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ABSTRACT

The research detailed by this dissertation has demonstrated the design, fabrication, and
characterization of lead salt semiconductor mid-infrared light emitting devices. A
scrupulous theoretical model has been described which estimates spectral gain from the
quantum well (QW) structure based on IV-VI lead salt semiconductor material. The
spectral gain of the QW structure, with both for finite and infinite well, for different
crystal growth orientations is detailed. The purpose was to determine the best lead salt

crystal orientation to fabricate opto-electronic devices.

Detailed experimental works concerning recent developments of 1V-VI lead salt
light emitting devices have been demonstrated. An electrically excited QW laser on [110]
oriented lead salt substrate is reported for the first time in the literature. A brief
description on the fabrications and characterizations of novel microstructures in the form

of rod, tube and pillar, having enormous applications in MEMS and NEMS, is provided.

A theoretical exploration of spontaneous mid-infrared emission from 1V-VI
semiconductor photonic crystal defect microcavity is elaborated. The design is aimed to
solve out challenges of the formation of resonating cavity for lead salt materials
fabricated on Si(111) or BaF,(111) substrates, commonly implemented to fabricate high
temperature, continuous wave (CW) lasing devices. The band structure calculations of
the periodic crystal are performed using plane wave expansion (PWE) method. Finite

difference (FD) perturbation correction method and finite difference time domain

XVi



(FDTD) algorithms have been employed to analyze modal field distribution in the defect

cavity.

A study on the measurement of minority carrier lifetime, which is one of the very
important figures of merit to judge opto-electronic device performance, is illustrated.
Photoconductive decay (PCD) method, a very popular and well-established methodology
has been adopted to carry out the experimental work. The implementation of CaF, as a
new surface passivation layer for MBE-grown PbSe single crystalline thin films on a
BaF,(111) substrate has been done and the corresponding effect on device performance is
compared. Minority carrier lifetimes and pulsed photoluminescence intensities from PbSe
samples are observed to increase after CaF, surface passivation. However, the
improvement is comparatively more significant at low temperature than at high
temperature. This may indicate that surface passivation for Pb-salt materials are not as
critical as its II-VI and 1I-V counterparts at high temperature of device operation.
Therefore, device fabrication for Pb-salt materials at elevated temperature could be

relatively more cost-effective with a higher-yield.

XVii



CHAPTER 1

INTRODUCTION

1.1. Background

My doctoral research work is a perfect blend of theoretical and experimental
study. It involved a broad spectrum of sub-topics in theoretical design and modeling of
quantum wells (QWs), lasers and detectors and fabrication and characterization of real-
time high-performance lead salt semiconductor mid-infrared optoelectronic devices. The
crystal growth orientations of lead salt QWs play a crucial role in terms of achieving
lower threshold characteristics which is extremely important to realize high temperature
and long wavelength lasing devices. There is, at present, only a handful researchers
working in lead salt materials in the world and no systematic study of complicated lead
salt QWs for different crystal growth orientations is available in the literature. I
undertook a scrupulous and extensive theoretical investigation for estimating the spectral
gain from lead salt QWs for different growth orientations. In the course of identifying the
influence of crystal orientation in QW behavior, I have studied a diverse set of sub-topics.
Noteworthy among them are quantum well subband structure, spectral transitions
associated with each of those subbands, quasi-Fermi energy level and density of states
calculations, evaluation of overall QW spectral gain for different crystal orientations. I
played a key role in the first successful fabrication of [110] oriented lead salt lasers and in

the design of the first lead salt photonic crystal lasers on Si substrate.



Previously, it has been theoretically established by our opto-electronics group that
the [110] growth orientation is the best crystal orientation for QW lead salt laser
fabrication in terms of higher spectral gain and higher efficiency. But the numerical
analysis was not accurate and was based on the approximation. However, there is a
necessity to experimentally demonstrate the feasibility of a lasing cavity formation on a
[110] oriented lead salt QW epitaxial layers. I took up the challenge and through a
number of experimental studies, I could successfully demonstrate an electrically excited
[110] lead salt QW laser for the first time in the literature. During this phase of work,
through innovative ideas and comprehensive research, I could effectively fabricate
various novel semiconductor microstructures in the form of solid rod, hollow tube and
pillar, having massive applications in micro-electro-mechanical systems (MEMS) and

nano-electro-mechanical systems (NEMS).

The most promising and popular growth substrate globally implemented to
manufacture high temperature, and high power devices is silicon which has almost 78
times higher thermal conductivity than lead salt materials. Moreover, due to the fact that
silicon can reduce manufacturing cost of device fabrication, it was extremely essential to
tie up the already-established silicon technology with the lead salt technology to
revolutionize the field of mid-infrared laser. However, the lasing cavity formation by
means of cleaving mechanism is not feasible due to the dissimilarity in cleavage planes of
silicon and lead salt materials. Thus, I have proposed and implemented the methodology
of vastly popular photonic bandgap technique, by adopting which one do not need to
undergo a cleaving process while making a Fabry-Perot laser resonating cavity. This part

of my dissertation deals with the modeling and extensive numerical analysis of defect



microcavity lead salt photonic structure, for the first time in literature, by deploying two
popular mathematical schemes - finite difference (FD) perturbation field correction

method and finite difference time domain (FDTD) method.

The minority carrier lifetime is a key component influencing the opto-electronic
properties of the semiconductors. In order to judge the epitaxial quality of MBE-grown
samples, one needs to experimentally evaluate the carrier lifetime values. The final part
of my research describes the appropriate foundation of the lifetime measurement set-up
and innovative associated electrical circuit design. It is important to note here that the
quality of thin film surface is tremendously vital from the fabrication and performance
points of view of opto-electronic devices. Surface impurities on the exposed area of thin
films degrade the semiconducting behavior of such devices. In order to alleviate the
problem, I have proposed an idea, for the first time in literature, of implementing CaF; as

a surface passivating layer for lead salt materials.

Research in the mid-infrared (MIR) optical spectral region (covering 2-30 um
wavelength region) has invoked a tremendous interest worldwide due to its wide-spread
applications especially in the area of industrial chemical gas sensing'. Industrial
hazardous and harmful gases like CO, (4.25um), CO (4.6um), CHs (3.3um), N,O
(4.5um), HF (2.52um), O3 (4.73um) etc lie in this spectral zone and thereby necessitates
the gas detection mandatory for health and safety concern. MIR light emitting devices are
extensively employed for the monitoring of environmental pollution®, industrial chemical
processes, vehicle exhaust, and other harmful gases. Besides these, there are a number of

other popular applications of these devices such as wireless point-to-point laser



communication at the atmospheric windows, laser surgery, non-invasive medical
imaging, and military IR countermeasures. For all these purposes mainly for gas sensing
applications, single-mode, electrically excited, tunable, continuous wave (CW) operation
at thermo-electric cooler temperature with narrowest possible emission linewidth is
desired. The gas sensing scheme is specifically based on allowing a very sharp and
distinct laser light mode through the sample gas and the subsequent measurement of
change in transmitted light intensity at IR photodetectors. Consequent light absorption is
associated with the fundamental molecular vibration in the gas and this together with the

sample gas parameters help to carry out quantitative analysis for a specific gas’.
ple gas p p Iy q y p g

Various fabrication methodologies have been adopted to make these types of
layered epitaxial structures. Liquid phase epitaxy (LPE) method was initially more
widely used, followed by vacuum deposition techniques including vapor phase epitaxy
(VPE), metal organic chemical vapor deposition (MOCVD), and molecular beam epitaxy
(MBE). Among these methods, MBE has the unique advantage of epi-layer growth with
precise and accurate control of layer composition and thickness. As a result of this
precise control, MBE offered new opportunities for successful fabrication of micro- as
well as nano-scale active layers, especially important in the development of quantum well

(QW) lasers.

The fundamental reasoning behind designing QWs with thinner layers lies in the
modification and confinement of electron and hole wave-functions, thereby modulating
material parameters. As a basic criterion, QW lasers are capable of high optical gain even

for a low current density. This is a direct consequence of (1) energy level quantization,



thereby lowering of the density of states in both the conduction and valence bands, and
(2) increased carrier density due to the thinner layer structures as compared to the bulk
crystal. The collection efficiency” of the carriers injected into the QWs also influences
the optical gain. There are two primary types of QW structures proposed for improving
both modal optical gain and collection efficiency: the single quantum well graded index
separate confinement heterostructures (SQW-GRINSCH) and the multiple quantum well

MQW) structure”.

The improvement of lead salt diode laser technology quickly followed III-V
lasers. Lead salt materials, which constitute IV-VI binary compounds like PbS, PbSe,
SrSe, SnSe, SnTe, PbTe etc, have a very small bandgap corresponding to emission
inform the mid to far infrared, ranging from 3 - 30 pm. A tunable laser source is achieved
as the bandgap energy is a strong function of ambient temperature, thus allowing the
variation of emission wavelength in these materials, which is of utmost importance in

ultrahigh resolution spectroscopy and gas sensing.

