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Subject: Report of PhD Defence seminar of Mr. Anway Pradhan
From: satya.bhattacharyya@saha.ac.in

Date: 27-Jul-20, 9:42 PM

To: satyaban.bhunia@saha.ac.in

To
Prof. Satyaban Bhunia
Saha Institute of Nuclear Physics, Kolkata

Dear Prof. Bhunia,

I was present in the PhD seminar talk entitled "Study of MOCVD grown
AIGaAs/GaAs (100) spontaneous superlattice and its application for
optoelectronic devices" delivered by Mr. Anway Pradhan, one of your
PhD students, held on 14th July, 2020 in the google meet where a
large number of experts and students were present.

Mr. Anway Pradhan explained the basic Physics of his findings in

a very lucid way and his deliberation was very much informative
and enjoyable. He carried out extensive works quite sufficient

for a PhD thesis. He was asked a number of questions and queries
by experts, faculties and students and he answered them quite
satisfactorily. I was very happy with his presentation and answers
to the questions.

I have also seen his progress of work in the capacity of the Chairman

of his doctoral committee for the last few years and am well acquainted

with his scientific exploration, understanding and research output.

Considering his high standard of research works, publications and
presentation, I strongly recommend the acceptance of his PhD thesis
for the award of PhD degree in his favour.

With best regards,
Satyaranjan Bhattacharyya.

Dr. Satyaranjan Bhattacharyya

Senior Professor H

Surface Physics & Materials Science Division
Saha Institute of Nuclear Physics

1/AF Bidhan Nagar, Kolkata 700064, India

Tel: +91-33-23375345 (to -49) (Ext. 4217, 4610)
FAX: +91-33-23374637

email: satya.bhattacharyya@gmail.com
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Subject: Re: Thesis recommendation and report
From: suresh@phy.iitb.ac.in

Date: 25-Jul-20, 7:54 PM

To: "Satyaban Bhunia" <satyaban.bhunia@saha.ac.in>

Dear Prof. Bhunia:

In addition to the report sent earlier, I would like to mention the
following about the work by Anway.

His thesis reported on the study of certain semiconductor nano-structures.
This is a very important field of study in condensed matter physics in
general and nanomaterials in particular and the findings are very
significant. The candidate has been quite successful in achieving the
targets, which were by no means easy to realize. The work has been carried
out with utmost care and with the help of all necessary experimental tools
and theoretical models. The data have been collected very systematically
and the analysis done very meticulously. I appreciate the style of
presentation of the thesis, which gives a clear picture of the complexity
of the problem and the way it was addressed. The thesis is presented well
with good details of introduction, literature survey and experimental
techniques. The presentation of figures, sketches, graphs etc. has been
really good. I am very happy to see that you have been quite successful in
getting a very good piece of a very difficult implemented by the students.
Therefore, I congratulate both of you and I am sure that many more such
high impact contributions will come out of your group in the near future.
I particularly like your interest in getting into the devices, thereby
fully utilizing the understanding obtained from the study for real
applications.

with best regards

suresh

On 23-Jul-20 7:02 PM, suresh@phy.iitb.ac.in wrote:

attached.
Hope this will do.

best regards

suresh

Dear Suresh,

Hope you are fine and I thank you again for being examiner of Ph.D.
viva-voce of Anway. Now I request you to kindly send a feedback form
which is necessary to complete the process. In normal circumstances, a
form (attached herewith) is signed by all present during the viva-voce
and a report is generated.

While sending your feedback and recommendation, you may touch upon the
following points.

<1. Your feeling about being the thesis examiner of the student, his

31-Jul-20, 1:14 PM
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compliance report with your questionnaire on thesis>

<2. Your feeling about becoming an external expert on his Ph.D.
Viva-voce exam, that through a video conferencing mode>

<3. Your evaluation of the viva-voce exam, and your recommendation
whether the thesis can be accepted and the student be awarded the
degree>

With best regards,

Satyaban

Dr. Satyaban Bhunia

Professor

Surface Physics and Material Science Division

Saha Institute of Nuclear Physics

1/AF, Bidhannagar

Kolkata - 700064

Ph: +91 33 2337 5345 to 9 (5 lines) extn. 3320, 1226
FAX: +91 33 2337 4637

Dr. Satyaban Bhunia

Professor

Surface Physics and Material Science Division

Saha Institute of Nuclear Physics

1/AF, Bidhannagar

Kolkata - 700064

Ph: +91 33 2337 5345 to 9 (5 lines) extn. 3320, 1226
FAX: +91 33 2337 4637

Dr. K. G. Suresh Email:suresh@phy.iitb.ac.in
Professor suresh@iitb.ac.in

Dept. of Physics suresh.k.gopi@gmail.com
IIT Bombay Phone: (0)+91-22-25767559
Mumbai 400 076 (H)+91-22-25768559
India (Cell): 9869649706
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Subject: Report on the PhD Defence seminar of Mr. Anway Pradhan
From: chandan.mazumdar@saha.ac.in

Date: 29-Jul-20, 12:47 AM

To: "Satyaban Bhunia" <satyaban.bhunia@saha.ac.in>

To

Prof. Satyaban Bhunia

Surface Physics and Material Science Division
Saha Institute of Nuclear Physics, Kolkata 700064

Dear Prof. Bhunia,
Below, please find my report on the PhD Defence seminar of Mr. Anway
Pradhan

Mr. Anway Pradhan has presented his Ph.D thesis talk on the "Study of
MOCVD grown AIGaAs/GaAs (100) spontaneous superlattice and its application
foroptoelectronic devices" on 14th July, 2020. His mode of presentation
was quite informative and bear the stamp of his authority and grasp on the
subject. He has described the aim of his research and the final outcome of
his work. He had answered all the questions effortlessly and was very much
to the point. He also has quite a few good quality publications concerning
his research work. His work is of very high standard, and as a member of
his doctoral committee during last couple of years, I am quite
knowledgeable about his gradual progress. Considering the high standard of
research that he has presented and also his interaction with the audience
during the question-answer season, I have no hesitation in recommending
him for the award of Ph.D degree.

With best regards
Chandan Mazumdar

Professor, Condensed Matter Physics Division
Saha Institute of Nuclear Physics, Kolkata 700064

31-Jul-20, 1:18 PM
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Subject: Report of Anway Pradhan

From: "Dr. Krishnakumar S. R. Menon" <krishna.menon@saha.ac.in>
Date: 07-Aug-20, 2:21 PM

To: satyaban.bhunia@saha.ac.in

Dear Prof. Bhunia,

This is to inform you that I was personally present in the PhD seminar
talk entitled "Study of MOCVD grown AIGaAs/GaAs (100) spontaneous
superlattice and its application for optoelectronic devices" delivered by
Mr Anway Pradhan, held on 14th July 2020 in the google meet. I was
impressed by his presentation and talk as he explained the basic Physics
of his findings in a very lucid way. I think the amount of work, both in
quality and quantity is quite sufficient for a PhD thesis. He was asked a
number of questions and queries by experts, faculties and students and he
answered to all of them satisfactorily. I was very happy with his
presentation and answers.

I have also seen his progress of work in the capacity of a member

of his doctoral committee for the last few years and am well acquainted
with his scientific exploration, understanding and research output.
Considering all these aspects and his journal publications, I strongly
recommend the acceptance of his PhD thesis for the award of the PhD degree
in his favour.

With best regards,

Krishnakumar Menon
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Professor-aG,
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Phone : +91 33 2337 5345-49 Ext. 3326
Fax : +91 33 2337 4637
e-mail: krishna.menon@saha.ac.in
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Subject: Comments on Final PhD Viva Voce Examination for Shri Anway Pradhan
From: Paramita Mukherjee <paramita@vecc.gov.in>

Date: 30-Jul-20, 9:25 AM

To: satyaban.bhunia@saha.ac.in

Dear Dr. Bhunia,

| was present in the PhD seminar talk entitled " Study of MOCVD grown AlGaAs/GaAs (100)
spontaneous superlattice and its application for optoelectronic devices " delivered by Shri Anway
Pradhan , one of your PhD students, held on 14th July, 2020 in the google meet where many students
and experts of the field were present.

Anway Pradahan has done a detail study on AlGaAs epilayer on (100) GaAs substrate which was grown on
(100) GaAs substrate by MOCVD technique. He has used detailed characterisation techniques like low angle
X-ray reflectivity (XRR) and high angle X-ray diffraction (XRD) to extract the composition and lattice
parameter profile. He has also developed an MSM photodetector device based on the superlattice structures
and showed an enhancement in performance, with respect to spectral and temporal response.

He has given a detailed and systematic presentation of his work in the viva voce examination. The work
carried out by him is quite exhaustive and is converging to a particular goal. He has also published quite good
number of publications in the peer reviewed journal. He has also answered the queries satisfactorily. Based
on the quality of the thesis and also on the performance of Shri Anway Pradhan during Viva Voce
examination, |, as a member of Doctoral Committee, strongly recommend the acceptance of PhD

thesis for the award of PhD for him.

According to me, Video conferencing has helped to reduce the time of arranging PhD viva voce particularly
for external members/examiners.
Best regards,

Paramita

3T, (ffoTHa) SHAT g8@eif/Dr.(Mrs) Paramita Mukherjee
PHY, @@W@/Head, Materials Science Studies Division
Scientific officer H

>dP! Yg/Physics Group

IRUSA TSI 98218, 19 ¥"e3/Variable Energy Cyclotron
Centre 1/T UM [:dYTHTR/ 1/AF Bidhannagar,
PIAPIdl/Kolkata-700064

Phone: 91 33 2318 2220

Fax. 91 33 2334 6871
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STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfillment of requirements for an advanced degree at Homi
Bhabha National Institute (HBNI) and is deposited in the Library to be made available to borrowers under

rules of the HBNI.

Brief quotations from this dissertation are allowable without special permission, provided that accurate
acknowledgement of source is made. Requests for permission for extended quotation from or reproduction
of this manuscript in whole or in part may be granted by the Competent Authority of HBNI when in his or
her judgment the proposed use of the material is in the interests of scholarship. In all other instances,

however, permission must be obtained from the author.

Ani 0y [adban

Anway Pradhan
Name & Signature

of the student
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7.1 Summary of the work

The results of the work we have done so far through this tenure have been covered mainly in
chapters 4, 5 and 6 of the thesis. In this work, we have concentrated on the natural superlattice
ordering, its thermal stability, and the utilization of it in device fabrication, for the particular Al
compositions of 0.3 and 0.15. As our idea was to utilize the material for the optoelectronic
application, we look for the material with a direct bandgap. We have concentrated to grow AlGaAs
with nominal Al content below 0.4 not only for the direct bandgap but also for the negligible lattice
strain looking at the suitability of the material for optoelectronic device application. We have
grown GaAs/AlGaAs MQW structures on GaAs (100) substrate for optoelectronic device
applications using MOCVD technique [28]. We had observed a periodic compositional modulation
in the AlGaAs barrier layer with a nominal Al fraction of 0.3 whose repetition length was about
5.4 nm, i.e., nearly around 20 monolayers of the material. To confirm the occurrence of such
structures in the bulk, we have grown about 1132 nm thick AlGaAs epilayer with a targeted Al
fraction of 0.15 on the conventional (100) GaAs substrate. Similar type of superlattice ordering
was found in the bulk epilayer from TEM and X-ray analyses. The TEM and X-ray results were
matched to confirm the periodicity. X-ray results were used to get the electron density and lattice
parameter profile of the superlattice structure. Finally, we obtained the in-depth profile of
composition through a combinatorial approach involving low angle XRR and high angle (004)
XRD simulations. So, in the regime of our interest, the stability of ordering has been investigated
for a low concentration as well as a high concentration under the similar growth conditions. Then
we looked for the structural stability of such natural superlattice ordering for device application.
We have studied the stability under thermal treatment by heating the as-grown sample up to a

temperature of 900 °C. For temperature till 800 °C, the structures remained stable and showed a
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transformation into the disordered phase retaining its crystallinity intact at 900 °C of annealing, as
confirmed by the high temperature (004) XRD measurements. Since the interface between the
superlattice layers always plays an important role in the device characteristics, thermal diffusion
in the spontaneously grown ultra-nanoscale ordered structures has been studied in detail. In
absence of suitable direct experimental tools due to the physical resolution limit, we relied on the
theoretical analysis of x-ray diffraction simulations coupled with a virtual diffusion experiment to
arrive at the interdiffusion characteristics across the interfaces of spontaneously grown AlxGax-
xAs/AlyGaiyAs superlattice structures. The simulation approach presented here is a combination
of an interdiffusion code and a code on x-ray diffraction around the (004) Bragg peak based on
Born approximation. We have obtained the variation in the actual diffusion coefficient as a
function of time at different temperatures from the decay rates of the integrated intensity of the
first order satellite peak. We found the diffusion coefficient across the interface to be highly
nonlinear and also composition dependent. The satellite decay equation could fit the experimental
data taking the maximum Al composition alone at each time step. The pre exponential factor (D°)
and the activation enthalpy (H) values for interdiffusion were found out to be 0.17-0.25 cm?/s and
0.5-0.6 eV for Al diffusion whereas 0.01-0.11 cm?/s and 3.45-3.5 eV for Ga diffusion, respectively
in the studied temperature range of 500 °C to 700 °C. The interdiffusivity increased with
temperature from 500 °C to 625 °C and decreased for further rise in temperature as the
compositional contrast between the two layers decreased significantly (reached a certain critical
value) at higher temperatures. After studying the fundamental properties of the structures, we
studied the effect of the natural superlattice ordering in such length scale on the optical and
electrical properties of the material. Our aim was a systematic investigation of the effect of

annealing on the microscopic structures of the spontaneous superlattice and also the optical
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properties and the device performance and to establish the correlation between the structural and
the optical and electrical properties of the natural superlattice ordering. Besides, at the same time,
we have done a comparative study using the ordered and thermally annealed disordered sample to
understand the effect of the superlattice ordering on the optical and electrical properties of the
material. Normally, high-temperature annealing can significantly modify the morphology of the
materials and defects may be incorporated unintentionally. Keeping such possibilities in mind, we
have examined the as-grown and the annealed samples through SEM, XTEM and XRD
measurements to comment on their structural quality. The structural analyses for the as-grown and
the annealed samples have shown no significant evidence of the surface damage, degradation of
the crystalline quality or incorporation of unnecessary defects. Therefore, the modified optical and
electrical characteristics could solely be attributed to the natural superlattice ordering. Temperature
dependent photoluminescence showed a redshift of 34 meV in the transition energy for the ordered
structures with respect to the bulk material with the same composition, due to repulsion between
the states in valance and conduction band as a result of the overlap of k-points for the increased
periodicity of the crystal lattice in real space. The bandgap reduction as a result of ordering was
found to be very similar to the case of atomic ordering reported previously in different compound
semiconductor materials during epitaxial growth from vapor phase [173]. The decay of
photoluminescence intensities with temperature were fitted with the modified Arrhenius equation
for both the samples. The two excitonic binding energies come out to be 9.87, 43.09 and 5.07,
35.36 meV for the As-grown and the annealed samples, respectively. Two binding energies
suggest activation of the excitons through two different channels at lower and higher temperature
regions. The higher values of the binding energy in case of the ordered sample is basically showing

the effect of confinement of the carriers in the superlattice layers which enhances the stability of
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the excitons in the superlattice channels as compared to the disordered sample. As a part of device
application, we developed photodetector for working in the NIR regime of the electromagnetic
spectrum, based on the spontaneously grown superlattice structures. In general, MSM PDs have
two comb-like electrodes with 1 pm spacing. In the absence of photolithographic technique in our
laboratory to form such electrodes, we have concentrated on the fabrication of co-planar metal-
semiconductor-metal back to back Schottky diode photodetector with natural superlattice ordering
in the active semiconductor layer, due to its geometrical simplicity and high response. For
comparison on the basis of the device performance regarding the spectral and temporal response,
we developed other devices with the same geometry of the contacts with the 700 °C annealed
superlattice and also 900 °C homogeneous AlGaAs as the active layer. Device parameters were
extracted using electrical equivalent Schottky diode model using an extra diode representing the
superlattice layer. By employing Lambert W function for fitting the experimental I-V
measurements with the help of the diode models, we evaluated three figures of merit such as
responsivity, detectivity and sensivity for all the devices. In this dissertation, for fitting of the
experimentally obtained data with the calculated ones using several theoretical models as
discussed in the respective sections, we have employed standard nonlinear curve fitting algorithm
and found the y2 value reliable within 1%, which seems very much appreciable. The extracted
parameters, most importantly, the Schottky barrier heights showed the reason for the device based
on the superlattice structures to perform better. Under a forward applied voltage of 1 V, the peak
values of responsivity, detectivity and sensitivity were 10.13 mA/W, 7.6x10** cmHz2wW, 81.06
cm?/W and 1.14 mA/W, 7.05x10'° cmHzY2W1, 2.82 cm?/W for the device based on the as-grown
natural superlattice and homogeneous AlGaAs, respectively. Furthermore, the as-grown device

also showed superiority in the temporal response also with the application of a pulsed optical
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signal. The device with natural superlattice ordering showed much faster response to the square
wave pulsed light with rise and decay time of 560 us and 1 ms as compared to 2 and 7 ms,
respectively, for the device with homogeneous AlGaAs. The superior spectral and temporal
characteristics of the devices are explained by the model based on a third diode representing the
net effect due to the superlattice modulations along with two Schottky diodes at the metal-
semiconductor junctions. The third barrier, which is basically due to the periodic modulation in
aluminium composition, plays a vital role in enhancement of the photocurrent as a result of the
activation of superlattice channels under light while keeping the dark current small by blocking
the carriers without light. The fast sweeping of the photo-carries by the intrinsic small but effective
electric field at the compositionally modulated interfaces in the active semiconducting layer makes
the characteristic times of the device much smaller than one with homogeneous AlGaAs.
Degradation in photoresponse and speed is attributed to decrease in the compositional contrast and
the increase in the interfacial width due to the interdiffusion as an effect of thermal annealing.
Besides, a range of wavelength for photodetection could be covered by using the superlattice
structures annealed at different temperatures, with reasonable efficiency also. A comparative study
shows that our device could be a simple but effective one because of the spontaneously formed
superlattice layers. The AlGaAs photodetector based on the natural superlattice has the potential

to complete the available devices with different materials for Vis-NIR photodetection.

7.2 Conclusion and future outlook

Spontaneous ordering in AlGaAs in such multiple monolayer length scale was observed on
conventional (100) GaAs substrate grown by MOCVD in the barrier layer of MQW and bulk
material despite the small bond length difference between the constituent binaries. The well

observed and previously reported CuAu type monolayer ordering could be explained by the surface
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reconstruction to minimize the surface free energy. Although the origin of the of the ordering is
not very clear at the present time, the existence of such spontaneously grown structures in the bulk
material could depend on the surface thermodynamics for the formation, whereas the growth
temperature inside the reactor and the growth rate decided the stability of the ordering inside the
bulk. Since we have observed such a new kind of partial ordering in AlGaAs on the conventional
GaAs substrates, the existence of the structures could be studied with various growth parameters
like growth temperature, substrate orientation and flow rate for better understanding the origin and
nature and stability of such ordering in future. It will be interesting to study how the atomically
ordered layers can be changed to layers with random alloying with homogeneous concentration
throughout by changing the growth parameters, and also whether there is a limit of nominal Al
content to form such ordering in the full composition range of our interest. Furthermore, it would
be interesting to study whether such natural superlattice ordering could form with other elements
also for some particular growth condition such as flow rates of the precursors, temperature,
substrate orientation etc. MOCVD, being a vapor phase epitaxial technique, has always an
important role in the formation of such ordered structures and stabilize it well inside the material.
It might be possible that such ordering could also form during the MBE growth but that needs
further study. As the structure showed reduction in the bandgap similar to the case of monolayer
ordering, the structure could be used to develop quantum heterostructures such as quantum well
by growing order and disorder phase sequentially on the same material, just changing the growth
parameters. The stability of such structures after thermal treatment is very important as most device
applications need high temperature treatment. We have developed a model to thoroughly study the
inter-diffusion characteristics in superlattice structures by employing high temperature X-ray

scattering. We deduced the behavior of the diffusion coefficient at five different temperatures and
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showed concentration dependence of the diffusion coefficient in the material. The model can also
be used to explain the interdiffusion process in various artificial superlattice structures of different
length scales. Photoluminescence can also be employed to extract the interdiffusion characteristics
as it shows significant modification in the transition energy. Then, the results from the XRD and
PL can be compared in regard to the diffusion in the natural superlattice. The optical characteristics
of the natural superlattice has also revealed a significant enhancement in the intensity of the
transition. The intensity of the photoluminescence which depends on the carrier density and the
radiative recombination rate depends on the degree of ordering. Theoretical background of the
enhancement of the photoluminescence intensity i.e. the optical gain as an effect of ordering is still
an open field for research. The polarization dependence of the emitted radiation for such newly
observed natural ordering could also be interesting to study. The effect of ordering on the carrier
concentration due to the zone folding and consequent splitting of the band energy can also be
investigated in the future. From the device perspective, the implication of the superlattice
structures in the metal-semiconductor-metal photodetector device showed a betterment in the
device performance. The main advantage is that the natural superlattice constrained the dark
current through the heterointerfacial barriers between the compositionally modulated structures,
and on the other hand enhanced the overall gain by increasing the photocurrent through the
activation of the superlattice parallel channels for the photogenerated carriers in presence of light.
The response speed of the device also showed superiority by getting influenced due to the
development of the intrinsic electric field at the heterointerfaces. The superlattice and such
ordered-disordered structures mentioned above could also be used in various optoelectronic
devices such as intermediate band solar cells, broad band photodetectors, quantum cascade lasers

due to its better optical and electrical quality relative to bulk.
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Summary

We observed a spontaneous superlattice ordering due to periodic compositional modulation in the
AlGaAs barrier layer with nominal Al fraction of 0.3 of GaAs/AlGaAs multi-quantum well
(MQW) structure grown by MOCVD. We have obtained the repetition length of 5.4 nm, which is
nearly around 20 monolayers of the material. Observation of the similar type of natural superlattice
ordering in an 1132 nm thick AlGaAs epilayer confirms the occurrence and stability of such
spontaneous periodic compositional modulation in the bulk also. Spontaneous ordering in such
multiple monolayer length scale was observed in AlGaAs, for different Al fractions, on
conventional (100) GaAs substrate, in MQW and bulk material, despite the small bond length
difference between the constituent binaries. Both low angle X-ray reflectivity (XRR) and high
angle X-ray diffraction (XRD) showed equispaced, distinct and sharp satellite peaks as a signature
of the modulated periodic structures. XRD scan shows the symmetrically positioned superlattice
peaks around the central (004) Bragg peak. The similar measurement for (002) planes, which is
quasi-forbidden for Bragg reflections showed only superlattice peaks with the zeroth order peak
being at the center. The structures were analyzed rigorously through a combination of low angle
reflectivity and high angle Bragg diffraction measurements. The combinatorial approach of
simulation of the XRR and XRD data was employed using the distorted-wave Born approximation
(DWBA) formalism and kinematical model of X-ray scattering, respectively, to extract the depth
profile of the modulated composition. Thermal diffusion characteristics in the spontaneously
grown ultra-nanoscale ordered structures have been studied in details. In absence of suitable direct
experimental tools due to the physical resolution limit, we relied on the theoretical analysis of
XRD simulations based on Born approximation coupled with the virtual diffusion experiment to

arrive at the distortion in the lattice parameter profile and finally, diffusion characteristics across
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the interfaces of the spontaneously grown AlGaAs/AlGaAs superlattice structures from the decay
rates of the integrated satellite peak intensities. We have found the diffusion coefficient across the
interface to be highly nonlinear and concentration dependent. The analysis has shown that the
satellite decay equation could fit the experimental data taking the maximum Al composition alone
at each time step. The extracted interdiffusivity increases with temperature from 500 °C to 625 °C
and decreases for further rise in temperature as the compositional contrast between the two layers
reaches a critical value at higher temperatures beyond 625 °C. A significant difference in the
activation enthalpy values for Al and Ga diffusion as 0.5-0.6 eV and 3.45-3.5 eV, respectively,
was obtained in the temperature range 500-700 °C. Photoluminescence spectroscopy showed a
redshift of 34 meV in the transition energy for the ordered structures with respect to the bulk
material with the same composition due to the increase in lattice periodicity. The higher binding
energy of the excitons for the former one could be attributed to the confinement of the carriers in
the superlattice structures. We have fabricated co-planar metal-semiconductor-metal Schottky
diode photodetector using the as-grown natural superlattice, 700 °C annealed distorted superlattice
and homogeneous AlGaAs to investigate both the spectral and temporal response of the devices.
Under a forward bias of 1 V, maximum value of responsivity, detectivity and sensitivity, 10.133
mA/W, 7.6x10* cmHzY?W-1, 81.06 cm?W, and a fast response time of 560 ps, were obtained for
the device based on the superlattice structures. Activation of the superlattice channels for the
carriers in presence of light enhanced the responsivilty while the detectivity being increased at the
same time by limiting the dark current, caused due to the barriers in absence of light. The device
based on the superlattice structures showed fast switching up to a relatively higher frequency
which could be attributed to the intrinsic electric field due to the junctions formed between the

consecutive layers.
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Chapter 1

General Introduction



1.1 Introduction

Compound semiconductors have shown the potential to compete with integrated silicon
technology due to the availability of direct bandgap materials applicable in a wide range of the
electromagnetic spectrum [1]. Use of the compound semiconductors is advantageous because of
the flexibility in the choice of materials for device fabrication. Along with the simple binary
compounds, complex ternary and quaternary compounds with different concentrations can also be
grown. Two different binaries with a common cation or anion can be mixed in the desired fraction
to form a ternary compound whereas, a quaternary compound can be produced by mixing one
ternary with a desirable amount of a binary compound. The production of compound
semiconductor optoelectronic devices on a large scale needs growth of the materials in layers with
fewer defects and misfit dislocations at the interface [2]. Besides, devices with low dimensional
multilayer structures are required for increasing the efficiency of conversion of energy as well as
the speed of transmission of information [3]. For the development of multilayer structures using
compound semiconductors with fewer lattice defects, the epitaxial growth process is necessary.
The epitaxial growth processes are mainly advantageous for the pseudomorphic growth of the
multilayered structures with a wide range of desired thickness, high quality layered materials with
abrupt interfaces, high degree of compositional uniformity and reproducibility. Besides, a wide
range of electrical and optical properties can be covered by precise control over the structural
parameters in various ternary or quaternary compounds. There are several epitaxial techniques
such as liquid-phase epitaxy (LPE) [4], chloride vapor-phase epitaxy (CIVPE) [4], hydride vapor-
phase epitaxy (HVPE) [5], highly sophisticated processes such as molecular beam epitaxy (MBE)
[6], metalorganic chemical vapor deposition (MOCVD) [ 7] available for this purpose. Of late MBE

and MOCVD have emerged with their potentials in compound semiconductor device processing.



