching [2] 

𝐼(𝑇) =
𝐼0

1+𝐴1 exp(−
𝐸𝑎1
𝑘𝑇

)+𝐴2 exp(−
𝐸𝑎2
𝑘𝑇

)
                                                                                     (6.2.1) 

where I0 is the lowest temperature (4K) PL intensity, k is Boltzmann constant, Ea´s are the 

activation energies related to the corresponding thermal quenching channels and A´s are the 

associated weightage of the respective decay channels characteristically equivalent to the ratio 

of radiative to NR recombination lifetimes (τr/τnr) [3]. The fitting extracted values of A´s and 

activation energies are enlisted in Table-6.1. The activation energy associated with the stronger 

photocarrier quenching channel has been extracted to be Ea1 ~43 meV, 65 meV, 120 meV and 

155 meV for 0.4 ML, 0.6 ML, 0.7 ML and 0.8 ML coverage respectively. Their values are 

Fig.6.1 Temperature variation of wavelength-integrated intensity (discrete points) and respective 

Arrhenius fits (solid lines; reduced χ2 ~ 10-2) with double activation energy (Ea1 and Ea2) related to 

two independent thermal carrier escape channels. The extracted lower thermal activation energies 

(Ea1) are 27±4.3, 51±5.4, 107±4.2 and 144±9.7 meV respectively for different (0.4-0.8 ML) InAs 

coverage. The relatively higher activation energy (Ea2) related to the second thermal escape channel 

has been extracted to be 235±4.5, 274±3.4, 252±5.6 and 305±5.3 meV for 0.4, 0.6, 0.7 and 0.8 ML. 
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apparently found to be coinciding (within the error bar) with the energy separation (EGaAs-EQD) 

of 39 meV, 50 meV, 100 meV and 140 meV between the respective excitonic ground state and 

GaAs barrier (1.52 eV) level. Therefore, the associated NR PL quenching channel can be 

readily described as an escape pathway of thermally excited confined carriers from QD 

excitonic ground state to the barrier (GaAs) continuum state with an energy equal to Ea1 needed 

to surmount the potential barrier [2-4]. Evidently, extracted large value of A´s and 

monotonically decreasing activation energy with decreasing coverage fraction indicates 

relatively easier NR thermal escape of the confined carriers into the barrier [56]. This leads to 

a faster degree of quenching of PL intensity for lower sub-monolayer coverage (0.4-0.6 ML) 

initiated at a relatively lower temperature of 175 K-210 K, as shown in Fig.6.1 [5]. The thermal 

energy relaxation is mediated by exciton-phonon interaction with progressively increasing 

strength of coupling that may have been boosted by highly localized excitons and confined 

phonons inside QDs of decreasing size [6]. Stronger quantum confinement associated with the 

reduced QD size (at lower coverage) has decreased the potential offset (EGaAs-EQD) at the QD-

barrier interface by uplifting QD electronic ground and thus has assisted easy direct NR transfer 

of carriers into the barrier. The relatively larger activation energy Ea2 of 235±4.5, 274±3.4, 

252±5.6 and 305±5.3 meV associated to the weaker quenching channel is more likely to be 

responsible for non-radiative thermal carrier transfer to some of the higher excited barrier states 

lying above the GaAs CB edge [7]. 

On the other hand, for higher InAs coverage fraction, fitting extracted relatively larger 

activation energy Ea2 and lower value of τr/τnr manifest suppression of NR thermal carrier 

transfer and thus helps to maintain high luminescence efficiency I(T)/I0 up to relatively higher 

temperature, as shown in Fig.6.1 [8]. For higher sub-monolayer coverage, reduction in quantum 

confinement (increasing dot size) leads to enhancement of barrier potential offset (EGaAs-EQD) 
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that effectively constrict the thermal escape of the dissociated electrons from QD ground state 

by overcoming the potential barrier. 

Table-6.1 Extracted parameters from Arrhenius fitting 

SML 

coverage 

(ML) 

Calculated 

EGaAs-EQD 

(meV) 

 Thermal activation energy PL Weightage constants  

Ea1 (meV) Ea2 (meV) 

 

A1 A2 

0.4 33±1.3 43±2 235±4.5 101390±113 214538±225 

0.6 44±2.1 65±5 274±3.4 45544±98 189453±176 

0.7 100±2.8 120±9 252±5.6 2460±25 245329±112 

0.8 127±4.2 155±8 305±5.3 759±18 97890±127 

 

6.2.2 Temperature dependence of spectral linewidth and energy redshift 

The redshift of PL peak energy has significantly slowed down at higher InAs coverage fraction, 

as clearly depicted in Fig.6.2 (a). Higher sub-monolayer coverage QD sample (0.7-0.8 ML) has 

also exhibited a monotonic reduction in PL linewidth with temperature up to 150 K (shown in 

Fig.6.2 (b)) which is anomalous in character as PL peak usually broadens due to enhanced 

degree of electron-phonon scattering under thermal excitation [9]. The relatively higher 

Fig.6.2 (a) Temperature dependence of measured PL FWHM and (b) peak energy with 

corresponding Varshney fittings for different InAs coverage (0.4-0.8 ML). 
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thermal activation energy (Ea1), weakening of peak energy redshift and anomalous reduction 

in PL FWHM with the temperature at higher sub-monolayer coverage can be explained by 

considering an alternative non-thermal carrier relaxation pathway other than the thermal escape 

process, leading to faster quenching of PL intensity. Inter-dot tunneling of QD confined carriers 

through the intermediate GaAs barrier seem to be the most adequate direct loss-free process 

for photocarrier relaxation from confined states of one quantum dot to the energy states of the 

near-by dots without undergoing any NR thermal recombination [9]. For larger QDs (higher 

SML coverage), relatively loosely bound carriers (lower exciton BE) easily find an alternative  

escape pathway for tunneling among closely-spaced dots in GaAs matrix which is much more 

efficient than the thermal carrier escape process due to high surmounting potential barrier 

height [1]. The increasing rate of carrier tunneling with increasing sub-monolayer coverage 

due to progressively narrowing down of intermediate GaAs barrier thickness is more 

elaborately and quantitatively discussed in the next section. 

Tunneling of carriers through the intermediated barrier is a two-step process mediated by two 

successive relaxation processes [1]. The dissociated carriers are firstly thermally excited from 

the excitonic ground state to the electronic ground state in QD conduction band followed by 

their escape from QD confinement and direct relaxation into the electronic (ground) states of 

the adjacent QDs with relatively lower in energy by quantum mechanical tunneling through 

finite barrier [9]. The strength of tunnel-induced carrier relaxation increases with decreasing 

effect of carrier localization (less excitonic BE) at higher coverage assists the dissociated 

photocarrier to effectively relax through a greater number of accessible electronic states over a 

longer spatial range without any absorption and recombination [10]. This leads to sustainable 

luminescence intensity up to high temperature (close to RT) as compared to the lower coverage 

QD samples. The anomalous reduction in PL linewidth and almost temperature-independent 

redshift of PL peak energy up to ~ 150K for higher coverage (0.7-0.8 ML), as shown in Fig.6.2 
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(a)-(b), can be described as a consequence of dominance of tunneling effect over the thermal 

carrier escape in the low-temperature region from 0K to 150K. The normal spectral broadening 

with increasing temperature, as exhibited by the lower coverage (0.4-0.6 ML) samples, is 

typically attributed to an increasing degree of accessible states for carrier relaxation through 

electron-phonon scattering. But at higher sub-monolayer coverage (0.7-0.8 ML), fast tunnel-

induced inter-dot direct carrier transfer offers the opportunity for redistributing the dissociated 

carriers from all the adjacent QDs to preferably relax to some relatively lower energy states of 

the local QD distribution [9]. In other words, the greater strength of tunneling has led to a 

redistribution of carriers in the adjacent QD states before they could recombine within the QD 

confinement states or thermally escaped. This has given rise to an anomalous reduction in PL 

linewidth with temperature up to 150K for higher sub-monolayer coverage, as depicted in 

Fig.6.2 (a). The quantitative study of the time scales of tunneling and recombination is 

discussed in the next section in more detail. At higher temperature (T≥150K), NR thermal 

relaxation due to electron-phonon scattering takes over the tunnel-assisted inter-dot carrier 

transfer which leads to monotonically increasing normal thermal spectral broadening with 

temperature. The carrier relaxation at low temperature (≤ 150K) for higher InAs coverage (0.7-

0.8 ML) is mainly controlled by the temperature-independent tunneling process. This is 

manifested in the consequent redshift of respective PL peak energy with very little temperature 

dependence up to 150 K, as depicted in Fig. 6.2 (b). 

6.3 Analysis of photocarrier relaxation 

The relative effect of carrier relaxation upon the temperature dependence of photoluminescence 

signal is discussed in this section which has been quantitatively analyzed through theoretical 

simulation by using a model equation of photo-carrier relaxation in the coupled system. The 

lifetimes related to radiative recombination and carrier tunneling have been extracted by fitting 

the respective TDPL spectra by the model equation and compared for different InAs coverage. 
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The ratio of characteristic lifetimes of these two relaxation processes has been found to 

determine the temperature dependence of spectral properties for different coverage fraction. 

All the fitting extracted lifetimes are also compared with a reference SK quantum dot sample. 

6.3.1 Theoretical simulation of photo-carrier relaxation 

The relaxation of QD confined photocarriers is generally mediated through various possible 

relaxation channels characterized by respective lifetimes [11]. The dissociated photo-generated 

carriers can either undergo direct recombination in quantum dot ground state or escape out of 

the QD confinement potential. The photocarrier escape is mediated either through the transfer 

of thermally excited carriers to GaAs medium by surmounting the QD-GaAs potential barrier 

offset or through direct relaxation of electrons from QD ground state to the electronic states of 

the adjacent dots by the process of quantum mechanical tunneling through the intermediate 

GaAs barrier [12-15]. The possible photocarrier relaxation routes are illustrated schematically 

in Fig.6.3. Here our objective is to study the temperature dependence of PL spectra under the  

Fig.6.3 Different relaxation channels for QD captured photo-carriers in laterally coupled QDs 

embedded in GaAs host matrix where the dots are treated as array of quantum wells separated 

GaAs potential barrier. The captured photo-generated carriers under QD confinement potential 

can recombine back to its ground state (violet line) or escape out of the QD. The carrier escape 

can be conveyed either by thermal transfer to the barrier (red line) or by non-dissipative transfer 

to the neighboring QD states by quantum mechanical tunneling (green line) through the 

intermediate GaAs barrier. 
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combined effect of all these carrier relaxation processes, with quantitative determination of the 

associated lifetimes. There have been a few reports of studying the effect of carrier relaxation 

dynamics, but each of which is based on the separate study of each of the relaxation mode 

under very simplified structural model approximation [16-18]. In this thesis work, we have 

quantitatively analyzed the combined effects of the co-existing dynamical photocarrier 

relaxation processes through laterally coupled ‘disc-shaped’ two-dimensional SML-QD 

structure upon the TDPL spectra and described their relative variation in strength as a function 

of InAs sub-monolayer coverage [19].  