1.2.  State of the Art of MIR Semiconductor Laser

Emission in the mid-infrared (MIR) region of electromagnetic spectrum was
observed in 1963, from III-V semiconductor materials (InAs and InSb) at wavelengths of
3.1 pm® and 5.3 pm’. In the following year, lasing emission from lead salt material
(PbTe) was demonstrated at a higher wavelength®. In the next couple of decades, several
MIR lasers were fabricated based on IV-VI lead chalcogenide materials such as PbS,

PbTe, PbSe, PbSSe, PbSnTe, and PbSnSe etc.
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All these diode lasers were reported to be diffused diodes emitting in 4 — 30 pm
wavelength range having the laser operation temperature of 4 — 77 K. With the
advancement of epitaxial growth techniques, double heterostructures (DH) were
fabricated. These structures brought in huge revolutions in the performance of lead salt
lasers. Lead salt DH lasers served as the standard of MIR lasers till 1990. All these DH
lasers were fabricated on lead salt substrates such as PbS, PbSe or PbTe, with active
layers consisting of PbEuSSe for 3 — 4 um'®, PbEuSeTe or PbEuSe for 4 — 8 um range,
and PbSnTe or PbSnSe for emission wavelengths beyond 8 um. During that period, DH
lasers based on III-V semiconductor materials were also gaining popularity as MIR light
emitters. AlGaAsSb/GalnAsSb/AlGaAsSb DH lasers on fabricated on GaSb substrate
and InAsPSb/InAsSb/InAsPSb DH lasers fabricated on InAs substrates demonstrated
admirable performance at room temperature in the 2.0 - 2.5 pm wavelength range'’ 12
The InGaAsSb/AlGaAsSb strained multiple quantum well (MQW) laser exhibited
outstanding performance in continuous wave (CW) operation at and above room
temperature with emission wavelength at 2.0 - 2.7 pm wavelength range'’. Above 2.7
um, GaSb-based type-II QW lasers'* ' '® III-V quantum cascade (QC)"7 ' ' 2 2! "and

IV-VI lead salt semiconductor lasers®* 2 2* %

are the most promising approaches. Fig.
1.1 presents an overview of the current state of the art of MIR semiconductor lasers. The

maximum operation temperatures in both the pulsed and CW modes of laser operation as

a function of emission wavelengths are demonstrated in the figure.



1.3.  Advantage of Lead Salt Materials in Opto-Electronic Applications

Table-1.1: Comparison of the current tuning range and linewidth of II-VI, 1lI-V, and IV-VI

semiconductors.

| | 1m-vaQc Sb-based Type-1I IV-VI Pb-salts
dE/dT (cm™'/K) 0.12 0.61 2.76
Current tuning 1-2 N/A ~ 30
range (cm™)
Line width (cm™) | ~some 107 N/A 10

Among all the leading approaches considered in making MIR lasers, IV-VI diode
lasers are favorable candidates due to the following advantages populated in Table-1.1.
Lead salts are direct bandgap semiconductors with nearly symmetric conduction and
valence located at four equivalent L-valleys, displaying four-fold degeneracy within the
Brillouin zone. Both the conduction band minima and valence band maxima exist as the
center of the prolate ellipsoids of constant energy surfaces which are characterized by the
longitudinal (m;) and transverse (m;) effective masses. Lead salt materials have a rock salt
crystal structure and therefore have natural cleavage planes along {100}. Although they
can also be grown along [111] and [110] orientations, these materials are usually grown
on [100]-oriented substrates so as to have parallel facets along {100} acting as a Fabry-
Perot cavity for the laser. The conduction and valence bands are non-parabolic, but at the
L-points they are quite symmetric to each other, which in turn makes the difference
between electron and hole effective mass almost negligible. With the use of k:p
formalism®®, band structure calculations have been reported. The interaction between
conduction and valence band edge levels is considered and the contribution of other

distant bands is treated by higher order perturbation theory (popularly known as the six



band model). If the effect of distant bands is neglected, then the popular two-band model
proposed by Kane is followed for evaluating the dispersion characteristics for these
materials. While these materials are lead-salt, they do possess both ionic and covalent
behavior; theoretical studies related to the bonding are discussed elsewhere?’. The
ternary and quaternary compounds of IV-VI materials are known to exist for all possible
values of compositions of constituent elements. By varying the composition, one can
easily achieve lattice constant variation which is of utmost significance for Pb-salt

heterostructure multilayers consisting of lattice-matched epitaxial layers.

The lattice constants in these ternary and quaternary compounds are believed to
obey Vegard’s law'. Varying the QW widths, or layer thicknesses, and changing the
operating temperatures can result in fine-tuning as is shown in Fig. 1.2 The temperature
tuning coefficient is about five times larger than III-V materials. Unlike III-V materials,
the energy bandgap of IV-VI materials increases with the temperature, and as a result,
increasing the injection current will cause a blue-shift of both the gain peak and the
energy band gap due to extra heating, resulting in the ease of laser emission tuning. Fig.
1.3 illustrates™ the variation of lattice parameter with bandgap for various IV-VI
semiconductor materials. The entire infrared spectral region from 3 pm to 20 pum is

covered by compositional variation in these materials.
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The lasing thresholds of commercially available lead salt lasers are considerably
enhanced due to the existence of L-valley four-fold degeneracy both for conduction and
valence bands. For conventional lead salt lasers, [100] growth orientation is most
popular due to the ease of forming Fabry-Perot lasing cavity by cleaving. However, in
case of [100] oriented edge-emitting QW lasers, the L-vally degeneracy does not get
lifted. Thus, this crystal growth orientation is not quite suitable to realize high
temperature and long wavelength lasing devices. In order to exploit the greatest
advantage of IV-VI materials in terms of threshold reduction due to a low non-radiative
recombination rate, one has to consider other feasible crystal growth orientations such as

[111] and [110] orientations.

There has not been any systematic study of lead chalcogenide QWs for different
crystal growth orientations. The prior theoretical study on QW gain conducted by our
group had a basic limitation and therefore it requires an accurate and comprehensive
study of QW gain for different crystal orientations. In this research work, a detailed
numerical analysis of quantum sub-band structure and optical transitions associated with
those subbands for overall QW gain calculation for different crystal growth orientations

is presented.

In order to get rid of the existing challenges associated with the [100] orientation,
the [110] growth orientation is chosen. Based on our group’s prior knowledge, the [110]
crystal orientation provides highest QW spectral gain. However, QW gain calculation
conducted by our previous theoretical investigation was based on an assumption.

Although for feasibility study, we attempted fabricating lasers on a [110]-oriented lead

11



salt substrates. Recently for the first time in the literature, electrically pumped pulsed
lasing has been demonstrated on a [110] oriented PbSnSe substrate®. Novel chemo-
mechanical polishing scheme for [110] oriented lead salt substrate required to make
them epi-ready is reported. The fabrications of novel microstructures in the forms of
pillars, tubes and rods which have vast applications in the field of micro-
electromechanical systems (MEMS) and nano-electromechanical systems (NEMS) are

detailed.

The best growth substrate for realizing high temperature devices is silicon (Si). Si
has almost 78 times higher thermal conductivity than lead salt materials at 300 K. Also,
by using Si one can reduce manufacturing cost of device fabrication as well as avail of
the established device fabrication technologies on this substrate. However unlike lead
salt materials, the natural cleavage plane for Si is (111). Therefore in order to fabricate
lasing device, there is a necessity to adopt some valid technology which does not
undergo a cleaving process while making a Fabry-Perot resonating cavity. The best
solution in this regard is illustrated in Chapter 4 by implementing, for the first time in
literature, the idea of well-known photonic bandgap (PBG) methodology, the physics of

which does not depend on the crystal orientation.

Minority carrier lifetime is one of the very important figures of merit to judge the
performance of opto-electronic devices such as lasers and detectors. Lifetime is one of
the important parameters to judge the growth quality of lead salt materials grown by
molecular beam epitaxy (MBE) method. This dissertation would detail the

photoconductive decay (PCD) method, a very popular and well-established methodology

12



which is considered to experimentally measure minority carrier lifetime for lead salt

material.

1.4.  Thesis Contributions and Organization

The final goal of this research work is to realize lead salt mid-infrared light
emitting devices mostly comprising quantum well (QW) structures on molecular beam
epitaxy (MBE)-grown BaF, and Si substrates. In order to carry out the research, there is
an obvious necessity to study the behavior and characteristics of IV-VI lead salt QW

structures both theoretically as well as experimentally.

Chapter 2 would provide detailed study of lead salt QW behavior. The various
QW parameters essential for device fabrication would be optimized. Commercial
software modified to account for IV-VI materials has been devised to perform the
theoretical study. Chapter 3 describes the first time achievement of electrically pumped
QW lead salt MIR laser on a [110] oriented PbSnSe substrate. This chapter also details
the successful fabrication of lead salt microstructures in the form pillars, rods, and tubes
and their superior performances. Chapter 4 would provide a detailed investigation of
PBG structure on lead salt materials. To the best of our knowledge this is the first time a
defect microcavity PBG structure on lead salt materials is studied in literature. Chapter 5
describes a study on the measurement of minority carrier lifetime is described. PCD
method has been considered to carry out the experimental work in this phase. The
implementation of CaF, as a new surface passivation layer for MBE-grown PbSe single
crystalline thin films on a BaF,(111) substrate has been done and the corresponding

effect on device performance is compared. The purpose of this study is to investigate the

13



influence of surface passivation on the basic properties of semiconducting opto-electronic

devices including photoluminescence (PL) intensity and minority carrier lifetime.

14



1.5. References

''p. C. Findlay, C. R. Pidgeon, R. Kotitschke, A. Hollingworth, B. N. Murdin, C. J. G. M.
Langerak, A. F. G.van Der Meer, C. M. Ciesla, J. Oswald, A. Homer, G. Springholz, and G.
Bauer, “Auger recombination dynamics of lead salts under picosecond free-electronlaser

excitation,” Phys. Rev. B, vol. 58, no. 19, pp. 12908-12915, 1998.