MOCVD growth of 11-V1 or 111-V based binary, ternary, quaternary compound material systems
find the potential to replace the Si-based technology towards electronic and optoelectronic device
applications [2]. In developing the GaAs based devices, AlGaAs is considered to be one of the
most suitable materials in device fabrication due to its high flexibility in bandgap engineering and
negligible lattice strain with respect to GaAs. AlGaAs/GaAs heterostructures are regarded as the
backbone in the development of various electronic and optoelectronic applications [8,9]. As both
GaAs and AlAs crystalize in Zinc-blende (ZnS) phase [10] and at the same time, having a small
atomic size difference [11], the AlGaAs/GaAs material system usually does not require any special
technique for the control of mechanical stresses during the growth of the conventional
heterostructures. Observation of two-dimensional electron gas (2DEG) in AlGaAs-GaAs
heterostructures [12], fabrication of quantum well cascade lasers due to large conduction band
offset [13], increase the importance of the material system from the viewpoint of fundamental
physics and application as well. The increasing interest in the material system has, in turn, led to
a continuous study to improve the growing and processing methods in order to obtain high-quality
quantum-well heterostructures (QWH’s). Besides, various state-of-the-art low dimensional
devices involving quantum cascade lasers (QCL) [13], vertical-cavity surface-emitting lasers
(VCSEL) [14], quantum well-infrared photodetector (QWIP) [15], resonant tunneling diodes
(RTD) [16], etc. have been demonstrated using the material system. Such devices demand a high
quality of the interface, precise control over the doping concentration, formation of ultrathin layers
with high repeatability and reproducibility. In all such applications, the alloy composition in the
AlxGai-xAs barrier layer is uniform. The ultimate performance and electronic properties of AlxGax-
xAs/GaAs QW based devices not only depend on the quality of the GaAs well and the hetero-

interface, but also on the compositional homogeneity of the barrier layer or ordering. A natural



superlattice ordered structure due to periodic variation in Group-Ill content in the barrier layer
may lead to improved optical mode confinement in the QW structures. Any random
inhomogeneity, such as variation in alloy concentration or dopant fluctuations due to segregation,
intermixing or diffusion can disturb structural integrity and affect device performance. The
fascinating optical and electrical properties in low dimensions despite the simplicity of the system,
retain its demand in research as well as device application till now [17].

A knowledge on the material properties of GaAs and AlGaAs is necessary for the understanding
of the AlIGaAs/GaAs heterostructures for device application. Firstly, we have to consider the lattice
parameters of the end-point binary compounds. The best achieved linear relationship of the lattice
parameter of the pseudo-binary compound to composition is given by, ax= 5.6533+0.00809x A,
where X is the fraction of Al in the compound [11]. In the zinc blende crystal structure, as shown
in Fig. 1.1(a) of AlxGaixAs alloys, the two face-centered cubic (FCC) cation and anion sublattices
are displaced by one-fourth of a body diagonal. In general, other than the random arrangement of
the atoms in the group-I1I sublattice, there may be a preferential ordering of the atomic planes,
comprised of alternative group-I11 atoms, along any particular direction. The structure with such
ordering along <001> is shown in Fig. 1.1(b). The presence of such monolayer superlattice
ordering could be observed directly from the appearance of the superstructure reflections at some
of the forbidden positions along with the unmixed zinc blende Bragg reflections. The diffraction
spots for the random zinc blende lattice and the additional superspots in case of the above
mentioned ordered structure (also known as CuAu as first observed in the metallic alloy CuAu) in
the reciprocal space are shown in Fig. 1.1(c) and (d), respectively. In reality, since all the atoms
may not occupy the correct sites to define a fully random or completely ordered structure, a

parameter called the degree of order, is given by
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Fig. 1.1 The crystal structure of (a) random zinc blende lattice, the half shaded spheres stand for the fact that the group
111 site occupied by either A or B atom and (b) monolayer ordering along <001> direction, the darker spheres represent
A and lighter ones, B atoms and green spheres C atoms, (c) and (d) represents the corresponding diffraction spots in
the reciprocal space of the respective lattices
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Where rea and ra are the fractions of Ga and Al atoms respectively occupying preferred sites. Thus
the value of S is 1 for perfect ordering whereas S=0 for fully random arrangement. The CuAu |
structure possesses P-4m2 symmetry, based on the tetragonal unit cell. The intensity of the
superstructure reflection was found to vary as the square of the degree of the order [18].
Investigations on the AlGaAs system on GaAs substrates revealed that ordering could be stable
for a wide range of Al concentration and growth temperature [19]. Generally, in case of such
ordering, the direction of the formation of the superlattice axis is parallel to one of the crystal axes.
For growth on a predefined surface, the variants with the tetragonal axis perpendicular to the
growth axis would be produced [20]. Recently, we observed spontaneous superlattice type bilayer
ordering in MOCVD grown AlGaAs epilayer on semi-insulating GaAs (100) substrate with a fine

compositional modulation [21]. Physical properties, i.e. optical, electrical, depend upon the



microstructural arrangement of atoms in the crystal. So, optical emission property, carrier mobility,
band alignment, etc. are influenced strongly due to superlattice ordering. The device characteristics
involving AlxGaixAs/GaAs (100) material system with such structures would also be significantly
modified. The accuracy in determining the composition, strain, layer thickness, and interface are
very important regarding the application of any structure. Our group has analyzed the
spontaneously grown superlattice type structure by involving a combination of X-ray reflectivity
and XRD based on distorted wave Born approximation (DWBA) and a kinematical model for X-
ray scattering, respectively. The satellite peaks with a finite spacing which reflects the periodicity
in the real lattice have been studied rigorously to understand the phenomena for spontaneous as
well as artificially grown superlattice structures [22,23]. The intensity of the satellite peaks is a
function of the compositional contrast in the consecutive layers and also the thickness of the
individual layers. For the fabrication of several optoelectronic devices, it is necessary to have a
good idea of how the superlattice behaves upon thermal treatment. The stability of the ordering at
any length scale under thermal treatment depends on the rate of interdiffusion of the atoms through
the interface. Previous studies on interdiffusion showed that XRD from MQW or superlattice type
structures is more sensitive to interdiffusion in comparison with single quantum well structures
[24]. The sensitivity of the ordered structures to X-ray has shown a new direction in the study of
the order-disorder transition through X-ray analysis. It is also possible to evaluate the diffusion
coefficient and the activation enthalpies for out-diffusion of the interfacial atoms by monitoring
the rate of decay of the satellite peaks as a result of thermal annealing. Regarding the applicability
and utility of the superlattice structures in semiconductor devices, a thorough investigation of
interdiffusion and an idea of loss of order have been realized quite efficiently by the involvement

of XRD in conjunction with interdiffusion. The change in the compositional contrast and the



quality of the interface can be estimated from the decay of the satellite peaks as a function of anneal
time as well as temperature. We have studied the interdiffusion characteristics of the natural
superlattice ordering by means of high temperature real-time XRD measurements in the
temperature range from 500 °C to 700 °C [25]. The temperature range has been chosen in such a
way that the effect on the satellite intensity is both significant and also suitable to monitor at the
same time. Our study revealed the stability of such ordering up to 800 °C temperature with certain
amount of distortion in the composition profile and further rise in temperature resulted in
homogenous concentration and consequently, the disappearance of the satellite peaks in the XRD
pattern. We have applied a model combining interdiffusion and XRD based on kinematical
simulation to extract the time evolution of diffusion in the natural superlattice structures of such
low compositional contrast in such a length scale at different temperatures [25]. The study is
important since interdiffusion due to annealing changes the compositional contrast and the
interfacial width which affects the optical quality and device performance too. Due to the
spontaneous ordering in the grown AlGaAs layer, a redshift of 34 meV in the photoluminescence
signal was observed, which also showed higher binding energy obtained from Arrhenius plots.
Next, we looked for the fabrication of photodetector devices using the superlattice. Metal-
semiconductor-metal photodetectors are immensely studied due to its simple geometry to fabricate
and the fast response of the devices [26,27]. We have developed such photodetector based on as-
grown, distorted superlattice and totally disordered AlGaAs for a comparative study of the effect
of annealing on ordering and consequently on the device performance [28]. For the analysis,
Lambert W function was involved with a three (two) Schottky diode model for the ordered
(disordered) structures. The two diodes represented the two metal contacts whereas the third diode

was used as the electrical equivalent for the layer consisting of superlattice structures. The behavior



of the device parameters and the figures of merit under dark and on the application of light showed
the superiority of the device based on the superlattice regarding both spectral and temporal

response.

Here, in the following section, | have discussed the observed spontaneous ordering in various
material systems, their theoretical and experimental understanding and some of the major

consequences.

1.2 Literature review
This section contains the fundamental aspects of atomic ordering observed in various material
systems, their important features and the effects on their macroscopic material properties as a

consequence.

1.2.1 Possible ordered structures

Instead of random arrangement of the group 111 atoms in a ternary compound semiconductor, say
AxB1xC, the atoms can take preferential positions in the lattice to form a number of ordered
structures with periodicity being an integer multiple of that in the random lattice. One such ordered
structure, CuAu | was shown previously in Fig.1.1. For the perfect stoichiometric compound of
AosBosC, the ordered structures can be categorized into three classes depending on the direction
along which the periodicity doubles. For CuPt, chalcopyrite and CuAu the ordering occurs on
{111}, {210} and {001} planes, respectively [29]. Ordering like luzonite and famatinite can be
possible for Ao.25(0.75)Bo.7500.25\C on {100}, {110}, {210} and {100}, {110} planes, respectively
[30]. Moreover, based on these basic structures more ordered structures are always possible
depending on the multiplicity of the periodicity, for example, triple period ordering (TP) with

periodicity three times that of the random zinc blende lattice. CuPt, luzonite, famatinite, and



chalcopyrite crystal structures are shown in Fig. 1.2(a), (b), (c) and (d), respectively [31]. The
planes on which the atomic ordering takes place are also indicated in the respective figures for

clarity.

Fig. 1.2 (a), (b), (c) and (d) Crystal structures with the planes of alternating atoms (shaded) for CuPt, Luzonite,
Famatinite and chalcopyrite ordering in AxB1xC

1.2.2 Observation of atomic ordering in various material systems

The main advantage of using 111-V alloys in competition with the Si technology in optoelectronic
applications is their light emitting capability, the ability to tailor different material properties
simply by varying the alloy composition of the ternary and quaternary alloys: Hixl1xV, IH1VxV1.
x OF HxI1xVyV1y. In most of the 111-V ternary or quaternary compound semiconductor alloys,

which crystallize in the zinc blende structure (shown in Fig. 1.1(a)), the group 111 or group V atoms



are distributed on their respective sublattices randomly. In certain cases, spinodal decompositions
of alloys into binary components were also considered [32]. When atoms are distributed randomly
in a ternary compound AxB1xC, material properties such as the bandgap had been taken to be a
single-valued function of the composition x. In the early 1980s, during the realization of AlinGaP
laser diodes, an anomalous bandgap reduction was observed from 1.91 to 1.85 eV in the InosGaosP
active layer lattice-matched to (001) GaAs [33,34]. Such anomalous change in bandgap revealed
the presence of an atomic ordering known as CuPt-B, which was first observed in the metallic
alloy CuPt [35]. In the mid of the decade, famatinite structure was observed in InGaAs on (001)
InP [36], whereas CuAu | was found in AlGaAs [19], GaAsSb [37]. The CuPt ordering was found
in AlInP, GalnAs, AllnAs and almost in all ternary and quaternary alloys which were grown
epitaxially from the vapor phase. Other types of ordering i.e. triple period A (TP A) [38], CuPt-A
[39] were found in AllnAs and AlInP, respectively. Chalcopyrite type structure was found in
CulnSe [40]. The letters “B”, “A” and “I” have their usual meanings. Originally, such atomic
ordered structures were observed in metallic alloy systems. Ordering along [11-1], [-1-1-1] and [-
111], [1-11] directions are referred to A and B variants, respectively in compound semiconductors
looking at the similarity with the structures in CuPt [41]. For the CuAu alloy, below 380 °C, it
forms a tetragonal phase with alternate copper and gold-rich (002) planes, termed as CuAu-1 [42].
Similarly, the tetragonal ordered phases along [001] in compound semiconductor are identified as
CuAu-1. Towards the investigation on the atomic ordering reported in many material systems, one
important observation was that the bond lengths in I11-V alloys remain the same as the constituent
binary compounds [43]. The reported data for CuPt type ordering in different alloy systems suggest
that the bond length difference is the deciding factor for such ordering. Absence of such

phenomenon in AlGaP, AlGaAs and AlGaSh can be attributed to small bond length difference
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between the constituent binaries. Another evidence for such conclusion is (AlxGaix)oslnosP,
containing Al and Ga and the bond-length difference between Al-P and Ga-P is quite small, but
occurrence of CuPt ordering is possible. As there are large bond-length differences between Al-P
and In-P (7.4%) and between Ga-P and In-P (7.4%), the alternate (AlGa)-alloy-rich and the In-rich
planes occur in the <111> direction. However, no CuPt-B ordering reported with respect to Al and
Ga atoms [44]. The different types of ordering observed in different 111-V system on different

substrate orientations with the associated reconstructed surface have been listed in Table 1.1.

1.2.3 Different aspects of ordering

1.2.3.1 Thermodynamics of mixing and ordering

The simplest model for the calculation of the free energy of mixing is the regular solution model
which was first proposed by Hildebrand [45]. For a compound “AC” consisting of two different
atoms A and C, the basic assumptions considered are - (i) random arrangement of the constituents,
(ii) interaction between the nearest neighbor pairs and (iii) each atom surrounded by “Z” number
of neighboring atoms. For a composition “x”, the entropy of mixing is the configurational value
given by

ASM = —R[xInx + (1 — x) In(1 — x)] 1.2
The superscript M is used to indicate the change in entropy for mixing. R is the molar gas constant
having the value 8.31 Jmol*K™1.The enthalpy of mixing (AHM) calculated by summing the nearest

neighbor bond energies can be expressed by,
AHM =x(1-x)Q 1.3
Where Q, the interaction parameter, is given by,

1
Q =ZN°[Hyc — 5 (Haa + Hec)] 1.4
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Table 1.1 Several atomic ordering in 111-V compound semiconductors

Material Growth technique Substrate Type of Reconstructed | Ordering
orientation ordering surface direction
AllnP MBE [46], MOVPE [39] (001) 2° off CuPt-B 2x1,2x4 [111]
towards (011)
GaAs
GalnP MBE [47], MOVPE]35], CI- (001) 2° off CuPt-A, 2x1,2x4 [111]
VPE [48], HT-VPE towards (011) CuPt-B
GaAs
(Al Ga, MOVPE[46] (100) CuPt 2x1 [111]
x)0.5|n0.5p
AllnAs MOVPE [49],MBE [50] (100) CuPt-A 1x2 [111]
GalnAs MOVPE [51], CI-VPE [52] | (001) CuPt-B 2x1, 2x2 [111]
(110) CuAu-I [001]
GalnPAs VPE [52] CuPt-B 2x4 [111]
GalnAs MBE [53] (110) CuAu 2%2 [001]
AllnAs MBE [38],MOVPE [54] (001) InP CuPt-A, TP- | 2x3
A
AlGaAs VPE [20] (110) GaAs CuAu-I, 2x2 [001]
chalcopyrite
GalnAsP VLE [55] (100) CuPt 2x1 [111]

Where Z, N° are the number of nearest neighbors of a particular atom and the Avogadro number,

6.02x 1023, respectively. Hac, Haa and Hcc denote the bond energy of the bonds between A and

C,Aand A, and C and C atoms respectively. The above expression for the interaction parameter
suggests that the positive value of the interaction parameter leads to clustering and finally
separation of the two phases. On the other hand, anti-clustering and ordering may take place when
the interaction parameter is negative. While short-range ordering means the number of the bonds
between A and C atoms is more than that in a random alloy, the long-range ordering changes the
translational symmetry of the crystal lattice in a particular direction. Though the regular solution
model does not provide any insight into the thermodynamics of mixing, it is useful in the

calculation of the phase diagrams of binary, ternary, quaternary compounds. A more physical
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model for enthalpy of mixing is the delta lattice parameter (DLP) model. The interaction
parameter, depending on the equilibrium atomic spacings of the end component binary compounds

of the alloy, is given by [56],

Q—kM 15

7 (aactapo)*®
Where aac, agc are lattice parameters of the end-pint binary compounds and k is adjustable fitting
parameter. The model explains quite efficiently the positiveness and the increase of the enthalpy
of mixing with an increase in size difference of the constituents. Several models such as virtual
crystal approximation (VCA), valence force field (VFF) were developed to match the
experimentally measured values of the interaction parameter [57]. The failure of VCA, which
assumes distribution of the atoms in the lattice to be uniform, lead to the consideration for the
interaction between the atoms to be due to strain, stretching and bending of bonds in VFF. The
models give a large positive enthalpy of mixing of alloys constituting of binaries with large lattice
mismatch. Thus there is always a possibility of phase separation or clustering below a certain
critical temperature above which randomness dominates the free energy. It is an important question
whether the superlattice type structures are thermodynamically favorable relative to either phase
separation or random arrangement. Early single interaction parameter model [58] and a positive
enthalpy for all disordered alloys led to the interaction between the constituents for the alloy
formation to be repulsive which originates from the energy for packing a lattice with dissimilar
atoms [59]. The disordered structures upon cooling exhibit clustering, then a phase separation due
to the repulsive nature of the interaction. On the contrary, the attractive nature results in anti-
clustering and subsequently long-range or short-range order on the cooling of the disordered alloy.
However, the main problem in such an assumption was lying in the fact that it assumed ordering

and disordering phenomena to be mutually exclusive. Actually, the excess enthalpy is comprised
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of an attractive and a repulsive term. In a pseudo-binary system like AxB1.xC, the perfectly ordered
structure can be thought of a repetition of a local arrangement of A and B atoms with the common
atom C. A random structure comprised of a few local clusters with a number of them in a particular
phase. One part of the excess enthalpy is purely repulsive which is basically the elastic energy
required for the deformation of pure AC and pure BC from their equilibrium volume to the
modified volume of the alloy. Another part is due to the substitution of atoms in pure crystal to

form the alloy in the desired phase. So, the excess enthalpy can be expressed as [29],
AHD (x) =G (x)+ > pY (x) & 1.6

With G(x), pc and ec are the elastic energy, the number of cluster C in the phase y and the
substitutional energy for each cluster, respectively. When AH >0 the phase is unstable and for the
opposite, the structure could be stable. As the elastic energy depends only on X, so the probability
of finding a cluster for a particular composition at a temperature depends only on the substitutional
energy. The systems with positive substitutional energy show anti-clustering whereas its negative
value is responsible for clustering. Calculation of energy and formation enthalpies revealed the
stability of the ordered structures with respect to the random alloy and also the phase separation.
Three types of phases i.e. unstable, metastable and stable ordering can be distinguished as depicted

in Fig. 1.3 [29].
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1.2.3.2 Surface reconstruction

During the MOCVD growth of an alloy, with a /Il ratio much greater than unity, in the mid-
temperature range, the growth process is diffusion or mass-transport limited. If we consider the
growth of AxB1xC, for example, a random arrangement of A and B atoms is expected to be
deposited on the surface. If the random arrangement of the atoms is covered by the next layer

before the diffusion of the atoms to significant distances, the randomness is frozen and further

Unstable orderng Metastable ordenng stable ordering
t ATB A+B
(::Il‘dtrl.:d Orrdered Ordered 5‘.”01_, ."I.".EI} ._‘s”&"_
B A+B
g === A+B
7] - e ==
2 Allew Alloy Alloy Ordered | Ordered  Ordered
]
4 AR A+B
Bulk | CwAn, CuPt chalcopyrite TPA
Surface CuAn Cult CuAn chalcopyrite

Fig. 1.3 Classification of ordering on the basis of excess energy in the bulk and surface of the
materials

diffusion of the atoms is literally prohibited. But in the actual situation, during the growth of
GalnP, the formation of Ga and In rich alternative layers at the surface due to a small amount of
rearrangement of atoms makes an ordered structure. The ordered structures possess lower energy
in comparison with the random alloy because of the reduction of strain energy through dimer
formation between the group V atoms and arrangement of the large and small group 111 elements
layer by layer along <111> direction [60]. Total energy minimization calculations showed that the
lowest energy ordered structure is El1 (chalcopyrite) which is observed very often in real bulk
systems [29]. The ordered structure having the highest energy, L1; (CuPt), is the most commonly

observed in the bulk [61]. The unexpected ordering in AlGaAs system despite the fact that AlAs
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and GaAs have nearly equal lattice parameters and surprisingly, little ordering in GaPAs having a
large difference in the bond lengths between GaP and GaAs and observation of CuPt ordering in
most of the 111-V alloys despite its higher energy for bulk in comparison to the other ordered
structures [62], led to the idea of ordering as a surface phenomenon rather than its existence in
bulk. The calculations on the stability of different surface reconstructions of Zunger and his
coworkers, the pioneers in the theoretical field of ordering, revealed the stability of the two variants
of the CuPt structures among the four equivalent {111} directions near the surface [62]. There
exists a significant difference between the bulk and the surface structures as shown by the group.
The symmetries of the minimum energy configurations for the bulk and surface structures are
different. The surface of the CuPt ordered materials showed (2x1) surface structure when observed
through reflection high energy electron diffraction (RHEED) during MBE growth [63]. The
surface reconstruction could be attributed to the dimer formation/pairing by the dangling bonds of
group V atoms. Similarly, (2x3) and (1x2) surface reconstruction were attributed to triple period
and CuPt-A ordering, respectively because of the observed one to one correspondence between
the surface reconstruction and the ordering [64]. The reconstructed surface structures

corresponding to the ordering are shown in Table 1.1.