The QD related excitonic PL spectra for different SML coverage (0.4-0.8 ML) at different 

temperatures in the range 5-285 K have been fitted by localized state function (LSF) model-

based general photocarrier decay rate equation, as depicted in Fig.6.4. The mathematical 

framework of the LSF model, as first proposed by Xu et al, is based on adding up the rates of 

photocarrier transfer in different relaxation channels in and out of the QD ground state, over a 

Gaussian density of states [20]. The time variation of the confined carrier distribution function 

f(E, T) at temperature T in quantum dot ground state of energy E is expressed by the model 

rate equation as given by 

𝜕𝑓(𝐸, 𝑇)

𝜕𝑡
=

𝜌𝑑(𝐸)

𝜏𝑐𝑎𝑝
−

𝑓(𝐸, 𝑇)

𝜏𝑟
+

∫ 𝜌𝑑(𝑞)𝑑𝑞
∞

𝐸

𝜏𝑡
(1 −

𝑓(𝐸, 𝑇)

𝜌𝑑(𝐸)
) −

𝑓(𝐸, 𝑇)

𝜏𝑡
∫ [1 −

𝑓(𝑞, 𝑇)

𝜌𝑑(𝑞)
] 𝑑𝑞

𝐸

−∞

−
𝑓(𝐸, 𝑇) exp[−(𝐸𝑏,𝑤 − 𝐸) 𝑘𝑏𝑇⁄ ]

𝜏𝑡ℎ
                                                         (6.3.1.1) 

Where ρd(E)= ρ0 exp[(𝐸 − 𝐸0)2 2𝛿2⁄ ] is the density of carrier states following a Gaussian 

distribution about an average energy E0 with a bandwidth of δ [20]. The total QD density 𝑁𝑑 

is given by the term ∫ 𝜌𝑑 (𝐸)𝑑𝐸. The terms on the RHS of the equation represent rates of 

growing or decaying photocarrier density conveying to different relaxation channels. The 1st 

term represents the capture of photocarriers generated in the host GaAs matrix into the confined 

states of the QDs with a characteristic timescale of τcap. The 2nd term represents the reduction 
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in carrier density due to the radiative recombination of carriers in quantum dot ground state 

with a characteristic lifetime of τr. The 3rd (4th) term describes tunneling of the confined carriers 

with characteristic lifetime of τt, into (out of) the ground state of energy E from (to) all energy 

states of the near-by QDs above (below) E. The 5th term describes escape of thermally excited 

carriers with a associated lifetime of τth, from quantum dot ground state (E) either into GaAs 

medium by surmounting an effective potential barrier of  ̴ Eb-E or into the QD wetting layer 

states by overcoming a potential barrier offset of  ̴ Ew-E. Eb and Ew are respectively the barrier 

state energy and wetting layer state energy. The thermal relaxation is conveyed only between 

the QD state and GaAs barrier states in SML-QDs, due to the absence of any wetting layer. On 

Fig.6.4 PL spectra (dotted lines) of SML QDs for different InAs SML coverage (0.4-0.8 ML) and 

reference SK QD sample at different temperature (5-285 K). The solid lines are the respective fits 

by using standard LSF model carrier rate equation with reduced χ2 ~ (2x10-3- 6x10-3). The reference 

SK-QD sample exhibits an additional broadened PL peak at ~1.38 eV related to QD wetting layer 

electronic transition which is absent in PL spectra of SML-QDs. 
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the other hand, for conventional SK-QD, thermal relaxation to the wetting layer states becomes 

significant due to relatively lower potential offset across the QD-wetting layer interface. This, 

in turn, gives rise to an enhanced degree of photocarrier loss in the SK-QD system. 

The PL intensity originated from radiative recombination of the carrier distribution f(E, T) in 

QD ground state is expressed as 

𝐼(𝐸) = [𝐶𝑃𝐿 × 𝑓(𝐸, 𝑇) × 𝜌𝑑(𝐸)] 𝜏𝑟⁄                                                                                  (6.3.1.2) 

where CPL is a fitting normalization factor. The experimental PL spectra at different 

temperatures (5-285K) are fitted by the functional equation (6.3.1.2) with a reduced χ2 value 

of ~10-3. The value of the fixed fitting parameters τth, Nd, EB, and Ew are enlisted in Table-6.2. 

Table-6.2 Fixed and TDPL fitting extracted parameters 

 

The values of energy E0, related to QD excitonic transition at different temperatures for 

different SML coverage are fed into the model equation (6.3.1.2) directly from the respective 

Coverage 

(ML) 

Fixed parameters Fitting extracted lifetimes 

(ps) 

τth 

(ps) 

Eb 

(eV) 

Ew 

(eV) 

Nd 

(1010cm-2) 

[12] 

Thermal 

activation 

energy Ea 

(meV) 

τcap Γr Γt 

0.4 10 1.52  2 43 30±3 172±20 1008±42 

0.6 7.5 65 48±3 242±25 828±30 

0.7 8.6 120 62±5 453±22 437±24 

0.8 9.1 155 78±7 1125±45 350±28 

SK QD 

(Ref) 

  1.38 8.9 32 93±8 1012±30 1328±38 
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PL spectra, as discussed in the previous chapter. The lifetimes of different carrier relaxation 

process τcap, τt and τr and FWHM σ of ground state energy distribution for different SML 

coverage are extracted from the model PL fitting which enlisted in Table-6.2. The thermal 

activation energies (Ea1) related to the dominant thermal carrier channel through the potential 

offset at the QD-GaAs barrier interface are directly taken from Table-6.1 and fed into the model 

equation (6.3.1.2) as an input parameter. The extracted tunneling lifetime τt and radiative 

recombination lifetime τr have been found to be almost temperature independent for all 

coverage fraction throughout the temperature range from 5K to 285K, except a small 

fluctuation about its average value, as shown in Fig.6.5. Therefore, quite justifiably, the  

extracted tunneling and recombination lifetimes are replaced by the corresponding temperature 

averaged values Γt and Γr [21]. In the rest of the discussion on the temperature dependence of 

PL spectra for different InAs sub-monolayer coverage, only these time-averaged lifetimes are 

considered. From the extracted lifetimes plotted with InAs coverage fraction (0.4-0.8 ML) in 

Fig.6.6, it is quite evident that with increasing the SML coverage, the (temperature) average 

tunnel time Γt decreases whereas the average radiative recombination lifetime Γr increases. 

More importantly, the ratio of recombination lifetime and tunnel lifetime Γr/Γt has exhibited an 

Fig.6.5 Temperature variation of TDPL extracted (a) inter-dot carrier tunnel time τt and (b) carrier 

radiative recombination time τr and for different SML coverage (0.4-0.8 ML) along with the reference 

SK QD sample. Both the characteristic lifetime has been found to be fairly constant with temperature 

with a standard deviation of 1.3-3.2 % and 1-3.9 % relative to their respective mean values. 
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increasing trend from 0.17 to 3.33 with increasing SML coverage from 0.4 to 0.8 ML. This 

suggests progressively increasing relative strength of inter-dot tunnel induced carrier escape 

process as compared to radiative recombination in quantum dot ground state. Noticeably, the 

value of Γr/Γt is less than unity at comparatively lower coverage (0.4-0.6 ML) which reflects 

the dominance of carrier recombination process over the tunneling strength. On the other hand, 

at relatively higher coverage (0.7-0.8 ML), the value of Γr/Γt greater than unity indicates that 

interdot tunneling strength takes over the carrier recombination rate. 

Progressive reduction in quantum confinement with increasing InAs SML coverage, as 

previously discussed in the chapter-5, attributes to enhanced carrier recombination lifetime or 

alternatively decreases the rate of recombination [12,22]. 

For reference SK-QD, the associated tunnel and recombination lifetime have been extracted to 

be Γt =1328 ps and Γr =1012 ps. Evidently, the rate of tunneling in InAs/GaAs SML-QD system 

Fig.6.6 Variation of temperature averaged Γt, Γr and  Γr / Γt with InAs SML coverage (0.4-0.8 ML) 

along with reference SK QD grown with threshold coverage of 1.7 ML. Evidently, Γr and Γt have 

exhibited increasing and decreasing trend with increasing SML coverage whereas their ratio Γr /Γt 

undergoes gradual enhancement. 
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is much faster than SK-QD owing to a more closely spaced distribution of QDs with a higher 

number density. 

6.3.2 Dependence of tunnelling lifetime on InAs coverage 

Dot-to-dot tunnelling through intermediate GaAs medium can be modelled as quantum 

mechanical carrier tunnelling among an array of potential wells separated by narrow barrier 

layers. The associated lifetime Γ𝑡
𝑊𝐾𝐵 for tunneling approximately follows the WKB relation 

[23], as given by 

Γ𝑡
𝑊𝐾𝐵 ∝ exp(2𝐿𝑏)                                                                                                                     (6.3.2.1)  

where Lb is the barrier layer thickness. The model estimated tunnel time Γ𝑡
𝑊𝐾𝐵 is plotted as a 

function of SML coverage in Fig.6.7. The thickness of the intermediate GaAs layer or 

alternatively the average dot-to-dot separation for different SML coverage are directly used 

from GISAXS measurements. The close agreement (apparat from a proportionality constant) 

of the model estimated and TDPL fitting extracted tunnel lifetimes, justifies our PL modeling. 

Fig.6.7 Variation of TDPL extracted carrier tunnel time Γt and theoretically calculated inter-

dot carrier tunnel time Гt
WKB with average inter-dot lateral separation <LB >related to 

different InAs SML coverage. Close agreement of their respective values justifies the co-

relation between PL extracted fitting parameter Гt and average inter-dot separation LB 

extracted from GISAXS measurements. 
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This indicates that relatively closely-spaced laterally coupled distribution of QDs at higher 

SML coverage have mediated more efficient tunnel-induced carrier escape with shorter tunnel 

time than among well-separated QDs at lower coverage fraction. This is schematically 

illustrated in Fig.6.8. The larger tunnel time (Γt ~1328±38 ps) for the reference SK-QD sample 

in comparison with the InAs SML-QD sample is the consequence of existing large average 

inter-dot separation (105±6.7 nm), as evaluated from GISAXS measurements. 

6.3.3 Average lifetime for photoluminescence quenching 

The combined effects of co-existing independent processes like quantum dot recombination, 

inter-dot tunneling and thermal transfer of dissociated carriers to the continuous states of GaAs 

host matrix determine the overall rate at which PL signal quenches. The average steady-state 

lifetime τPL, related to the decay of the PL signal can be determined through the relation [24] 

      1
𝜏𝑃𝐿

⁄ = 1
Г𝑡

⁄ + 1
Г𝑟

⁄ + (
1

𝜏𝑡ℎ
) 𝘹 𝑒𝑥𝑝[− (𝐸𝑏/𝑤 − 𝐸0) 𝑘𝑏𝑇⁄ ]                                       (6.3.3.1)  

The evaluated PL decay time for different SML coverage and reference SK-QD sample are 

plotted with the operating temperature in the range from 5K to 285K, as shown in Fig.6.9 (a). 

Fig.6.8 A schematic representing the relative measure of different average inter-dot in-plane 

separation LB and carrier tunneling time Γt as a function of InAs SML coverage. With increasing 

SML coverage, decreasing the degree of e-h wavefunction (green and black) overlap in QD ground 

state and a smaller value of LB (LB2< LB1) is associated with a faster rate of inter-dot carrier 

tunneling (Γt2<Γt1). 