2 Z. Feit, M. McDonald, R. J. Woods, V. Archambault, and P. Mak, “Low threshold
PbEuSeTe/PbTe separate confinement buried heterostructures diode lasers,” Appl. Phys. Lett.,
vol. 68, no. 6, pp. 738-740, 1996.

3 P. Werle, “A review of recent advances in semiconductor laser based gas monitors,”

Spectrochimica Acta A, vol. 54, pp. 197-238, 1998.

*S. R. Chinn, Jr. P. S. Zory, A. R. Reisinger, “A model for GRIN-SCH-SQW diode lasers,” IEEE
J. Quant. Electron., vol. 24, pp. 2191-2214, 1988.

> J. P. Noblanc, “Trends in quantum well devices,” Surf. Sci., vol. 168, pp. 847-851, 1986.
% 1. Melngailis, “Maser action in InAs diodes,” Appl. Phys. Lett., vol. 2, pp. 176-178, 1963.

" J. Phelan, A. R. Calawa, R. H. Rediker, R. J. Keyes, B. Lax, “Infrared InSb laser diode in high
magnetic fields,” Appl. Phys. Lett., vol. 3, pp. 143-145, 1963.

¥ J. F. Butler, A. R. Calawa, R. J. Phelan, T. C. Harman, A. J. Strauss, R. H. Rediker, “PbTe diode
laser,” Appl. Phys. Lett., vol. 5, pp. 75-77, 1964.

°C. Fischer and M. W. Sigrist, “Mid-IR Difference Frequency Generation,”
Solid-State Mid-Infrared Laser Sources, ed. I. T. Sorokina and K.L. Vodopyanov, Topics in
Appl. Phys., vol. 89, pp. 97-140, Springer, 2003.

' D. L. Patin, C. M. Trush, “Wavelength coverage of lead-europium-selenide-telluride diode

lasers,” Appl. Phys. Lett., vol. 45, pp. 193-195, 1984.

'C. Caneau, A. K. Srivastava, A. G. Dentai, J. L. Zyskind, M. A. Pollak, “Room-temperature
GalnAsSb/AlGaAsSb DH injection lasers at 2.2 um,” Electron. Lett., vol. 21, pp. 815-817, 1985.

15



2 AN. Baranov, T. N. Danilova, B. E. Dzhurtanov, A. N. Imenkov, S. G. KonM. Litvak, V. E.
Umanskii, Yu. P. Yakovlev, “CW lasing in GalnAsSb/GaSb buried channel laser (T=20°C, A=2.0
um),” Sov. Techn. Phys. Lett., vol. 14, pp. 727-729, 1988.

3 A. Joullie, P. Christol, A. N. Barnov, and A. Vicet, “Mid-infrared 2-5 um heterojunction laser
diodes,” Solid-State Mid-Infrared Laser Sources, ed. I. T. Sorokina and K.L. Vodopyanov,
Topics in Appl. Phys., vol. 89, pp. 1-59, Springer, 2003.

" W. W. Bewley, I. Vurgaftman, C. S. Kim, M. Kim, C. L. Canedy, J. R. Meyer, J. D. Bruno, F.
J. Towner, “Room-temperature “W” diode lasers emitting at A ~ 4.0 um,” Appl. Phys. Lett., vol.
85, pp. 5544-5546, 2004.

" R. Q. Yang, C. J. Hill, B. Yang, J. K. Liu, “Room-temperature type-II interband cascade lasers
near 4.1 um,” Appl. Phys. Lett., vol. 83, pp. 2109-2111, 2003.

' R. Kaspi, A. Ongstad, G. C. Dente, J. Chavez, M. L. Tilton, D. Gianardi, “High power and high
brightness from an optically pumped InAs/InGaSb type-II midinfrared laser with low
confinement,” Appl. Phys. Lett., vol. 81, pp. 406-408, 2002.

7 A. Evans, J. S. Yu, S. Slivken, M. Razeghi, “Continuous-wave operation of A ~ 4.8 um

quantum-cascade lasers at room temperature,” Appl. Phys. Lett., vol. 85, pp. 2166-2168, 2004.

BA. Evans, J. S. Yu, J. David, L. Doris, K. Mi, S. Slivken, M. Razeghi, “High-temperature, high-
power, continuous-wave operation of buried heterostructure quantum-cascade lasers,” Appl. Phys.

Lett., vol. 84, pp. 314-316, 2004.

M. Troccoli, D. Bour, S. Corzine, G. Hofler, A. Tandon, D. Mars, D. J. Smith, L. Diehl, F.
Capasso, “Low-threshold continuous-wave operation of quantum-cascade lasers grown by

metalorganic vapor phase epitaxy,” Appl. Phys. Lett., vol. 85, pp. 5842-5844, 2004.

2 D, P. Xu, A. Mirabedini, M. D'Souza, S. Li, D. Botez, A. Lyakh, Y. -J. Shen, P. Zory, C.
Gmachl, “Room-temperature, mid-infrared (A=4.7um) electroluminescence from single-stage

intersubband GaAs-based edge emitters,” Appl. Phys. Lett., vol. 85, pp. 4573-4575, 2004.

16



2T, Aellen, S. Blaser, M. Beck, D. Hofstetter, J. Faist, E. Gini, “Continuous-wave distributed-
feedback quantum-cascade lasers on a Peltier cooler,” Appl. Phys. Lett., vol. 83, pp. 1929-1931,
2003.

22 D. L. Partin, “Lead salt quantum well structures,” IEEE J. Quant. Electron., vol. 24, pp. 1716-
1726, 1988.

» M. Tacke, “New developments and applications of tunable IR lead salt lasers,” Infrared. Phys.
Technol., vol. 36, pp. 447-463, 1995.

7. Shi, G. Xu, P. J. McCann, X. M. Fang, N. Dai, C. L. Felix, W. W. Bewley, 1. Vurgaftman, J.
R. Meyer, “IV-VI compound midinfrared high-reflectivity mirrors and vertical-cavity surface-
emitting lasers grown by molecular-beam epitaxy,” Appl. Phys. Lett., vol. 76, pp. 3688-3690,
2000.

25 7. Shi, X. Lv, F. Zhao, A. Majumdar, D. Ray, R. Singh, X. J. Yan, “[110] Orientated Lead Salt
Mid-Infrared Lasers,” Appl. Phys. Lett., vol. 85, pp. 2999-3001, 2004.

2% J. 0. Dimmock, In The physics of semimetals and narrow gap semiconductors, D. L. Carter, R.
T. Bate, Ed.; Supplement no 1 to the Journal of physics and chemistry of solids; Pergamon Press:

Oxford, NY, vol. 32, pp. 1-568, 1971.

T A. L. Hagstrom, A. Fahlman, “The electronic structure of PbSe and its interaction with O,

adsorbate layers,” Phys. Scr., vol. 16, pp. 432-4355, 1977.

*P_J. McCann, H. Wu, N. Dai, “Growth and Characterization of IV-VI Semiconductor Multiple
Quantum Well Structures,” http://www.coe.ou.edu/sserg/, 2002.

g, Mukherjee, D. Li, D. Ray, F. Zhao, S. L. Elizondo, S. Jain, J. Ma, Z. Shi, “Fabrication of an
Electrically Pumped Lead-Chalcogenide Mid-Infrared Laser on a [110] Oriented PbSnSe
Substrate,” IEEE Photon. Technol. Lett., vol. 20, pp. 629-631, 2008.

17


http://www.coe.ou.edu/sserg/

CHAPTER 2

SPECTRAL GAIN CALCULATION FOR IV-VI QW STRUCTURE

2.1. Introduction

There has been tremendous advancement in the field of thin film fabrication
technology due to the continuous progress and development of semiconductor growth
techniques of molecular beam epitaxy (MBE). These advancements have greatly
facilitated the fabrication of thin and well-controlled hetero-structures' with mono-atomic
layer precision’. Based on early growths by MBE, various opto-electronic devices,
namely field effect transistors (FETs), high-frequency oscillators, photo detectors,
quantum well lasers were proposed. In most of these devices, carrier flow is allowed in
two directions perpendicular to the growth direction. The confinement in the growth
direction is generally provided by a well-restricted space. The two-dimensional (2D) flow
of carriers is best exploited by QW lasers which generate high emission power with a low
threshold level. The most popular QW structures are single quantum well (SQW),
multiple quantum well (MQW), separate confinement hetero-structure single quantum
well (SCH-SQW), and separate confinement hetero-structure multiple quantum well

(otherwise known as “modified” MQW).
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Fig. 2.1: Commonly used band alignment for quantum well structures.

2.1.1. Mathematical Analysis of Single QW Structure

In our simulation, we would consider basic SQW structure made up of PbSe
active region sandwiched between two PbSrSe barrier layers. The APSYS software, a
product of CROSSLIGHT Inc., has been used to carry out numerical simulations for QW

structure. The general description of the QW theory used in our simulation is given in the

19



following. The specific details about how it applies, however, are available in the APSYS

reference manual.