1.2.3.3 Growth kinetics

While surface thermodynamics dictates the atoms their energetically preferential sites, it is the
growth Kinetics that decides the extent to which the pattern of the atomic arrangements can
propagate into the bulk during a real growth process. The only concern of thermodynamics is the
initial and final states at equilibrium, but, it is incapable of providing the information about the
time to reach the equilibrium lowest energy states and the rates at which the intermediate steps

occur. Since the typical growth rate in MOCVD is very low (1um/hr), the system can be considered
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to move through near-equilibrium. The difference in the formation rate and destruction rate of the
growing species is very small compared to the rates of the reactions itself. The major processes of
kinetics are: the different physical surface processes, chemical reactions, heat and mass transport
[65]. Physical surface process describes various microscopic surface features like surface
reconstruction, step size, adatom motion, etc. Mass transport controls the flow of the materials to
the solid/vapor interface. The rates of the various chemical reactions occurring either
homogeneously in the gas phase or heterogeneously at the interface also decide the overall growth
rate. The growth parameters such as growth temperature, growth rate, and substrate orientation
play vital roles in the propagation of the near-surface ordering. The kinetic factors during growth
have shown an immense effect on the ordering. For example, for the GaAsSh system, the reduction
of the growth temperature below 550 °C shows the absence of the chalcopyrite structures [66]. The
cause may be the low surface mobility of the adatoms so that the lower energy ordered pattern
cannot form. When the growth rate is also reduced in the above mentioned growth temperature,
the atoms have sufficient time to form ordered structures despite the low surface mobility. With a
change in substrate orientation, the number and nature of bonds play a major role in the surface
mobility of the adatoms. Lio (CuAu) in MBE grown AlGaAs on (110) GaAs [20], decrease of the
intensity of the super-spots in GaAsSb on (110) substrates [66], elimination of CuPt ordering in
GalnP on (111) substrates [67], showed the strong dependence of ordering on the Kkinetic factors.
Besides, many other elementary growth events such as step flow, single to double-step transitions,

strain relief, etc. also have immense effects on ordering [68].

1.2.4 Consequences of ordering

The observed effects of ordering on various material properties make this phenomenon interesting

from the application perspective. The long-range order parameter is measurable by transmission
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electron diffraction pattern, X-ray diffraction [69]. Regarding the effect of ordering on the optical
properties, crystal field splitting and reduction in band-gap, such indirect measurements were
involved in determining the extent of ordering [70]. A general dependence of a physical property
P(n) on the order parameter n was established as follows [62]

P(n)=P(0)+n’[ p(1)-P(0)]+O(n*) 1.7
P(1) and P(0) are the properties with fully ordered and without order phase. The fundamental
reason for the difference between the ordered and disordered structures is the altered symmetry.
In case of CuPt structures, the periodicity is doubled compared to that of zinc-blende which in turn
makes the Brillouin zone folded [71]. As a result, two electronic states fold into a single K point.
For CuPt type ordering in (111) direction, the L and I" states fold to the T" state. The zinc blende
conduction band minimum appears to split into a doublet. When the spin-orbit coupling is
considered, there are two conduction band levels whereas three valence band levels. Thus, the

introduction of ordering makes the states with the same symmetry to repel each other which results

in a change in the spectroscopic signature [72].

1.2.4.1 Bandgap reduction

One of the prominent effects of ordering is the bandgap reduction observed in CuPt ordered GalnP
alloy [39]. Theoretical calculations showed the repulsion amongst the equal-symmetry states,
causing the lower state to shift down, thus results in a reduction of the bandgap. The theoretical
calculations in conjunction with the experimental measurements give the maximum bandgap
reduction of 380 meV in fully ordered GalnP. and the highest value of the observed order
parameter (n) deduced as 60% [73]. Another significant aspect is that sometimes the repulsion

between the states becomes so strong that the shift makes I point below the X point, making an
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indirect gap semiconductor to one having direct gap. Such effects have been observed in Ga,AsP
[74]. Another interesting aspect is that sometimes ordering can be used to reverse the order of the
bandgaps of two materials. Ordering induced lowering of the bandgap of GaAsSh beyond HgCdTe
makes the antimonide useful for the far-infrared application [75]. The ordering induced lowering
of the conduction band minimum could also lead to homojunction disorder/order/disorder quantum
well structures for optoelectronic applications [76]. Again, ordering could also change type | to

type 11 band alignment, although not observed yet.

1.2.4.2 Valance-band splitting

The average value of the energy (Eav) and the splitting of the valence band with respect to Eay are

given by [72]

Eqy = ¢ (850 + A°F) 1.8a
E, = %(ASO + ACF) 1.8b
E, = %\/(Aso + ACF)2 gASOACF 1.8¢
E; = _%\/(Aso + ACF)2 — gASOACF 1.8d

Where ASC and ACF are the energy difference due to split-off band and crystal field splitting,
respectively. In case of strain-induced valence band splitting, the energy states Ei, E> and Es
represent the heavy hole, light hole, and the split-off bands. The transition intensities depend only
on strain in case of zinc blende crystals but as the L states folded into the I" states in presence of
ordering, so the transition corresponding to the conduction band minimum to the doublet depends
on the order parameter. Thus the extent of ordering can be deduced from the intensity variation as

well as from the comparison of the splitting of the valence band theoretically and experimentally
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[72]. The obtained transitions appeared as a result of ordering in specific directions would depend
on the polarization of the excitation. This polarization dependent transition makes the ordered
materials to be useful as polarization detectors. This also enables the optical detection of the type

and also the variant of the ordering present in a material system.

1.2.4.3 Carrier effective mass enhancement

Another effect of the I'—L coupling in the ordered structures is the alteration of the carrier
effective mass. Bandgap reduction due to ordering causes a decrease in the effective mass whereas
the coupling behaves in the other way and the resultant effective mass depends on the balance of
the two counteracting effects [77]. Another aspect of ordering is the anisotropy in the effective
mass in the direction of ordering with respect to the other directions [78].

Moreover, the theoretical predictions regarding the increase in critical pressure for the transition
of direct bandgap materials to the indirect gap, the generation of electric fields due to ordering are
verified by the experiments on the ordered systems [79,80]. Another observed phenomenon is the
up-conversion in InGaP and AlInGaP materials where emission was observed at a higher energy
compared to the excitation even at low temperatures which might be the consequence of the
localization effects due to ordering [81]. Observation of the fundamental ordered structures, its
origin and its effect on the material properties have been studied and correlated through years by
several groups [29,63,68,82]. In the meantime, superlattice type ordering in a comparatively large
length scale have been reported by Albert Chin and his coworkers who reported a partially ordered
AlxGaixAs/AlyGai.yAs periodic structure in the 0.75um thick Alp3Gao7As on (111) A GaAs [83].
They have also observed the same ordering in AlGaAs barrier layers with GaAs quantum well on
(111) B GaAs but they did not find any superstructure on (100) substrates. The bandgap anomaly
observed in atomic-scale ordering due to doubling of the periodicity of the lattice was also
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appeared in such structures although relatively small. The optical quality was also enhanced as a
result of ordering. The origin was not very clear but the formation of such structures on <111>
substrates but absence for <100> might have kinetic influence. The steps in the oriented substrates

may enhance the step flow growth which could be considered as the catalyst of the ordering.

1.2.5 Ordering in AlGaAs

As our material system is concerned, the AlxGai-xAs alloy grown on (100) GaAs substrates, one
of the most-studied materials among the I11-V alloys, was grown by LPE since the 1960s and by
VPE since the 1970s. However, no one has reported the existence of CuPt-B ordering in this alloy
grown by MOVPE, MBE, or LPE. A significant broadening of the luminescence peak was
observed in MBE grown AlGaAs by Petroff et al. due to quasi-periodic alloy clustering [84].
CuAu-I type of ordering in MOVPE grown AlxGaixAs was reported on GaAs substrates by Kuan
et al. in 1985, where a clear separation of GaAs and AlAs atomic monolayer was observed at
different growth temperatures for different compositions [16]. Later, in the mid of 90s Albert Chin
and his coworkers observed spontaneous formation of Al and Ga rich compositional modulation
in Alo4GaosAs quantum well layer with Alo7Gao3As barrier on (111) GaAs substrates grown by
MBE whereas there were no such periodic structures for (100) substrate orientation [83]. The
enhancement of Photoluminescence intensity and the reduction in the transition energy for (111)
AlGaAs were reported. Formation of alternative Al and Ga rich layers with a periodicity of 55 A,
as confirmed from Transmission Electron Microscopy, has been attributed as the probable reason
for the observations. The difficulties regarding the growth of AlGaAs, which is a very important
material system in optoelectronic device applications, can be overcome by the spontaneous
ordering during the growth of the material [83]. The Long range spontaneous ordering over a

length scale much greater than monolayer has been observed in MBE grown AlxGai-xAs layer with
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aluminum rich and gallium rich superlattice constituents with period 50-70 A grown on (111)
facets of specially patterned (100) GaAs substrate [85]. We have observed natural superlattice
ordering in a multiple monolayer scale in MOCVD grown AlGaAs barrier layer of GaAs/AlGaAs
multi-quantum well (MQW) and AlGaAs epilayer on the conventional (100) GaAs substrates [21].
TEM and X-ray study confirmed the presence of superlattice type ordering in the AlGaAs epilayer
with a fine modulation in Al composition. As an effect of ordering, enhancement of

Photoluminescence intensity and reduction in bandgap energy in AlGaAs on (100) GaAs.

1.2.6 X-ray analysis of the ordered structures

Among various direct and indirect measurement techniques, X-ray scattering is one of the useful
tools for structural characterization in the nano-scale regime. The electron density and interface
roughness of the layered structures can be analyzed by X-ray reflectivity in the low angle regime
whereas high angle diffraction is used to extract the atomic information (arrangement, orientation,
etc.). High-resolution X-ray diffraction (HRXRD) is very efficient in determining compositional
modulation present in a layered material [22]. The periodicity in the lattice gives rise to satellite
peaks in the reciprocal space separated with an inverse relation to the real space. The intensity
profile is sensitive to the thickness of alternative layers, interface roughness, composition, and
strain profile [86]. The utility of such spontaneously-grown superlattice-type structures depends
on its thermal stability since many device fabrications involve high-temperature processing of the
grown material. Interdiffusion across the interface due to thermal treatment plays an important role
in such structures regarding device applications. The most common approach to study
interdiffusion is to perform direct measurements of the profile across the interface as a function of
annealing time. This type of work could be performed with Rutherford backscattering

spectrometry (RBS) [87], cross-sectional transmission electron microscopy (XTEM) [88] and
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most frequently with secondary ion mass spectrometry (SIMS) [89], but the spatial resolution of
the depth profiles is limited by the instruments. To study the interdiffusion of Al and Ga atoms in
AlGaAs/GaAs heterostructures, a number of experimental techniques such as Auger electron
profiling [90], wavelength modulation in quantum well lasers [91], cathodoluminescence (CL) and
transmission electron microscopy [92] have been applied. Photoluminescence spectroscopy has
also been used in case of MQW systems as well as superlattice-type structures [93]. In comparison
with such direct measurements of interdiffusion, x-ray diffraction (XRD) of superlattices are
sensitive to the quality and uniformity of the interfaces involved [94]. As XRD satellite peaks are
very sensitive to the various parameters of the superlattice structure, the interface roughening by
interdiffusion as a result of thermal annealing can be extracted using high-temperature x-ray
diffraction (HTXRD) technique. XRD has been involved to study interdiffusion in deliberately
grown superlattice structures in I1-VI/1I-VI [95] and V-1V materials systems [96]. Fatah et al.
have shown that the XRD technique is more useful in case of MQW or superlattice-type structures
rather than single quantum wells, as has been demonstrated in the case of CdTe/CdMnTe

superlattice system [97].

1.2.7 Photodetectors

The optoelectronic devices which are able to convert the absorbed optical energy into its equivalent
electrical analog, are called photodetectors (PDs). PDs generally work under reverse bias. The
working principle of the PDs is basically a three-step process mentioned below

I.  Generation of photocarriers by absorption of an optical signal.

ii.  Transportation of these photocarriers through the semiconductor towards the electrical

contacts.
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iii.  Collection of the carriers in the external electrical circuit.

From the structural point of view, PDs can be classified into multiple categories like p-n junction
PDs, p-i-n, PDs, metal-semiconductor Schottky PDs, heterojunction PD, metal-semiconductor-
metal (MSM) PD, etc.

Metal-Semiconductor-Metal Photodetector:

When two identical or non-identical Schottky junctions (SJs) are connected in the back-to-back
configuration on a coplanar semiconducting surface, the device is known as metal-semiconductor-
metal (MSM) structure [98]. Usually, an undoped or intrinsically doped semiconducting surface
is preferred for the fabrication of MSM structure. As here two SJs are connected back-to-back,
application of external bias always makes one of them forward biased and the other one in reverse
biased. The light is absorbed only by the semiconductor, which produces electron-hole pair within
it. Afterward, the electrons and holes are separated and collected to the opposite metal contact.
The maximum absorption of light by the semiconductor is possible when this layer possesses a
thickness which is a little bit greater than the absorption length. In the MSM structures, the main
drawback is the high dark current under bias due to the extended electric field at both the junctions.
The inclusion of MQW or superlattice structures in the semiconductor layer can limit the dark
current and enhance the speed at the same time [99]. The main advantage of using AlGaAs is its
ignorable lattice mismatch with GaAs substrates. GaAs-AlGaAs material system is widely used
for quantum cascade lasers based on GaAs [100]. Large conduction band offsets are desirable in
the active region of the quantum cascade lasers to suppress the thermally activated processes which
limit device performance at high temperatures and also allow increasing the energy separation
among the subbands. GaAs based optoelectronic devices attracted much attention in

telecommunications [101]. The most large scale application of the AlGaAs/GaAs system is
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quantum well-infrared photodetector (QWIP) [102]. We have designed metal-semiconductor-
metal photodetector based on the superlattice structures using the AlGaAs/GaAs (100) grown by
MOCVD [28]. Lambert W function was incorporated to simulate the device. We have studied the
effect of the superlattice structures on the spectral and temporal response of the device by
comparing the figure of merits with those of a device based on homogeneously alloyed AlGaAs.

The band diagram of a typical MSM structure with intrinsic (n-type) is shown in Fig. 1.4.

1.3  Motivation and objectives

Since the first report of atomic ordering in AlGaAs [20], the topic has attracted much interest not

only from the device application perspective but for the flavor regarding its origin and nature also.

Fig. 1.4 Band diagram for the metal-semiconductor-metal structure

Theoretical predictions and experimental results have demonstrated the effect of ordering on the
physical properties of the system. The atomic ordering shows significant effects on device
performance also. Therefore, it is critical to understand the ordering in semiconductor alloys during
the design and fabrication of devices. Observation of natural superlattice ordering in the AlGaAs

barrier layer of GaAs/AlGaAs MQW system has led us to study such structures in great detail.
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Similar multiple monolayer superlattice structures were also observed in AlGaAs/GaAs (100)
epitaxial layer [21]. Since X-ray scattering techniques reflect the quality of the interface with high
precision, we looked for a combinatorial approach involving low angle reflectivity and high angle
diffraction for the information from layers and atomic planes, respectively. To investigate the
stability of the spontaneously grown structures, high-temperature rocking curve analysis was
involved. Studying the interdiffusion phenomena through the interface of the superlattice
structures is interesting and also useful regarding the diffusion mechanism in the material and also
for the device application. We used the theoretical formulation of interdiffusion across the
interface through a comparative study of virtual interdiffusion driven kinematical diffraction and
real-time rocking curve measurements. The overall effect on the optical and electronic properties
is also important which led us to the fabrication of the device and study of the spectral and temporal
response on the light of localization of carriers and the electric field due to the superlattice

structures.

1.4 Outline of the thesis

The whole work has been arranged in a number of chapters form with the content given below.

Chapter 1 briefly describes the background and the nature of the present work covered in the
thesis in a nutshell.

Chapter 2 describes some basic aspects of metalorganic chemical vapor deposition technique.

Chapter 3 contains the description of the experimental techniques used for the device fabrication
and understanding the structural, optical and electrical properties of the materials.

The results we obtained are depicted in chapters 4 5 and 6.

Chapter 4 describes the growth procedure we followed and observation of a new type of
spontaneous superlattice ordering in our material system through various structural

characterizations.
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Chapter 5 discusses the stability of the ordered structures and interdiffusion phenomenon in such

structures through high-temperature X-ray diffraction measurements.

Chapter 6 describes the fabrication of the photodetector based on the superlattice structure and
the superiority of the device in terms of spectral and temporal response relative to the device based

on the homogeneous alloy of the same material.

Chapter 7 contains the conclusions we have drawn based on the study.
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Chapter 2

Basics of MOCVD growth technique
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21 Introduction

Epitaxial crystal growth of materials made it possible to fabricate various high quality low
dimensional complicated structures for basic research as well as large scale electronic and photonic
device applications. Epitaxy is basically controlled layer by layer growth of single crystalline thin
films of a particular material on a given substrate with a definite crystallographic relationship
between the growing film and the substrate. If the same material is grown on the substrate, the
epitaxy is termed as homoepitaxy. On the other hand, when the growing material is different from
the substrate, the process is called heteroepitaxy. The various epitaxial techniques available for the
layer by layer growth are liquid phase epitaxy (LPE), chloride-vapor phase epitaxy (CIVPE),
hydride-vapor phase epitaxy (HVPE), metal-organic chemical vapor deposition (MOCVD) and
molecular beam epitaxy (MBE). MOCVD technique is the most efficient technique to grow
compound semiconductors in a large scale due to its high throughput. Table 2.1 showed a
comparison between the different epitaxial growth techniques. Despite the complexity of the
MOCVD growth process, the technique offers growth of versatile materials for commercial

applications with atomically flat interface between multilayers.

2.2 Lattice matching in epitaxial growth

When we consider heteroepitaxy, the relative lattice parameter of the substrate and the epitaxial
layer plays a vital role in the growth process and formation of misfit dislocations and defects. In
case of pseudomorphic or layer by layer growth, perfect lattice matched layers can be grown.
Difference in lattice parameters causes formation of strained layers which can be of two types —
when the lattice parameter exceeds that of the substrate, the layer is grown with compressive strain
and when the lattice parameter of the layer is smaller, the layer is under tensile strain. The Fig.

2.1 demonstrates the lattice matched and strained layers. For the growth of low dimensional
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heterostructures, both the strain profile and the band diagram should be considered simultaneously.

The bandgap engineering helps us to optimize the desired band diagram for real devices. For

Table 2.1 comparison of different epitaxial growth techniques

Growth technique  [Phase of the constituents | Advantages Disadvantages
LPE Liquid Simple to operate, | Less flexibility,
high purity of the | nonuniformity of the
material grown materials
CIVPE [Vapor Simplicity, purity Al and Sb alloys
difficult to grow,
graded layer at the
interface
HVPE Vapor Large scale growth Hazardous sources,
Al, Sb alloys difficult
MBE Vapor Simple process, | As/P alloys difficult,
uniform growth, [ expensivie, low
abrupt interface, | throughput
superlattice
structures with high
precision,
MOCVD Vapor Most flexible, large | Expensive reactants,
scale production, | hazardous precursors
high precision

example, AlAs has a bandgap 2.1 eV and GaAs has a bandgap 1.43 eV at room temperature (300

K) [103]. When these two alloys are mixed together to get the ternary compound AlxGai-xAs, then

depending on the value of composition (x) of Al, the bandgap of the compound can be varied from

1.43 eV to 2.1 eV. In general, for ternary compound AxB1xC, the variation of the bandgap with

composition(x) can be written as Eq(X) = E4(0)+bx+cx? where ¢ is the bowing parameter. Fig. 2.2,

which is basically the bandgap vs lattice constant diagram for various semiconductors [104],

depicts clearly the bandgap and lattice parameter values of different binary and ternary compounds

made out of them.
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2.3 Overview of MOCVD process

Metalorganic chemical vapor deposition (MOCVD) is also termed as organometallic vapor phase

epitaxy (OMVPE) and by other permutations of the same letters (OMCVD or MOVPE). This

@) (b) (O
L& 'rrtm.'ing| ] | | ] | 1|
layer

Substrate

Fig. 2.1 Epitaxial growth of (a) lattice matched layer (aiyer=asun) (b) layer under compressive strain

when ajaver > asup and (¢) layer with tensile strain as aiayer < asub
epitaxial growth process started with the pioneering work of Manasevit [7,105] in late 1960s. After
that, it took a huge time for the development of the technique to be precise for atomically abrupt
interfaces and suitable for the large scale production at the same time. Undoubtedly, it has become
the most versatile technique for the production of 111 —V compound semiconductor materials for
optoelectronic device applications. All the desired parameters such as layer compositions, doping
levels, and thicknesses can be manipulated more or less independently in order to produce a device
with a complex heterostructure. The fundamental processes that have been taken place during
crystal growth can be divided into thermodynamic and kinetic components. Thermodynamics
controls the direction of the overall growth process whereas kinetics decides the rates of the various
processes occur. Hydrodynamics and mass transport determine the rate of transport of precursor
materials to the interface formed between the vapor and the solid phase. All the factors combinedly
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Fig. 2.2 Energy bandgap as a function of lattice constant for several compounds. The red broken lines show the

nearly equal lattice parameters of GaAs and AlAs and the shaded region show the wavelength range covered by

the material of our interest in the whole composition range
define the overall growth process. To understand the growth mechanism, dependence of the growth
rate on various external parameters were studied [106-108]. A general categorization of the
process limiting the growth rate was done by Shaw after studying the growth rate as a function of
temperature [109]. As MOCVD is an exothermic process, thermodynamically limited growth rate
decreases with increasing temperature [110]. An increase in growth rate with temperature can be
concluded as kinetically limited case. If the growth rate remains nearly unaltered with temperature,
the process must be mass transport limited. Similarly, dependence on other factors such as the total
gas flow rate, substrate orientation revealed the dominating factor for the growth process.
Observations by different groups led to the conclusion that the MOCVD growth process is
determined by mass transport in the temperature range of 550-750 °C [106,107]. In the lower
temperature regime, the growth rate is found to be controlled by the kinetic factors and at
temperatures above 750 °C, it is thermodynamically limited. Another important observation for

the growth of 111-V alloys is that the growth rate depends linearly on the flow rate of the group Il
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species entering the reactor. Assuming the mass transport through a fictitious laminar-flow
boundary layer, the linear dependence of the growth rate on group Ill flow rate suggests that
interface is depleted of the group I11 element to maintain the stoichiometry. High group V flow or
V/11I ratio is typically maintained to preserve the stoichiometry of the growing layer since the

vapor pressure of these elements are higher compared to the group I11 atoms.

2.4  Equipment of MOCVD system

The basic chemical reaction of MOCVD process, the kinds of sources and in general the hardware

used to deliver and process the sources are discussed below.

2.4.1 Chemical reactions

The essence of the MOCVD process for deposition of compound semiconductors can be

considered as the simplified version of a more complex step by step process given as

R,A+ BH, » AB + nR 2.1

TMGa = Ga' (main product) + GaCH, + GaH; + GaH = . .efc.

Pyrolysis reaction Reaction of
Overall Growth ( of Gr 11 species Pyrolysis PP GaAs

reaction Pyrolysis reaction products
of Gr V species

Inlet Qutlet

Carrier Gas AsH; = Asg (main) + As, + ..

N TMGB& AsH3
precursors S :b Boundary

N/ \ ‘

yrolysns Adduct D|ffu5|on a W
formanoﬂ

TMGa-A;
rfa(o diffusion and GaAs Desorption
Adsorpn heterogeneous reactions . .

} 8, —leadingto flm groyth :Imv“’ oo

A -,
L'x ‘\:e ‘zvgv&‘ #I'*")' £ 5{5\;}:“>‘n"el S \?i e _&‘ .){ v'x ¥ ) \d

Diffusion

Fig. 2.3 Schematic representation of various processes inside the reaction chamber leading to the growth
of single crystalline GaAs
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RnA is the organometallic compound of group 111 species with R being H or alkyl (CH3, C2Hs),
BHn represents the hydride of the group V element and AB is the desired compound
semiconductor. Actually, both the group Ill and group V precursors undergo pyrolysis to give
various products among which reaction between the main products from both side gives rise to the
desired compound in solid phase under proper temperature and pressure. Many other byproducts
would be present which are excluded from the chamber through the outlet. As an example, a
schematic of the processes occur in the reaction chamber for the growth of GaAs from

trimethylgallium (TMG) and arsine (AsHz) is shown in Fig. 2.3.

2.4.2 Precursors

Choice of the source molecules for MOCVD growth of compound semiconductors determines the
kinetics of the pyrolysis reactions which in turn controls the overall growth process. An important
factor in MOCVD growth process is the energy of the metal-carbon bond in the precursor
molecule. The bond strength depends on the electronegativity and size of the metal and
configuration of the radical as well. Observations showed that the metal-carbon bond strength is
decreased as more number of carbon atoms are attached to the central carbon [111]. The methyl-
metal bonds were found stable for group 11 or 111 species and hydrides for group V or VI showed
maximum stability [112]. Another important aspect is the vapor pressure of the precursors that
influences the overall growth. For MOCVD growth process, the metal-carbon bond energy in the
precursor molecule (organometallic compounds) is important it determines the stability of the
molecule against pyrolysis. The bond strength depends on the electronegativity of the metal and
the size and configuration of the radical. In case of group I, 111, V species, the metal-carbon bond
strength is decreased as the number of carbon atoms bonded to the central atom, indicated as no,

is increased. The bond strength gets increased in the order, H > 0° (Me) > 1°>2°>3°[113]. Asa
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consequence, the vapor pressure of the heavier branched molecules is higher in comparison with
the lighter molecules. For the growth of AlGaAs, we used TMG and TMA (trimethylaluminium)

as the group 11 precursors, while arsine is used as the group V source.