127 
 

Evidently, PL decay time drops relatively sharply with increasing temperature for the SK-QD 

sample leading to rapid quenching of the PL intensity. The rate of quenching gets accelerated 

with increasing temperature. This has been attributed to significant direct thermal transfer of 

photogenerated carriers from QD confined states to the dissipating wetting layer states owing 

to low surmounting potential barrier Ew–E0 across the QD-wetting layer interface [25]. On the 

other hand, the overall PL decay time for SML QDs remains almost constant with increasing 

temperature and thus effectively equivalent to some temperature averaged decay time ГPL. The 

temperature-independent and comparatively higher PL decay time than the SK-QD sample 

indicate a much weaker dissipative thermal relaxation process. Therefore, the photocarrier 

relaxation and temperature dependence of PL spectra in the SML-QD system are mainly 

controlled by the radiative recombination and inter-dot tunneling. Evidently, the (temperature) 

average overall PL decay time increases from 130 ps to 270 ps with increasing SML coverage 

from 0.4 ML to 0.8 ML, as shown in Fig.6.9 (b). Either of the carrier recombination and 

tunneling processes having a shorter lifetime, effectively determine the overall PL decay time 

ГPL. At low SML coverage (0.4-0.6 ML), recombination time (Γr), shorter than the tunneling 

lifetime (Γt) determines PL quenching which prompts confinement induced faster excitonic 

recombination in individual QD ground state before the photocarriers could tunnel to the carrier 

states of the next quantum dot [12]. On the other hand, at higher coverage fraction (0.7-0.8 

ML), tunneling lifetime, shorter than the recombination lifetime prompts the confined 

photocarriers to relax to the carrier states of the adjacent QDs by tunneling through the GaAs 

barrier before they could recombine within the confinement potential of individual quantum 

dots [26]. The mutually counteractive effect leads to a monotonic rise in overall PL decay time 

with increasing SML coverage. It has been possible to achieve an inter-dot tunneling time as 

low as ~350 ps, significantly faster than the carrier recombination time of ~1125 ps by 

employing a laterally correlated array of SML QD at 0.8 ML InAs coverage. In conclusion, the  
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absence of any wetting layer loss and efficient tunneling among very closely-spaced coupled 

embedded quantum dots, have assisted to effectively speed up carrier transfer through the 

heterostructure. This has given rise to the enhanced potentiality of keeping up 

photoluminescence intensity up to higher temperatures by employing SML-QDs with higher 

coverage fraction. 

In comparison to the SML-QD system, the PL decay time (ГPL) is measured to be much shorter 

than the extracted tunnel time Гt (1328 ps) for SK-QD (reference sample). This indicates faster 

capturing to the confined photocarriers into the dissipative wetting layer states of the SK-QD 

system before they could tunnel to the carrier states of the near-by quantum dots [27]. 

6.3.4 Explanation of TDPL spectra in terms of carrier lifetimes 

Temperature dependence of the PL parameters, like PL peak energy, FWHM and integrated 

intensity of the InAs sub-monolayer quantum dot-based heterostructure with varying coverage 

fraction are interpreted in the light of relative extracted timescales of mutually competing 

relaxation processes. 

Fig.6.9 (a) Temperature variation of estimated steady-state total PL decay time τPL for different InAs 

SML coverage (0.4-0.8 ML) and the reference SK QD. Evidently, the PL intensity falls at a more 

accelerated rate for SK QD with temperature as compared to SML QDs. (b) The effective steady-

state PL decay time increases with increasing InAs coverage. 
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The temperature dependence of PL peak FWHM, peak energy and integrated intensity for 

different SML coverage (0.4-0.8 ML) are explicitly depicted in Fig.6.10 (a)-(c). The bandwidth 

(δ) of the ground state energy dispersion in their ground states for different SML coverage, as 

extracted from the respective TDPL fitting has been found to be in close agreement with the 

experimental PL peak FWHM, as shown in Fig.6.10 (a). The regular spectral broadening with  

increasing temperature, as exhibited in lower coverage (0.4-0.6 ML) sample, is due to dominant 

thermal relaxation to the continuous barrier states. This can be interpreted as a consequence of 

much longer tunnel lifetime Гt as compared to the overall PL decay time ГPL which causes 

Fig.6.10 (a) The variation of PL FWHM (unfilled dots) with temperature for different InAs SML coverage 

(0.4-0.8 ML) along with the FWHMs of the respective fitted PL lineshapes (solid dots) characterized by 

different values of the Γr/ Γt ratio. At higher SML coverage (0.6-0.8 ML) PL linewidth showed an 

anomalous decrease with temperature in the range 5K to 150K associated with Γt < Γr. (b) The redshift 

of PL peak energy (unfilled dots) with temperature for different SML coverage along with respective 

fitted PL peak energies (filled dots) and Varshni’s peak energy fitting curve (dotted lines). (c) Quenching 

of integrated model PL intensity (unfilled dots) with temperature along with respective Arrhenius fits 

(solid lines). 
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trapping of the photocarriers in the dissipative continuous barrier layer states before they could 

tunnel to the next QDs [28-29]. Moreover, lower recombination lifetime (Гr) than the tunnel 

time (Гt) also leads to faster recombination of the carriers in individual QD ground states before 

they could be transferred to the energy states of the adjacent QDs. This expedites PL quenching. 

On the other hand, for higher InAs coverage (0.7-0.8 ML), progressive reduction in PL FWHM 

with temperature in the range of 0K to 150K can be interpreted as a consequence of shorter 

tunneling time than recombination lifetime, as represented by value of Гr/Гt greater than unity 

(Γr/Γt ~1.1 and 3.3) [1,30]. This is attributed to faster inter-dot tunneling of carriers outplaying 

the phonon-aided escape into GaAs barrier in the low-temperature range (5-150K). The 

provision of efficient dot-to-dot tunneling induces preferred net photocarrier transfer to some 

local minimum energy states of the adjacent QDs [31]. This energy selective photocarrier 

relaxation gives rise to a reduction of range of carrier relaxation states which consequently 

leads to the anomalous reduction of PL linewidth with temperature. With further increase in 

temperature (>150K), the thermal scattering process again takes over other relaxation processes 

which leads to regular spectral broadening with temperature. 

For lower coverage fraction (0.4-0.6 ML), the drastic redshift in PL peak energy with 

increasing temperature, as shown in Fig.6.10 (b) is reflected in much lower PL decay time 

(ГPL), mainly attributed to temperature-induced strong thermal scattering of confined 

photocarriers. On the other hand, for higher coverage fraction (0.7-0.8 ML), the rate of the 

redshift of PL peak energy with temperature reduces, which almost resembles the Varshni’s 

curve for bulk InAs, as given by [32] 

𝐸𝑔(𝑇) = 𝐸𝑔(0) −
𝛼𝑇2

𝛽 + 𝑇
… … … … … … … … … … … … … … … … … … … … … … . . (6.3.4.1) 

where Eg (T) is the temperature dependent bandgap, Eg (0) is the bandgap at the lowest 

temperature. The bulk bandgap Eg (0) of InAs at the lowest temperature (4 K) is 0.43 eV. This 
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is attributed to photocarrier escape by efficient tunnel-induced efficient non-thermal transfer 

of photocarriers, outplaying the phonon-assisted thermal relaxation. This is represented by 

associated shorter tunnel lifetime and longer PL decay time. 

The relative quenching of integrated PL intensity with temperature (shown in Fig.6.10 (c)) for 

different SML coverage can be interpreted as the consequence of mutually interacting inter-

dot tunneling, carrier recombination, and phonon-assisted thermal escape processes. The 

thermal activation energy Ea is evaluated by fitting the temperature variation of the respective 

model integrated PL intensity by standard Arrhenius relation, as elaborately disused in the 

previous sub-section 6.1.1 [33-34]. Evidently, the increasing value of Ea with increasing InAs 

SML coverage, as listed in Table-6.2, is a signature of existing higher luminescence efficiency 

sustainable up to higher temperature [35]. The luminescence from the 0.8 ML sample 

associated with activation energy as high as 155±8 eV, has been found to sustain up to 285 K. 

This is a consequence of dominance of tunnel-induced non-dissipative direct inter-dot carrier 

transfer strength over carrier recombination and thermal escape processes as reflected in higher 

value of Γr/Γt and overall PL decay time ГPL. The deduced PL decay time (ГPL) in the SK QD 

(reference sample) is found to be significantly lower than the SML-QD samples due to 

substantial thermal quenching of PL intensity at a relatively lower temperature, as represented 

by the lower activation energy of 32±5 meV. 

6.4 Summary 

In this chapter, the photo-carrier escape mechanism in an assembly of correlated self-assembled 

sub-monolayer InAs/GaAs quantum dots has been discussed as a function of InAs fractional 

coverage. The relative lifetime of excitonic recombination and inter-dot tunneling (Γr/Γt ~0.17-

3.3), as extracted from a simulation of photocarrier relaxation rate in an electronically coupled 

system has been found to play the decisive role to determine the temperature variation of PL 

spectra. Progressively increasing rate of inter-dot tunneling relative to excitonic recombination 
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with increasing SML coverage as represent by increasing value of Γr/Γt , has given rise to high 

luminescence efficiency up to elevated temperature, more temperature stable emission energy 

and an anomalous decreasing trend of spectral linewidth with temperature (5-150K). 

Temperature independent carrier recombination and more efficient inter-dot transfer of 

photogenerated electrons in coupled SML-QD system offer more thermal stability than 

conventional SK QD which makes it more demanding for optoelectronic applications. 

Moreover, the different degrees of inter-dot carrier transit throughout the strongly correlated 

array of InAs/GaAs sub-monolayer quantum dots with varying layer coverage offers a further 

provision of engineering electric transport properties. In that respect, an electronic study as a 

function of spatial correlation may be clinical which can provide a more elemental picture of 

dot-dot carrier coupling and intricate energy relaxation process. This is discussed in the 

following chapter. 
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Photodetector application and carrier transport 

studies in laterally correlated quantum dot self-

assembly 
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7.1 Introduction 

The performance of quantum dot photodetector is mainly determined by the degree of free 

photocarrier extraction and their subsequent transport through laterally coupled embedded 

QDs. This chapter is devoted to such a study of photo-response properties of InAs/GaAs SML-

QD based detector as a function of InAs sub-monolayer coverage through analysis of 

photocurrent (PC) spectra, both by experiment and simulation. The mutual competition 

between QD excitonic recombination and tunnel-assisted carrier transport plays a leading role 

to control the photoconduction dynamics which essentially describes the device performance. 

The relative magnitude of such dynamical carrier escape processes is fundamentally 

represented by the associated characteristic lifetime. This study is all about analyzing the 

relative time scale of carrier transport and bound state recombination in the photodetector. The 

details of it are discussed in this chapter. 

7.2 Photodetector fabrication 

For photodetector (PD) fabrication, two metal contacts are grown on top of the SML-QD based 

heterostructure. One Schottky and ohmic metal contacts have been grown by depositing Au 

and alloyed Au-Ge metal respectively by thermal evaporation technique. For ohmic contact 

fabrication, deposited Au-Ge sites have been annealed into the sample at 440°C. The schematic 

representation of the photodetector is shown in Fig.7.1. 

Fig.7.1 Schematic representation of the fabricated photodetector device with two top metal contacts. 
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7.3 Photocurrent analysis 

The spectral photo-response, temperature and bias voltage-dependent steady-state and transient 

PC measurements of the QD-photodetector have been performed by using Keithley 4200 SCS 

and Tektronix TBS2102 digital storage oscilloscope (DSO). A 450W Xenon lamp in 

conjunction with a Gemini-180 monochromator has been employed as the monochromatic 

excitation source. The consecutive measurements are discussed in the following sub-sections. 