The basic quantum structure is comprised of a single epitaxial layer of material X
sandwiched between two epi-layers of another material Y. Fig. 2.2 demonstrates the
material Y has larger bandgap compared to that of X, and it has been presumed that the
band discontinuities between these two materials confine carriers in material X. In this
way, material X is a potential well for carriers and material Y is a potential barrier. Blue
curves in Fig. 2.2 represent quasi-Fermi energy levels in the conduction and valence
bands where green curves are quantum waves associated with individual subband energy

level. The electron wave function can be expressed as

v = explix,.r) V. (r)y,(z) (2.1)

where V(r) is the Bloch wave function in the system, z is the vertical growth direction,
xn(z) is the envelope wave function, x, is the electron wave vector in the vertical

direction. Envelope wave function, which is essential in calculating energy levels in the

band structure, can be approximated” by

[—#j(z);;—}u(z)jxn(z)nm(z) 22

where U(z) represents potential energy associated with carriers in the z-direction, mj(z)
is the effective carrier mass, E, is the carrier confinement energy. The left hand side of

equation (2.2) is sometimes written as Hy,(z) where H is designated as the Hamiltonian
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operator. The Hamiltonian operator (H) is directly related to the kinetic energy of
electron. The basic conditions for the conservation of particle current’ are that both y,(z)
as well as [1/mqy(z)][0 yn(z)/ Oz] should be continuous. The single potential well is
illustrated in Fig. 2.3(a). The quantized energy level in the potential well together with
the associated wave functions can be determined from the solution of the Schrodinger-

like equation (2.2).
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Fig. 2.2: Example of a single quantum well structure with corresponding quasi Fermi levels and

quantum wave functions.

The solutions can be either even or odd based on the inversion symmetry at z=0. The

solutions can be cited as

7.,(2z)= X cos kz, for ‘z‘ <w/2
= Yexp[— K'(Z — w/2)], for z>w/2 2.3)
=Yexp[+x(z+w/2) for z<-w/2
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or

X, (z) = sin &z, for ‘z‘ <w/2
= Bexp|- K‘(Z - w/2)], for z>w/2 2.4)
= Bexp|+ x(z + w/2)], for z<-w/2

where

2meﬁ,well En P \/2meﬁ,bai'rier (UO - En )
— N =

h h

k:

, O0<E <U, (2.5)

and effective carrier masses in the well as well as barrier can be designated as e and
Mg barrier TESPECtively. k and x are wave vectors parallel to the growth direction and Uy
represents the well depth. The energy levels in the band diagram are then evaluated from

the following equations

m ier
eff ,barrier tan(@j — E , (26)
mejf,well 2 k
and
m .
eff ,barrier Cot(@j — _E (27)
meff,well 2 k

The above equations (2.6) and (2.7) can be solved to obtain conduction energy levels for

electrons and valence energy levels for holes.
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2.1.2. Energy Level Formulation for Single QW

Equations (2.6) and (2.7) representing energy levels in the single quantum well
structure contain effective mass value of carriers that are independent of energy. The
values of the effective masses are at the band extrema. There are two popular methods
commonly deployed in calculating energy levels* in the quantum well. The first method

uses Luttinger-Kohn “energy independent effective mass” calculation as
E.(k)+ Uy =E,x (2.8)

where E.(k) designates energy dispersion in the periodic lattice at equivalent conditions
and this following Kane’s model® can be mathematically expressed for the conduction
band by

'k’

E. (k)= (1-2) (2.9)

2meff’,well

[1 - \/1 —8yE. My e /hz J
Y

= k?=0.5x%

(2.10)

where v is the system coefficient under investigation. The value of £ from equation (2.10)

is used in equations (2.6) and (2.7) to calculate energy levels.

The second one is known as “energy dependent effective mass” method. Here, the
non-parabolicity nature of the conduction and valence bands are taken into account. The

numerical results obtained by this approach are similar to the first one except the energy
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dependent effective mass, which is used in equations (2.2), is expressed by the following
expression

_ nk

OE . (k)/ok @1

mqff (Ez)

2.1.3. Energy Level Formulation for Periodic QW

A periodic quantum well structure (as in Fig. 2.3(b)) can be thought of as an
accumulation of an array of potential wells or SQWs sequentially arranged in the growth
direction. Due to the quantization of electron and hole energy levels, a number of
subband levels are generated in the band structure. This, however, helps in the splitting of
single energy level. The distance in eV between the top and bottom energy levels of a
single subband is designated as energy broadening (4FE). For a specific quantum well, the
energy broadening (4FE) strongly depends on barrier height and thickness. There is
another important parameter associated with the quantization of carriers in the bands in
MQW structure; this is known as carrier coupling. A large coupling between carriers
improves the device performance. However, the two-dimensional (2D) nature of the
quantum well degrades with increasing coupling values due to deformation of the density
of states (DOS). Therefore to maintain both the 2D character of the quantum well as well

as a uniform carrier distribution, the following equation® ’ is followed

i<<AE<<i (2.12)
T T

rec irt

where 7,.. 1s the recombination time for carrier during the occurrence of stimulated

emission from the material and z;,; is the intraband relaxation time.
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As in Fig. 2.3(b), the lattice constant of the periodic potential well is a = b + w.

The periodicity in the potential well can be demonstrated as
U(z)=U(z+a)=U(z+2a)=.... (2.13)

The energy levels in the periodic well are obtained by solving the equation (2.2) both
inside (-b <z < 0) and outside (0 < z < w) the potential well. The solutions would be as

follows
;(n(z):Aexp[i(k—m)z]+BeXp[—i(k+m)z], 0<z<w (2.14)
X, (z): Cexp[(/c—im)z]+ Bexp[— (K—H'm)z], -b<z<0 (2.15)

where 4, B, C, D are arbitrary constants and m = 2z/A, where 4 is the de Broglie

wavelength.
AU AU
Uo
Ug|
[ P -] == e = 4 - W
w20 w2 7 > be— a —» ]
(a) (b)

Fig. 2.3: (a) Single symmetric square quantum well, (b) periodic quantum well according to

Kronig-Penney model.
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2.2. Energy Levels in PbSe/PbSrSe SQW Structure

PbSe or PbSrSe are direct bandgap semiconductors where band minima exist at
four equivalent L-valley points of the Brillouin zone (as shown in Fig. 2.4). The constant
energy surfaces which are elliptical in nature have major axes in the [111] direction. The
dispersion relation both for the conduction as well as the valence bands for the lead salt

material can be written with the help of Kane’s model® as

E=-05E, +/0.25E> + Pk} + Pk} (2.16)

where the positive (+) sign stands for the conduction band and negative (-) stands for the
valence band. The origin of the energy level is considered at the bottom of the conduction

band for the lead salt material with a bandgap of E,. k; and k; are the transverse and

longitudinal wave vectors respectively where P’ and P’ are the transverse and

longitudinal momentum matrix elements which are related with the effective masses m;,

and m; by the following equation®

(2.17)
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Fig. 2.4: lllustration of IV-VI material L-valley energy minima.

Equation (2.17) shows a direct relationship between the bandgap and effective
mass of the lead salt material. The change in the energy bandgap with composition (x)
and temperature (7) is therefore reflected in the change in effective mass’. The energy
and wave vector relation along the growth (z) direction is similarly depicted following

equation (3.16) by

E.=-05E, .,J0.25E + P2k’ (2.18)

2

where P’ = £ . From equations (2.16) and (2.18), the relation between wave vector
m

well

(k) with its transverse and longitudinal components can be written as

2 2 2
k = k—’ + k—’ (2.19)
My M, M,
k; and k; can be represented in terms of k as
k, =kcosd
) (2.20)
k, =ksin@
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where 0 is the angle between the growth direction and major axis of the elliptical constant

energy surfaces. From the previous two equations (2.19) and (2.20), one can obtain

2 s 2
1 _ cos 9+sm o 2.21)
Mven m, m,
Therefore, the dispersion relation in the growth (z) direction can be represented as
2 thg 2
E.=-05E,+ |025E, + —k (2.22)
meell

The value of m,.; used in this formula is taken from equation (2.21). Dispersion relation
near conduction and valence band edge can be simplified by expanding the term under

square root in equation (2.22) up to the 2" order of wave vector (k) and can be written as

E = (2.23)

well

The above equation demonstrates parabolic dispersion relation for lead chalcogenide
materials in the z-direction (&, = 0). Although dispersion (E-k) relation away from the
band edge is strongly non-parabolic in nature. This non-parabolicity in the distant energy
bands is considered by taking higher order terms of k into account. For example, the E-k

. . . th .
relation comprising of 4™ order terms of wave vector can be given as

212 212
E = Wk 1- Wk (2.24)
2m 2m Eg

well well
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both for the conduction as well as valence bands. The origin of the energy axis is taken at

the energy minima and maxima of conduction and valence band respectively.

In case of the parabolic band, the effective mass is considered to be independent
of energy. However, to deal with non-parabolic bands two approaches are generally
utilized: the energy dependence of effective mass and the Luttinger-Kohn method. By the
first approach, of the energy dependencies can be calculated by using equations (2.11)

and (2.22) as shown below

G

M (Ez ) = mwell(l + ZEEZ J (2.25)

The second method i.e. the Luttinger-Kohn approach necessitates the value for the system
parameter y as can be seen in equations (2.9) and (2.10). The value of y is easily obtained
from equations (2.9) and (2.24) and is written as

hZ

-1 2.26
’=a E. (2.26)

well

Thus dispersion relation in this case can be evaluated from equations (2.10) and (2.26)

and this is given by

. \/ m,E \1-1-4E_JE, ) -

h2

The real value of wave vector is obtained as long as \[1-4E_,/E, > 0, which on the

other hand limits the dispersion calculation up to a maximum energy level of % E,. The
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limitation for this is caused because the derivation of Luttinger-Kohn equation (2.8) is
based on 2" order perturbation theory®. The limitation can be lifted by determining the

dispersion relation for higher order of wave vector as elaborated elsewhere'.
2.3.  Characteristics of IV-VI Materials

The knowledge of barrier potential (Uy), effective masses of well (m,.;) and
barrier (mpqrrier), thickness of an individual layer in a multi-layered structure are essential
parameters to know before the evaluation of energy levels and quasi Fermi level
calculations of any quantum well. The normalized quasi Fermi level in the conduction
band for lead salt material can be given by

(EF _Ec)
k,T

D) ;i[N]
AFNC i=1 AF NC

(2.28)

Here Er and E¢ denote the Fermi and conduction energy value for a carrier concentration
of N, kg is the Boltzmann’s constant, 7 is temperature in K, N¢ is the density of states at
the bottom of the conduction band, A is the bandgap factor which is expressed by the

following series

3.750 3.281 2.461
+ + —

2 3
8g Sg (C,‘g

A, =1 (2.29)

The normalized quasi Fermi level is expressed as
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A, :1+3.750+3.2281_2.4361 (2.30)

g e g

where & is the normalized bandgaplz.