2.4.3 Reactor components

An MOCVD reactor comprises three major components:

The gas delivery system that carries different gases to the reaction chamber
The reaction chamber where the growth process takes place

The reactor safety system

A simplified schematic is shown for the MOCVD growth system is shown in Fig. 2.4.

2.4.3.1 Reactor gas delivery system

The function of the gas handling system is mixing and metering of the gas entering the reactor.

Timing and fraction of the gas entering the reactor will determine the crystallinity and
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Fig. 2.4 Schematic of the overall MOCVD growth system

stoichiometry of the epilayer structure. This reactor gas handling system is an ultra-clean, leak-
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free arrangement of stainless-steel tubing, automatic valves, and mass flow controllers, as shown

in Fig. 2.5.
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Fig. 2.5 Schematic diagram of the gas handling system in a typical MOCVD reactor

Each constituent e.g. gaseous hydride or solution of the organometallic compounds having high
vapor pressure requires a different control system to be delivered to the reaction chamber. The
delivery modules for hydride generally requisite a few valves and Mass Flow Controller (MFC)
which is a kind of device which is used to measure and control the flow of a gas or liquid [114].
The elements of an MFC are base, sensor, bypass, control valve, and printed circuit board. All
other components are mounted on the base. The gas flows through the sensor tube and it causes
heat transferred from the upstream to the downstream resistance thermometer element. This
temperature differential is linearized and amplified into a 0 to 5 V of the output signal through a
bridge circuit. The comparison of the output signal with the setpoint causes an error signal that
directs the control valve to remain open or closed for maintaining a regular flow at the setpoint
level. The components of a typical mass flow controller are shown in Fig. 2.6. The source materials

are contained in stainless-steel bubblers stored in a refrigerated bath to produce a stable vapor
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pressure over the source. These individual pressure-controlled alkyl bubblers in temperature-
controlled baths provide reliable and constant delivery. Volatile precursor molecules transported
by the carrier gas (mainly H> or N) to the reactor chamber. A small variation in the carrier gas

flow could change the source delivery.

In all configurations, the flow of vapor is directly related to the vapor pressure of the material kept
in the vessel, which varies with temperature in accordance with the characteristics of the liquid.

The delivery rate of a liquid or solid organometallic source depends on its temperature, the flow

Amplifier » To solenoid

operated control

Detector valve

Voltage
regulator

. S\

Heater

L
v

Temperaturé
sensors

Secondary flow

Main

> > - > > flow

Lamina flow element

Fig. 2.6 Various components of a typical mass flow controller

rate of the carrier gas through the organometallic bubbler, and the pressure of the bubbler. The

flow of a source can be expressed as

Qs = Q (carrier gas) [Ps (T)/ Protal] 2.2
where Qs is the molar flow rate of the organometallic source, Q(carrier gas) is the molar flow rate
of the carrier gas through the bubbler, Ps(T) is the vapor pressure of the organometallic source at
temperature T, and Pt is the total pressure inside the organometallic bubbler. In the simplest

case, the flow of vapor is controlled by the carrier gas flow. This system can be improved by
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holding the pressure constant in the bubbler. As a result, the ratio between the carrier gas and the
vapor is fixed, stabilizing the output. The flow of vapor can then be kept constant by controlling
the carrier gas flow, based on the sensor signal.

Another important part of the main gas panel is the supply of carrier gases within a vent-run
configuration. In order to increase the carrier gas consistency, a relatively large flow rate of the
carrier gas (typically several liters/min) is maintained in the supply line. The source flow rate of
tens or hundreds of cm? /min can then be set up and become stable while the valve is vented to a
waste line prior to injection into the run supply line, shown in Fig.2.5. As long as a fixed
relationship is maintained among the total pressures in all vent and supply lines, transients will be

reduced and the actual source flow can be managed.

2.4.3.2 Reaction chamber

Once an appropriate gas mixture has been synthesized, the gases are introduced into the reactor
where a substrate is located and a basic pyrolysis reaction takes place. The reactor's design fall
within two categories; the vertical and horizontal reactor. Both the reactors are cold-wall systems
that cause the basic pyrolysis reactions, both contain a relatively small diameter inlet into a
transition region, and both make use of an indirectly heated silicon carbide-coated graphite

susceptor. The chamber can be made of quartz, stainless steel, or quartz-lined stainless steel. The
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Fig. 2.7 (a) Typical vertical reactor and (b) Horizontal reactor used
for MOCVD growth
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chief distinction between the vertical reactor and horizontal reactor is the direction of gas flow
relative to the substrate surface. In a vertical reaction chamber (Fig 2.7(a)), the process gases enter
the chamber from the top, getting deflected by a baffle before moving downward through a cold
transition region and finally approaching vertically to the heated susceptor. The flow of the gas is
forced to the sides by the susceptor with a velocity profile depending on the geometry of the
reactor. Better uniformity of the grown material is obtained by rotation of the susceptor. Exhaust
gases escape through the base of the reaction chamber. In the horizontal reaction chamber (Fig.
2.7(b)), the process gases enter from the small inlet and maintain laminar flow over the heated
susceptor, which is tilted by a small angle as shown in the figure so that the depletion of the
reactants can be taken into account. Uniformity can be improved by incorporating a rotating disk
within the susceptor. The multiple-wafer chamber has a region for mixing of the gases above a
diffuser that constrains a uniform normal gas flow. A rotating sleeve isolates the heater from the
process gases. A multistage heater block is used to introduce a lateral temperature gradient to

improve the uniformity of the grown material.

2.4.3.3 Safety

Safety is always an important issue for the design and operation of the MOCVD growth apparatus
due to the hazardous sources used. Use of the hydrides such as AsHs, PH3, etc. which have high
vapor pressure, increases the risk because of their toxicity (TLV:0.05 and 0.3 ppm, respectively
[115]). Organometallics are also toxic and pyrophoric, but easier to control as they are liquids at
normal temperatures. Moreover, the use of the quartz reaction chambers which are fragile, large
volumes of hydrogen gas, high temperatures required for the growth are also increasing the risk
factor in the growth process. Such risks can be handled by categorization. Firstly, the access should

be limited that means each level of access to potentially harmful materials must be controlled by
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a higher level of authority with a correspondingly higher level of training. Secondly, thorough
training in the safe handling of materials must be required, and emergency-response situations
should be taken care of by proper planning. Lastly, a powerful safety infrastructure must be
attached to the system, Hazardous gases should be kept in relatively remote areas having proper
safety arrangements with automatic cylinder-change hardware and both mechanical and electronic

systems for sensing and limiting the flow rate with high precision.

Fig. 2.8 picture of the Thomas swan, presently Aixtron (UK), MOCVD system
at SINP, Kolkata

The gas handling system must have a leak-free coaxial tubing with either an inert gas or an
appropriate vacuum in the outer tube. The waste gases through the vent lines or the side products
should be mixed with the atmosphere through proper filtering of the hazardous gases. Care must

be taken for the automatic shutdown of the source gases in the case of a power failure and the

backup power is also insufficient.

2.5  The MOCVD system at SINP

The experiments for the growth of the materials were carried out in the metalorganic vapor phase
epitaxy (MOVPE) or metalorganic chemical vapor deposition (MOCVD) system (Thomas Swan,

now Aixtron, UK) commissioned at the MOCVD laboratory, Saha Institute of Nuclear Physics,
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Kolkata, a picture of which is shown in Fig. 2.8. This is basically a vertical flip-type showerhead
reactor. The showerhead MOCVD reactor was equipped with a showerhead flange and inlets
located very close to the substrate. The reactant gases were injected vertically from the showerhead
flange with many small holes (in the order of 0.5mm in diameter) toward the substrate. The
showerhead distributes the reactant gases uniformly over the substrate and yields a uniform
concentration field. Then reactant gases travel across the boundary layer onto the substrate surface

through diffusion driven by the concentration gradient. By adopting a close space (roughly 1 cm)
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Fig. 2.9 components of the vertical showerhead MOCVD reactor

between the showerhead and the substrate, the convection component can be suppressed, the gas
residing time can be reduced and the reactant gases can be used efficiently. The schematic of the
components in a typical vertical showerhead reactor is shown in Fig. 2.9, where hc is called the
ceiling height or electrode gap and D refers to the diameter of the reaction chamber. The values of
D and hc for our MOCVD reactor were 16” and 16.9 mm, respectively. The susceptor can hold
three wafers of 2” diameter during each run. The susceptor was made of high quality graphite
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which was placed on a tungsten heater having three independent heating zones. Each heating zone
could be controlled separately to attain uniform temperature across the entire surface, which was
extremely important for the uniform growth of the material on the whole wafer. The velocity of
the mixture of the source-carrier gas and the growth pressure in the reactor was maintained by a
high capacity rotary pump-throttle valve combination. Ultra high pure H. gas was used as the
carrier with a total flow of 10 lit/min in the two ‘Run’ lines. The susceptor was given a slow
rotation of about 50 rpm for uniform growth. The entire reactor was housed in a sealed glove box
which was maintained under Nz environment. The N2 inside the glove box was under re-circulation
through certain media to reduce moisture and oxygen content. The wafers were inserted into the
reactor and taken out from it after growth through a load lock chamber connected to the glove box.

Safety and Exhaust

Growth of 111-V materials in MOCVD involves pyrophoric metalorganic (MO) molecules as group
Il precursors, highly inflammable hydrogen gas (carrier), and highly toxic arsine (AsH3),
phosphine (PH3) gases as group V source. Leakage in any of these gases may lead to an unsafe
and hazardous situation. Hence, all the run and vent lines of metal-organics and hydrides, the entire
gas mixing cabinet, the reactor cabinet, toxic arsine and phosphine gas cabinet have been
periodically checked by helium gas leak detector. In addition to this, leak test has been performed
while installing the new sources (MO and Hydrides) and replacing the empty bottles to achieve
the desired leak-free environment.

In order to handle the process gases (MO, hydrides and hydrogen), in an emergency or accidental
case, MOCVD system has been equipped with exhaust pipe lines, emergency off and process stop
buttons. The power supply of MOCVD system is terminated by the EMERGENCY-OFF button

in any situation of emergency. Pressing the PROCESS-STOP button leads to the following steps
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. All gas lines are purged with nitrogen

. Throttle valve gets closed

. All hydrogen and metal organic source valves are closed
. Process heater is turned off

. Running recipe is terminated

In addition to these safety buttons, phosphine, arsine and hydrogen gas sensors are mounted on the
walls, exhaust pipes and gas cylinder rooms. The gas sensors are highly sensitive to the flow rates.
It can deduct the gases in the order of parts per million (ppm). Typical alarm levels of all the gases
are maintained 30 ppm. If any gas level exceeds this value, the Dréger sensor controllers

automatically trigger the alarm and abort the recipe from further progress of the process.

Another important part of the exhaust system is the scrubber. It consists of two tanks which are
filled with the cleansing solution. The cleansing solution is basically a mixture of sulfuric acid and
deionized water. The gaseous by products are fed into the liquid scrubber. There, the gases are
detoxified and the rest is left to the environment through the exhaust. The scrubber has a touch
screen controller. The controller alerts when the solution level is low and if there are other
problems. The pH value of the solution is maintained at 5. The cleansing solution should be

replaced, if there is any sign of crystallization.
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Chapter 3

Experimental techniques
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3.1 Introduction

The MOCVD grown samples were studied by several structural characterization techniques such
as electron microscopy (especially, scanning electron microscopy and transmission electron
microscopy) and x-ray scattering (X-ray reflectivity and X-ray diffraction). The optical properties
were investigated by employing low temperature photoluminescence. Devices were fabricated
with two metal contacts on the front face of the active semiconducting layer using thermal
evaporation technique. The effect of light on the device performance was studied through I-V

measurements and time response. All these techniques are discussed in the following sections.

3.2 Physical vapor deposition
Physical vapor deposition (PVD) is basically a thin film deposition technique performed in
presence of a vacuum [116]. Typically, the air pressure of the chamber during evaporation is
maintained around 10 mbar. For this process, the material to be deposited is placed in a crucible
that provides the heat of vaporization with proper vapor pressure. The entire growth process is
basically divided into two steps as follows

Q) First melting and then evaporation of the material to be deposited.

(i) Transport of the vapor through the vacuum and again comes to the condensed phase on

the substrate to form a layer.

The air pressure inside the chamber must be below 10° mbar to achieve uniform film. Among
different types of PVD processes, electron beam evaporation (EBE) [117] and thermal evaporation
(TE) are two important techniques for thin film deposition [118]. We employed TE for the growth
of the contacts on the epilayer of AlGaAs on GaAs using proper masks. The following subsections

contain a brief discussion on thermal evaporation technique.
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3.2.1 Thermal evaporation

In a PVD process, when the material is melted and evaporated by means of thermal energy through
the heating of electrical resistance (in general tungsten filament is used), the technique is called
TE. 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 (diameter 0.02 in). 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 always

used tungsten crucible during TE.

3.2.2 Experimental setup for TE

Different components of for TE technique are given below. Fig. 3.1 shows a schematic of this

setup.

Vacuum pump: Two different types of vacuum pumps are used for reaching the overall vacuum
level of 10 mbar. A turbo pump in conjugation with an oil pump (a rotary pump can also be used)

is used to reach and sustain the required vacuum level for the deposition.

Crucible: Molybdenum crucibles are used during EBE. In the case of TE, crucibles are made of

tungsten.
Substrate holder: A metal plate for holding the substrate.

Heater: To heat the sample for the deposition of the thin film at high temperature. The maximum

achievable temperature is 400° C. It is attached to the substrate holder.
Quartz crystal monitor: For measuring the thickness and growth profile of the grown material.

Tungsten filament: The evaporant is taken inside a filament, normally tungsten is used in case of

TE.
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Water cooling system: The crucible containing the material is cooled down to keep the effect of
electron beam heating limited to a very small region.
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Fig. 3.1 Schematic representation for the experimental set up of
thermal evaporation technique

Power supply

3.3 Structural characterization techniques

There are two types of techniques for the structural characterization of nanomaterial in general.
Both destructive and nondestructive techniques can be employed to extract structural information.
In case of destructive techniques, sample preparation is an integrated part of the techniques such
as cross-sectional transmission electron microscopy in our case. On the other hand, we employed
X-ray scattering also which are faithful nondestructive techniques for the evaluation of various

parameters of the grown structures.

3.3.1 Electron microscopy

The spatial resolution of optical microscopes is limited to a few micro-meters due to the diffraction
limit of light. Probing the surface and the atomic structure of materials with a higher resolution

beyond the wavelength of light, up to a few nm towards A, is very important not only to look into
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the inside of the material but also to understand its macroscopic properties. Electrons can be
accelerated to gain sufficient energy to possess the de Broglie wavelength well below that of light.

The fact makes them an eligible candidate for studying materials in the nanoscale regime.

3.3.1.1 Scanning electron microscopy

Scanning electron microscopy (SEM), fulfilling the criterion for better resolution, serves as a
powerful and popular technique for imaging the surfaces of almost any material with a resolution
down to about 1nm. The image resolution offered by SEM depends on the properties of the electron
probe and also on the interactions between the electrons and the specimen. The interaction of an
incident electron beam with the specimen produces secondary electrons, the emission efficiency
being dependent on surface geometry, surface chemical characteristics and bulk chemical
composition [119,120]. SEM can thus provide information about the surface morphology and also
the chemical composition. The SEM measurement unit consists of an electron gun as the source
of electrons, a high electric field across the electrodes for accelerating the electrons, a system of
electromagnetic lenses which focus the beam of electrons onto the sample, scanning coils
facilitating the scanning of the electron beam over the sample surface, the sample chamber where
the sample is located, and detectors that measure the signals generated from the interaction of the
electrons with the sample. All these components are kept within a vacuum chamber to prevent
unwanted scattering of the electrons. Fig. 3.2 shows a schematic diagram illustrating the major
components for the formation of the image in SEM. There exist two types of electron source (or
electron gun), one is based on thermionic emission and the other field emission. A thermionic
electron gun relies on electrons emitted from a heated filament. Usually, a tungsten filament serves
as the cathode. On the other hand, in the case of the field emission electron gun on electrons emitted

from a sharp tip upon the application of a high electric field. Instead of the heating of a filament,
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here as soon as a high electric field is applied to the tip, electrons from the tip quantum
mechanically tunnel through the energy barrier into the vacuum. Typically the field emission gun

has two anodes. The first anode (at ~ 0 -5 kV) serves to extract the electrons from the tip, while
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Fig. 3.2 Major components of SEM apparatus for
the formation of an imaae

the second anode (at ~ 1-50 kV) serves to accelerate the electrons and this determines the energy
of the electrons traveling down the column to the specimen. The field emission electron gun has a
higher brightness as compared to the thermionic electron gun. As the electrons are streaming out
from the electron gun, they form a spray pattern. In order to control the profile of this electron
beam into a finely adjusted focused beam, electromagnetic lenses are used. When an electron with
charge e and velocity u travels in a region with a magnetic field B, it will experience a force F
given by

F =eu X B 3.1

The only effect of the magnetic field is to change the direction of the motion of the electrons. The

magnetic field profile generated by a typical electromagnet used in an SEM apparatus is highly
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non-uniform. The magnetic field of the electromagnetic lens system can be considered to be made
up of two independent components, the vertical axial component (H;) and the horizontal radial
component (Hr). The radial component causes the electron traveling in the z-direction to move in
a helical manner with respect to the central axis. The axial component causes the electron to move
closer to the central axis, i.e., the effect of the axial component is to reduce the diameter of the
helical path of the electrons. As a result, the electron beam spirals down the column as it passes
through the electromagnetic lens and becomes finely focused on the sample for imaging purposes.
There are usually two such electromagnetic lenses in the SEM system, the condenser lens and the
objective lens. The condenser lens provides the first focusing effect and guides the electrons
traveling through the SEM column. The objective lens focuses the electron beam onto the sample
surface. The focal length of the objective lens is denoted as the working distance of the microscope.
The scanning of the electron beam over the surface of the sample is achieved by deflecting the
beam using an applied electric field or magnetic field. Typically a deflection coil consists of four
radially oriented coils arranged so that the magnetic field is perpendicular to the axis of the system.
The magnetic field generated by these coils can be controlled by the amount of electric current
passing through these coils. By programming these scanning coils, one can readily raster the
electron beam over the sample surface. The typical accelerating voltage used in SEM is of the

order of a few thousand volts.

With an energetic beam of electrons scanning over the sample surface, a number of phenomena
such as the production of secondary electrons (SE), backscattered electrons (BE), auger electrons
(AE), x-ray photon emission and cathodoluminescence (CL) occur due to the interaction between
the electrons and sample atoms [121]. Among them, SEs are the most abundant and they are

commonly used as imaging signals in SEM. Fig. 3.3 illustrates the phenomena that are observed
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when an energetic electron beam is incident on a typical sample. Energetic incident electrons can
collide with the electrons in the sample and knock them out of their usual orbitals. These electrons

are known as secondary electrons (SE). During the process, the incident electrons lose little energy
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Fig. 3.3 Detectable signals generated when an energetic electron beam is
incident on the sample in SEM

and continue to generate more SE as they traverse further into the sample. A single incident
electron will typically generate a shower of thousands of SE before losing its energy. Since a large
number of SE are generated, the detection of SE is the most common mode of operation for SEM
sample imaging. Note that the SE have low energies so that SE generated deep in the sample are
unable to travel to the surface and consequently unable to contribute to the formation of the image.
So, the SE detected are primarily from the region close to the sample surface (<10 nm). Hence SE
imaging would produce good topographical information of the sample. The SEM generates an
image of the sample by scanning the electrons over the sample surface while a SE detector placed
near the sample collects the signal generated. In SEM, operating at a higher magnification means
scanning the focused electron beam over a smaller area of the sample. Naturally, when the
magnification reaches a high value, more effort is required to obtain a high quality image. The
quality of the image also depends on the type of sample being imaged too. The SEM requires a
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vacuum environment in order to function properly. If a poor vacuum is maintained in the system,
air molecules can cause the electron source to burn out. The electron beam would also be scattered
by the air molecules in the chamber. The collision between the electrons and the air molecules
could give rise to ionization and discharge. The stability of the beam and the quality of the images
would be affected. The presence of air molecules in the SEM system can result in chemical
reactions between the sample and the molecules. The result is the formation of some compound

on the sample. This will affect the quality of the image too.

3.3.1.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is an efficient structural and chemical characterization
tool with high spatial resolution. Historically, the development of the electron microscope actually
started with the invention of the electron microscope by Knoll and Ruska in 1933 [122]. In TEM,
the voltage used to accelerate the electrons, typically in the range of 200 to 300 kV, is much higher
than that used in SEM. At such high energies, the electrons are able to pass through the sample
that is made thin deliberately. The de Broglie wavelength of such energetic energy electrons would
be very short, which means that the detection of features in a relatively smaller length scale is
possible through TEM as compared to SEM. High-Resolution TEM (HRTEM) is now routinely
used to see various atomic planes and domains in single-crystalline and polycrystalline samples.
However, it is a destructive technique and a lengthy sample preparation is usually required to make
the sample thin enough for the electrons to pass through. Since the beam is traveling through the
sample, the sample bulk and not the surface is being imaged. A modern apparatus used for TEM
has the capability to directly image atoms in crystalline specimens at resolutions close to 0.1 nm,
smaller than interatomic distance. An electron beam can also be focused to a diameter smaller than

~ 0.3 nm, allowing quantitative chemical analysis from a single nanocrystal. This type of analysis
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is extremely important for characterizing materials at a length scale from atoms to hundreds of
nanometers. TEM can be used to characterize nanomaterials to get information about particle size,
shape, crystallinity and other structural information.

The working principle of TEM is very similar to that of SEM. Fig. 3.4 shows a schematic of the
important components used for the image formation in a typical TEM apparatus. Similar to SEM,
an electron gun producing the stream of monochromatic electrons, is typically located at the top
of the instrument. This stream of electrons is focused on a coherent beam by the condenser lenses
1and 2 as indicated in Fig. 3.4. A condenser aperture is employed to restrict the beam and exclude
the high angle electrons that deviate from the main optic axis of the system. It is important in this
case that the specimen should be thin enough to allow some electrons to transmit through the
sample. Electrons suffer both elastic and inelastic scattering during the interaction between the
electron beam and specimen and the undeflected electrons traverse in the forward direction. The
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Fig. 3.4 Schematic representation of the major components for TEM
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final signal at the detector contains all the information about the sample. The beam of electrons
strikes the specimen and a part of it is transmitted. The transmitted electrons are then focused by
the objective lens into an image. The objective and selected area apertures are utilized depending
on the mode of operation. The two basic operations of the TEM system are image formation and
diffraction pattern. During the imaging mode, the objective aperture is utilized to enhance contrast
by blocking high-angle diffracted electrons. During the diffraction pattern mode, the selected area
aperture is engaged and facilitates the examination of the diffraction of electrons caused by the
interaction of the electrons with the ordered arrangements of atoms in the sample. The emerged
electrons then pass through the intermediate and projector lenses before striking the viewing screen
to either produce an image or diffraction pattern. In the bright field imaging mode, the darker areas
of the image represent those areas of the sample that fewer electrons are transmitted through
(thicker or denser); the lighter areas represent those areas that more electrons are transmitted
through (thinner or less dense). When the incident electrons strike the sample, the usual
phenomena found in SEM such as SE, BE, AE, X-ray, CL are generated as previously discussed.
However, in the case of a TEM, since the sample is thin, electrons pass through the sample. Fig.
3.5 shows the schematic of the signals generated when an incident electron beam strikes a thin
sample in TEM. The electrons that pass through the sample may scatter elastically, inelastically or
remain unscattered. The unscattered electrons are incident electrons that pass right through the thin
sample without any interaction with the sample atoms. The transmission of such unscattered
electrons is inversely proportional to the thickness of the sample: The thicker the sample, the fewer
the transmitted electrons and vice versa. Therefore the thicker parts of the sample appear darker
while the thinner parts of the sample appear lighter. When the incident electrons are deflected due

to their interaction with the sample but with no loss of energy, this gives rise to elastically scattered

54



electrons. During the elastic interaction, incident electrons are scattered according to Bragg’s law

of diffraction by atoms with a regular arrangement. The scattered electrons are collected using
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Fig. 3.5 Detectable signals generated when high energetic
electron beam is incident on a thin sample in TEM

magnetic lenses to form a pattern of diffraction spots. These diffraction patterns can be used to
identify the crystalline order of the sample, giving information about the orientation, and atomic

arrangement in the area probed.
TEM specimen preparation

Undoubtedly, TEM is a powerful technique for microstructure and composition analysis, but it
needs special attention for the specimen preparation. As the highly energized electrons have to be
transmitted through the sample, so direct insertion of the sample in any form is not possible. The
liquid sample can be inserted by drying them on a carbon coated copper grid but the solid sample

is to be made electron transparent following the steps described below.