7.3.1 Spectral photo-response 

The resulting photocurrent (Iph) has been recorded as a function of irradiating excitation 

wavelength in the range from UV to near-infrared under a fixed reverse bias of -2 V. The 

corresponding responsivity has been evaluated by using the relation R=Iph/PA where Iph is the 

measured photocurrent, P is the power per unit illuminated area and A is the effective area of 

the detector’s upper surface. The individual responsivity spectrum is recorded for different 

SML coverage at 80 K, as depicted in Fig.7.2. Evidently, all the spectrums exhibit well-defined  

Fig.7.2 Near-infrared spectral photo-response for different SML coverage (0.4-0.8 ML) at 80K 

under -2V applied bias. Evidently the photo-response redshifts with increasing coverage fraction. 

Inset: Spectral response for the reference SK QD sample under the same conditions with a peak 

responsivity of 0.5x10-2 A/W. 
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near-infrared (NIR) photo-response peaked at 1.49 eV, 1.47 eV, 1.43 eV and 1.4 eV for 0.4 

ML, 0.6 ML, 0.7 ML and 0.8-ML coverage respectively. The stronger responsivity peaks are 

attributed to quantum dot inter-band absorption which undergoes a progressive blueshift with 

decreasing InAs sub-monolayer coverage due to confinement induced enhanced bandgap [1]. 

The peak specific responsivity exhibits an increasing trend with increasing SML coverage. 

Noticeably, by employing SML-QDs, a twenty times higher responsivity than that of 0.5 

mA/W corresponding to the reference SK QD, has been achieved at 0.8 ML. The comparatively 

weaker responsivity peak at ~ 1.51 eV is associated with the GaAs bandgap absorption [1]. 

7.3.2 Kinematic simulation of temperature-dependent photocurrent 

The relative temperature dependence of the measured photo-current intensity for different SML 

coverage is depicted in normalized Iph -1/T plots in Fig.7.3. The samples have been put in a He-

cooled cryostat whose temperature has been controlled and varied in the range from 5 K to 250 

K by using a temperature controller. 

 

 

 

 

 

 

Fig.7.3 (a) Temperature dependence of photocurrent for different SML coverage including the 

reference SK QD sample. The discrete dots and the solid lines are representing the experimental 

results and model fits respectively. In the low temperature (≤100K) regime, a higher coverage sample 

exhibits higher Iph.  In the temperature-controlled (100 ≤T ≤180K) region, lower coverage samples 

exhibit a more rapid rise in Iph with increasing temperature. (b) Calculated photocarrier dissociation 

efficiency and photoconductive gain in arbitrary units for different SML coverage. Both of them were 

found to increase with coverage. 



140 
 

The photocurrent across the two top electrodes is mediated by the transport of free electrons 

along a conduction channel through the lateral array of SML-QDs embedded in the GaAs 

matrix. The dissociated electrons in QD states are photoexcited to the conduction band from 

the valence band through near-infrared inter-band absorption [2]. Then the excited electron has 

two distinct choices, either it can be recaptured back into the ground state by recombining with 

a hole in the valance band or can escape the QD confinement potential. The possible carrier 

relaxation routes in the lateral array of QDs in between two semiconductor-metal junctions are 

schematically shown in an energy band representation as a function of distance from the carrier 

injecting junction Fig.7.4. The escape of photocarriers from the QD bound states is mediated  

by two different lateral conductive channels: (i) direct transfer to the adjacent dots by quantum 

mechanical tunneling through the intermediate GaAs barrier medium and (ii) thermionic 

emission to the continuum barrier states as free charge carriers [3]. The overall photocarrier 

escape time (τesc) is given by 

1
𝜏𝑒𝑠𝑐

⁄ = 1
𝜏𝑡𝑢𝑛

⁄ + 1
𝜏𝑡ℎ

⁄ exp(− 𝐸𝐴 𝑘𝑇⁄ )                                                                    (7.3.2.1) 

Fig.7.4 Schematic representation of energy band structure with distance for QD 

photodetector including different carrier capturing and relaxation channels. Inset: 

SML QD based photodetector with two top metal contacts of Au and Au-Ge. 
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where τtun is the tunnel time, τth is the lifetime for thermal relaxation and EA is the thermal 

activation energy [4-6]. The electrons reach the edge of the depletion region by tunneling 

through a series of laterally coupled quantum dots followed by a thermionic escape into GaAs 

medium. They are subsequently subjected to the sweeping field of the depletion region which 

accounts for the photocurrent signal collected at the electrodes. 

The photo-current intensity is related through a model carrier rate equation which describes the 

effective rate of photocarrier population n(t) in QD ground state, as given by [3] 

𝑑𝑛(𝑡)

𝑑𝑡
= 𝜂𝑝ℎ −

𝑛(𝑡)

𝜏𝑟𝑒𝑐
−

𝑛(𝑡)

𝜏𝑒𝑠𝑐
                                                                                         (7.3.2.2) 

where ηph is the rate of photocarrier generation in QD states. Under the steady-state condition, 

characterized by 
𝑑𝑛

𝑑𝑡
 = 0, when the rate of photocarrier generation and relaxation counter-

balances each other, leads to a steady photocurrent (Iph) as given by 

𝐼𝑝ℎ =
𝑛𝑒𝑞𝑙

𝜏𝑒𝑠𝑐
⁄ =

𝜂𝑝ℎ

1 + 𝜏𝑒𝑠𝑐 𝜏𝑟𝑒𝑐⁄
                                                                               (7.3.2.3) 

The characteristic recombination lifetime τrec, tunnel time τtun and thermal activation energy for 

different SML coverage (0.4-0.8 ML) are extracted by fitting the respective temperature-

dependent peak-related photocurrents by the model equations (7.3.2.2) and (7.3.2.3), as shown 

in Fig.7.3. The evaluated fitting parameters are listed in Table-7.1. All the parameters are 

compared with the same extracted parameters corresponding to the reference SK-QD sample. 

The values of lifetimes and thermal activation energy for different SML coverage as extracted 

from the steady-state charge transport simulation are in good agreement with the same 

parameters deduced from the temperature-dependent PL measurements. 
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Table-7.1 Fitting extracted carrier lifetimes and measured responsivity 

SML 
Cover 

age 

(ML) 

Fitting extracted parameters Estimated 

EC 

(meV) 

Measured 

responsivity  

@VB= -2V, f=400 

Hz, and T=80 K 

τtun 

(ps) 

τrec 

(ps) 

 
EA 

(meV) 

R 
(10

-2
A/W) 

0.4 1029±34 131±21 35±2 134 1.9 

0.6 876±32 216±20 52±5 119 5 

0.7 415±16 478±18 110±9 92 7.8 

0.8 314±20 1155±35 133±8 80 9.5 

SK 1432±42 1009±30 21±5 33 0.5 

 

7.3.3 Simulation results 

From the evaluated values of the extracted parameters, it is quite evident that with increasing 

InAs SML coverage, recombination lifetime increases, tunnel time decreases and more 

importantly their ratio τrec/τtun monotonically increases. The increase in thermal activation 

energy EA with increasing SML coverage indicates progressively less probability of thermionic 

emission into GaAs barrier medium. But the overall effect, as manifested in a reduction in 

estimated photocarrier escape time with increasing SML coverage at different temperatures (5-

250 K) (shown in Fig.7.5), implies that the tunnel assisted carrier transport through the lateral 

conductive channel becomes more efficient at higher SML coverage. 

Enhanced lifetime for inter-band carrier recombination at higher InAs sub-monolayer coverage 

is essentially attributed to weaker electron-hole coupling in QD ground state owing to their 

larger spatial separation, as elaborately discussed previously in the Chapter-5 [1]. Increment of 

the rate of dot-to-dot tunneling with increasing SML coverage is a consequence of stronger 

overlap of inter-dot electronic wavefunction mediated by close intermediate separation (LB), 

following the relation [5] 
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1/𝜏𝑡𝑢𝑛 ∝ exp(−2𝐿𝑏)                                                                                                  (7.3.3.1) 

This is supported by the progressively decreasing value of the average inter-dot separation LB 

~85 nm, 68 nm, 47 nm, and 39 nm for 0.4, 0.6, 0.7 and 0.8-ML coverage respectively measured 

from GISAXS results, as previously discussed in Chapter-5 and Chapter-6 [7]. The overall rise  

in τrec/τtun with increasing coverage fraction implies that the photocarriers transit through the 

lateral array of QDs by faster inter-dot tunneling before they could undergo inter-band 

recombination with the hole in valance band. One can also notice that the tunnel time (~1432 

ps) corresponding to the SK-QD is much higher than that of SML-QD samples. This is a 

consequence of a larger average inter-dot separation of ~105 nm [7]. The fitting extracted 

thermal activation energy (EA) of 35, 52, 110 and 133 meV for 0.4, 0.6, 0.7 and 0.8-ML 

coverage respectively reflect an increasing trend of activation energy with increasing SML 

coverage. The activation energies have been found close to the potential depth ΔE~ EGaAs-EQD 

of ~30, 40, 90 and 114 meV between GaAs (barrier) conduction band edge and QD’s electronic 

ground state for respective SML coverage. Therefore, the photocarriers having enough thermal 

energy (~kBT) to surmount this potential barrier, contribute to the overall detector’s 

Fig.7.5 Evaluated photocarrier escape lifetime as a function of InAs SML coverage at different 

temperatures. 
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photocurrent. The enhancement of the activation energy (or potential depth ~ EGaAs-EQD) with 

increasing SML coverage is attributed to lowering in QD electronic ground state energy with 

the reduction in quantum confinement effect [1, 8]. 

7.3.4 Explanation of temperature-dependent PC intensity 

The relative temperature dependence of the measured PC for different SML coverage, as 

depicted in Iph -1/T plots in Fig.7.3 can be described in terms of effective lateral carrier transport 

characterized by the fitting extracted parameters τrec/τtun and EA. The temperature variation of 

PC intensity can be resolved into three distinct temperature regimes. In the low-temperature 

regime (T<100K), the PC is very small and almost independent of temperature. In the mid-

temperature range (100<T<180K), the PC exhibited an increment with increasing temperature 

for all SML coverages. If the temperature is further increased (T>180K), the PC starts to 

saturate with temperature. 

In the low-temperature regime (T<100K), the thermalization effect remains suppressed by the 

temperature-independent tunnel induced carrier transport competing with inter-band 

recombination. At lower SML coverage (0.4-0.6 ML), extracted τrec<τtun essentially indicates 

a higher probability of recapturing of photo-generated carriers back to its ground state before 

they could escape the QD potential. This reduces the rate of free charge carrier population in 

the conduction channel leading to a drop in recorded photocurrent. On the other hand, inter-

dot carrier tunneling faster than the rate of recombination (τrec>τtun) for higher SML coverage 

(0.7-0.8 ML) basically promotes a greater number of free electrons in the lateral transport 

channel before they could again be trapped in individual QD potential. This, in turn, enhances 

the conductivity of the channel and thus leads to a rise in PC intensity. 

In the temperature-controlled region (100<T<180K), the thermally activated channel of 

photocarrier emission into the continuum GaAs barrier states outruns all other carrier relaxation 
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processes, which even gets boosted up with the increase in temperature. The monotonic rise in 

the PC signal with an increase in temperature is attributed to a greater number of thermally 

escaped free electrons in the conduction channel in between two top electrodes [3]. The 

variation in PC signal in this temperature regime could more elegantly be described in terms 

of characteristic thermal activation energy (EA) which is a measure of thermal energy needed 

for the confined photocarrier to overcome the potential offset of ~ EGaAs-EQD. The relatively 

smaller value of activation energy for lower SML coverage, as listed in Table-7.1, indicates a 

higher photocurrent along with the steeper rate of increment with increasing temperature in the 

temperature-controlled regime. 