In general, the QW structure fabricated in our opto-electronics laboratory is
comprised of a PbSe (6.126 A) layer sandwiched between top and bottom PbSrSe
confinement layers. This structure is very significant because it can be epitaxially grown
either on a BaF, (lattice constant = 6.196 A) substrate or on a Si (lattice constant = 5.431
A) using a CaF, (lattice constant = 5.464 A) buffer layer. Mathematical expressions of

bandgap for PbSe’ and Pbl_xerSe13 are cited respectively as

E(T)=125++/400+0.256 x T° (2.31)
EPS(x,T)=0.150+3.608x — 1.314x> +(0.430 — 3.093x + 6.495x° )x T (2.32)

(for 0<x<0.276,0< T <350K)

Equation (2.32) describes the increase of energy bandgap in PbSrSe with the
increase in Sr composition. The bulk PbSe bandgap at 300 K is 0.2807 eV. In order to
obtain better optical confinement inside the well region of QW structure, the Sr
composition (x) should be made as high as possible. However, the epitaxial quality of the
MBE-grown Pb,.Sr,Se layer deteriorates with the increase of Sr composition (i.e. higher
x) in the material. The maximum obtainable Sr composition with a satisfying PbSrSe

growth quality would produce a barrier height of 0.496 eV. The offset energy i.e. the
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difference in the energy levels in conduction (CB) and valence band (VB) (i.e. 0.496 -

0.2807 = 0.2153 eV) is assumed to be equally divided between electrons and holes'*.

Previous equations demonstrate the dependence of carrier effective masses on x
and T due to the variation of energy bandgap. Thus the four effective masses namely m.,
(conduction band, transverse), m,, (valence band, transverse), m.; (conduction band,

longitudinal), and m,,; (valence band, longitudinal) may be given as'’:

Table-2.1: Longitudinal and transverse effective masses used in the calculations of quantized

states of electrons and holes in PbSe/PbSrSe MQW structures. (my is the mass of a free electron)

PbSe (4.2 K) | PbSrSe (4.2 K) | PbSe (295 K) | PbSrSe (295 K)

0.070 0.070 0.113 0.113
)

0.042 0.042 0.069 0.069
Me. (M)

0.068 0.068 0.108 0.108
my,i(mo)

0.040 0.040 0.054 0.054
my+(mo)

Effective mass values at 77 K and 300 K for PbSe/PbSrSe structure are
considered to be same as that at 4.2 K and 295 K respectively. Table-2.2 shows the
effective masses for different orientations for the energy minima shown in Fig. 2.4. In
the table m, and m; represents transverse and longitudinal effective masses of electrons
and holes, respectively. When growing QW structures along the [111] orientation, in
which the effective mass m; in the longitudinal valley is heavier then that of the three

transverse valleys, the subband energies of the transverse valley increase faster. As a
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result, the 1-1 subband transition of the longitudinal valley becomes the lowest, and the
degeneracy is therefore lifted. Similarly, the [110]-orientation will partially lift the
degeneracy. All four energy valleys in the [100] orientation, however, will remain
degenerate. For QW structures, when degeneracy is lifted off in the [111] and [110]
orientations, the gain is determined by the angle in equation (2.21) and the quasi Fermi

energy levels.

Table-2.2: Effective mass along different orientations for L-valley energy minima.

Suraface My my m;, Degeneracy
Orientation
m, +2m, 3m,m, 4

[100] m, 3 m, +2m,

m, 2m, +m, 3m,m, 2
[110] 3 2m, +m,

m, m, m,

m, m, m, 1
[111] 9m,m, 3

m, m, +8m, m, +8m,

9

In general, the most significant physical parameters on which the QW gain
depends are well width and well height. Therefore we divided this report and studied the
effect of the crystal growth orientation on subband energy distribution as well as overall
QW gain for different well widths for two different well heights: (1) Infinite well height
and (2) Finite well height. For the first case, we have considered PbSrSe bandgap of
10000 cm™ (1.24 eV). In practice, the maximum obtainable PbSrSe bandgap with a

satisfying PbSrSe growth quality is 4000 cm™ (= 0.496 ¢V). Thus for the second case, we
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have chosen PbSrSe bandgap of 4000 cm™. The offset energy i.e. the difference in the
energy levels in conduction (CB) and valence band (VB) is assumed to be equally

divided between electrons and holes'*.
2.4. QW Gain Formulation

The carriers in the QW are confined in the z-direction and free to move in xy-
plane. Therefore, the total energy of a carrier in such a system is the discrete energy value

at x, = 0, in addition to the energy in xy-plane. The energy-momentum relation for QW

charge carriers can be written as:

E=E,+E, (2.33)

where integer n represents a discrete energy level E,, E is the total energy of the carrier in
the n™ subband, and E,, is the kinetic energy of the carrier in the two-dimensional (2D)

xy-plane.
2.4.1. Density of States in QW

The density of states (DOS) in terms of energy, E can be represented as'®:

K, dk,|
S Rl 2.34
P mdE (k) (234)
where,
2 2
E=T"K L p (2.35)
zme_[f',wezz
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Thus, DOS for carriers in SQW can be written as:
= meﬁ',well
p=> L2 H(E-E,) (2.36)
n=1 ﬂ-h
M . 18 carrier effective mass in well as described in equation 2.10. H(E) is the
Heaviside function which is equal to unity when £>0 and is zero when E<0.

2.4.2. Momentum Matrix Elements for QW

The optical transition probability of carriers is proportional to momentum matrix
element or dipole moment. The optical matrix elements in QW structure are polarization

dependent and can be written for transverse electric (TE) and transverse magnetic (TM)

mode as'’:
2 3 2 E"I
‘Mgw,n oy Z|MB wg[l + Z J , for TE mode (2.37)
2 3 2 E,
and ‘MQW’” avg - Z|MB avg [1 - E_] ’ for TM mode (238)

where the momentum matrix element (|M B|zvg) for conventional three-dimensional lead

salt laser is given by'® '*:

2 A E, (ﬂ 4+ 2 j (2.39)

my; and m, are described in section 2.2.
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2.4.3. QW Gain

The quantum well gain calculation involves solving a 4 x 4 Hamiltonian® of the
Luttinger-Kohn model. The quantum well subband structure is solved based on entailing
the envelope function approximation®'. In a simple method, the local gain inside the
quantum well due to an electronic transition from level p in conduction band to level g in
the valence band can be expressed in terms of a product of probability of optical
transition (P,,) and reduced density of states (p,,). The mathematical equation can be

represented as**:

Epq (qu ) - .[qu (i’liC]qu dqu
2
- I(%j‘l_]”" ‘2 (F‘l B FP )5(qu B hw{%jppq dqu

- (%)‘Hpq ‘2 (Fq, - F1; {i}opq (2.40)

nc

where p,, p, are the density of states for the p™ and the ¢™ levels, n is the real part of the
refractive index at the angular emission frequency ®, c¢ the velocity of light, € the
permittivity of the dielectric medium, F, and F, are the Fermi functions for the pth and

the gth level, F, and F, are the integrated Fermi functions of the respective levels, Hy,

the Hamiltonian matrix elements between pth and gth states.

P g Zquh(ha)—qu) (2.41)
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(2.42)

q 2ho
ol

where g the permittivity of free space.

The variation of gain in a PbSe/PbSrSe SQW at 300 K with wavelengths for three
different crystal orientations is illustrated in the following discussion. In our calculations,
we have considered five different well widths (1 nm, 2 nm, 3 nm, 4 nm, and 5 nm) of
finite QW system. The effective mass values for different crystal orientations are
obtained from Table-2.1 and Table-2.2. The numerical calculation is based on a constant
sheet carrier density, the product of well width and bulk carrier concentration. The
bandgap energy for PbSrSe barrier is considered to be 0.496 eV and 1.24 eV for finite
and infinite potential barrier respectively, where the barrier width is kept constant at 30

nm.
2.5. Lead Salt SQW with Infinite Potential Barrier Height

In a QW structure, energy levels in the conduction and valence bands are
quantized. These quantized energy levels are lifted from the band edges into the
corresponding bands; therefore this necessitates the consideration of band non-
parabolicity effect’ especially for thin wells. This becomes quite significant for IV-VI

semiconductors due to the strong non-parabolicity of the bands'.

In this section, the subband energy levels for the PbSrSe/PbSe/PbSrSe system will
be evaluated for three different MBE growth orientations (i.e. [100], [111], and [110])

each for a well thickness of 1 nm. The barrier width and height considered are 30 nm and
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1.24 eV respectively. The subband energy levels can be obtained by solving equations 3.5
- 3.7 considering Up= 0.9593 eV and effective mass values are obtained from Table-2.1

and 2.2.