Initial thinning
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The general lateral dimension of the specimen used for TEM is 3 mm in diameter. So a nearly
about 3 mm diameter disc is cut from the sample using a disc grinder (Gatan). With the help of a
silicon carbide paper, they are thinned to the appropriate thickness for dimpling. Care should be
taken such that no crack is introduced, otherwise, the sample could be broken at any of the later
stages.

Dimpling

After the initial thinning, the central portion of the sample is dimpled to reduce its thickness more.
At the time of dimpling, as a small portion of the sample is made thinner, 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 grinding wheel is rotated orthogonally to the turntable rotation.
Its speed can be varied according to the hardness of the sample. While dimpling, a diamond paste
of grain size 3um is applied on the sample, dimple thickness was set and then the grinding wheel
is lowered on the sample. After dimpling, the final polishing is done with a 0.25 um grain size
diamond paste.

lon milling

The mechanical thinning as described previously is not enough to make the sample electron
transparent. A Precession lon Milling System (PIPS) (Gatan, Pleasanton, CA model) has been used
for this purpose. In a PIPS, generally, 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, the energy of
the ions can be varied up to 6 KeV and the angle of incidence can be varied up to £10°. The electron
transparency of the sample is confirmed when a tiny perforation appears in the dimpled region,

which can be viewed in the LCD.
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Sample preparation for cross-sectional TEM

The cross-sectional view in TEM is necessary to extract the detailed structural parameters of
epitaxial layers. For the layers deposited on semiconductor substrates (Si, Ge, GaAs), 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, which consists of two parts, a resin
and a hardener, is used. They are mixed in 8:1 (resin: hardener) ratio. After the epoxy is applied to
the sample, it is heated at 120 °C to get 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 um as described earlier, with the disc grinder and silicon carbide
paper of different grit size. The central portion of this thin sample is now dimpled down to 30pum
thickness and inserted inside the PIPS chamber for ion milling. After the ion milling, the electron

transparent sample for the cross-sectional TEM (XTEM) study is obtained.

3.3.2 X-ray scattering

X-ray scattering techniques have been extensively used as a nondestructive and robust probe
for structural and interfacial investigation of thin film complex nanostructures like superlattice,
quantum dot, etc. with resolution down to one atomic layer. Although for simple epitaxial layers,
the lattice constant, strain as well as the composition can be extracted directly from the
experimental data alone, but for complex structures such as multilayer superlattice with cross
incorporation of atoms across the interface, to extract various parameters, simulation of the
experimental data is necessary. In the grazing angle reflectivity regime, the scattered intensity
profile depends on the electron density distribution only in the layer but does not depend on the

crystal structure. It is sensitive to surface, interface roughness, interdiffusion at the interfaces
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whereas, in the high angle regime, the intensity profile is sensitive to the atomic arrangements in
the crystal. So, information about the crystalline quality, difference in lattice constants at the
interface, strain profile, composition (applying Vegard’s law) can be obtained from x-ray

diffraction analysis [22].

3.3.2.1 X-ray reflectivity

XRR is a useful technique for characterizing thin film and multilayer structures. In the low angle
regime, up to the critical angle, X-ray does not enter inside the sample suffering total external
reflection. As the grazing angle of incidence is increased beyond the critical angle, X-ray starts to
penetrate the surface of the sample and interference between two rays reflected from the air-film
interface and the film-substrate interface would give rise to fringes bearing the information of the
sample. Typically, a reflectivity measurement is done in 0-20 configuration for an incidence angle
up to ~ 6° to extract the depth profile of the electron density [123]. Fig. 3.6(a) demonstrates a
typical geometrical arrangement of the x-ray source, specimen and detector used in the laboratory
for reflectivity measurements in 0-20 configuration. A schematic representation of the

experimental arrangement using synchrotron radiation is shown in Fig. 3.6(b).

3.3.2.2 X-ray diffraction

X-ray diffraction (XRD) is a powerful and routine nondestructive technique for determining the
crystal structure as well as the phase present of crystalline materials. When X-ray of a certain
wavelength A passes through the periodic planes of atoms (Fig. 3.7) the diffraction angle 6 at which

constructive interferences are detected is given by the Bragg’s law

A= ZdhleinH 3.2
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Here, dhw is the inter-planar spacing between consecutive (hkl) planes and is given for the cubic

crystals of lattice parameter a as:

a
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Fig. 3.6 (a) Arrangement of the X-ray source, sample and detector in a typical lab based setup for X-ray

scattering measurements (b) Various components for synchrotron radiation source along with the

experimental setup
The most widely used x-ray diffraction technique in materials characterization was originally used
for examining the crystal structure of powder samples and thus, traditionally it is called x-ray
powder diffractometry [124]. In fact, polycrystalline aggregate solids other than powder are
commonly examined by this technique. In the x-ray diffractometer, a monochromatic x-ray beam
is used to examine specimens to a dimension of a few angstroms. By continuously changing the
incident angle of the x-ray beam, a spectrum of diffraction intensity versus the angle between

incident and diffraction beam is recorded. The basic function of a diffractometer is to detect the

amount of X-ray scattered from materials in different directions and produce the diffraction
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intensity as a function of the diffraction angle (26). X-ray source, specimen and detector are
arranged in the same way as given in Fig. 3.6(a). X-ray sources can be common laboratory sources
depending on different target materials such as Cu, Mo, etc. Synchrotron radiation is used
nowadays as well focused, stable, high intensity versatile X-ray sources. In the laboratory-based

diffractometer,

Diffracted
beam

Incident
beam

Fig. 3.7 Bragg’s representation for diffraction of X-ray from atomic
planes

relative movements among the x-ray tube, specimen and the detector ensure the recording of
diffraction intensity in a range of 20. Note that the 0 angle is not the angle between the incident
beam and the specimen surface. In the case of symmetric scans, it is the angle between the incident
beam and the crystallographic plane that generates diffraction as the planes we look for are parallel
to the sample surface. In asymmetric scans, the planes of interest are not parallel to the surface.
Diffractometers can have various types of geometric arrangements to enable the collection of X-
ray data. The majority of commercially available diffractometers use the arrangement, in which
the X-ray incident beam is fixed, but the sample stage rotates around the axis perpendicular to the
plane of incidence in order to change the incident angle. The detector also rotates around the axis
perpendicular to the plane of incidence but its angular speed is twice that of the sample stage in
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order to maintain the angular correlation of 6—20 between the sample and detector rotation. Here,
we mainly perform the 6-20 scans for (200) and (400) symmetric reflections to monitor the satellite
peaks around the main Bragg as a signature of the superlattice structures. The high-resolution x-
ray 0-20 scans were performed at Indian Beamline, BL-18B at Photon Factory, Japan. The
wavelength of the x-ray is 1.08887 A. We performed experiments with the same setup discussed
above as the direction of the beam is fixed in synchrotron experimental setup. The high resolution
X-ray 0-20 scans were performed around the weak (002) and allowed (004) Bragg position. The
sample was mounted onto an 8-circle goniometer (Huber, Germany) at the focal point of the
focusing mirror of the beamline. The sample was mounted horizontally and the scattered beam
was collected by a single channel scintillation detector mounted at a distance of 380 cm onto the
2 h arm of the goniometer. A slit of 1.5 mm (horizontal) by 0.25 mm (vertical) was mounted just
before the detector to increase the signal-to-background ratio. For the high temperature real-time
XRD measurements, the sample is heated under a graphite dome, in presence of N2 with As

overpressure to avoid As desorption and consequent degradation of the surface.

3.3.2.3 X-ray source

X-rays are generated by electronic energy transitions in a solid (laboratory source) or in a confining
magnetic field (synchrotron source). For the reflectivity and diffraction experiments, both X-ray
tubes and synchrotron X-rays can be used. After the discovery of X-ray in 1895 by Rontgen [125],
the developed tube X-ray was the only source of X-ray till 1970s for application in diverse fields
like medical science, crystallography, material science, etc. In the 1970s, since the realization of
the synchrotron radiation, which is emitted from charged particles circulating in a storage ring
under magnetic field, several efforts are made to use it for high energy nuclear physics experiments

and also other fields of science [126,127]. Synchrotron is potentially much more intense and
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versatile source of X-rays compared to the lab sources. Many storage rings have been constructed

now around the world dedicated solely to the production of X-rays.
Lab source

In case of an X-ray tube, normally electrons are produced from a filament by thermionic emission.
The accelerated electrons move towards the water-cooled anode. The high voltage and the current
can be varied independently, and the limitation of the intensity of the radiation coming out is set
only by the cooling efficiency. However, the rotating anode method is a relatively better alternative
for the dissipation of heat over a larger volume, and to increase the total power. The spectrum of
the X-ray generated from an X-ray tube is comprised of two components: continuous
bremsstrahlung radiation due to deceleration of the electrons at the anode and a discrete
characteristic part which is due to de-excitation of the excited electrons in the shells of the anode
material [128]. For X-ray related experiments using a monochromatic beam, one of the
characteristic line, Ky, which is several orders of magnitude more intense than the bremsstrahlung
radiation, is chosen. However, only a small fraction of the total number of photons emitted can be
utilized in a beam which requires an angular divergence of a few squared milliradian. In addition,
as the X-ray tube source is not continuously tunable, it is not always possible to have the optimal
wavelength for a particular experiment as desired. On the contrary, X-rays generated from
synchrotron sources do not face such difficulties, and have a brilliance which is enormously higher

than that of standard laboratory sources.
Synchrotron radiation (SR)

Synchrotron is basically a special kind of particle accelerator. The synchrotron radiation is the
radiation emitted from charged particles traveling at relativistic speeds in presence of the applied

magnetic field. The particles, electron or positron are compelled to follow a curved trajectory
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depicted by the magnetic field. Synchrotron radiation is produced in storage rings where the
charged particles are kept circulating with a finite constant energy. In a storage ring, the
synchrotron radiation is produced either using bending magnets generating a constant magnetic
field or by insertion of devices like wigglers or undulators giving an alternating magnetic field. In
these devices, the alternating field forces the charged particles to follow oscillating paths rather
than moving in a straight line. In a wiggler, the amplitude of the oscillations remains large, and the
radiation from different wiggles superimpose incoherently, whereas, in undulators, the small
amplitude oscillations from the passage of a single electron add up in a coherent fashion to give
the resultant radiation. The divergent white beam is passed through a set of slits, a vertical
collimating mirror (VCM), a double crystal monochromator (DCM), a vertical focusing mirror
(VFEM) under proper vacuum and cooling system to obtain a monochromatic, focused, horizontally
and vertically squeezed beam that can be used for various X-ray scattering experiments. A
schematic representation of a synchrotron radiation source is shown in Fig. 3.6(b), as mentioned
earlier. We have carried out measurements using SR at BL-18B, photon factory, Japan and also

BL-13, INDUS-2, RRCAT, Indore.

3.4 Optical characterization technique

3.4.1 Photoluminescence spectroscopy

Photoluminescence spectroscopy is an efficient nondestructive method to probe the electronic
structure of materials as a macroscopic phenomenon. Electromagnetic radiation of desired
wavelength is directed onto a sample, where it gets absorbed. One possible way this absorbed
energy can be dissipated, is through the emission of light, or luminescence. In the case of photo-
excitation, this luminescence is called photoluminescence. Photo-excitation causes electrons

within a material to move into permissible excited states. When these electrons return to the lower
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energy states, the energy can be released through emission of light via radiative recombination or
lost nonradiatively by heating effect. The energy of the emitted light (photoluminescence) relates
to the difference in energy levels between the two electronic states involved in the transition
between the excited state and the equilibrium state. The quantity of the emitted light is related to
population density of the carriers involved in the process. Photoluminescence is primarily a three
step process.

i.  Creation of electron-hole pairs by absorption of the exciting light.

ii.  Radiative recombination of electron-hole pairs.

iii.  Escape of recombination radiation from the sample.

It is a process in which an optically active material is excited through a photon, typically having
higher energy than the bandgap and then analyzing different luminescence transitions in the form

of a spectrum. The transition can take place either through the fundamental gap or via different
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Fig. 3.8 Radiative, non radiative, defect assisted transitions in case of direct and indirect gap
materials
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defect states. The possibilities of radiative or non radiative transitions in case of direct gap and
indirect gap materials are illustrated in Fig. 3.8. It is an important technique for measuring the
purity & crystalline quality of semiconductors and for the quantification of the amount of disorder

present in the system. Photoluminescence is also very useful for determination of bandgap,
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Fig. 3.9 Experimental set up for the temperature dependent photoluminescence
measurement

impurity level, defect detection, recombination mechanism & material quality of the

semiconductor.

3.4.2 Experimental setup

The schematic of the experimental setup for photoluminescence measurement is shown in Fig.3.9.

The basic components are as follows:
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i.  Excitation source: Melles Griot series Ar* laser with excitation power of 100 mW
operating at 488 nm was used as the excitation source. The laser beam is linearly polarized and
the beam diameter is 1.79 mm.

Ii.  Line filter or Band pass filter: Band pass filter for 488 nm wavelength was used for our
setup to eliminate other laser lines except the desired one.

iii.  Sample stage: sample stage with X-Y-Z translation associated with a sample holder was
used for mounting the sample.

iv.  Collection optics: Two UV quartz lens with 40 mm and 60 mm focal length were used to
collect the PL emission from the sample to the monochromator.

v.  Edge filter: This filter is used before the monochromator to block the laser line and pass
the higher wavelength.

vi.  Spectrometer: Horiba Jobin Yvon iHR series spectrometer was used for our PL setup.
IHR-550 spectrometer is automated, triple grating spectrometers with a 550 nm focal length
(f/6.4 aperture) equipped with a photomultiplier tube (PMT) detector for the wavelength range
of 185-900 nm and a cooled InGaAs detector with two stage thermoelectric cooling for the
range of 800-1700 nm. The spectral range of this spectrometer is 150 nm t01500 nm with 1200

rulings/mm grating and resolution is 0.025 nm.

For low temperature (up to 4 K) PL measurements, we use a closed cycle He cryostat (Janis
Research Co. Inc., SHI- 4). The sample is mounted on a copper sample holder in a cryostat, which
allows the measuring temperature to be adjusted from about 4 K to room temperature. A vacuum
of about 10" mbar is maintained inside the chamber with the help of a turbo pump. The resulting
luminescence is collected through two lenses and a coupled Horiba Jobin Yvon iHR-550 series

spectrometer by which the luminescence is then spectrally dispersed. After that, the dispersed
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luminescence is detected by PMT that is suitable for detecting light from near-UV to 900 nm. The

signals produced by the PMT are recorded and processed by computer system through an interface.

3.5 Electrical characterization

3.5.1 Spectral response

The current-voltage characteristics (1-V) were measured for the devices fabricated under dark and
in presence of light to study the effect of light on the device performance. Model electrical circuits
were involved to see the effect of the device parameters on light. Three figure of merits were
calculated and spectral response were studied. The components are given below.

1. Excitation Source: Horiba Jobin Yvon FI1039/40 xenon lamp with an output power of 450 W,
used as the excitation source. Its output spectra cover a spectral range from 150 nm to 1500 nm.
2. Monochromator: Gemini 180, double additive grating scanning monochromator, used to
disperse the radiation coming out from the xenon lamp. The radiation emitted from the
monochromator illuminated the device.

4. Sample Holder: A platform capable of translation in X-Y-Z directions along with a holder for
the sample mounting.

5. Source Meter: The current-voltage (I-V) characteristics of the sample under dark and in

presence of illumination were carried out by the Keithley 4200 SCS.
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Fig. 3.10 Circuit diagram for the measurement of temporal response of the photodetector

3.5.2 Temporal response

The time response of a photodetector to switching frequency determines its capability to follow a
fast-varying optical signal. For temporal measurements, the laser is powered by an ultrafast
function generator to produce an optical pulse of desirable frequencies. Tektronix TBS2102 digital
storage oscilloscope (DSO), used to measure the response in the form of a voltage across the
resistance chosen properly to maximize the photocurrent. The arrangement for measuring the

temporal response is shown in Fig. 3.10.
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Chapter 4

Observation of the spontaneous superlattice
structures in MQW and bulk AlGaAs
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4.1 Introduction

Epitaxial growth of II-111-V-VI ternary or quaternary heterostructures on suitable substrate
materials either by MBE or MOCVD provides a huge scope to play with the structural as well as
the optical and electrical properties by simply changing the composition of the alloy. The I11-V
semiconductor technology based on GaAs, has received much attention due to its superior
optoelectronic properties and flexibility in fabrication of nanostructures [129]. Multi-quantum well
(MQW) and artificially fabricated superlattice structures have delivered the role of active region
for improvement of the device performance over bulk owing to their continuum sub-band
formation [104]. The GaAs based quantum well, superlattice or quantum dot structures are used
as an active part of the tandem solar cell to enhance its efficiency [130]. One of the widely used
I11-V material systems, AlGaAs/GaAs is very much useful in device fabrication due to its high
flexibility in bandgap engineering and negligible lattice strain. Its large conduction band offset is
desirable in the active region of the quantum cascade lasers due to the suppression of the thermally
activated processes that could limit the device performance at high temperatures [131]. The
quantum confinement in the QWSs depends on the potential barrier which is a function of the alloy
composition ‘x’ of the AlxGai-xAs barrier layer. On the other hand, the QW superlattice structures
are grown to form “minibands” for applications such as quantum well infrared photodetector and
quantum Cascade laser [132]. Most of the device structures involving AlxGai-xAs with varying
alloy composition ‘x” are grown on (100) GaAs substrates by epitaxial techniques like MOCVD.
Since optical emission property, carrier mobility, band alignment etc. are affected strongly due to
superlattice ordering, device characteristics involving AlxGaixAs/GaAs (100) material system

with such structures would also be significantly modified.
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4.2 Growth of the material

4.2.1 Growth of GaAs/AlGaAs quantum wells on (100) GaAs substrates

A thick GaAs buffer layer was-grown on conventional (100) semi-insulating (SI) GaAs substrate
to minimize the crystal defects and misfit dislocations in the quantum well structures.
Trimethylgallium (TMG) and Arsine (AsHs) were used as group Il and group V sources,
respectively. TMG bubbler was kept at 5 °C and its vapour was carried to the reactor through
ultrapure H> gas (carrier gas). AsHz was kept at high pressure cylinders. The GaAs buffer layer
was-grown at 650 °C. Initially, the growth temperature was increased at a rate of 40 °C/min. AsHz
was introduced into the reactor chamber at 400 °C to maintain high overpressure of As to suppress
As desorption from the surface during growth. The AsHz and TMG flows during the growth were
stabilized at 8.91 x 10 *and 1.41 x 10 * mol/min, respectively. The values resulted ina V/I1I
ratio of 63.2. The layer was-grown for the duration of 90 min. After the growth of the buffer
layer, three quantum wells with nominal thickness 45, 65 and 85 A were grown separated by the
barrier layers of 400 A of AlGaAs with nominal Al concentration of 0.3. Trimethylaluminium
(TMA) was used as the Al source for the growth of the barrier layer. Details of the growth is given

in Table 4.1.

4.2.2 Growth of Al,Ga, ,As on (100) GaAs

As we shifted our attention towards the ordering phenomenon in AlGaAs, a thick AlxGai-xAs
layer was-grown on semi-insulating (SI) GaAs substrate with conventional (100) orientation to
distinguish the effect of ordering in the material. TMG and TMA were used as group 111 sources
while Arsine (AsHz) was used as group V source. TMG and the TMA bubblers were kept at 5 °C

and 17 °C, respectively. The molar flow of TMG, TMA and AsHs were 3.32 x 10, 6.02 x 10°®
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and 2.68 x 10 mol/min, respectively, giving a V/III ratio of 68.2. The growth temperature and
growth time were 650 °C and 35 min, respectively. A thin buffer layer of GaAs was grown

Table 4.1 Growth parameters for the GaAs/AlGaAs MQW

Growth parameters GaAs AlGaAs GaAs GaAs GaAs AlGaAs
buffer barrier Qwi Qw2 QW3 cap

Layer time (s) 480 73 15 23 31 146
Reactor temp ('C) 650 650 650 650 650 650
AsH, (mol/min) 1.79E-3 [ 1.79E-3 1.79E-3 |[1.79E-3 | 1.79E-3 1.79E-3
TMGa (mol/min) 1.86E-5 | 1.86E-5 1.86E-5 |1.86E-5 |[1.86E-5 [1.86E-5
TMAI (mol/min) 2.01E-5 2.01E-5
V/11I ratio 96 46.2 96 96 96 46.2
Layer thickness (um) 0.04 0.0035 0.0055 0.0075 0.08
Growth rate (um/h) | 0.84 1.97 0.84 0.86 0.87 1.97

before the onset of growth of AlGaAs layer. The growth rate was estimated to be about 1.94
um/hr from the measured thickness of the epilayer. The growth parameters regarding the growth
of the GaAs buffer layer and the AlGaAs layer are shown in the Table 4.2. The pressure inside

the reactor was kept at 76 torr (1/10 atm).
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4.3 Structural characterization

4.3.1 TEM study

A set of samples of AlGaAs/GaAs MQW structure with three GaAs quantum wells of thickness
35, 55 and 75 A, each well sandwiched between AlGaAs barrier layers of thickness 400 A with
nominal Al composition of 0.3, were grown by MOCVD technique. When we looked at the sample
after growth through cross sectional transmission electron microscopy (XTEM) as

Table 4.2 Various growth parameters related to the growth of the GaAs buffer and AlGaAs epilayer in MOCVD

Growth parameters GaAs AlGaAs

Layer time 5 mins 35 mins

Reactor temp 650 °C 650 °C

AsH, (mol/min) 0.00268 0.00268

TMGa (mol/min) 4.69E-5 3.32E-5

TMALI (mol/min) 6.02E-6

V/III ratio 57.2 68.2

Layer thickness 0.18 pm 1.38 pym

Growth rate 2.20 um/h (6.11A/s) 2.37 um/h (6.58A/s)

given in Fig. 4.1(a), we have got the thicknesses of the well and barrier layers as expected and in
addition, there was a clear alternative repetitive brightness contrast visible in the AIGaAs barrier
layers, which seemed interesting as ordering in this material is quite unusual due to small bond
length difference between its constituent binaries [11]. Although the flux of the precursors were
kept constant during the growth of the barrier layer in the MQW structure to obtain a constant
composition throughout the layer, the periodic variation of brightness in the XTEM image

suggested a natural formation of compositional modulation in the layer. From High-Angle Annular
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Dark-Field (HAADF) microscopic images (Fig. 4.1(b)), we plotted the elemental mapping across
an area including the three QW layers as well as the barrier. A periodic modulation in the Al and
Ga concentration could be clearly visible in the barrier region, while the As concentration seemed
to be uniform across the entire region. Fig. 4.1(c) showed the concentration plot of Ga and Al

along a line in the growth direction. In addition to the three distinct QW layers, there was clear
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Fig. 4.1 (a) Cross sectional TEM image of the GaAs/AlGaAs MQW showing three GaAs QW layers and an

ordered structure in the AlGaAs barrier layers (b) Elemental mapping for the MQW structure for Ga, Al and As

(c) Line profile of the constituent elements in the structure
indication of regular variation in Ga and Al concentration in the barrier layer - higher Al
concentration region showing lower Ga concentration and vice versa. The interesting feature of
such spontaneous ordering in the material led us to study about nature and stability of the ordering
in details. Next, to confirm the extent of such ordering in the bulk, we have grown a layer of
AlGaAs on GaAs for the same substrate orientation and other growth parameters, but with a
different Al composition of 0.15 compared to the MQW to verify whether the ordering exists or
not. XTEM of the as-grown sample showed the same kind of ordering of about 5.4 nm. The
selected area electron diffraction pattern showed signature of the zinc-blende symmetry of the

crystal. In addition, a close look at the Bragg spots in the SAED pattern revealed extra satellite

spots in the (001) direction near around the main Bragg spots. Fig. 4.2(a) showed the XTEM image
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of AlxGaixAs/GaAs layer with a nominal Al composition of 0.15. Alternate dark and bright lines
parallel to the grown surface are clearly visible in the image. The inset in Fig. 4.2(a) showed the
brightness contrast plot over the marked line in the figure, where the peaks in the plot correspond
to the center of a “bright” layer. While the image did not reveal anything about the crystallinity of
the layer, but it clearly indicated the presence of regularly spaced layered structure in the grown

epilayer with a characteristic repetition length of about 5.4 nm. The SAED pattern of the grown
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Fig. 4.2 (a) Cross sectional TEM image of the bulk Aly.15Gag.ssAs sample showing alternative bright and dark fringes.
The intensity profile is shown in the inset. (b) Selected area electron diffraction pattern and appearance of superspots
around the main set of diffraction spots (inset).