The saturation of photocurrent at an even higher temperature (T>180K) for all coverages can 

be explained as a consequence of mutual competition between rate of photocarrier generation 

by excitonic dissociation and the rate of thermal assisted carrier transfer from QD ground state 

to the barrier continuum state. The photocarrier generation is mediated by electron-hole (e-h) 

pair separation by dissociating the QD excitonic bound state through near-infrared excitation. 

The rate of photogeneration is equivalent to the excitonic dissociation efficiency. The 

dissociation efficiency ηph in quantum dot confined state is inherently related to the Coulombic 

attraction between e-h pair by the relation 

 𝜂𝑝ℎ ∝ exp(−𝐸𝑐 𝑘𝑇⁄ )                                                                                                       (7.3.4.1) 

where k is the Boltzmann constant and Ec is the active Coulombic attraction energy between 

e-h pair modified by the effect of QD-size dependent carrier confinement [9]. For a quantum 

dot of average size R, the Coulomb energy between e-h pair is given by 

        𝐸𝑐 = 1.8𝑒2 4𝜋⁄ 𝜀0𝜀𝑟𝑅                                                                                                     (7.3.4.2) 

where e is the electronic charge, 𝜀0 is the free space permittivity and 𝜀𝑟 is the dielectric constant 

of InAs. Values of the average QD sizes corresponding to different InAs coverage have been 
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directly taken from the Raman measurements, as discussed in Chapter-5. The average QD sizes 

(R) are 1.5 nm, 1.7 nm, 2.1 nm and 2.45 nm for 0.4, 0.6, 0.7 and, 0.8 ML coverage respectively. 

The estimated Coulombic interaction energy (Ec) for different SML coverage is enlisted in 

Table-7.1 which clearly depicts a decreasing trend with increasing SML coverage owing to a 

greater degree of e-h spatial separation for larger QD size along the direction of confinement. 

The consequent dissociation efficiency (ηph) is estimated and plotted as a function of SML 

coverage in Fig.7.6 which exhibits a clear increasing trend with increasing coverage fraction. 

Reduced Coulomb interaction owing to well-separated e-h pair with increasing SML coverage 

leads to a greater degree of excitonic dissociation. Both the rate of photocarrier generation and 

their subsequent thermionic emission increases with increasing temperature which 

counterbalances each other, leading to saturation in the PC intensity. The individual rates are 

dictated by the corresponding Coulomb interaction energy Ec and thermal activation energy 

EA. Their relative value EA/Ec essentially determines the magnitude of recorded PC intensity. 

For lower InAs SML coverage (0.4-0.6 ML), extracted value of EA<Ec, as listed in Table-7.1, 

clearly suggests thermal escape of most of the dissociated carriers into the conduction channel 

Fig.7.6 Estimated photocarrier dissociation efficiency and photoconductive gain in arbitrary units 

for different SML coverage. Both of them were found to increase with coverage. 
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in GaAs medium. Greater rate of promoting thermally excited photocarriers for conduction 

results in higher saturation PC intensity at comparatively lower coverage. On the other hand, 

for higher coverage (0.7-0.8 ML), the evaluated value of EA>Ec indicates the rate of carrier 

dissociation still exceeds the rate at which the thermally excited carrier escapes the confinement 

potential and contribute to overall PC. This leads to a reduction in saturation PC intensity as 

compared to the lower coverage samples [10]. 

Therefore, in a nutshell, the temperature variation of PC is determined by the ratio τrec/τtun at 

low temperature (T<100 K) where higher coverage sample associated with a higher value of 

τrec/τtun leads to greater photo-response. In the mid-temperature range (100 K<T<180 K), the 

PC increases with increasing temperature and the lower coverage sample with characteristically 

smaller thermal activation energy offers greater photocurrent at the same temperature. In the 

high-temperature region (T>180 K), the PC saturates for all coverage values depending upon 

the relative strength of carrier generation and thermionic emission. 

7.3.5 Photoconductive gain and external quantum efficiency 

The associated external quantum efficiency (EQE) have been estimated by using the relation, 

𝐸𝑄𝐸 = 𝑅ℎ𝑐 𝑒𝜆⁄ , where R is the measured responsivity, h is the Planck constant, c is the speed 

of light and λ is the wavelength of excitation [4]. The EQE values have been determined to be 

4.1%, 9.7%, 17.3% and 23.8% under a reverse bias (VB) of -2V for 0.4, 0.6, 0.7 and 0.8 ML 

coverage respectively. This clearly indicates a significant rise in overall photodetector gain 

with increasing SML coverage. EQE or alternatively, the overall gain is proportional to the 

product of two distinct gains in the form of carrier dissociation efficiency (ηph) and 

photoconductive gain (g) of the system. Therefore, the variation of EQE with SML coverage 

is most likely to be qualitatively determined by studying the impact of varying InAs coverage 

upon the individual gains. Previously, we have discussed the increasing trend of excitonic 

dissociation efficiency with increasing SML coverage, as shown in Fig.7.6. The 
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photoconductive gain is a measure of the degree of free charge extraction from QD confined 

states into the conduction channel. The photoconductive gain (g) is approximately inversely 

proportional to the cross-section (pc) of charged carrier re-capture back to the QD states related 

by the semi-empirical relation [6] 

𝑔~
1 − 𝑝𝑐

𝑝𝑐
;   𝑤ℎ𝑒𝑟𝑒  𝑝𝑐 = 1 − exp(𝜏𝑟𝑒𝑐 𝜏𝑡𝑢𝑛⁄ )                                                              (7.3.5.1) 

Evidently, lower the capture cross-section (pc), higher is the photoconductive gain. The 

increasing ratio τrec/τtun with increasing SML coverage leads to progressively decreasing 

capture cross-section which in turn gives rise to enhancement in photoconductive gain, as 

depicted in Fig.7.6. Re-capture of dissociated carriers is mediated by inter-band recombination 

of QD’s e-h pairs while transit of charge carriers through the detector’s active region is 

attributed to inter-dot tunneling through the GaAs medium [7]. Increasingly greater rate of 

inter-dot tunneling (1/τtun) than the rate of inter-band recombination (1/τrec) helps to extract a 

greater number of charged carriers from QD confined states and maintain larger free charge 

population in the detector’s active conduction channel. The increasing value of τrec/τtun with 

increasing SML coverage allows tunnel-assisted easier transport of the carriers before they 

could be trapped in QD states again [11-12]. This essentially attributes to enhancement in 

photoconductive gain with increasing InAs coverage. The extracted charge carriers, subjected 

to sufficient external surface electric field can be transported to the electrodes through the 

active region. With a greater number of such free charge carriers in the lateral conductive 

channel associated with higher photoconductive gain can easily be integrated into higher 

photocurrent response and fast speed charge transport through the conduction channel [13]. 

7.3.6 Bias dependent photo-response 

The photoresponsivity for all SML coverages has been plotted in Fig.7.7 as a function of 

increasing reverse bias (VB) applied on the electrodes, through PC measurement at T=80 K.  
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But the rate of increment in the measured responsivity is progressively greater for higher SML 

coverage. Under -2V applied bias, six times larger responsivity (~95 mA/W) has been recorded 

for 0.8 ML coverage as compared to the 0.4 ML coverage sample. This is basically attributed 

to tunnel-induced carrier transport through the lateral conductive channel with a comparatively 

larger photoconductive gain. In comparison to the reference SK-QD sample, twenty times 

larger photoresponsivity is registered with 0.8 ML SML-QD PD, measured at 80K under -2V 

applied external bias. This is essentially attributed to tunnel-assisted carrier transport through 

the array of coupled SML-QDs with tunnel time of 350 ps, four times faster than the tunnel 

time of 1328 ps in SK-QD photodetector. Large tunnel time in the case of SK-QDs is boosted 

by unwanted thermal carrier relaxation into the wetting layer states [7]. 

This tunnel assisted fast carrier transport is also expected to improve the detector operational 

response speed along with a provision of controlling it by varying SML coverage [1]. This is 

discussed in the next sub-section. 

Fig.7.7 Variation of responsivity with an applied reverse bias for different SML coverage including 

reference SK QD sample. 
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7.3.7 Temporal photo-response as a function of InAs sub-monolayer 

coverage 

The photocarrier response time is an important photodetector device parameter for fast-speed 

optoelectronic applications [14]. To quantitatively study the effect of varying InAs (SML) 

coverage upon the charge transport dynamics the corresponding transient photo-response has 

been recorded. The photodetectors, kept at 80 K under -2V reverse bias have been excited by 

a chopper modulated monochromatic light from Gemini source acting in the frequency range 

of 100 Hz to 800 Hz. The subsequent temporal photo-response has been measured by using a 

digital oscilloscope. The QD-PD samples have been excited by near-infrared radiation of 

specific wavelength associated with the maximum of spectral responsivity for respective SML 

coverage. The intensity for all the excitation radiation has been set at around 0.2 mWcm−2. 

Detector photo-response to a square pulse of 400 Hz switching frequency is depicted in Fig.7.8 

which clearly exhibits a certain amount of pulse distortion at the time of signal rise and decay.  

Fig.7.8 Transient photocurrent in response to a square signal oscillating at 400 Hz for different 

SML coverage measured at 80K under -2V bias. (b) The corresponding calculated relative balance 

for a different switching frequency of the input excitation signal. 
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The temporal variation in photocurrent exhibits a sharp rise in photo-signal in the presence of 

input pulse illumination, followed by a comparatively slower decay in the absence of signal 

illumination for all SML coverages (0.4-0.8 ML). The corresponding rise and decay times are 

extracted out by fitting the rise and decay of the temporal response signal separately, using 

multiexponential functionals, as depicted in Fig.7.9. The rise time (τr) has been determined by  

fitting the rise in PC intensity Iph (t) (shown in Fig.7.9 (a)) for different SML coverage by the 

exponential relation 

𝐼𝑝ℎ(𝑡) = 𝐴𝑒𝑥𝑝(− 𝑡 𝜏𝑟⁄ )                                                                                                             (7.3.7.1) 

Similarly, the decay response time is determined by fitting the decay in response to PC intensity 

Iph (t) (shown in Fig.7.9 (b)) by the bi-exponential fitting equation  

𝐼𝑝ℎ(𝑡) = 𝐵𝑒𝑥𝑝(− 𝑡 𝜏𝑑1⁄ ) + 𝐶𝑒𝑥𝑝(− 𝑡 𝜏𝑑2⁄ )                                                                         (7.3.7.2) 

where 𝜏𝑑1 and 𝜏𝑑2 are the decay lifetimes corresponding to two different PC physical decay 

channels. A B and C are the corresponding proportionality constants. The extracted values of 

the rise and decay response time for different SML coverages are listed in Table-7.2. Evidently, 

both the response lifetimes have exhibited an apparent decreasing trend with increasing SML 

Fig.7.9 (a) Rise and (b) decay of transient photocurrent (dots) with corresponding multiexponential 

fitting (solid lines). 
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coverage. In addition to that, the maximum transient PC has been recorded to be significantly 

greater for higher SML coverage. This is attributed to a greater number of extracted free charge 

carriers transported along high conductivity channels mediated by efficient inter-dot tunneling 

through the active medium [15]. This, in turn, increases collection efficiency as well as the rate 

of collection of charge carriers at the electrodes [16-17] which consequently accounts for the 

faster rise in response PC intensity. Almost thirteen times drop-in rise time as low as 100 µs 

have been achieved with 0.8 ML coverage InAs SML-QDs as compared to a rise time as high 

as 1260 µs found for the SK-QD sample. This is a manifestation of faster photo-response which 

makes SML QD a more superior active medium for fast speed photodetectors than conventional 

SK-QD. The extracted two decay lifetimes are related to two different carrier trap channels 

ending up to some interfacial defect states [18-19]. 