2.5.1. [111] Crystal Orientation

For [111] orientation, a single L-valley lies along the [111] growth direction i.e. is
normal to the (111) plane in reciprocal k-space and the other three L-valleys are at
oblique angles. Therefore two different effective masses for charge carriers exist for
potential variations along the [111] direction, one for the single normal valley, and one
for the three oblique valleys as shown in Table-2.2. The subband energy levels are
therefore classified in two groups, one is for the normal valley and the other is for the

oblique valley, as illustrated in Fig. 2.5.

Nzy cl-----A 0.738 eV O2, Cl === 0.892 eV
Nic [ - 0.372eV Opc frmrmpm - 0.426 ev

TRV S A SR 0.377 eV Oy v fe-meVeee -| 0.459 eV
No v e 0.751 eV

(@) ®

Fig. 2.5: Subband energy levels for a 1 nm wide QW (having infinite well height) in the [111]

direction for (a) normal, and (b) oblique valleys.
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Fig. 2.6: Calculated lead salt QW (having infinite well height) gain for [111] crystal orientation

for different carrier concentrations.

Fig. 2.5 demonstrates subband energy level distribution in conduction band (CB)
and valence band (VB) in a QW structure having well width of 1 nm. Normal and oblique
subband valleys are designated by letters “N” and “O” respectively. In the figure, “N; ¢”
denotes 1% normal conduction subband valley and “N; vy’ denotes 1*' normal valence
subband valley. Similarly, “O;, ¢ denotes 1* oblique conduction subband valley and “O,
v’ denotes 1% oblique valence subband valley. Electronic transition from every
conduction subband valley to valence subband valley for both normal as well as oblique
valleys is calculated. QW spectral gain for different carrier concentrations at a

temperature of 300 K is illustrated in Fig. 2.6. Arrow marks in Fig. 2.5 indicate electronic
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transitions contributing in QW gain as shown in Fig. 2.6. As seen in Fig. 2.6, QW gain (~
29.579 ecm’™) starts showing up at a carrier concentration = 5 x 10" /cc. A single peak
occurs in the QW gain curve for lower carrier concentration (< 24 x 10'® /cc). The
electron transition responsible for that gain peak, occurring at 1.039 eV for a carrier
concentration = 30 x 10'® /cc, is from 1% normal conduction subband valley to 1% normal
valence subband valley and that transition is symbolized by N; ¢ => N, v (indicated by
arrow “1” in Fig. 2.5). A second shoulder in the gain curve starts showing up at a carrier
concentration = 25 x 10" /cc. It becomes prominent with the increase in carrier density.
That second peak, occurring at 1.168 eV for a carrier concentration = 30 x 10'® /cc, is
caused by the electronic transition from 1% oblique conduction subband valley to 1%
oblique valence subband valley and that transition is symbolized by O; ¢ == Oy, v

(indicated by arrow “2” in Fig. 2.5).
2.5.2. [110] Crystal Orientation

0.796 eV M2z ¢ |--ommme 0.910 eV
0.394 eV M2y, ¢ o -| 0.432 eV

“1”

0.411eV M2y v bo-o e -| 0.468 eV
0.845 eV

(@) (b)

Fig. 2.7: Subband energy levels for a 1 nm wide QW (having infinite well height) in the [110]

direction for (a) M1 valley, and (b) M2 valley.
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Similarly for the [110] crystal orientation, the L-valley degeneracy is partially
lifted forming two different 2-fold degeneracy groups. Those two different groups,
having different effective carrier mass values (as shown in Table-2.2), are designated as
M1 and M2 valleys. The distribution of subband valley energy levels for a QW structure
with well width of 1 nm is described in Fig. 2.7. In the figure, “M1; ¢” denotes 1* M1
conduction subband valley and “M1, y” denotes 1% M1 valence subband valley.
Similarly, “M2;, ¢” denotes 1% M2 conduction subband valley and “M2; y” denotes 1*

M2 valence subband valley.

4000

’ [110] orientation

—— Carrier Conc. =1 x 1018 /cc

3000 -

—_Carrier Conc. = 6 x 1018 /cc
1000 —Carrier Conc. = 17 x 1018 /cc
—_Carrier Conc. = 18 x 1018 /cc
—_Carrier Conc. = 20 x 1018 jcc

O N | N | N |

1.00 105 l. 10 1.15 120 125 1.30
Wavelength (um)

Gain (cm’)

Fig. 2.8: Calculated lead salt QW (having infinite well height) gain for [110] crystal orientation

for different carrier concentrations.
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QW spectral gain for different carrier concentrations at a temperature of 300 K is
illustrated in Fig. 2.8. As seen in figure, QW gain starts showing up (~ 175.579 cm™) at a
carrier concentration = 6 x 10" /cc. A single peak occurs in the QW gain curve for lower
carrier concentration (< 17 x 10'® /cc). The electron transition responsible for that gain
peak, occurring at 1.093 eV for a carrier concentration = 20 X 10" /cc, is from 1% M1
conduction subband valley to 1% M1 valence subband valley and that transition is
symbolized by M1; ¢ => M1, v. A second shoulder in the gain curve starts showing up at
a carrier concentration = 18 x 10'® /cc. That second peak, occurring at 1.182 eV for a
carrier concentration = 20 x 10" /cc, is caused by the electronic transition from 1% M2
conduction subband valley to 1% M2 valence subband valley and that transition is

symbolized by M21, c=> M21, V.
2.5.3. [100] Crystal Orientation

Cop [romimimes 0.853 eV
Cy f--y--- 0413 eV

Vi e ¥-.---{ 0.440 eV
Vo promimimie - 0.938 eV

Fig. 2.9: Subband energy levels for a 1 nm wide QW (having infinite well height) in the [100]

direction.

Fig. 2.9 demonstrates subband energy level distribution in CB and VB in a [100]

oriented lead salt QW structure having well width of 1 nm. Due to the absence of L-
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valley degeneracy lifting, always a single peak occurs in the gain curve as shown in Fig.
2.10. The red arrow in Fig. 2.9 indicates the electronic transition responsible for [100]
oriented lead salt QW gain. In the figure, “C;” denotes 1% conduction subband valley and
“V;” denotes 1% valence subband valley. As illustrated in Fig. 2.10, QW gain starts
showing up (~ 904.437 cm™) at a carrier concentration = 10 x 10'® /cc. The single peak
occurring in the QW gain curve is caused by the electron transition from C; to V. The

transition energy is calculated to be 1.136 eV and is symbolized by C; => V.

3000
X ’ [100] orientation
0 -
-3000 +
e -6000 B
1S) _ =
E/ 9000 i Carrier Conc. = 1 x10™ /cc
g —_ =2 x10" /cc
8 -12000 —_— =3x10" Jcc
— =4 ><:|.018 Jcc
15000 _ =5x10" fcc
_ —_— =6x10" Jcc
2 —_ =7 x10" /cc
-18000 - S =8 x10" /cc
N =9x10" Jcc
_2 1 OOO B —_— =10 x10" Jcc

1.00 105 110 1.15 120 125 1.30
Wavelength (um)

Fig. 2.10: Calculated lead salt QW (having infinite well height) gain for [100] crystal orientation

for different carrier concentrations.
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2.5.4. Effect of Crystal Orientation on QW Gain (Infinite Case)
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Fig. 2.11: Calculated peak gain variation for lead salt QW (having infinite well height and well
width = 1 nm) structure with different crystal orientations for different carrier concentrations at

(a) broad range, (b) short range.
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It can be observed from Fig. 2.6 and 2.8 that both [111] and [110] oriented QW
produce more than one peak in the gain curve by increasing carrier concentration. This
happens due to the existence of L-valley degeneracy splitting, which leads to the
formation of two-fold subband valley distribution of energy levels, for those two
orientations. It would be interesting to identify the maximum carrier concentration at
which a single subband valley transition contributes in overall QW gain for those two
crystal orientations. The calculated results show that for [111] crystal orientation, the
maximum carrier concentration at which a single subband valley contributes in overall
QW gain is 17 x 10'® /cc. The peak gain at this carrier concentration is 2528.673 cm™ and
the electronic transition responsible for this gain occurs at 1.093 eV. For [100] crystal
orientations, there is no such degeneracy lifting and therefore all electronic transitions
occur at the same energy level and contribute in a single gain peak. Peak gains of lead
salt SQW structure at 300 K for different carrier concentrations have been calculated for
three crystal orientations as demonstrated in Fig. 2.11. From figure, it can be stated that
the gain thresholds for [111], [110], and [100] orientations at 300 K are 5 x 10'® /e, 6 x
10" /cc, and 10 x 10" /cc respectively. It is interesting to note that the QW gain
threshold is minimum for [111] crystal orientation. This is caused by the complete L-
valley degeneracy lifting occurring for this crystal orientation. This consequently helps in
generating population inversion phenomenon, which results in producing QW gain by
electron-hole recombination mechanism, at lower carrier concentration. Due to the effect
of partial degeneracy lifting off method, [110] orientation has lower threshold than [100]
orientation, which does not lift off L-valley degeneracy. After the gain threshold value of

carrier concentration, [111] orientation generates the maximum QW gain as demonstrated
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in Fig. 2.11. After the carrier concentration reaches a value of 9.969 x 10'® /cc, the
spectral gain for [110] orientation becomes higher than that for [111] orientation. After
crossing the gain threshold carrier concentration, the spectral gain value for [100]
orientation increases faster than other two crystal orientations. The gain for [100]
orientation becomes higher than both [111] and [110] orientations after the carrier

concentration reaches values of 11.201 x 10'® /cc and 11.281 x 10'® /cc respectively.