epilayer is shown in Fig. 4.2(b). The clear and distinct spots indicate high crystalline quality of the
grown epilayer with a cubic zinc blende structure. A closer look at an individual spot, as shown in
the inset of Fig. 4.2(b), revealed additional satellite spots around the main diffraction spots. These
satellite spots, superimposed on the main set of spots correspond to electron diffraction from the
layered structures, which could be regarded as natural superlattice structures. Similar superlattice
spots have been clearly observed in case of ordered GaoslnosP epilayers which are well separated
from the main diffraction spots [35]. The ordering on monolayer scale in case of GagslnosP gives

well separated super spots, while those in our case are of comparatively larger length scale bringing

the superlattice spots very close to the main spots.
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4.3.2 X-ray analysis

The structural parameters like the compositional profile, the interface roughness of such structure
show a strong effect on the X-ray scattered from the material both in low angle and high angle
regime. Indirect X-ray scattering techniques seem to be effective in determining the structural
modulation in the superlattice layer for low compositional contrast in such length scale since the
conventional direct techniques such as transmission electron microscopy or secondary ion mass
spectrometry are limited by the instrumental resolution [22]. A combination of low angle
reflectivity and high angle diffraction were involved simultaneously to extract the compositional
information and to get an overview of the cross-incorporation of the atoms at the interface. X-ray
scattering techniques are nondestructive and robust probe for structural and interfacial
investigation of such materials, consisting of individual layers of a few monolayer thickness and
very low compositional contrast. We need elaborate simulation of the measured data to obtain the
composition profile, interfacial diffusion and interface roughness for such complex structure. In
the grazing angle reflectivity regime, the scattered intensity profile depends on the variation of
refractive index i.e. the electron density only, not on the atomic configuration in the crystal. It is
sensitive to surface, interface roughness, inter-diffusion at the interfaces. In the high angle
diffraction regime, the intensity profile is sensitive to the crystal structure i.e. the contribution from
the atomic planes [123,133]. X-ray reflectivity (XRR) in the 6-20 mode (q scan) was employed to
find out the depth profile of the electron density in the ordered structure under the framework of
distorted-wave born approximation (DWBA), and the extracted electron density profile (EDP) was
used to provide information regarding composition as well cross incorporation of atoms and
interface roughness. The model showed its validity and effectiveness in quite a broad range from
Cadmium Arachidate Langmuir-Blodgett (LB) film [134] to artificial Si-Ge superlattice structures

[22]. The obtained EDP was then applied to fit the XRD curves of the ordered structure using the
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kinematical model to extract the stoichiometric information and lattice parameter profile of the
superlattice structure. The kinematical theory of x-ray diffraction is suitable when the thickness of
the sample is small (in our case less than 1 pm) and can be used safely instead of dynamical theory
of x-ray diffraction when layer reflectivity remains below 10% [135]. The method is
computationally much simpler and less resource intensive compared to the dynamical theory.
Since the AlxGaixAs/GaAs material system is nearly lattice matched, negligible lattice strain is
involved especially for low values of ‘x’, and the above mentioned method of analysis could be
safely used. The formalism has been previously employed to successfully simulate and predict
compositional profile and interface roughness of Si-Ge and type-ll InAs/GaSb superlattice
structures by comparison with the experimental results [22,136]. The precision of the model mostly
relies upon judicious guess of superlattice period, separate layer thicknesses in each bilayer, total
film thickness etc. High Resolution Transmission Electron Microscope (HRTEM) technique,
which is useful to visualize the structure at a very local level, in conjunction with the x-ray
scattering techniques has been employed here to verify the thickness of the bilayers in the
spontaneous superlattice structure. However, TEM does not provide compositional profile at the
interface in such a nanoscale regime with good accuracy. The results obtained from the X-ray
simulations were reported by T. Maitra et al. [23]. The experimental data along with the fitted ones
for the XRR and the extracted composition profile are shown in Fig. 4.3(a) and (b), respectively.
The extracted lattice parameter profile (LPP) from XRD by using the kinematical model showed
well match with that obtained obeying vegard’s law for the same compositions. The ¢ scan (6-260
configuration) for (004) crystal planes and the extracted lattice parameter profile are shown in Fig.
4.3(c) and (d), respectively. So, through X-ray scattering technique, we were able to extract the

structural details of the spontaneously formed partially ordered structures in a length scale of about
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20 monolayers which is quite different from the conventional atomic ordering i.e. CuPt-B, CuPt-
A, CuAu, etc. [47,137]. Surface reconstruction showed an important connection with previously
reported atomic ordering [138]. However, in our case, interplay between the parameters involved
in Kinetics i.e. growth temperature, rate of the chemical reactions, growth rate stabilize the ordering
in such a comparatively larger length scale in addition to the surface thermodynamics which can
be considered as the cause of the ordering [62].

Stability of such structures was always an important issue regarding both the nature of ordering

and the device application.
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4.4 Summary

We have observed superlattice structures in a length scale of multiple monolayer in Alo3Gao7As
barrier layer of AlGaAs/GaAs quantum well structures on GaAs (100). Despite the small bond
length difference between AIAs and GaAs, such spontaneous ordering was also observed in
Alo.15GaogsAs epilayer on GaAs substrates for the same orientation, reactor temperature and
pressure. The presence of the ordered structures with the similar features not only denied the
possibility of just an accident to get such structures but also it proves the stability of the ordering
for different Al concentrations [21,23]. In this work, as mentioned, we have concentrated on the
natural superlattice ordering, its thermal stability, and the utilization of it in device fabrication, for
the particular Al compositions of 0.3 and 0.15. As our idea was to utilize the material for the
optoelectronic application, we look for the material with a direct bandgap. We have grown AlGaAs
with nominal Al content below 0.4 not only for the direct bandgap but also for the negligible lattice
strain looking at the suitability of the material for the optoelectronic device applications. In the
regime of our interest, the ordering is stable for a low concentration as well as a high concentration

under similar growth conditions as described in this chapter.
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Chapter 5

Structural and thermal stability of the
natural superlattices
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5.1 Introduction

It is important to study the thermal stability and the diffusion characteristics of the semiconductors
as the device quality depends on the interdiffusion through the interfaces [139]. Atomic diffusion
in semiconductors refers to the migration of atoms, including the host, the dopant, and the
impurities [140]. The diffusion of atoms and defects (both native and dopant) is at the heart of
semiconductor processing. This includes the growth, post-growth and device construction stages.
For the case of chemical diffusion, the process occurs due to spatial gradients in the concentrations
of the chemical components in the material. Self-diffusion in HgosCdo.2Te for the formation of the
p-n junction and dopant diffusion in GaAs/AlGaAs structures causing disordering is explained in
literature [141,142]. Compositional interdiffusion (CID), donor or acceptor diffusion into GaAs-
based superlattices can cause essentially complete intermixing on the cation sublattice [141]. This
phenomenon is also known as diffusion induced disorder. Boron (B) or Arsenic (As) doping also
results in rapid intermixing at a Si/Ge interface [143]. Profiling of the diffusant for the self-
diffusion using a radiotracer has been widely used [144]. Neutron reflectometry has been used to
measure Si self-diffusion in 2°Si/?®Si isotope multilayers [145]. Thermal diffusion in AISb/GaSh
multi-quantum wells was investigated through a temperature range of 820-950 K by employing
photoluminescence (PL) spectroscopy [93]. Profiling techniques applicable to CID in quantum
well and superlattice structures utilize either high-resolution x-ray diffraction (HRXRD) [94].
Double crystal X-ray diffraction (XRD) simulations have been employed for CdTe/CdMnTe
multi-quantum well structures to extract the diffusion coefficient for post-growth annealing as well
as the amount of diffusion during growth [146]. Self-diffusion of "*Ge and 3!Si in Si-Ge alloys
was found to follow an Arrhenius type relation with temperature as extracted using the radiotracer

technique [147]. XRD patterns from Si/SiGe superlattices were utilized to extract the pre-
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exponential factors and the activation enthalpies for the interdiffusion process [148]. To study the
structural stability of the spontaneously grown superlattice structures, we annealed the samples at
different temperatures and the effect on the sample was monitored through XRD measurements.
It was noticed that up to a temperature of 800 °C, the satellite peaks around the main Bragg, which
carried the signature of the periodic structures, remained present but annealing at 900 °C caused
disappearance of the satellite peaks. When the sample was heated, interdiffusion and redistribution
of the atoms between the layers gradually led to the homogeneous concentration throughout the
epilayer. The XRD scans performed after annealing the sample at different temperatures from 300
°C to 900 °C are shown in Fig. 5.1. As the satellite peaks contain the information of the superlattice
structures, we have studied the interface intermixing and the interdiffusion phenomena in the
structures using the temperature dependent XRD measurements while monitoring the superlattice
peaks. The temperature range from 500 °C to 700 °C was chosen for the study as the heat treatment
showed significant effect on the satellite peaks in the above mentioned range which was neither
too fast nor too slow, suitable for monitoring. Study of interdiffusion in the natural superlattice
structures was performed by employing a matlab code for interdiffusion and the output
composition profile was then fed to the XRD code to generate the intensity vs g curves. The
experimental results were then fitted using a kinematical model based on Born approximation (BA)

to get the evolution of the profile as a function of the time of annealing at different temperatures.

5.2 Theoretical simulation

Fick’s law of diffusion was used to solve the depth profile of the compositional modulation in the

superlattice structures as a function of time with the step-like square wave initial composition
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Fig. 5.1 (004) X-ray 6-26 scans at different temperatures showing the stability of the
ordered structures up to 800 °C and loss of ordering at 900 °C

profile. The compositional profile that was fed to the XRD code was basically the solution of the
equation

ac(zt) _ D 9%C(z,t)
at dx2

5.1

The concentration of Al atoms, C was taken as function of depth z, and time t. The initial
composition profile was taken as C (z, 0) for the periodic superlattice structures. The overall
diffusion coefficient D was taken as an explicit function of temperature only whereas position and
time were taken implicitly. In case of our sample, the diffusion coefficient of the superlattice layers

was expressed as a superposition obeying Vegard’s law [149]

H H
D = DJ,C4; exp (— K—‘f’Fl) + D2, Cgaexp(— ﬁ) 5.2
where Cga and Ca are the fractional concentrations of Ga and Al, respectively in the superlattice
structure. D%, D% are the pre-exponential factors and Hga, Hai are the activation enthalpies for
Ga and Al diffusion into AlAs and GaAs, respectively, K, T are the Boltzman constant and the

temperature, respectively. In the case of the diffusion process in our sample, the energy required

for the Al or Ga atom to escape the potential of the surroundings is the activation energy. For the
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diffusion process to be completed the escaped Al (Ga) atom must find a suitable position in the
GaAs (AlAs) crystal and hence the Eq. 5.2 bears the activation enthalpies instead of the activation
energies of the atoms [149]. The X-ray diffraction curves in 0-20 configuration was simulated
using the kinematical model based on the first order BA. The diffracted intensity around a
particular Bragg, away from the critical angle, can be written as the summation of the intensity

from the epilayer and that from the substrate [150],

1-exp(iMasq;) 2
$ 1-exp(iasqz)

Iior (q7) = |exp(iMasq,) Yn-o(Anexpli X7-o a;q,]) + A 5.3

with as and As representing the out of plane lattice parameter and the scattering amplitude in the
substrate material, respectively whereas M is the total number of layers in the substrate material
each having a thickness equal to the lattice parameter of the substrate material. To obtain the total
intensity as a function of the scattering vector (g.) normal to the sample surface, the epitaxial layer
was considered to be divided into N number of sub-layers each having a constant local composition
and thickness equal to the local lattice parameter. The lattice parameter and the scattering
amplitude of the n' sub-layer are denoted by an and An, respectively, values of which were decided

by the local composition of the corresponding layer.

The simulation approach we used is a combination of an interdiffusion code (equivalent to run a
virtual interdiffusion experiment) and a code on XRD. Theoretically, for the as-grown sample, a
model composition profile comprised of a bilayer, denoted as layer ‘A’ and ‘B’ with a slight
difference in Al fraction (roughly, Alo.15+5Gaoss-sAs for layer ‘A’ and Alogs-sGao.15+5AS as layer
‘B’) with almost abrupt interface repeated for several times was used as the initial profile C (z, 0)
to the interdiffusion code. The model periodic structure was taken as the input to the diffusion
equation to get the time evolved composition profile C (z, t) at a given temperature, which showed

the distortion of the square wave composition profile. The annealing temperature was taken as a
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parameter. Solving the diffusion equation, the output i.e. the composition-position-time matrix C
(z, t) was then fed into the XRD code to generate the X-ray 0-20 curves at different annealing times
I.e. intensity-scattering vector-time matrix | (qz, t). The simulated XRD superlattice satellite peak
structures showed significant changes as a result of interdiffusion across the interfaces. The
integrated satellite peak intensities were reduced as the shape of the square wave composition
profile got distorted with annealing time. Distortion of the initial square type composition profile
and as a result, changes in the x-ray diffraction curves for prolonged annealing time at a fixed
anneal temperature of 600 °C are represented in Fig. 5.2(a) and (b), respectively. It has already
been established that for (000) (direct beam) as well as (004) reflection, assuming the initial
sinusoidal or square composition profile, the interdiffusivity goes linearly with the decay rate of

natural logarithm of the first order satellite peak in accordance with the following equation [151],

2 n(i2) -0

where I(t), the integrated superlattice satellite intensity at time t, 1(0), the initial integrated
intensity of the satellite peak, L, the spatial period of the superlattice defined previously and D
represent the diffusion coefficient as expressed in Eq. 5.2. The integrated intensities of the first
order satellite peaks with annealing time were monitored and the decay rate was compared with
the experimental data to extract the diffusivity values as prescribed by Eq.5.4. Besides, we used
the above equation to evaluate the composition dependence of the inter-diffusivity taking three
different values of Al composition at each time step throughout the total depth, the maximum, the
minimum and the mean as extracted from the XRD simulations. The decay rate of the satellite
intensity for the interdiffusivity values correspond to the maximum Al composition has been found

to follow the experimental decay curves.
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5.3 Distortion of the composition profile extracted from high temperature XRD
measurements

The spontaneously grown AlGaAs/GaAs (100) superlattice structures are suitable for measuring

interdiffusion through XRD as satellite peak intensities depend on the compositional contrast in

the layers. To validate our calculation based on the model, we compared the experimental XRD

curves with the simulation results. The XRD curves were first simulated using the inter-diffusion
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Fig. 5.2 (a) Virtual interdiffusion experiment which shows change in composition profile for the as-grown and three
different annealing times and (b) Simulated x-ray diffraction curves for the structures described in (a)

code followed by the x-ray diffraction code and then fitted to experimental x-ray 0-20 curves. The
experimental curves and the fitted ones based on the calculation for three different annealing
temperatures of 500 °C, 600 °C and 675 °C for a fixed annealing time of 20 minutes are shown in
Fig. 5.3(a) while Fig. 5.3(b) represents the output composition profile obtained from fitting. It is
evident from the later that with increasing anneal temperature, the contrast in composition between
the two consecutive layers has become less and the interface got broadened. The extracted values
of the Al fraction and the interfacial width for five different annealing temperatures are listed in
Table 5.1. The simulated x-ray curves for increasing anneal time at a fixed temperature, given in
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Fig. 5.2(b), clearly showed the decrease in intensity of the satellite peaks. The second order satellite

peaks were more sensitive to annealing as the decay of the intensity was faster in comparison with

that for the first order. But as the intensity of the second order peak was much lower, it would be

appropriate and reliable to monitor the first order satellite peak intensity. So, integrated intensities

of the first order satellite peak were collected for prolonged annealing time (not continuously but

at a finite time interval fixed by the time taken for a scan at each time to be completed) from the

Table 5.1 Extracted structural parameters: the Al composition in two consecutive layers and interfacial widths by
fitting the XRD curves for five different temperatures

Anneal Al Al Compositional | Mean Al Interfacial

temperature composition | composition | contrast composition | width (A)

C) in layer A in layer B (dpgpa)
500 0.05 0.35 0.3 0.17 16
600 0.07 0.3 0.23 0.16 18
625 0.09 0.22 0.13 0.15 25
675 0.1 0.2 0.1 0.14 28
700 0.11 0.19 0.07 0.14 30

experimental XRD curves and plotted with annealing time. To correlate the experimentally

obtained satellite peak intensity with the theoretical, interdiffusion driven XRD intensity, we
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Fig. 5.3 Experimental x-ray diffraction curves taken for three different temperatures along with fitted ones
using our model and (b) Extracted lattice parameters from fitting for 500, 600 and 675 °C
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clubbed and plotted the same data from the simulated rocking curves, finally compared them with
the experimental data by employing a standard fitting procedure. Excellent match between the
theoretical and experimental data established the fact that the model combining interdiffusion and
XRD could be well applicable to our natural superlattice structures present in the AlGaAs system
for the (004) diffraction planes. We collected the integrated intensities for prolonged anneal time
at 500, 600, 625, 675 and 700 °C. The experimentally collected data for the decay of the first order
satellite peak and those taken from the theoretical simulation are presented in Fig. 5.4(a). For the
three temperatures in the lower regime, 500, 600 and 625 °C, the nature of the decay curves showed
similar behavior with increasing annealing time. The integrated intensity of the first order satellite
peak, decaying initially at a faster rate, was followed by a relatively slower decrease at a later time.
At higher temperatures i.e. 675 °C and 700 °C, the integrated intensity got reduced in almost no
time and monotonically decrease at a much slower rate as time elapsed. In the inset of Fig. 5.4(a),
the negative of the satellite decay rate which was in turn proportional to the interdiffusion
coefficient values at subsequent temperatures are plotted against the time for which annealing was
allowed. It was evident that the interdiffusivity for lower anneal time increased from 500 °C to 625
°C, attaining a maximum at 625 °C and further decreased for higher temperatures to possess a
minimum value at 700 °C. Up to a certain time, the values of the diffusivity decreased sharply and
thereafter showed the trend to saturate for all three temperatures of 500, 600 and 625 °C. The initial
decay rates at 675 °C and 700 °C were less than those observed at the lower temperatures as the
compositional contrast was quickly reduced at such temperatures higher than 625 °C. The increase
in the decay rates i.e. interdiffusivity with increasing temperature from 500 °C to 625 °C was quite
normal as increase in temperature would enhance the surface mobility of the adatoms. But after

that temperature, the value of the contrast in composition i.e. the concentration gradient dropped
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below a certain critical value that prevented further increase in diffusion for temperatures above
625 °C. The product ‘Dt’ for the five different temperatures was also plotted against the anneal
time as shown in Fig. 5.4(b). For all the temperatures, the variation of the product suggested the
composition dependence and the nonlinearity of diffusion process. The product showed increasing
behavior with time to attain a maximum sometime later as the annealing temperature kept on

increasing. The product peaked at about 12000 s, 8000 s, 6000 s for 500 °C, 600 °C and 625 °C
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Fig. 5.4 Plot of fall of 1st order integrated satellite peak intensity with annealing time from x-ray diffraction
simulation using composition profile from interdiffusion code. The discrete dots represent the experimental data and
dots with the lines represent theoretical ones while the negative of the satellite decay rate vs annealing time is shown
in the inset and (b) Product ‘Dt’ vs anneal time at five different temperatures

respectively. The fact could be explained using the arguments that as the temperature was raised
from 500 °C towards 625 °C, the rate of diffusion increased which moved the product to its maxima
at an earlier time. After that, a drastic change in the pattern showed that the product increased at a
relatively slower rate and gave broad peak at 20000 s for 675 °C and kept on increasing at a very
slow rate for 700 °C up to 28500 s of annealing time. Such behavior of the “Dt” vs t curves showed
clear indication of the nonlinearity and also saturation after 625 °C in the diffusion process for our
superlattice structures. If D were constant in time, then we must have an ever increasing straight

line of “Dt” with increasing time. The portions of the curves which showed decay with time reflects

89



the fact that the D values decreased in such a way that the product dropped with time. Above 625
°C, as the temperature increased, the rate of change in D values got slower and the curve found its
maximum at a later time. At 700 °C, the curve kept on increasing up to 28500 s which was our
limit for annealing time. We derived the results for the maximum annealing time of 28500 s. This
is true that the decrease in the “D” values might not be sufficient for the lowering of the “Dt”

values for successive annealing time beyond 28000 s at 700 °C.

5.4 Concentration dependence of interdiffusivity

Further, the concentration dependence of the interdiffusion coefficient was studied quantitatively
by employing the calculation of the decay rates of the satellite peak using Eq. 5.2 followed by Eq.
5.4. First, we calculated the values of the diffusion coefficient using Eq. 5.2 at time t=0 for each
temperature for three different Al concentrations: maximum, minimum and the mean value which
are the values of Al concentration of layer B, layer A and their mean value ((Ca+Cg)/2),
respectively, as given in Table 5.1. This approach was adopted because from these three value, we
would have the idea of the decay behavior for all the compositions those lie in between. Later on,
we would see that theoretical curves corresponding to the three values were sufficient to ascertain
the trend of the experimental results. Then we calculated the decay rates using Eq. 5.4 at each
temperature for the three D values appropriate for the three concentrations mentioned above. We
presented the decay rates from the experimental rocking curves, XRD simulations and output using
Eq. 5.4 for five different temperatures of 500, 600, 625, 675 and 700 °C in Fig. 5.5(b), (c), (d), (e)
and (f), respectively. We started with a concentration independent interdiffusivity value which
showed a linear decay of integrated satellite intensity for prolonged annealing time both from XRD
simulations and the output using the decay equation as given in Fig 5.5(a). The decay curves taking

the interdiffusivity values appropriate for the minimum and the mean Al composition deviated
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considerably from the experimentally obtained data. The interdiffusivity for the maximum Al
composition showed a satisfactory fit of the satellite decay curve with the experimental data for
all the specified temperatures. This suggests that the diffusion described by the decay equation
could also follow the experimental satellite decay with a single Al composition which is the Al
fraction in layer B in this case at each time step. So, the decay equation could be well applicable
for (004) reflection and square composition profile for our naturally grown superlattice system.
The simulated composition profiles for three different annealing times shown in Fig 5.5(a)
depicted clearly that for our superlattice structures, the maximum Al fraction (Al composition in
layer B) changed much rapidly with time rather than the mean and the minimum values. The same
fact could also be observed from the values listed in Table 5.1 for five different temperatures. So,
we can conclude that the time variation of the maximum Al fraction was predominantly
responsible the interdiffusion across the interface. This can be attributed to the fact that the
composition dependent diffusivity values for the maximum Al fraction along the depth are well
applicable for the decay rate calculation using decay equation to fit the experimental data. We
extracted the D values from the fitting the experimental data with the theoretical model. We have
used the values of the pre- exponential factor and activation enthalpy for intermixing as given in
ref. [149] for AlGaAs/ GaAs QW system as the initial guess. Although the extracted values of pre-
exponential factor have come out to be almost consistent but the activation enthalpy values found
to deviate from the initial value 3.5 eV to 0.5 eV. As our system is AlxGaixAs/AlyGai.yAs
superlattice type structure, the activation enthalpy for intermixing was found to be as low as 0.5
eV. We can conclude that the self-diffusion in AlGaAs is much faster than AlGaAs-GaAs

interdiffusion. So, the diffusion coefficient values in our case are much higher than previously
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reported for AlGaAs/GaAs QW type system. The pre-exponential factors and the activation
enthalpies coming out as a result of the fitting of the experimental data are listed in Table 5.2.