Table 7.2 Detector Response times 

 

The InAs SML-QD based photodetector works with excellent reproducibility throughout a 

wide frequency range of 100 Hz to 1300 Hz. The resulting temporal photo-response has been 

 
SML 

Coverage 

(ML) 

 
Time response 

 

 
Rise time 

 

 
Decay time 

 

τr (μs) 

 
τd1 (μs) 

 

τd2 (ms) 

0.4 366±28 580±32 3.6±0.25 

0.6 253±14 445±37 2.7±0.33 

0.7 182±21 317±35 2.2±0.38 

0.8 100±19 220±41 1.8±0.20 

SK 1210±32 1554±45 5.2±0.50 
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found to be fairly stable up to 30 reproducible cycles [20]. Moreover, the maximum operating 

pulse switching frequency for substantial detector response also increases with increasing SML 

coverage. The reproducibility of temporal photo-response and the higher cut-off of operating 

switching frequency is quantitatively represented by a detector parameter, called relative 

balance (R.B.), defined as 

                                                            𝑅. 𝐵. =
𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥
                                                        (7.3.7.3)  

where Imax and Imin are the maximum and minimum transient PC intensity [21]. The evaluated 

values of relative balance are plotted with InAs SML coverage, as depicted in Fig.7.10.  

Evidently, the R.B. value drops to 80% of its maximum at 600 Hz and for 0.4 ML and at 1.3 

kHz for 0.8 ML coverage. This is an indication of more sustainable temporal photo-response 

in the case of higher InAs SML coverage which keeps on following the input square pulse. 

7.4 Dark current analysis 

Dark current measurement is an important aspect of the detector’s photodetection performance 

throughout the temperature range. High photocurrent to dark current ratio maintained up to 

Fig.7.10 The corresponding calculated relative balance for a different switching frequency of the 

input excitation signal. 
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higher temperature is always preferred for practical efficient photodetector applications. The 

effect of confinement of injected carriers upon the dark current is analyzed over a wide range 

of temperatures with varying sub-monolayer coverage. The behavior of dark current, noise 

generation, and photodetection performance parameters with applied bias voltage and 

operating temperature are elaborately discussed in this section.  

7.4.1 Effect of dark-carrier trapping at different sub-monolayer coverage 

To quantitatively study the effect of varying InAs SML coverage upon the detector’s dark 

current response, the respective dark current intensity (Id) has been measured at 80 K under 

different applied bias (VB) varying in the range of -4V to +4V for different SML coverages 

(0.4-0.8 ML), as graphically depicted in Fig.7.11 (a). The dark current characteristics for all 

coverages exhibit a substantial mismatch between the measured dark current of 10-10A under 

reverse bias and 10-7-10-8A under forward bias. This apparently asymmetric behaviour of dark 

current for positive and negative bias is due to easier electron transport through the Schottky 

barrier junction under forward bias as compared to reverse bias [14]. The dark current is mainly 

mediated through thermionic re-emission of the captured injected electrons from QD confined 

states to the free carrier continuous barrier states capable of conducting current [22]. After the 

injection of free charge carriers through the emitter electrode into the active region consisting 

Fig.7.11 Variation of dark current with (a) applied bias in the range ±4V and (b) temperature for 

different SML coverage. 
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of embedded QDs, the carriers could drift towards the electrodes over the detector surface or 

get trapped in quantum dot bound states [18]. The captured electrons in bound QD states 

undergo subsequent recombination into the valance band or thermally escape out of the QD 

confinement potential to the free barrier states. There is a certain relaxation time τc associated 

with the thermionic emission of the trapped electrons required to thermally escape the effective 

potential barrier (~EGaAs-EQD) before they are re-trapped back to the QD state by recombination 

with holes in valance band. The potential barrier height for the thermionic escape of dark 

carriers is equivalent to the corresponding thermal activation energy (EA), as deduced from the 

fitting results [16]. The probability (1/ τc) for such thermionic emission, as proposed by Ryzhii 

et al, is expressed as [22] 

                              1 𝜏𝑐⁄ ∝ exp(−𝐸𝐴 𝑘𝑇⁄ )                                                                                (7.4.1.1) 

Evidently, higher thermal activation energy leads to a lower rate of thermionic escape of the 

captured dark carriers into free GaAs barrier states. Therefore, the SML-QD samples with 

higher coverage associated with higher activation energy are more conducive to restrict or slow 

down the thermionic emission into GaAs barrier states which in turn reduces the field-induced 

flow of dark carriers through the conduction channel. As a consequence, ten times drop in dark 

current for 0.8 ML coverage has been recorded as compared to 0.4 ML coverage at 80 K under 

-2V applied reverse bias. 

The dark carrier suppression also remains active throughout the whole operating temperature 

range (80-250K). The greater degree of dark current suppression at higher SML coverage is 

manifested by lowering of dark current from 5x10-4 A for 0.4 ML to 6x10-5 for 0.8 ML coverage 

under -2V applied bias recorded at near room temperature (~250 K), as depicted in Fig.7.11 

(b). With increasing SML coverage, the progressively increasing density of QD trap centres 

for the injected dark carriers in the active medium also plays a decisive role in inhibiting dark 



156 
 

carrier extraction [8,23]. The discrete carrier states of the QDs, serves as trap centres for the 

injected charge carriers in the potential well. Once trapped by these potential wells, the carriers 

(dark) takes some time to escape the potential barrier thermionically to reach the barrier 

continuum state and then take part in current conduction. This leads to finite reduction in net 

charge flow and thus reduces the dark current. As the density of dots increases, a greater 

number of such carrier trap centres start to work that leads to more suppression of free dark 

carriers into the conduction channel and thus cumulatively reduces the overall dark current. 

One can also notice, two orders of magnitude lower dark current have been registered with 

SML-QDs, as compared to the measured dark current of ~10-4 A for reference SK-QD sample 

under the condition of VB = -2 V and T=250K. This is the consequence of stronger confinement 

induced dark carrier trapping with a greater number of QD trap centres as compared to SK-QD 

based photodetector [24]. 

7.4.2 Dark noise current measurement and specific detectivity 

7.4.2.1 Noise power density measurement 

A SR-830 lock-in amplifier has been employed to measure the noise power density (S) 

throughout the operating temperature range of 40 K to 250 K [25]. The noise power density 

Fig.7.12 Variation of measured noise power density with frequency at different temperatures for different SML 

coverage. 
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normalized to the measurement bandwidth (B) is continuously plotted with frequency for all 

temperatures, as shown in Fig.7.12 (a)-(d). 

7.4.2.2 Specific detectivity 

Detectivity is an important figure of merit for QD-based PD which is a measure of 

photodetection performance. For efficient high-temperature photodetection, the detectivity 

needs to be high enough to distinguish the photo-signal from the system's dark noise current. 

The noise-limited specific detectivity D* has been determined by using the relation 

                                        𝐷∗ = 𝑅𝐴1/2 𝑆1/2⁄                                                           (7.4.2.2.1) 

where R is the measured responsivity, A is the effective area of the detector and S is the spectral 

density noise power measured per unit measurement bandwidth [26]. The specific detectivity 

corresponding to each of the SML coverage (0.4-0.8 ML) has been evaluated at a switching 

frequency of 400 Hz. The value of S has been directly taken from the Fig.7.11. The specific 

detectivity for all coverages, measured under the condition T=80K, VB=-2V and f=400 Hz are 

evaluated which are enlisted in Table-7.3. 

                                 Table 7.3 Evaluated D* @ T=80K, VB=-2V and f=400 Hz 

 

 

 

 

 

The detectivity corresponding to each SML coverage at T=80 K has been estimated which are 

plotted with the applied reverse bias varying in the range from 0V to -4V, as shown in Fig.7.13 

(a). The apparent increasing trend of the determined detectivity for all coverages up to an 

SML coverage (ML) Specific detectivity D* 

(1011 cmHz1/2w-1) 

0.4 1.5 

0.6 3.2 

0.7 12.5 

0.8 42 

SK 0.08 
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intermediate applied bias of -2V is a clear signature of greater enhancement of electric field-

assisted PC than the dark current with increasing applied bias at such low temperature of 80K 

[15]. The peak specific detectivity measured at T=80 K, VB=-2V and f=400 Hz have been 

deduced to be 1.5x1011,3.2x1011,1.25x1012 and 4.2x1012 cmHz1/2w-1 for 0.4, 0.6, 0.7 and, 0.8 

ML coverage respectively. Evidently, two orders of magnitude higher detectivity have been 

obtained as InAs SML coverage is increased from 0.4 ML to 0. ML. This is attributed to two 

co-existing factors: the tunnel assisted enhancement of PC and stronger confinement induced 

suppression of dark current with increasing InAs coverage. Almost three orders of magnitude 

higher specific detectivity D* has been achieved by employing SML-QDs in the active medium 

as compared to that of 8x109 cmHz1/2w-1 for SK-QDs (reference sample). This has been 

attributed to the more efficient conduction of carriers integrated into larger photocurrent with 

minimum loss and simultaneous inhibition of dark carrier conduction in the presence of greater 

carrier trapping [8]. In conventional SK-QDs a substantial amount of thermal relaxation of 

photocarriers to the inherent dissipative wetting layer states highly degrades the PC gain [6]. 

The temperature variation of the maximum peak specific detectivity measured at -2V for all 

coverages are depicted in Fig.7.13 (b). It has been experimentally found that for all coverage 

Fig.7.13 Variation of measured detectivity at f=400 Hz with (a) applied reverse bias and (b) 

temperature for different coverage fraction including the reference SK QD sample. 
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fractions (0.4-0.8 ML), the PC recorded at the lowest operating temperature (25K) under only 

background radiation remains greater than respective dark currents measured at higher 

temperatures up to T=250K under all applied bias in the range 0V to -2V. This indicates that 

by employing SML-QDs, the background-limited operating temperature rises up to 250K for 

all SML coverages which offer near-room temperature faithful photodetection in the NIR range 

[34-35]. Moreover, two times higher specific detectivity has been registered at T~250K with 

increasing the SML coverage from 0.4 ML to 0.8 ML. This suggests the higher coverage 

samples are more conducive to sustainable detectivity up to near-room temperature [19]. This 

is attributed to a progressive reduction of confinement-induced dark current with increasing 

SML coverage up to higher temperatures. The reference SK-QD sample has exhibited a 

detectivity of ~8x107 cmHz1/2w-1 (shown in Fig.7.13 (b)) at T=250K, VB=-2V and f=400 Hz 

which is almost five orders of magnitude lower than that of ~ 1012 cmHz1/2w-1 measured for 

SML-QDs under the same condition. From this, it is quite apparent that SML-QD is much 

superior to conventional SK-QD for being employed in the active medium of photodetectors 

which potentially offers larger sustainable photodetection up to higher temperatures. The 

detectivity of this InAs SML-QD based NIR photodetector is potentially quite comparable with 

graphene-based QD photodetector, offering a detectivity ~1012 cmHz1/2w-1 at the temperature 

~250 K [19]. 