2.6. Lead Salt SQW with Finite Potential Barrier Height

A similar description concerning the distribution of the subband energy levels for
the finite well height PbSrSe/PbSe/PbSrSe QW system would be described here for three
different growth orientations. The comparative analysis on the finite well width QW gain
conducted for different crystal orientations is critically important from the perspective of
a more real world device fabrication aspect. Five different well thicknesses of 1 nm, 2
nm, 3 nm, 4 nm, and 5 nm are considered in this case. The barrier width and height
considered are kept constant at 30 nm and 0.496 eV respectively. The subband energy
levels can be obtained by solving equations 2.5 - 2.7 considering Uy = 0.2153 eV and

effective mass values are obtained from Table-2.1 and 2.2.
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2.6.1. [111] Crystal Orientation
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Fig. 2.12: Calculated lead salt QW (having finite well height and well width = 1 nm) gain for

[111] crystal orientation for different carrier concentrations.

As shown in Fig. 2.12, QW gain starts showing up (~ 434.735 cm™) at a carrier
concentration = 5 x 10'® /cc. A single peak occurs in the QW gain curve for lower carrier
concentration (< 16 x 10" /cc). The electron transition responsible for that gain peak,
occurring at 0.578 eV for a carrier concentration = 16 x 10" /cc, is symbolized by N;_ ¢
=> N, v (indicated by arrow “1” in Fig. 2.13). A second shoulder in the gain curve starts
showing up at a carrier concentration = 17 x 10"® /cc. It becomes prominent with the

increase in carrier density. The electron transition responsible for the second peak,
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occurring at 0.675 eV for a carrier concentration = 17 x 10" /cc, is symbolized by O, ¢

=> Oy, v (indicated by arrow “2” in Fig. 2.13).

I 0.374 eV e 0.527 eV
Nic [=---0.143 eV O [ - 0.182 eV

“1”

Ny v fooom oo 0.146 eV Orv pomm¥eom -| 0.211eV
No v fomommmm 0.386 eV

(@) (b)

Fig. 2.13: Subband energy levels for a 1 nm wide QW (having finite well height) in the [111]

direction for (a) normal, and (b) oblique valleys.

Fig. 2.14 illustrates the variation of QW gain with carrier concentrations for
different well widths. Other QW parameters are kept constant in this study. One of the
main purposes of this study is to identify the best lead salt crystal orientation which
produces maximum gain when only one subband valley transition contributes in spectral
gain. Peak gains of QW having different well widths are populated in Table-2.3. The
maximum carrier concentration for which a single subband valley transition contributes
in spectral gain (identified by the single gain peak in Fig. 2.14) for a QW structure with
fixed well width is given by the 2" column in Table-2.3. The corresponding transition
energy is given in the 3" column. When carrier concentration exceeds this condition, then

another subband valley transition (O;, ¢ => O, v transition as shown in Fig. 2.13) starts
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contributing in overall QW spectral gain. This is visualized by second peak in gain curve

(Fig. 2.14).
35000 -
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25000 -
20000 I Carrier Conc. = 1 x10" /cc
= 15000 - =2 x10" /cc
= 10000 =3x10" Jcc
S I =4 x10" Icc
.; 5000 . =5 x10" Jcc
8 0 i =6 x10" /cc
-5000 =7 x10" Icc
_10000 [ =8 ><:|.018 /CC
I =9x10" /cc
-15000 [ =10 x10" /cc
_20000 R 1 R 1 R 1 R 1 R 1 R J
1.0 1.5 2.0 2.5 3.0 3.5 4.0
Wavelength (um)

Fig. 2.14: Calculated lead salt QW (having finite well height and different well widths) gain

(vertically shifted) for [111] crystal orientation for different carrier concentrations.

The minimum carrier concentration for which two subband valley transitions
contribute in spectral gain (identified by the double gain peak in Fig. 2.14) is given by the
4™ column in Table-2.3. The corresponding transition energies are given in the 5"
column. Colors in individual boxes in the table signify the corresponding transition
energies indicated by arrow marks in Fig. 2.13. The formation of subband energy level is

dependent on well width. As well width increases, subband energy levels get closer to the

conduction and valence band edges. This is illustrated by the reduction of values of
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transition energies, given in the 3™ and the 5™ columns of the following table, with the

increase in quantum well width. Therefore for a fixed carrier concentration, the

probability of populating more than one subband energy level is more for QW having

larger well widths.

Table-2.3: Peak gain and corresponding subband valley transition for [111] oriented QW

structure having different well widths.

P?ak gain when Corresponding|Peak gain when two |Corresponding
single subband oo g
. o transition subband valleys transition
Well width | valley contributing . o .
(nm) QW gain at energy in contributing QW energy in
. . subband gain at minimum subband
maximum carrier ! .
. valley carrier concentration|  valley
concentration
R 4074.276 cm”
3941.016 cm and 0.578 eV
1 at 0.578 eV
18
16 x 10 /cc 18
at17 x 10 /cc
T
- 1170.945
913.162 cm’ o 0.459 eV
and
2 at 0.459 eV
18
7x10 /cc 18
at8§ x 10 /cc
| 761.879 cm’
527.034 cm and 0.419 eV
3 at 0.418 eV
18
6x10 /cc 18
at7x 10 /cc
| 500.546 cm’
272.802 cm and 0.392 eV
4 at 0.392 eV
18
5x10 /
© at 6 x 1018 /cc
| 509.558 cm’
316.221 cm 0.372 eV
and
5 at 0.371 eV
18
5x10 /
c at 6 x 1018 /cc
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This phenomenon is explicitly verified by Table-2.3. It can be observed that for a

QW with well width = 1 nm, single subband valley transition occurs for a maximum

18
carrier concentration of 16 x 10 /cc; whereas for a well width of 2 nm, the similar

. , 18
phenomenon occurs when the carrier concentration reaches a value of 7 x 10 /cc.

2.6.2. [110] Crystal Orientation

25000

20000

15000

10000

Gain (cm™)

5000

’ [110] orientation

Carrier Conc. = 1 x10™ /cc

Carrier Conc. = 12 x10" /cc
—— Carrier Conc. = 13 x10" /cc

2.0

Wavelength (um)

Fig. 2.15: Calculated lead salt QW (having finite well height and well width = 1 nm) gain for

[110] crystal orientation for different carrier concentrations.

As shown in Fig. 2.15, QW gain starts showing up (~ 368.651 cm™) at a carrier

concentration = 5 x 10'® /cc. A single peak occurs in the QW gain curve for lower carrier

concentration (< 12 x 10'® /cc). The electron transition responsible for that single gain
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peak, occurring at 0.617 eV for a carrier concentration = 12 x 10'® /cc, is symbolized by
M1, ¢ => M1, v (indicated by arrow “1” in Fig. 2.16). A second shoulder in the gain
curve starts showing up when the carrier concentration reaches a value of 13 x 10'® /cc. It
becomes prominent with the increase in carrier density. The electron transition
responsible for the second peak, occurring at 0.689 eV for a carrier concentration = 13 x

10"® /cc, is symbolized by M2, ¢ => M2, v (indicated by arrow “2” in Fig. 2.16).

Y 0.431 eV M2 ¢ |mmemino - 0.545 eV
Ml |- - 0.158 eV M2i¢ - -1 0.187 eV

ul”

0.171 eV M2y v pomm e -1 0.218 eV
0.480 eV

(@) (b)

Fig. 2.16: Subband energy levels for a 1 nm wide QW (having finite well height) in the [110]

direction for (a) M1 valley, and (b) M2 valley.

Fig. 2.17 depicts the variation of the [110] oriented lead salt QW gain with carrier
concentrations for different well widths. Peak gains of QW having different well widths
are populated in Table-2.4. Similar to the [111] orientation, the maximum carrier
concentration for which a single subband valley transition contributes in spectral gain
(identified by the single gain peak in Fig. 2.17) for a [110] oriented QW structure with
fixed well width is given by the 2" column in Table-2.4. The corresponding transition

energy is given in the 3" column. When carrier concentration exceeds this condition, then
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another subband valley transition (M2, ¢ => M2, v transition as shown in Fig. 2.16)
starts contributing in overall QW spectral gain. This is visualized by second peak in gain

curve (Fig. 2.17).
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Fig. 2.17: Calculated lead salt QW (having finite well height and different well widths) gain

(vertically shifted) for [110] crystal orientation for different carrier concentrations.

The minimum carrier concentration for which two subband valley transitions
contribute in QW spectral gain (identified by the double gain peak in Fig. 2.17) is given
by the 4™ column in Table-2.4. The corresponding transition energies are given in the 5"
column. Colors in individual boxes in the table signify the corresponding transition
energies indicated by arrow marks in Fig. 2.16. Similar to the [111] orientation as well

width increases, subband energy levels get closer to the conduction and valence band
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edges. This is illustrated by the reduction of values of transition energies, given in the 3™

and 5™ columns of the following table, with the increase in well width.

Table-2.4: Peak gain and corresponding subband valley transition for [110] oriented QW

structure having different well widths.