Table 5.2 Extracted parameters related to interdiffusion, the pre-exponential factors and the activation enthalpy
values for five different temperatures

Temperature(OC) D’ Al (sz/ s) Hy, (eV) DOGa (sz/ s) Hg, (eV)
500 0.17 0.5 0.01 3.48
600 0.2 0.525 0.05 3.5

625 0.18 0.55 0.1 3.45

675 0.25 0.57 0.12 3.4

700 0.23 0.62 0.11 3.42

The extracted value of the activation enthalpy for Al atoms was found ~0.5 eV whereas that for
Ga atoms acquired a much higher value of ~3.5 eV. This difference in the values of the activation

enthalpy between Al and Ga atoms could not be explained by taking into account the vacancy
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Fig. 5.5 Plot of integrated intensity of the 1st order satellite peaks obtained from x-ray diffraction and composition
independent model using Eq. 2 and Eq. 4 successively and (b), (c), (d), (e), (f) show the plot of integrated intensity
vs anneal time from x-ray diffraction and model output for min, max and mean Al fraction for 500, 600 625, 675
and 700 °C, respectively
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diffusion mechanism only as that would lead to nearly equal values [149]. The smaller size of Al
atoms may contribute to its higher surface migration velocity. But the reason for such a significant
difference in the values of the activation enthalpy is not very clear till now. Further study is needed
to explain this type of diffusion in the newly observed spontaneous AlxGaixAs/AlyGaiyAs

superlattice structure. The values of the diffusion coefficient obtained have been plotted against
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Fig. 5.6 Plot of interdiffusion coefficient against inverse of anneal temperature for data taken
at three different anneal times

annealing temperature for three different times as shown in Fig. 5.6. The variation showed that for
6000 s of annealing the value of the interdiffusivity increased up to 625 °C and then decreased at
higher temperatures [25]. For higher anneal times i.e. 8000 and 10000 s, the diffusivity value found
its maximum at 600 °C and dropped sharply at 625 °C as the critical value of the compositional
contrast was reached beyond which diffusion was not favorable. In other words, the occurrence of
fast diffusion at 625 °C up to 6000 s of annealing resulted in a much lower compositional contrast
such that the interdiffusivity value at 625 °C dropped below that at 600 °C beyond 6000 s of

annealing and thereafter.
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5.5 Summary

An important issue for such spontaneously grown superlattice structures was the thermal stability
as most device fabrication needed high temperature processing. Interdiffusion and intermixing of
such Alo.15+5Gao.g5-5AS/Alo.15-5Gaogs+5As (0~0.1) was also important from fundamental physics
perspective. The satellite peaks in XRD measurements have been correlated with interdiffusion
between the consecutive layers. The interdiffusivity has come out to be concentration dependent
and nonlinear. Only the maximum concentration of Al was found to be sufficient to describe the
intermixing as the diffusion of the Al atoms was more preferable compared to the Ga atoms. The
activation enthalpy for Al interdiffusion was found much lesser than that of relatively larger Ga
atoms. High temperature XRD along with necessary theoretical simulations was employed
successfully to evaluate the interdiffusion in superlattice structures. The rate of interdiffusion
increased initially as expected as the temperature was raised from 500 °C to 625 °C and decayed
thereafter as compositional contrast, which was the driving force for the interdiffusion to occur,
reached its critical value. Slow diffusion was responsible to stabilize the structure up to 800 °C
with significant amount of intermixing, but when the sample was annealed at sufficient
temperature (900 °C), the thermal energy of the atoms became comparable with the activation
enthalpy for diffusion and consequently, diffusion of the atoms from region of higher
concentration to that of lower made the layer homogeneous throughout and as a result the
spontaneous ordering disappeared. Next, we have studied the effect of the ordering on the optical
properties of the material. In the last part, we have fabricated photodetectors out of the ordered

and disordered materials and studied the effect of the ordering on the photoresponse properties.
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Chapter 6

Effect of the natural superlattice ordering on
the optical and electrical properties
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6.1 Introduction

Atomic ordering or formation of superlattice structures in semiconductors have been found to
significantly modify its optical properties and device characteristics [72,152]. Atomic ordering
causes a well distinguishable effect on the optical property that is reduction in band gap of the
semiconductor [153]. During the efforts to realize red-light-emitting laser-diodes with the
compound AlGalnP grown by metal-organic vapor phase epitaxy (MOVPE), it was noticed that
the bandgap of Gao:slnosP, which is an end-point ternary alloy used as the active layer of the laser
diode, had an anomalous lower value of 1.85 eV (at room temperature) than the then-most-reliable
value (1.91-1.92 eV). The reduction in the bang gap was correlated to the atomic ordering in the
material from the structural analysis [44]. The observed shift in the photoluminescence (PL) peak
energy and the enhancement in the PL integrated intensity in the AlosGaAs well with Alo7GaAs
barrier grown on (111) GaAs by molecular beam epitaxy (MBE) was attributed the spontaneous
formation of Al and Ga rich superlattice ordering in the well layer [154]. Infrared photodiodes
using the InAs/GalnSb strained layer superlattice in heterojunctions with GaSb have been
demonstrated with high quantum efficiency arising from the favorable absorption properties [155].
Improvement of the device performance as an effect of heat treatment was reported for 4H-SiC
metal-semiconductor—metal ultraviolet photodetectors [156]. In the absence of the homogeneous
AlGaAs with the same Al content for the similar growth conditions, to study the effect of the
natural superlattice ordering, we have made a comparative study between the as-grown ordered
and the annealed disordered samples. Furthermore, our aim was a systematic investigation of the
effect of annealing on the microscopic structures of the spontaneous superlattice and also the
optical properties and the device performance and to establish the correlation between the

structural and the optical and electrical properties of the natural superlattice ordering. This is
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another important reason for using the ordered and thermally annealed disordered sample to
understand the effect of the superlattice ordering on the optical and electrical properties of the
material. In regard to the utilization of the superlattice structures in device fabrication and a
systematic study of the device characteristics with temperature, the crystallinity of the bulk and
the surface of the sample after the heat treatment were two important factors that should be
considered to affect the properties of the material. Normally, high-temperature annealing can
significantly modify the morphology of the materials and defects may be incorporated
unintentionally. To exclude the possibilities of damage of the surface or incorporation of
unintentional defects, we have examined the as-grown and the annealed samples through SEM,
XTEM and XRD measurements to comment on their structural quality. The annealing was done
under arsenic overpressure to prevent the arsenic desorption from the surface and retain the surface
morphology intact. The SEM images of the surface before and after annealing, shown in Fig. 6.1(a)
and (b) respectively, clearly revealed that the surface morphology did not change with annealing.
Fig. 6.2 shows the elemental mapping using XTEM for the as-grown (ordered) and the 900 °C
annealed (disordered) sample [28]. A periodic modulation in the Al and Ga distribution was
observed for the as-grown sample (Fig. 6.2(a)) whereas the annealed sample (Fig. 6.2(b)) showed
homogeneous distribution of these elements throughout the epitaxial layer. Distribution of As was
uniform throughout the area of the scan for both the samples. For the crystallinity of the material,
X-ray diffraction (XRD) measurements are done for both the as-grown and the annealed sample
as shown in Fig. 6.3 [21]. The black trace shows the XRD curve (0-28 scan) of the as-grown
AlxGai-xAs layer for the (004) crystallographic planes consisting of strong substrate Bragg peak at
the center, strong, sharp and nearly equispaced peaks are present on both sides of it. The

disappearance of the satellite peaks in case of the annealed sample (red trace) can be attributed to
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the concentration homogeneity as a result of interdiffusion. No shift in the zeroth order peak and

unaltered peak width suggest the crystalline quality remained unaffected.

(b)

e 200 N ey 200 N

Fig. 6.1 SEM images of the surface of the (a) as-grown and (b) 900 °C annealed sample

6.2 Optical properties

6.2.1 Photoluminescence

Optical properties of the ordered and disordered samples are compared on the light of
photoluminescence (PL) spectroscopy. The PL spectra for both the samples consist of a high
energy sharp peak corresponding to the bandgap related transition and a relatively weaker low
energy peak. The peak appeared at lower energy could be attributed to free to bound (F-B)
transition related to carbon acceptor commonly observed during MOCVD growth [157]. The
temperature dependent PL spectra for both the ordered and disordered samples, as given in the
upper and lower panel of Fig. 6.4(a), respectively, show three important features: firstly, the
excitonic peaks shift toward low energy with the increase in temperature for both the samples

following Varshni relation [158]
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aT?

Ey(T) = Eg(0) = 5z 6.1

The peak position as a function of temperature for the ordered and disordered samples are shown

in the upper panel of Fig. 6.4(b). Secondly, a clear redshift of about 34 meV in the excitonic

transition was observed for the ordered sample in comparison to the disordered case throughout

(a) (b)
Gak

L gl

1 100 nm

Fig. 6.2 Cross sectional elemental mapping for Al, Ga and As for the (a) aAs-
grown and (b) 900 °C annealed samples

the whole temperature range. Thirdly, the integrated PL intensity in both the cases falls with

temperature obeying the modified Arrhenius equation [159]

[ = fo 6.2

E E
1+A*exp(—$)+3*exp(—$)

with A and B being considered as constant fitting parameters and Ea and Eg are the two
activation energies appropriate for the two temperature ranges. The experimental and the fitted

integrated intensity vs temperature plots are shown in the lower panel of Fig. 6.4(b).
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6.2.2 Explanation

Structural studies through TEM and XRD show the loss of the spontaneous ordering as a result of
interdiffusion at a temperature of 900 °C without affecting the crystalline quality of the material.
As the crystal structure and the average composition remain unchanged, the difference in the
optical properties measured from the PL spectra can solely be attributed to the order-disorder
transition. The bandgap related PL peak with reduced intensity (~1/60 times) appears at 1.766 eV
for the annealed disordered sample at 4K. In comparison, the peak energy for the as-grown sample,

1.732 eV, suggests a clear redshift of 34 meV. The reduction in the bandgap may be thought of

Intensity (a.u.)
3,

1 o‘ : T v T Ll T s T v L] v L)
20 21 22 23 24 25 26
Theta(degree)

Fig. 6.3 (004) X-ray 6-20 scans for the ordered as-grown (black) and the disordered 900 oC annealed sample
showing loss of ordering while keeping the crystallinity intact

as the effect of repulsion between the folded bands due to the presence of ordering [62]. More
elaborately, as the crystal periodicity extends about 20 times that in the original zinc-blende
structure in (001) direction, the k-points folded to 1/20™ in the reciprocal space results in overlap
of the bands. When spin-orbit coupling is considered, the states both in conduction and valance

band bearing the same symmetry split with the degeneracy left off. With incorporation of ordering
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as a perturbation, the repulsion between these states causes the reduction of the bandgap in the
ordered sample. The decay of photoluminescence intensity with temperature has been fitted with
the modified Arrhenius equation for both the samples. The two excitonic binding energies come
out to be 9.87, 43.09 and 6.07, 36.36 meV for the As-grown and the annealed sample respectively.
Two binding energies suggest activation of the excitons through two different channels at lower
and higher temperature regions. The higher binding energy is basically related to the confinement
of the carriers in the superlattice layers which enhances the stability of the excitons in the
superlattice channels compared to the disordered sample. In the absence of the proper theoretical
knowledge on the modification of the PL peak energy and intensity due to such natural superlattice
ordering, we are unable to draw any quantitative conclusion by matching the experimental and
theoretical results. It would be an interesting study in the future. Experimentally, the same kind of
enhancement of the optical quality (stronger photoluminescence signal) was reported earlier as a
result of ordering in multiple monolayer length scales by Chin and his coworkers [154]. They have
concluded the enhancement in the optical quality as an effect of the spontaneous formation of Al
and Ga rich layers in the QW region although no proper theoretical background was discussed. In
general, in quantum heterostructures such as quantum well, superlattice structures, there must be
a certain amount of localization of the excitons that would lead to higher excitonic binding energy
in comparison with the bulk material due to squeezing of the radius of the excitons in the quantum

heterostructures.
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Fig. 6.4 Temperature dependent PL spectra of the as-grown (upper panel) and the annealed sample (lower
panel) and (b) Peak energy as a function of temperature (upper panel) whereas the integrated PL intensity vs
/T (lower panel) for both the samples

6.3 Device fabrication

We have developed Au-Ge/AlGaAs/Ni planar type metal semiconductor metal (MSM) structure
with a simple geometry for photodetector application in the vis to near IR regime. Our motivation
was to fabricate the device based on the spontaneous superlattice structures and further study the
effect of ordering on the device performance through electrical characterization. Three devices
with the as-grown (A), the 700 °C annealed (B), and the 900 °C annealed (C) sample as the
semiconducting active layer were fabricated with the thermal evaporation technique having the
same coplanar junctions on the front face as shown in Fig. 6.6. In general, MSM PDs have two
comb-like electrodes with 1 pm spacing. In the absence of photolithographic technique in our
laboratory to form such electrodes within the time limit of completion of the thesis work, we have
fabricated simple back to back connected Schottky diode photodetector with two asymmetric metal
contacts on the front face of the semiconductor. The dimension of the electrodes are 1.5x3 mm?

and the spacing between them is about 4 mm. Gold-Germanium alloy (Au88%Ge12%) and Nickel
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(Ni), selected for the two metal contacts of the MSM structure, were deposited by thermal
evaporation on the front face of the sample using appropriate masks. Starting with the as-grown
sample, the structure retains its periodic nature with certain amount of inter-diffusion up to 700 °C
of annealing but results in a bulk AlGaAs layer with uniform Al composition after annealing at
900 °C. The current voltage (I-V) characteristics of the structure were analyzed in dark and under
illumination conditions with the wavelength ranging from 400 to 900 nm. The variations of the
extracted parameters from the electrical equivalent model were discussed in details. The
superiority of the device based on the superlattice structures in comparison with that based on the
bulk one was described in terms of the figure of merits such as the detectivity (D), responsivity
(R) and photosensitivity (S). The temporal response of the devices for the switching applications
was also tested with the application of square pulsed light signals in a certain range of frequency

of the input.

6.4 Theory and simulation

Considering the device with the superlattice structures as in case of A and B, we used a three diode
model with two parallel and a series resistance as shown in Fig. 6.5 for the simulation of the I-V
characteristic curves [160]. We considered two back to back connected Schottky diodes for the
two terminals, and a third diode in the second sub-circuit corresponding to the heterojunctions due
to compositional modulation in the epilayer as the electrical equivalent for both the devices. Taking
the major contribution of thermionic emission to current with the presence of the recombination

effect, the terminal voltage could be expressed as,
V:VR+V1+V2 63
Where Vr is the voltage drop across the series resistance Rsand V1, V- are the voltage drop across

the diodes. The terminal current was taken the same through the sub-circuits and can be given as
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Where lo1, lo2 and los, the reverse saturation currents for the three diodes, 71, 72, the diode ideality
factors, Rp1, Rp2, the parallel resistances taking the recombination of the carriers into account and

vi, the thermal potential expressed as ksT/g. The two diodes with opposite polarity in the sub-
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Fig. 6.5 Three diode model for simulation of the 1-V curves of the superlattice based devices

circuit 2 were considered to have the same value of the ideality factor for simplicity of calculations.

The thermionic emission dominant carrier transport gives the reverse saturation current as follows

IOi = A*AiTze(_id;?>

6.5
A’ is the Richardson constant given by A*=4nqme ks?/h3, Aj represents the area of the i-th junction
and @si IS the barrier height at the i-th junction, T is the temperature of operation. Implementation

of Lambert W transformation in Eq. 6.4b and 6.4c could lead us to expressions for Vi and V>
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respectively as a function of the terminal current [161]. Then from Eq. 6.3, we arrived at the desired
form of the terminal voltage,

(I+I91)Rp1

Io1R
V =Ry, U+ Iyy) —mv W (%e[ nve ]) — Rpp (=1 + oz — Ip3) +

N v W (Me[wb + IR, 6.6
N2Vt

The parameters to be extracted from fitting the experimental data using the described model were

¢B1, PB2, PB3, N1, N2, Rs, Rp1, Rp2.

Since there was no superlattice ordering in the semiconductor layer of the device C, we used a

double diode model (same as Fig. 6.5 without D3) with two parallel and a series resistance for the

simulation of the 1-V curves. The two diodes connected back to back correspond to the two

schottky contacts. So for such an electrical equivalent the current in the subcircuit 2 (6.4c) modifies

as

I I < 5 1) V2
= — eVt — [
02 Ry,

Thus the voltage drop in subcircuit 2 reads as

(=I+Iyy)R
IOZRPZe 172011 P2]>

Vo, =R,o(Ig, = 1) + nyv, W
2 p2Uo2 N2V <772Vt

So, the terminal voltage as a function of the total current leads to

_ _ MkT Rpiloy Rp1 _
V= Rpy(I + Ipy) " w [_ka exp {171kT I+ 101)}] + Rp (I — Ipp) +
n2kT Rpzlo2 Rp2 _
4 [ T2 oxp {nsz (oo 1)}] + IR, 6.7

Similar to the case of the devices with superlattice structures here the parameters to be extracted

are ¢B1, P82, Rs, N1, N2, Rp1, Rpa.
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Therefore, Eq. 6.6 and 6.7 would describe the terminal voltage as an explicit function of the total
current through the device. However, to find an analytical solution for the terminal current as a
function of the terminal voltage is much more difficult. Despite this, the expression is very useful
to find the 1-V relationship avoiding approximations or iterative numerical procedures. For
simulation in presence of light, the same equations have been used with the parameters modified
accordingly. Furthermore, we analyzed the three figure of merits viz. responsivity (R), detectivity

(D) and photosensitivity (S). The responsivity is expressed as [26,162]

R="h_Ila 6.8

PA PA
In general, detectivity is defined as D = (AB)Y2/NEP. A, B are the effective area and the bandwidth
of the detector, respectively. NEP is the noise equivalent power given by in/R where in is the noise
current and R, responsivity. However, it is customary to express D taking the bandwidth as unity

and in as the dark current iq [162], then

12 A
h
D = ph__ _—p [— 6.9
2qAP214 2ql4

The photosensitivity or simply sensitivity is another important parameter expressed as

_Ipn _RA 6.10

T plg g4
where, 1y is the total current under illumination, lq is the dark current, P is the power of the incident
radiation per unit area, and A is the effective area of illumination, q is the electronic charge. It is
to be noted that higher the value of the above quantities (R, D and S), higher will be the
performance of the photodetector. The variation of the figure of merits with wavelength as well as
applied bias were studied. Another important parameter for a photodetector is the temporal
response. The time elapsed for rise and decay in photocurrent with application of a pulsed optical
signal under proper biasing condition indicates how fast the photodetector responds to optical
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signals. The frequency range of the input signal, the detector can detect, is also important for the
application of the device. The rise and decay time of a photodiode is defined as the time for the
signal to rise or fall from 10% to 90% or vice versa of the final value respectively. The time
response can also be expressed as frequency response, defined by the frequency (fsqg) at which the

photodiode output decreases by 3 dB which can be roughly approximated by [163],

0.35
f3a8 = — 6.11

Tr

Where 1 is the rise time of the photodetector.

6.5 Electrical properties and device performance

For the implementation of the device for photodetector application based on the superlattice
structures and investigation of the device performance over the bulk AlGaAs, we fabricated three
devices with the as-grown (A), 700 °C (B), and 900 °C (C) annealed sample. The configuration for

v

\
Ni Al,Ga, As/Al Ga, As

superlattice layer
1 ] x210

Fig. 6.6 Schematic representation of the device structure with Au-Ge and
Ni contacts
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the three devices remained same with one Au-Ge and another Ni contacts on the front face. The
device structure with the two nonsymmetrical front contacts is shown in Fig. 6.6. It was evident
from the measured I-V characteristics under dark that for the device with 900 °C annealed
homogeneous AlGaAs, the dark current increased more rapidly with bias rather than that for the
other samples as evident from Fig. 6.7. Presence of the periodically modulated superlattice
structures acted to block the carriers in device A causing the dark current to decrease significantly,
the dark current is relatively higher for device B could be due to the lowering of the compositional
contrast as a result of annealing and the highest value of the dark current for device C is attributed
to the absence of the superlattice barriers. Among the three devices, the device A possessed the
lowest, followed a higher value for device B and the device C got the highest value of the dark
current at any biasing voltage in the rage we studied. For any photodetector, the dark current should
be lower for better performance. The experimental I-V curves along with their respective fitted
ones using the corresponding models under dark for the three different devices for a sweeping

voltage between
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Fig. 6.7 Experimental (dotted) and fitted (solid line) I-V curves for the
three devices i.e. the device A (black), B (blue) and C (green)

-1 to +1 V were shown in Fig. 6.7. The lowering of the dark current can be explained more
elaborately by looking at the extracted parameters enlisted in Table 6.1.

Table 6.1 Extracted parameters from fitting of 1-V curves under dark using the three diode model

Device | ¢, g2 Pp3 M N2 R, R, R,
V) V) V) Q) (9)) Q)

A 0.67 0.75 0.79 1.4 1.2 33.10 2.12x10° | 1.68x10°

B 0.65 0.72 0.71 1.5 1.3 28.43 6.40x10° [ 219x10°

C 0.64 0.7 1.8 1.5 3.22x10* | 7.32%x10° | 7.91x10°

It is clear that the barrier heights at the two contacts (g1, @s2) remain high, 0.67 and 0.75 V
respectively, for the device A relative to the others because of the lowering of the bandgap due to

the effect of the spontaneous ordering. The values of the barrier heights at the two contacts (¢sz,
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¢B2) Were found to be (0.65, 0.72V) and (0.64 V, 0.7) for the devices B and C respectively. The
barrier height @gs represents the net effect of the heterojunctions formed inside the semiconductor
layer due to the superlattice structures which decreased from the as-grown to the annealed sample
with increasing temperature as the compositional contrast was gradually decreasing due to
interdiffusion in the epilayer. The intrinsic barrier height @g3 takes the values 0.79 and 0.71 V for
device A, and B respectively. Three devices were tested for photodetector application under
illumination in a range of 400-900 nm from visible to near-infrared regime. The experimental as
well as the corresponding fitted I-V curves for the three devices under illumination were shown in
Fig. 6.8(a)-(c). For the device A, as shown in Fig. 6.8(a), the 1-V curves showed a maximum
enhancement of current near about 750 nm of illumination. For the devices B and C, shown in Fig.
6.8(b) and (c) respectively, the enhancement in photocurrent was maximum at 700 nm near the
bandgap. The decrease in photocurrent beyond the wavelength correspond to the bandgap of the
respective devices could be stated as follows. The photocurrent derived mainly form the electron—
hole pairs excited by incident light having energy above the bandgap, indicating the sub-bandgap
states make little contribution to the photocurrent [164]. Under light, the current enhancement was
maximum for A which is nearly about 2 times higher than that of B. Although for C, the current
enhancement was the lowest relative to the other two devices, it showed almost similar
enhancement in photocurrent under both forward and reverse bias. The reason might be that the
net effect was from two terminals and the contribution from the third diode was neglected due to
the vanishing barrier (pg3) as a result of annealing. For the other samples, the enhancement was
quite significant in the forward bias only. The extracted parameters by fitting the I-V curves under

light of different wavelengths were analyzed to explain the device characteristics. Decrease in
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barrier heights, increase in ideality factors with wavelength up to a certain value and thereafter
change in its nature indicated the contribution of only the excitonic transition related carriers to
the photocurrent [164]. The variation of the extracted parameters with wavelength of the incident
radiation were shown in Fig. 6.9(a)-(f). The barrier heights at the two contacts reached their
minima at 750 nm for the device A and near about 700 nm for the other two devices. The change
in @g3 from 0.79 under dark to 0.6 under illumination of 750 nm was significant for the device
with the as-grown sample. In presence of light, as the barrier heights started to decrease, carriers
found parallel way through superlattice channels to flow smoothly between the terminals which
were inactive, prevented flow of carriers under dark. This might be the reason for the sharp rise in
current with applied voltage for the device A. The change in @g3 was relatively less for the device
B, from 0.71 under dark to 0.65 under 700 nm of illumination. Application of light resulted in a

change in the two barrier heights possessing minima of 0.6 and 0.62 V for the Au-Ge and Ni
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Fig. 6.8 (a), (b), (c) Experimental (dotted) and fitted (solid line) 1-V curves at different wavelengths for device A, B

and C respectively

junctions, respectively near 700 nm of wavelength for the device C. The change in barrier height
at the contacts could be attributed to the presence of more number of interfacial traps in case of
the device C [26]. On the contrary, as there existed no extra channel activated under illumination,
current enhancement remains the lowest of all. The ideality factors increased with increasing

wavelength, attained the maximum at 750 nm and decreased again for the device A. For both the
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devices B and C, the barrier heights and the ideality factors showed almost same nature as those
for device A, except the fact that the minima of the barrier heights and maxima of the ideality

factors were at about 700 nm. Under illumination, during the separation process, the
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Fig. 6.9 (a), (b), (c) Variation of the extracted barrier heights and (d), (e), (f) variation of the ideality factors with

wavelength of the incident radiation for device A, B and C respectively
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Fig. 6.10 (a) Responsivity (R), (b) Detectivity (D), (c) Sensitivity (S) with illumination wavelength (1) under 1 V and
(d), (e), (f) under -1 V, respectively, for the devices A (black), B (red) and C (blue)

photogenerated carriers eventually recombined via the deep level trap states to make them empty
resulting in effective increase of the defect states. These increased vacant states were responsible
for effective lowering of barrier heights and further increase of ideality factors [165]. To
understand the performance of the photodetectors, we evaluated the three figure of merits from the
I-V measurements. The variation of the photoresponsivity, detectivity and the sensitivity at fixed
applied bias of 1 V and -1 V for all the three devices are shown in Fig 6.10(a)-(f). The
photoresponsivity spectrum showed that the photodetector could detect signal efficiently in the
visible-NIR (600-800 nm) regime of the electromagnetic spectrum. All the three figure of merits
peaked at 750 nm for device A and near about 700 nm for both B and C. Under 1 V of forward
bias, the peak values were 10.13, 6.12 and 1.14 mA/W for A, B and C respectively. The peak

responsivity was maximum for the device A due to significant enhancement of photocurrent under
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light. The device B, annealed at 700 °C, a comparatively poor distorted superlattice sample due to
the effect of interdiffusion, showed a relatively poor responsivity. The device C, annealed at 900
°C, showed very poor responsivity with a peak which was blue shifted due to bandgap shrinkage
caused by ordering. Under reverse voltage of 1 V, the peak values of responsivity were 1.29, 0.89
and 0.64 mA/W for A, B and C respectively, almost one order lower in magnitude than in case of
forward bias. The other two figures of merit showed similar behavior as a function of wavelength
for all the devices. The peak values of detectivities were found to be 7.6x10%, 3.6x10and
7.05x101° cmHzY2W? under 1 V of forward bias and 1.93x10', 1.07x10'! and 6.48x10%
cmHzYW-under 1 V of reverse bias for A, B and C, respectively. Similarly, the peak sensitivities
were 81.06, 18.37 and 2.82 cm?/W under forward bias and 10.33, 4.46, 2.59 cm?/W under reverse
biased conditions. So, device A showed better performance than B and C under both forward and
reverse biased conditions. Although not much change in responsivity, but a significant degradation
in detectivity as an effect of thermal treatment for InGaAs/GaAs quantum dots has been reported
previously by Fu et al. [166]. One noticeable thing is that for the devices with superlattice
structures (A and B) showed better performance under forward bias but device C showed similar
performance under both forward and reverse bias. This could be due to the fact that the two
terminal diodes played dominating role over the third diode here under light. Three figures of merit
were also plotted against the applied bias for a fixed wavelength of 750 nm for the device A and
700 nm for the devices B and C as shown in Fig. 6.11(a)-(c). As we increased the bias in both the
directions, the photoresponsivity increased with applied bias following the behavior of the
photocurrent. The detectivity, which is basically a combination of both the current under the
photon flux and the dark current, increased with the applied bias but at a slower rate than the

responsivity. The sensitivity increased initially and then decreased in the total range of the applied
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bias. This could be the effect of saturation of the photocurrent owing to a finite number of the
photogenerated carriers but increase in the dark current with the applied bias. The external
quantum efficiency (EQE) was also calculated for the three samples using the relation

ex=Rhc/qh 6.12
where R is the responsivity defined earlier, h is the Planck’s constant, 6.63x1073 Js, ¢ is the speed
of light in free space, 3x108 m/s, q is the electronic charge, 1.6x10-10"*° C and X is the wavelength
of the incident light. The peak values were 0.016 for the device A at 750 nm and 0.01, 0.002 for
sample B and C respectively, at 700 nm. Since there was no evidence of any degradation of the
crystalline quality or desorption from the surface due to the heat treatment, we can conclude that
the enhancement in the device performance is purely due to the superlattice ordering in the material