7.5 Summary 

In a nutshell, this work is mainly intended to study the feasibility of simultaneously tuning the 

external quantum efficiency, operational speed and signal detectivity of InAs/GaAs sub-

monolayer QD-based near-infrared photodetector by controlling the InAs layer coverage 

fraction. This chapter is essentially devoted to providing physical insight into the operation of 

dark current reduced high-quantum gain fast speed InAs/GaAs sub-monolayer QDIP through 

quantitative investigation of carrier transport through coupled QD carrier states. Our 



160 
 

observations have led to the conclusion that variation of the SML coverage induces a variation 

in relative time scales of inter-band recombination and carrier tunneling that essentially 

governs the overall detector performance. The characteristic lifetimes are extracted from 

photocurrent simulation by using a kinematic model of photocarrier transport. Progressive rise 

in photoresponsivity at low temperature (≤100K) with increasing SML coverage can be 

characteristically described on the basis of the combined effect of increasing photocarrier 

dissociation efficiency and the probability of its subsequent extraction through the QD based 

active medium. With increasing coverage, enhanced carrier lifetime and activation of tunnel 

induced faster carrier transport through the lateral conduction channel with τrec/τtun >1, has 

promoted enhanced free charge carrier extraction. Fast-speed transit of more number 

dissociated photocarriers has given rise to progressively higher quantum gain as well as faster 

and robust high-frequency temporal response with increasing InAs SML coverage. Short 

response time potentially promotes sub-monolayer QDIP to be potentially active in response 

to external switching photo-signal up to higher operational frequency. At the same time, with 

increasing coverage, the increasing degree of trapping of injected carriers in the confined states 

of the quantum dot has led to effective inhibition of dark current. This has helped to 

significantly improve the detector’s high-temperature performance and offered efficient 

photodetection up to near room temperature (~250K) with measured detectivity as high as 

~8x1011 cmHz1/2W-1. Therefore, by employing this methodology, fast response speed and high 

detectivity have been achieved despite the tradeoff between them. Through this study, we have 

shown the feasibility of tuning both the detectivity and detector response speed to significantly 

high values by controlling InAs sub-monolayer coverage in spite of the inherent tradeoff 

between them. 
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8.1 Conclusion 

The objective of this thesis is the study of the structural and optical properties of quasi zero-

dimensional semiconductor structures and investigate the feasibility of their implementation in 

light-emitting and photodetector devices. The whole thesis work is shaped into two major parts, 

i.e., growth and characterization of elemental Gr IV Ge nanocrystal and self-assembled sub-

monolayer quantum dot of III-V compound of InAs/GaAs. The study includes investigation of 

optoelectronic properties of the low-dimensional structures as a function of adatom kinetics 

and effective layer coverage of growth which has been systematically correlated with active 

lattice strain and structural information. 

Ge exists in two phases, namely simple cubic, and tetragonal (ST-12) structure. But in nature, 

Ge is mainly found in a normal cubic phase which has a very small indirect bandgap. On the 

other hand, the rare metastable tetragonal Ge phase has a direct bandgap of much higher energy 

which is more demanding for high gain light-emitting applications. But this novel phase can 

only be realized if the Ge crystallites are grown in sufficiently small size. As part of this thesis 

work, we have worked towards developing an ionized cluster beam deposition technique to 

grow this tetragonal phase in a substantial amount while suppressing the growth of the normal 

cubic phase through the formation of Ge nanocrystals. We have categorically shown a selective 

yield of co-existing cubic and tetragonal phases by controlling the kinetic energy of the beam 

of cooled Ge clusters in the deposition chamber. Through adequate structural and optical 

analysis, it has been observed that the relative abundance of the tetragonal phase can be 

significantly enhanced by decreasing the kinetic energy of the bombarding cluster beam. The 

film grown by using neutral Ge clusters corresponding to the lowest kinetic energy shows the 

highest relative yield of the tetragonal phase for a nanocrystallite size of 7 nm. The 

nanocrystallite size was found to decrease monotonically from 15 nm to 7 nm with decreasing 

beam acceleration potential from 2.5 kV to 0 kV. While decreasing the beam energy, below a 
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certain threshold value of NC’s size, the normal cubical phase transforms itself into a more 

compressed high energy metastable tetragonal (ST-12) phase. The appearance of a broadened 

redshifted TO-like phonon peak at 275 cm-1 in the Raman spectra confirms the growth of Ge 

nanocrystallites. The monotonic redshift in phonon energy corresponding to the broadened 

Raman peak with decreasing cluster beam energy (2.5 KV-0 KV) suggests progressively 

stronger confinement-induced phonon interaction with grain boundaries inside Ge nano-

crystallites. This is an indication of the emergence of another Ge phase coexisting with a normal 

diamond-like structure with a comparatively smaller crystallite size. 

The results show the feasibility of tuning the emission energy and efficiency of visible 

photoluminescence (1.55-1.75 eV) at room temperature (RT) to high values by selectively 

increasing the relative proportion of tetragonal Ge phase by controlling the beam energy. This 

offers potentiality of Ge-NCs enriched in the tetragonal phase for RT visible light-emitting 

applications. We have further studied the provision for controlled photo-oxidation of the 

tetragonal rich Ge thin films. In this way, it has been possible to further tune the luminescence 

to green color (~550 nm) while decreasing the effective size of the NC cores under oxide 

(GeOx) cover. 

The next part of this work is molecular beam epitaxial growth of self-assembled InAs sub-

monolayer quantum dots in GaAs matrix and their strain, structural and optical 

characterization. Photodetector application of these SML QDs has also been studied in detail. 

We have demonstrated the feasibility of spectral tuning of their excitonic photoemission in the 

near-IR region (1.4-1.5 eV) by controlling the InAs sub-monolayer coverage from 0.8 to 0.4 

ML. Through systematic high-resolution x-ray diffraction, Raman scattering and low-

temperature photoluminescence measurements, we have explicitly investigated the effect on 

spectral properties with varying InAs coverage, as a consequence of the different degree of 

strain and quantum size effect. The average QD heights for different InAs coverage are 
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extracted from the fitting of the associated Raman spectra by the Phonon confinement model 

(PCM). The average QD height reduces from 2.3 nm to 1.4 nm as the coverage is decreased 

from 0.8 ML to 0.4 ML. The x-ray diffraction measurement shows enhancement of in-plane 

compressive strain from 1.9 x 10-2 to 3.1 x 10-2 as a result of the reduction in SML coverage 

(0.8-0.4 ML). It also has been observed that the built-in compressive surface stress due to lattice 

misfit between InAs and GaAs, increasing from 54.5x108 Pascal to 178x108 Pascal with 

decreasing InAs sub-monolayer coverage (0.8 ML-0.4 ML) has controlled the quantum dot 

growth and played a leading role to determine their density and homogeneity in size 

distribution. The reduction of layer coverage from 0.8 ML to 0.4 ML causes a reduction in the 

dot density by almost one order of magnitude from 9x1010 cm-2 to 2x1010 cm-2. The variation 

of InAs coverage fraction also significantly affects the in-plane spatial arrangement of the 

embedded SML-QDs. The grazing incidence SAXS measurement along different azimuthal 

directions shows that with decreasing InAs coverage, the average separation between the 

embedded QDs as well as the correlation length of the laterally coupled QDs seems to increase. 

The spectral blueshift from 1.4 eV to 1.5 eV with decreasing InAs coverage from 0.8 ML to 

0.4 ML is attributed to the increasing degree of carrier confinement due to a stronger quantum 

size effect. The reduction of sub-monolayer coverage from 0.8 ML to 0.4 ML has also led to 

enhancement in exciton binding energy from 4.4 meV to 11.4 meV, which has caused stronger 

localization to the dissociated photo-carriers at lower InAs coverage. With increasing InAs 

coverage, the decreasing value of excitonic binding energy and average inter-dot separation 

(in-plane) initiate enhanced carrier wave function overlap and opens up easy pathways for 

escape in the form of inter-dot carrier tunneling. 

We have further studied the dynamics of photo-generated carriers in correlated self-assembly 

of embedded InAs/GaAs sub-monolayer quantum dots from the temperature-dependent PL 

(TDPL) measurements as a function of InAs fractional coverage. It was found that the mutual 



166 
 

competition of excitonic recombination and quantum mechanical photo-carrier tunneling 

through the carrier states of the electronically coupled system seems to determine the shape 

and intensity of the TDPL spectra. The lifetimes related to different carrier relaxation channels 

have been deduced through fitting the respective TDPL spectra by dynamical carrier rate 

equation following the Localized state functional model. The excitonic recombination lifetimes 

are found to be 172 ps, 242 ps, 453 ps, and 1125 ps whereas the tunnel times are measured to 

be 1008 ps, 828 ps, 437 ps and 350 ps for 0.4, 0.6, 0.7 and, 0.8 ML coverage respectively. 

Evidently, the recombination lifetime increases whereas the tunneling lifetime decreases with 

increasing SML coverage. More importantly, with increasing SML coverage (0.4-0.8 ML) the 

ratio of characteristic lifetimes (Γr/Γt) of recombination and inter-dot tunneling has been found 

to progressively increase from 0.17 to 3.3 which has been found to hold the key to determine 

the temperature-dependent spectral properties as a function of InAs sub-monolayer coverage. 

The extracted Γr/Γt ratio (~0.17 and 0.3) of less than unity at lower SML coverage (0.4-0.6 ML) 

suggests that the confined carriers tend to recombine faster in respective QD ground states 

before transferring into the well-separated neighboring QDs. This gives rise to faster quenching 

of PL signal with increasing temperature at lower SML coverage (0.4-0.6 ML). On the other 

hand, at higher SML coverage (0.7-0.8 ML), the value of Γr/Γt (~1.1 and 3.3) greater than unity 

suggests that the probability of exciton recombination before carrier escape via inter-dot 

tunneling decreases monotonically which effectively consequences to extended carrier 

lifetime. This is attributed to the simultaneous reduction in the probability of recombination of 

less confined exciton system and provision of faster tunneling of comparatively loosely bound 

dissociated carriers through narrower intermediate GaAs barrier. This has offered substantial 

luminescence efficiency up to elevated temperature, greater temperature stability to the peak 

emission energy and more interestingly a decreasing trend of spectral linewidth with 

temperature (5-150 K) for higher SML coverage. Activation of non-dissipative photocarrier 
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escape with effectively enhanced carrier lifetime for higher SML coverage consequently gives 

rise to subsequently enhanced PL efficiency which sustains up to nearly room temperature 

(~285 K). This is manifested by progressively increasing the value of extracted thermal 

activation energy with increasing SML coverage. At higher coverage (0.7-0.8 ML), the 

anomalous reduction in PL linewidth with increasing temperature in the range of 5 K to 150 K 

is attributed to energy selective tunnel-assisted carrier transfer and preferential carrier 

population in some locally minimum QD ground states. On the other hand, at lower SML 

coverage (0.4-0.6 ML) more localized photocarriers in QD states undergo regular spectral 

broadening due to predominant temperature-induced carrier-phonon scattering. Moreover, the 

absence of any photocarrier loss into the wetting layer in SML-QD and observed tunnel-

assisted fast photo-carrier transport with tunnel time as low as 350 ps has the potential to 

expedite the response speed of optoelectronic switching devices. In comparison to tunnel time 

of 1328 ps for conventional InAs/GaAs SK QDs, a four times faster inter-dot tunneling is 

observed in InAs/GaAs SML-QD system. Temperature independent carrier recombination and 

inter-dot transfer of photogenerated electrons in SML QDs offer more thermal stability than 

conventional SK QD which makes it more demanding for high-temperature optoelectronic 

applications. 