[28].
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Fig. 6.11 Responsivity (R), Detectivity (D) and Sensitivity (S) with bias for devices (a) A, (b) B and (c) C under the
illumination of their respective peak response

The time response of a photodetector to switching frequency determines its capability to follow a
fast-varying optical signal, which is particularly important in light-wave communication and
optical switching applications. We focused our attention on the ordering induced enhancement in

the response of a superlattice photodetector relative to the bulk. So, the device A (as-grown

superlattice structure) has been compared with the device C (homogeneous composition) to have
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an idea of the effect of the order-disorder transition on the device response. Fig. 6.12(a) showed
the reversible switching of the two devices between the low and the high conductance states when
light was turned off and on, respectively. The ideal photocurrent for the light signal fed by a square
pulsed signal of frequency 50 Hz with a duty cycle of 50 % was also shown in the figure for
reference. The rise time and decay time for the device A has come out to be 560 us and 1 ms
respectively, whereas those for the device C were obtained as 2 ms and 7 ms. A comparative study
of response time with respect to different photodetectors fabricated using various materials is
enlisted in Table 6.2. Here, we have compared the response speed of our device with those made
of other materials working on nearly the same range of the electromagnetic spectra. Sometimes
the geometry of the devices may differ. Sometimes, the area of illumination may differ. The
absolute value of the photocurrent level between the "ON" and the "OFF" state may also differ
depending on the semiconductor material and the metals used as the electrodes, although the
"OFF" and the "ON" states are scaled to 0 and 1, respectively. It is true that for exact comparison
all the device parameters must be exactly same. However, our device could be a simple but
effective one because of the spontaneously formed superlattice layers. The AlGaAs photodetector
based on the natural superlattice has the potential to complete the available devices with different
materials for Vis-NIR photodetection. The output waveform of current of the Au-Ge/AlGaAs/Ni
photodetectors remained almost unaltered after several cycles, indicating the excellent stability of
the photodetector. The frequency response expressed in terms of fagg were evaluated to be 625 and

175 Hz for the devices A and C, respectively. Furthermore, the photodetector based on the
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Fig. 6.12 (a) Ideal step photocurrent and the time response of device A and C under application of square pulsed
illumination (b) relative balance ((Imax-Imin)/Imax ) VS switching frequency of device A (black) and C (red) showing a
much better response for the device A up to a higher frequency

superlattice structure was found to work with excellent stability and reproducibility in a wide range
from 1 to 200 Hz. The device C worked well in a relatively shorter frequency ranging from 1 to
30 Hz. The measure of the reproducibility could also be expressed by the relative balance ((Imax-
Imin)/Imax in %) vs switching frequency plot as given in Fig. 6.12(b) which showed that the relative
balance dropped below 80% (below which the device lost reliability) after 400 Hz and 50 Hz for
devices A and C respectively. A photodetector will be more reliable as it shows the relative balance
stable up to a higher frequency of operation [164]. As the photodetector based on the superlattice
structures shows a fast response in comparison with that with homogeneous AlGaAs to the pulsed
light, it is reasonable that the former shows the stability of the relative balance value up to a higher
frequency of operation. This could be attributed to the high quality of the interfaces between the
superlattice layers in the as-grown sample. The activation and deactivation of the superlattice

channels in presence and absence of light, respectively, improve the reproducibility and reliability

of the photodetector up to higher frequency.
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Table 6.2 Comparison of the response time of photodetectors with different materials

Sample name Time of rise Time of decay fo Reference
(Hz)
AlGaAs superlattice 560 us 1ms 625 [28]
AlGaAs bulk 2ms 7ms 175 [28]
CZTS 391 ms 221 ms 0.895 [167]
Na doped CZTS 1.02 ms 29.8 ms 343 [167]
Au/ZnO/Au 100 ms 1s 35 [168]
SnO, nano-particle thin 100 ms 70 ms 3.5 [169]
film /SiO,/p-Si
WS,/Si van der 670 ps 998 us 522.3 [170]
Waals Heterojunction 330 ms 0.986 ms 1.06 [171]
Cu,ZnSn(S, Se), 208 ms 178 ms 1.68
Cu,Znsns, 681 ms 778 ms 0.51 [172]
6.6 Summary

We have established that the difference observed in the material properties could be solely
attributed to the superlattice ordering, based on the study of the surface through scanning electron
microscopy (SEM) and structural studies through elemental mapping in XTEM and XRD
measurements of the ordered and the disordered samples [28]. The shift in the transition energy
and the enhancement in the PL intensity has been solely attributed to the natural superlattice
ordering. The change in the electrical properties can be explained by considering the effect of the
superlattice layers on the carriers as follows. During the formation of superlattice structure with
periodic variation of Al concentration, the electrons move from the side with higher Fermi level
to the other and as a result, an electric field was produced at interfaces between the layers with

periodically modulated Al content. Thus, the extended intrinsic electric field existing inside the
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semiconducting region at the bilayer interfaces, although very weak due to low compositional
contrast, somehow was able to help the carriers to be swept out as soon as they are generated there
under the illumination for the MSM devices with the superlattice structures. Presence of internal
electric field inside results in smaller timescale for the rise of photocurrent compared to C where
there was no intrinsic electric field. The photocarriers generated in the semiconductor region of
device C take more time to diffuse to the metal-semiconductor contacts which results in the rise
for a relatively longer time. Similarly, when the light was switched off, the motion of the carriers
hindered by the intrinsic barriers in the semiconductor region junction results in a relatively faster
decay for device A whereas the current needs much longer time to fall to its minima for device C.
The fast rise of photocurrent of both the devices followed by a relatively slow decay which could
be understood by looking at the trapping-detrapping process of the carriers. As soon as the device
is illuminated with light having a sufficient amount of energy, electron-hole pairs are generated in
the semiconductor region. These photocarriers are then separated by the built-in electric field and
partly contribute to the photocurrent. For simplicity, we have considered the trap-centers at two

metal-semiconductor interfaces with a higher probability of electrons to be captured rather than
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Fig. 6.13 (a) Schematic representation of the trap assisted switching process (b) Motion of the carriers through the
superlattice channels
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holes due to the Schottky barriers. Some of the electrons in the conduction band (CB) might be
captured by the electronic traps. When the light is switched off, the part of the trapped
photoelectrons would be gradually released to the conduction band and contribute to the electrical
conduction and then are finally recombined with the photogenerated holes. Thus, the trap-states
associated decay of photocurrent is slower than the rise. A model representing the trap-assisted
carrier dynamics for light “ON” and “OFF” conditions is shown in Fig. 6.13(a). The entire region
can be divided into three parts of which two correspond to the band bending regions at Au-Ge and
Ni junctions, whereas the third one represents the net effect due to the periodic structures in the
AlGaAs epilayer. The mismatch in Fermi level at the AlGaAs/AlGaAs heterojunctions with
different Al composition is responsible for an intrinsic electric field. These barriers restrict the
current flow under the dark condition giving a low value of the dark current. As soon as light falls
on the semiconducting material region, the sweeping of the photogenerated carriers get easy
pathways owing to the intrinsic electric field at the superlattice junctions under proper biasing
conditions. After the light is turned off, the carriers get localized inside the superlattice channels
due to the barriers that in turn makes the current to decay to its minimum within a small interval.
A schematic representation for the motion of the carriers is shown in Fig. 6.13(b). This makes the
photodetector based on the superlattice structure performance better by significant enhancement
of photocurrent, and at the same time, faster too although during the separation process, the loss
of photo generated electron-hole pair due to recombination at the two junctions, limited the

photodetector performance to some extent.
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Chapter 7

Conclusion
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7.1 Summary of the work

The results of the work we have done so far through this tenure have been covered mainly in
chapters 4, 5 and 6 of the thesis. In this work, we have concentrated on the natural superlattice
ordering, its thermal stability, and the utilization of it in device fabrication, for the particular Al
compositions of 0.3 and 0.15. As our idea was to utilize the material for the optoelectronic
application, we look for the material with a direct bandgap. We have concentrated to grow AlGaAs
with nominal Al content below 0.4 not only for the direct bandgap but also for the negligible lattice
strain looking at the suitability of the material for optoelectronic device application. We have
grown GaAs/AlGaAs MQW structures on GaAs (100) substrate for optoelectronic device
applications using MOCVD technique [28]. We had observed a periodic compositional modulation
in the AlGaAs barrier layer with a nominal Al fraction of 0.3 whose repetition length was about
5.4 nm, i.e., nearly around 20 monolayers of the material. To confirm the occurrence of such
structures in the bulk, we have grown about 1132 nm thick AlGaAs epilayer with a targeted Al
fraction of 0.15 on the conventional (100) GaAs substrate. Similar type of superlattice ordering
was found in the bulk epilayer from TEM and X-ray analyses. The TEM and X-ray results were
matched to confirm the periodicity. X-ray results were used to get the electron density and lattice
parameter profile of the superlattice structure. Finally, we obtained the in-depth profile of
composition through a combinatorial approach involving low angle XRR and high angle (004)
XRD simulations. So, in the regime of our interest, the stability of ordering has been investigated
for a low concentration as well as a high concentration under the similar growth conditions. Then
we looked for the structural stability of such natural superlattice ordering for device application.
We have studied the stability under thermal treatment by heating the as-grown sample up to a

temperature of 900 °C. For temperature till 800 °C, the structures remained stable and showed a
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transformation into the disordered phase retaining its crystallinity intact at 900 °C of annealing, as
confirmed by the high temperature (004) XRD measurements. Since the interface between the
superlattice layers always plays an important role in the device characteristics, thermal diffusion
in the spontaneously grown ultra-nanoscale ordered structures has been studied in detail. In
absence of suitable direct experimental tools due to the physical resolution limit, we relied on the
theoretical analysis of x-ray diffraction simulations coupled with a virtual diffusion experiment to
arrive at the interdiffusion characteristics across the interfaces of spontaneously grown AlxGax-
xAs/AlyGaiyAs superlattice structures. The simulation approach presented here is a combination
of an interdiffusion code and a code on x-ray diffraction around the (004) Bragg peak based on
Born approximation. We have obtained the variation in the actual diffusion coefficient as a
function of time at different temperatures from the decay rates of the integrated intensity of the
first order satellite peak. We found the diffusion coefficient across the interface to be highly
nonlinear and also composition dependent. The satellite decay equation could fit the experimental
data taking the maximum Al composition alone at each time step. The pre exponential factor (D°)
and the activation enthalpy (H) values for interdiffusion were found out to be 0.17-0.25 cm?/s and
0.5-0.6 eV for Al diffusion whereas 0.01-0.11 cm?/s and 3.45-3.5 eV for Ga diffusion, respectively
in the studied temperature range of 500 °C to 700 °C. The interdiffusivity increased with
temperature from 500 °C to 625 °C and decreased for further rise in temperature as the
compositional contrast between the two layers decreased significantly (reached a certain critical
value) at higher temperatures. After studying the fundamental properties of the structures, we
studied the effect of the natural superlattice ordering in such length scale on the optical and
electrical properties of the material. Our aim was a systematic investigation of the effect of

annealing on the microscopic structures of the spontaneous superlattice and also the optical
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properties and the device performance and to establish the correlation between the structural and
the optical and electrical properties of the natural superlattice ordering. Besides, at the same time,
we have done a comparative study using the ordered and thermally annealed disordered sample to
understand the effect of the superlattice ordering on the optical and electrical properties of the
material. Normally, high-temperature annealing can significantly modify the morphology of the
materials and defects may be incorporated unintentionally. Keeping such possibilities in mind, we
have examined the as-grown and the annealed samples through SEM, XTEM and XRD
measurements to comment on their structural quality. The structural analyses for the as-grown and
the annealed samples have shown no significant evidence of the surface damage, degradation of
the crystalline quality or incorporation of unnecessary defects. Therefore, the modified optical and
electrical characteristics could solely be attributed to the natural superlattice ordering. Temperature
dependent photoluminescence showed a redshift of 34 meV in the transition energy for the ordered
structures with respect to the bulk material with the same composition, due to repulsion between
the states in valance and conduction band as a result of the overlap of k-points for the increased
periodicity of the crystal lattice in real space. The bandgap reduction as a result of ordering was
found to be very similar to the case of atomic ordering reported previously in different compound
semiconductor materials during epitaxial growth from vapor phase [173]. The decay of
photoluminescence intensities with temperature were fitted with the modified Arrhenius equation
for both the samples. The two excitonic binding energies come out to be 9.87, 43.09 and 5.07,
35.36 meV for the As-grown and the annealed samples, respectively. Two binding energies
suggest activation of the excitons through two different channels at lower and higher temperature
regions. The higher values of the binding energy in case of the ordered sample is basically showing

the effect of confinement of the carriers in the superlattice layers which enhances the stability of
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the excitons in the superlattice channels as compared to the disordered sample. As a part of device
application, we developed photodetector for working in the NIR regime of the electromagnetic
spectrum, based on the spontaneously grown superlattice structures. In general, MSM PDs have
two comb-like electrodes with 1 pm spacing. In the absence of photolithographic technique in our
laboratory to form such electrodes, we have concentrated on the fabrication of co-planar metal-
semiconductor-metal back to back Schottky diode photodetector with natural superlattice ordering
in the active semiconductor layer, due to its geometrical simplicity and high response. For
comparison on the basis of the device performance regarding the spectral and temporal response,
we developed other devices with the same geometry of the contacts with the 700 °C annealed
superlattice and also 900 °C homogeneous AlGaAs as the active layer. Device parameters were
extracted using electrical equivalent Schottky diode model using an extra diode representing the
superlattice layer. By employing Lambert W function for fitting the experimental I-V
measurements with the help of the diode models, we evaluated three figures of merit such as
responsivity, detectivity and sensivity for all the devices. In this dissertation, for fitting of the
experimentally obtained data with the calculated ones using several theoretical models as
discussed in the respective sections, we have employed standard nonlinear curve fitting algorithm
and found the y2 value reliable within 1%, which seems very much appreciable. The extracted
parameters, most importantly, the Schottky barrier heights showed the reason for the device based
on the superlattice structures to perform better. Under a forward applied voltage of 1 V, the peak
values of responsivity, detectivity and sensitivity were 10.13 mA/W, 7.6x10** cmHz2wW, 81.06
cm?/W and 1.14 mA/W, 7.05x10'° cmHzY2W1, 2.82 cm?/W for the device based on the as-grown
natural superlattice and homogeneous AlGaAs, respectively. Furthermore, the as-grown device

also showed superiority in the temporal response also with the application of a pulsed optical
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signal. The device with natural superlattice ordering showed much faster response to the square
wave pulsed light with rise and decay time of 560 us and 1 ms as compared to 2 and 7 ms,
respectively, for the device with homogeneous AlGaAs. The superior spectral and temporal
characteristics of the devices are explained by the model based on a third diode representing the
net effect due to the superlattice modulations along with two Schottky diodes at the metal-
semiconductor junctions. The third barrier, which is basically due to the periodic modulation in
aluminium composition, plays a vital role in enhancement of the photocurrent as a result of the
activation of superlattice channels under light while keeping the dark current small by blocking
the carriers without light. The fast sweeping of the photo-carries by the intrinsic small but effective
electric field at the compositionally modulated interfaces in the active semiconducting layer makes
the characteristic times of the device much smaller than one with homogeneous AlGaAs.
Degradation in photoresponse and speed is attributed to decrease in the compositional contrast and
the increase in the interfacial width due to the interdiffusion as an effect of thermal annealing.
Besides, a range of wavelength for photodetection could be covered by using the superlattice
structures annealed at different temperatures, with reasonable efficiency also. A comparative study
shows that our device could be a simple but effective one because of the spontaneously formed
superlattice layers. The AlGaAs photodetector based on the natural superlattice has the potential

to complete the available devices with different materials for Vis-NIR photodetection.

7.2 Conclusion and future outlook

Spontaneous ordering in AlGaAs in such multiple monolayer length scale was observed on
conventional (100) GaAs substrate grown by MOCVD in the barrier layer of MQW and bulk
material despite the small bond length difference between the constituent binaries. The well

observed and previously reported CuAu type monolayer ordering could be explained by the surface
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reconstruction to minimize the surface free energy. Although the origin of the of the ordering is
not very clear at the present time, the existence of such spontaneously grown structures in the bulk
material could depend on the surface thermodynamics for the formation, whereas the growth
temperature inside the reactor and the growth rate decided the stability of the ordering inside the
bulk. Since we have observed such a new kind of partial ordering in AlGaAs on the conventional
GaAs substrates, the existence of the structures could be studied with various growth parameters
like growth temperature, substrate orientation and flow rate for better understanding the origin and
nature and stability of such ordering in future. It will be interesting to study how the atomically
ordered layers can be changed to layers with random alloying with homogeneous concentration
throughout by changing the growth parameters, and also whether there is a limit of nominal Al
content to form such ordering in the full composition range of our interest. Furthermore, it would
be interesting to study whether such natural superlattice ordering could form with other elements
also for some particular growth condition such as flow rates of the precursors, temperature,
substrate orientation etc. MOCVD, being a vapor phase epitaxial technique, has always an
important role in the formation of such ordered structures and stabilize it well inside the material.
It might be possible that such ordering could also form during the MBE growth but that needs
further study. As the structure showed reduction in the bandgap similar to the case of monolayer
ordering, the structure could be used to develop quantum heterostructures such as quantum well
by growing order and disorder phase sequentially on the same material, just changing the growth
parameters. The stability of such structures after thermal treatment is very important as most device
applications need high temperature treatment. We have developed a model to thoroughly study the
inter-diffusion characteristics in superlattice structures by employing high temperature X-ray

scattering. We deduced the behavior of the diffusion coefficient at five different temperatures and
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showed concentration dependence of the diffusion coefficient in the material. The model can also
be used to explain the interdiffusion process in various artificial superlattice structures of different
length scales. Photoluminescence can also be employed to extract the interdiffusion characteristics
as it shows significant modification in the transition energy. Then, the results from the XRD and
PL can be compared in regard to the diffusion in the natural superlattice. The optical characteristics
of the natural superlattice has also revealed a significant enhancement in the intensity of the
transition. The intensity of the photoluminescence which depends on the carrier density and the
radiative recombination rate depends on the degree of ordering. Theoretical background of the
enhancement of the photoluminescence intensity i.e. the optical gain as an effect of ordering is still
an open field for research. The polarization dependence of the emitted radiation for such newly
observed natural ordering could also be interesting to study. The effect of ordering on the carrier
concentration due to the zone folding and consequent splitting of the band energy can also be
investigated in the future. From the device perspective, the implication of the superlattice
structures in the metal-semiconductor-metal photodetector device showed a betterment in the
device performance. The main advantage is that the natural superlattice constrained the dark
current through the heterointerfacial barriers between the compositionally modulated structures,
and on the other hand enhanced the overall gain by increasing the photocurrent through the
activation of the superlattice parallel channels for the photogenerated carriers in presence of light.
The response speed of the device also showed superiority by getting influenced due to the
development of the intrinsic electric field at the heterointerfaces. The superlattice and such
ordered-disordered structures mentioned above could also be used in various optoelectronic
devices such as intermediate band solar cells, broad band photodetectors, quantum cascade lasers

due to its better optical and electrical quality relative to bulk.
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Compound semiconductor alloys possess a wide range of optical and electronic properties and are thus
important for a variety of devices with a huge scope for strain engineering also. Spontaneous atomic ordering
during the epitaxial growth in IlI-V ternary or quaternary materials leading to a change in optical and
electronic properties has attracted much attention in the last few decades. natural superlattice ordering due
to periodic compositional modulation in the AlGaAs barrier layer with nominal Al fraction of 0.3 of
GaAs/AlGaAs multi-quantum well (MQW) structure and AlGaAs Natural superlattice ardering

epilayer with targeted concentration of 0.15 on (100) GaAs v (b)_ '\ =
substrate grown by MOCVD despite the small bond length > -
difference between AlAs and GaAs. A combination of low angle X- N
ray reflectivity (XRR) and high angle X-ray diffraction (XRD) e

Structural and thermal stability

measurements based on distorted-wave Born approximation (c) -

)R

(DWBA) and kinematical theory, respectively, have been employed B
to extract the composition and lattice parameter profile. Thermal X

e

diffusion in conjunction with real-time high-temperature XRD is g ]

employed to get the evolution of the modulated composition Device application
profile with annealing time as well as temperature. We have found
the diffusion coefficient across the interface to be highly nonlinear
and concentration dependent. The extracted interdiffusivity

increases with temperature from 500 °C to 625 °C and decreases

for further rise in temperature as the compositional contrast Figure 1. (a) natural superlattice ordering in

between the two layers reaches a critical value at higher AlGaAs/GaAs MQW (b) temperature
temperatures beyond 625 °C. Furthermore, we have developed an dependent PL spectra for the as-grown and
annealed sample (c) thermal stability of the
superlattice (d) interdiffusion
and showed an enhancement in performance as compared with characteristics at  five different

homogeneous AlGaAs, regarding the spectral and temporal temperatures (e) device structure (f)
spectral response of the three devices

MSM photodetector device based on the superlattice structures

response. Under a forward bias of 1 V, maximum value of
responsivity, detectivity and sensitivity, 10.133 mA/W, 7.6x1011 cmHz1/2W-1, 81.06 cm2/W, and a fast
response time of 560 us, were obtained for the device based on the superlattice structures. The presence of
the superlattice barriers reduces the dark current whereas activation of the channels under illumination plays
important role to enhance the photoresponse. The device based on the superlattice structures showed fast
switching up to a relatively higher frequency which could be attributed to the intrinsic electric field due to
the junctions formed between the consecutive layers.
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