The different degrees of photocarrier escape and energy relaxation in the coupled array of 

InAs/GaAs sub-monolayer quantum dots as a function of QD spatial correlation offers a further 

provision of engineering charge transport properties by controlling InAs coverage fraction. 

With this motivation, the feasibility of simultaneously tuning the dark current, external 

quantum efficiency and speed of photo-response of QDIP by controlling InAs sub-monolayer 

coverage has been investigated. A quantitative investigation of radiative recombination and 

carrier escape from QD confined states has been performed to get a physical insight of tuning 

of physical response parameters of InAs/GaAs SML-QDIP. The observations have led to the 



168 
 

conclusion that variation of the SML coverage provides a means for controlling the relative 

time scales of the inter-band recombination and carrier tunneling that can essentially govern 

the overall detector performance also. The quantum efficiency of photo-response of the SML-

QD based photodetector has been found to be governed by the ratio of characteristic lifetimes 

of excitonic recombination and inter-dot tunneling escape. The ratio of lifetimes, as extracted 

from the steady-state charge transport simulation has exhibited an increasing trend with 

increasing SML coverage. This is in good agreement with the results deduced from the 

dynamical carrier relaxation simulation of temperature-dependent PL. 

The photo-response related to inter-band absorption has undergone consistent spectral redshift 

with increasing SML coverage in the NIR region due to a reduction in inter-band transition 

energy. The measured photoresponsivity has exhibited a progressive rise with increasing SML 

coverage at a low temperature (≤100 K) limit. The peak responsivity measured at 80 K under 

-2 V applied bias has been found to increase by almost ten times as the sub-monolayer coverage 

is increased from 0.4 ML to 0.8 ML. This can be characteristically described on the basis of 

the combined effect of increasing photocarrier dissociation efficiency and the probability of its 

subsequent extraction through the QD confinement states into active conduction channels. 

With increasing coverage, increasing photo-dissociation efficiency and activation of inter-dot 

tunneling faster than excitonic recombination (Γr >Γt ) has led to higher photoconductive gain 

and consequently promotes extraction of more free charge carriers into the electrodes through 

high conductivity channel. The external quantum efficiency (EQE) for 0.4, 0.6, 0.7 and, 0.8 

ML coverage are measured to be 4.1%, 9.7%, 17.3% and 23.8% respectively. The enhanced 

EQE is attributed to increasing photoconductive gain and carrier dissociation efficiency with 

increasing SML coverage. The progressively increasing charge carrier collection efficiency 

with increasing InAs SML coverage leads to enhancement in peak responsivity. The recorded 

peak responsivities are 1.9 mA/W, 5 mA/W, 7.8 mA/W and 9.5 mA/W for 0.4 ML, 0.6 ML, 
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0.7 ML and 0.8 ML coverage. The measurements show that in comparison to reference 

InAs/GaAs SK QD photodetector, the responsivity of 0.8 ML QD photodetector measured 

under similar conditions has increased by twenty times. The inter-dot carrier tunneling with 

lower characteristic lifetime also offers efficient transport of dissociated free photocarriers 

through the detector’s active medium which consequences to shorter response time. From 

transient photo-response of the QD photodetector, the response time has been measured to be 

366 μs, 253 μs, 182 μs, 100 μs for 0.4 ML, 0.6 ML, 0.7 ML, and 0.8 ML coverage. The 

relatively shorter detector response time at higher sub-monolayer coverage pushes up the 

operational switching frequency from ~ 600 Hz to 1.3 kHz. This offers a more robust temporal 

response up to higher operational frequency (few kHz) in response to an external switching 

photo-signal. At the same time, with increasing coverage, the increasing degree of trapping of 

injected carriers in the confined states of the quantum dot has led to a greater reduction of dark 

current. Higher thermal activation energy representing the potential offset between QD and 

barrier layer reduces the thermionic emission of the trapped injected carriers from the QD 

bound state. This essentially attributes to the reduction of dark current. The dark current at near 

room temperature (~250K) under -2V applied bias is recorded to decrease by ten times from 

5x10-4 A to 6x10-5 A as the coverage is increased from 0.4 ML for 0.8 ML. This has helped to 

significantly improve the detector’s high-temperature performance and pushed up the operating 

temperature for potential photodetection up to 250K with measured detectivity as high as 

~8x1011 cmHz1/2W-1. The peak specific detectivity increases by twenty-eight times from 1.5 

x1011 to 42 x1011 as the coverage is increased from 0.4 ML to 0.8 ML. Notably, two orders 

of magnitude lower dark current have been recorded for SML-QDs, as compared to the 

measured dark current of ~10-4 A for reference SK-QD sample under the condition of VB = -2 

V and T=250 K. This is a consequence of stronger confinement induced dark carrier trapping 

with a greater number of QD trap centres as compared to SK-QD based photodetector. 
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From a device performance standpoint, in spite of inherent tradeoff, we have shown the 

feasibility of tuning both the detector response speed and detectivity to significantly higher 

values by controlling InAs sub-monolayer coverage. This is attributed to the two-fold effect of 

laterally coupled SML QDs offering enhanced quantum dot carrier trapping leading to reduced 

dark current and increased photocurrent promoted by tunnel assisted faster free carrier 

transport. 

8.2 Possible extension of this work and future outlook 

Some possible extension and future aspects of the thesis work are as follows 

8.2.1 Study photo-carrier dynamics in coupled QD system under 

transverse E-field 

We have studied photocarrier dynamics and the consequences on TDPL and electro-transport 

properties of InAs/GaAs SML-QDs as a function of InAs sub-monolayer coverage without the 

presence of any transverse electric field. This work can be generalized to theoretical modelling 

of investigating photo-carrier relaxation dynamics in SML-QDs and other assemblies of 

strongly coupled nanostructures in the presence of a transverse electric field. Presently, I am 

working on developing a theoretical model to explicitly study field-dependent optoelectronic 

properties under strong carrier localization.  

8.2.2 Enhanced carrier lifetime by introducing SML-QD superlattice 

minibands in IBSC 

In my thesis, we have worked towards controlling the relative rate of tunneling to carrier 

recombination to tune light emission and photodetector response properties by varying SML 

coverage. The same methodology can be exploited to tune the product of open-circuit voltage 

(Voc) and short circuit current (Isc) in SML-QD based intermediate bandgap solar cell (IBSC). 

Strongly coupled SML QD superlattice can serve the role of a highly efficient intermediate 
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miniband in intermediate bandgap solar cell (IBSC). The spatial separation of electron-hole 

pair due to the internal electric field in solar cells enhances the carrier lifetime which is the key 

to improve the inter-subband transition strength and consequently to increase the two-step 

photocurrent (Isc). But this has an inherent trade-off with Voc which decreases with enhanced 

carrier lifetime. SML-QD can come handy in this situation which provides extended carrier 

recombination lifetime due to stronger quantum confinement, as well as promotes tunnel 

induced photo-carrier transport that can compensate Voc and thus maintains high power 

efficiency. 

8.2.3 Mid-infrared photonics in SML-QD quantum cascade and (DWELL) 

structure 

InAs/GaAs SML-QDs can be integrated into the quantum cascade and a dot-in-well (DWELL) 

structure which can serve as a novel active material for mid-infrared photodetector. These 

devices enjoy the advantage of zero-bias operation, lower dark current, high operating 

temperature and small power dissipation which has attracted immense interest for possible 

applications in “lab on a chip” technologies for chemical sensing and free-space 

communication. Now, for better performance of such devices, the strength of inter-subband 

transition needs to be high which may be feasible by trapping the carriers for long by inducing 

some trap states. In that sense, the recombination dynamics and carrier lifetime measurements 

can be a good probe where my expertise on theoretical modelling of photo-carrier dynamics 

may be suitable. 

8.2.4 Controlling photo-carrier relaxation dynamics in 2-D material 

The idea of tuning relative lifetime of carrier recombination to tunneling in electronically 

coupled self-assembly of QDs can be employed to describe the photocarrier dynamics in 

advanced two-dimensional optoelectronic materials, like graphene and newly introduced 
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transition metal dichalcogenides (TMDs), like MoS2 and WSe2. By systematically following 

the relative strength of excitonic recombination and carrier escape, it may possible to tune the 

EQE, the stability and quality of the corresponding photo conversion devices through variation 

of feasible physical parameters.  

8.2.5 Type-II SML-QD structure for photovoltaic application 

There is an increasing interest in type-II structures like colloidal ZnTe/ZnSe QDs, due to their 

unique tuneable optoelectronic properties with band alignment with large band offset and 

improved quantum confinement effects. Recently, a slightly modified system made out of type-

II ZnCdTe/ZnCdSe sub-monolayer QDs has emerged as one of the best candidates for efficient 

intermediate band solar cells due to its high carrier lifetime. I have a future interest in solar cell 

design by employing the strain compensated SML-QDs and analyze the combined photo-

transport and gain dynamics which is still very much open to being explored. From theoretical 

interest, the investigation of the Aharanov–Bohm effect can be feasible by controlling the 

degree of carrier localization inside the QDs. 
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The light emission and charge transport performance of 0-D quantum dot (QD)-based optoelectronic 

devices depends on the rate of decay of free photoexcited carrier population and the timescales of 

their recombination and transport. Apparently tuning of the temperature dependent light emission 

and field-induced photoconduction seems possible by controlling the above carrier lifetimes through 

variation of carrier localization throughout the coupled QD-assembly. There is a provision of achieving 

this by varying QD size and their intermediate separation respectively through variation of QD layer 

coverage (average layer thickness), keeping it below one complete monolayer (sub-monolayer). We 

have investigated the photo-carrier relaxation dynamics through the combined study of structural and 

temperature-dependent optical properties of MBE-grown GaAs-hosted self-assembled InAs/GaAs 

sub-monolayer (SML) QD heterostructure as a function of SML coverage. The related photogeneration 

and their transport have been studied through their IR photodetector optoelectronic characterization. 

We have demonstrated the feasibility of spectrally tuning the sharp and intense excitonic PL in the 

near-IR region (~1.4-1.5 eV) by controlling InAs SML coverage (0.8-0.4 ML) as a consequence of strain-

controlled quantum size (QD height~2.3-1.4 nm) effect. It has been observed that the simulation 

extracted thermal activation energy (EA) and the relative rate of mutually competing excitonic 

recombination and inter-dot tunnelling (Γr/Γt) essentially hold the key to determine the shape of the 

temperature-dependent photoluminescence (PL), quantum efficiency and photocurrent (PC) spectra 

as a function of InAs SML coverage. The carrier lifetimes have been tuned through controlling the 

exciton binding energy and spatial de-localization of dissociated photocarriers achieved by varying QD 

size and morphology through variation of submonolayer coverage. The optical and photocarrier 

relaxation properties have been correlated to the size and morphology of the in-plane QD distribution. 

The progressively increasing value of Γr/Γt with increasing coverage indicates faster photocarrier 

transport by inter-dot tunnelling before they could recombine which offers substantial high 

temperature (~285 K) PLQY. Simultaneous tuning of temperature-dependent external quantum 

efficiency, response speed and trap hindered dark current performance have been possible by 

controlling InAs SML coverage (varying EA and Γr/Γt). 

Figure 1 Temperature dependent PL and transport study of carrier relaxation in self-assembled InAs/GaAs sub-

monolayer quantum dot as a function of InAs fractional monolayer coverage. 
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