P?ak gain when Corresponding|Peak gain when two |Corresponding
single subband oo g
. S transition subband valleys transition
Well width | valley contributing . o .
(nm) QW gain at energy in contributing QW energy in
. . subband gain at minimum subband
maximum carrier ! .
. valley carrier concentration|  valley
concentration
R 4300.928 cm”
4027.854 cm and 0.617 eV
1 at 0.617 eV
18
12x10 /cc 18
at 13 x 10 /cc
T
- 1228.837
704.533 cm’| e 0471 eV
and
2 at 0.470 eV
18
5x10 /ec 18
at6 x 10 /cc
| 704.533 cm’
221.191 cm and 0.429 eV
3 at 0.429 eV
18
4x10 J/ecc 18
at5 x 10 /cc
| 679.410 cm
281.813 cm and 0.403 eV
4 at 0.402 eV
18
4x10 /
© at 5 x 1018 /cc
375751 em
and 0.382 eV
5 - -
18
at4 x 10 /cc

From Table-2.4, it can be observed that for a QW with well width = 1 nm, a single

subband valley transition contributes in overall QW gain for a maximum carrier

54



18
concentration of 12 x 10 /cc; whereas for a well width of 2 nm, the similar condition

. . 18
occurs when the carrier concentration =5 x 10 /cc.

2.6.3. [100] Crystal Orientation
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Fig. 2.18: Calculated lead salt QW (having finite well height and well width = 1 nm) gain for

[100] crystal orientation for different carrier concentrations.

Fig. 2.19 describes subband energy level distribution in conduction and valence
bands in a [100] oriented lead salt QW structure having well width of 1 nm. Due to the
absence of L-valley degeneracy lifting, always a single peak occurs in the gain curve as
shown in Fig. 2.18. As illustrated in Fig. 2.18, QW gain starts showing up (~2143.091

cm’™') at a carrier concentration = 8 x 10'® /cc. The single peak occurring in the QW gain
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curve is caused by the electron transition which is symbolized by C; => V; as shown in

Fig. 2.19. The corresponding transition energy is calculated to be 0.650 eV.

Cop [rommimes 0.488 eV
Ci -y 0173 eV

Vi e ¥-.---0.194 eV
Vo promimimie - 0.574 eV

Fig. 2.19: Subband energy levels for a 1 nm wide QW (having finite well height) in the [100]

direction.

Fig. 2.20 shows the [100] oriented lead salt QW gain variation with carrier
concentrations for different well widths. Peak gains of QW having different well widths
are populated in Table-2.5. The minimum carrier concentration for which a single
subband valley transition contribute in QW spectral gain is given by the 2" column in
Table-2.5. The corresponding transition energy is provided in the 3" column. Similar to
other two crystal orientations as well width increases, subband energy levels get closer to
the conduction and valence band edges. This is illustrated by the reduction of values of

transition energies, given in the 3™ column of Table-2.5, with the increase in well width.
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Fig. 2.20: Calculated lead salt QW (having finite well height and different well widths) gain

(vertically shifted) for [100] crystal orientation for different carrier concentrations.

Table-2.5: Peak gain and corresponding subband valley transition for [100] oriented QW

structure having different well widths.

Well width Peal gain when §1ngle subb.and Corresponding transition
(nm) valleys contributing QW gain at enerey in subband valle
minimum carrier concentration &y Y
-1
1 2143.0911§:m 0.650 eV
at8 x 10 /cc
]
5 1483.8891§:m 0.480 eV
at5 x 10 /cc
-
3 172,731 em 0.437 eV
at4 x 10 /cc
]
1 04T £m 0411 eV
at4 x 10 /cc
)
5 1054.069180m 0391 eV
at4 x 10 /cc
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2.6.4. Effect of Crystal Orientation on QW Gain (Finite Case)
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Fig. 2.21: Calculated peak gain variation for lead salt QW (having finite well height and well
width = 1 nm) structure with different crystal orientations for different carrier concentrations at

(a) broad range, (b) short range.
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Peak gains of lead salt SQW structure (having finite well height and a well width
of 1 nm) at 300 K for different carrier concentrations have been calculated for three
crystal orientations as described in Fig. 2.21. From figure, it can be stated that the gain
thresholds for [111], [110], and [100] orientations are 5.500 x 10" /cc, 6.412 x 10'® /cc,
and 12.328 x 10'® /cc respectively. The QW gain threshold is minimum for [111] crystal
orientation. This is similar to the infinite case described in Section 2.5.4. After the gain
threshold value of carrier concentration, [111] orientation generates the maximum QW
gain as demonstrated in Fig. 2.11. After the carrier concentration reaches a value of 9.062
x 10" Jcc, the spectral gain for [110] orientation becomes higher than that for [111]
orientation. After crossing the gain threshold carrier concentration, the spectral gain value
for [100] orientation increases faster than other two crystal orientations. The gain for
[100] orientation becomes higher than both [111] and [110] orientations after the carrier

concentration reaches values of 13.722 x 10'® /cc and 14.156 x 10'® /cc respectively.

2.7.  Gain of Practically Feasible QW Structure

Most QW structures with a very thin well width (few nm) considered in the
previous section can not be fabricated in real world. For a very thin well width, the
interface i.e., the surface between a well and an adjoining barrier in a QW structure poses
huge challenges in terms of fabrication as well as device manufacturing point of view.
Thus in this section, most common well widths practiced to fabrication QW structure are
considered. In particular, well width values used for QW gain calculation in this phase

are 5nm, 10 nm, 15 nm, 20 nm and 25 nm.
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Fig. 2.22: Calculated peak gain variation for lead salt QW (having finite well height and different

well widths) structure with different crystal orientations for different carrier concentrations.

Peak gains of lead salt SQW structure (having finite well height) with different
well widths at 300 K have been formulated for different carrier concentrations as
demonstrated in Fig. 2.22. All three different crystal orientations are considered in the
gain calculations. QW gain threshold values for all these orientations are populated in
Table-2.6. It can be observed that the gain threshold value is lowest for [111] orientation.
L-valley degeneracy lifting is the reason for this phenomenon. Due to the partial lifting of
degeneracy, [110] orientation has lower threshold than [100] orientation which does not
show any degeneracy lifting. The best explanation of QW gain dependence on crystal
orientation can be given as follows. Due to the existence of two different sets of effective

masses for both [111] as well as [110] orientation, electronic transitions provide local
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QW gain at different energy levels. But in case of [100] orientation, due to existence of 4-
fold degeneracy all four subband valley transitions contribute QW gain at the same
energy level. Therefore [100] crystal orientation gives out maximum QW gain. As seen
in Section 2.2, QW gain is directly proportional to dipole moment or momentum matrix
element. Smaller values of dipole moment for [111] orientation compared to that for
[110] orientation could be a responsible factor for achieving higher QW gain from [110]

oriented lead salt QW structures.

Table-2.6: Gain threshold values for lead salt QW structure having different well widths for

different crystal orientations.

. Threshold carrier Threshold carrier Threshold carrier
Well width . . )
(nm) concentration for concentration for concentration for
[111] [110] [100]
18 18 18
5 2.678 x 10 /cc 3.207 x 10 /ec 3.393 x 10 /ec
18 18 18
10 1.931 x 10 /cc 2.061 x 10 /cc 2241 x 10 /ec
18 18 18
15 1.632 x 10 /cc 1.780 x 10 /cc 1.780 x 10 /cc
18 18 18
20 1.337 x 10 /cc 1.597 x 10 /cc 1.597 x 10 /cc
18 18 18
25 1.302 x 10 /cc 1.586 x 10 /cc 1.586 x 10 /cc
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2.8. Conclusions

A theoretical model has been presented which evaluates gain from the quantum
well structure based on IV-VI lead salt semiconductor material. The calculation is carried
out utilizing the very popular Kane’s double band model. Low dimensional (of the order
of nanometer) QW structure shows contrasting difference in the modal gain than its three
dimensional counterparts. This happens due to the significant variation of L-valley
degeneracy lifting for different crystal orientations. The modal gain of the QW structure
for different growth orientation is calculated by keeping the injected sheet carrier charge
density as constant. The carrier effective masses at L points in the Brillouin zone along
[100], [110], and [111] orientations are implemented in generating modal gains for the
respective QW orientations. The subband energy levels together with the corresponding
quasi Fermi energy levels are evaluated and plotted for all three crystal orientations and
QW parameters. Both finite and infinite wells are considered in this study to observe the
effect of crystal directions on QW spectral gain from a practical and theoretical point of

views.
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CHAPTER 3

LEAD SALT LIGHT EMITTING DEVICES

3.1.  Advantages of [110] Growth Orientation

The first IV-VI lead salt laser was realized on PbTe in 1964'. After two years i.c.,
in 1966 the first semiconductor laser was fabricated based on III-V GaAs structure.
During that period of time, all lead salt semiconductor lasers were generally fabricated on
[100]-orientated lead salt substrates. This had been practiced because the natural cleavage
plane of lead salt materials is (100). Thus, two parallel facets, necessary to form a lasing
Fabry-Perot cavity, can naturally be formed on lead salt structures grown on (100) plane.
Previously, it has been theoretically established by our opto-electronics group that the
[110] growth orientation is the best crystal orientation for QW lead salt laser fabrication®.
Theoretical investigations for the [110] orientation showed higher gain as well as higher
efficiency, compared to the conventional [100] orientated lasers. But the theoretical
simulation was not accurate and was based on the approximation that the QW gain was
five times the spectral gain of PbSe single layer. However, there is a necessity to
demonstrate the feasibility of lasing cavity formation on a [110] oriented lead salt

epilayers.

Lead chalcogenide materials have four L-valley degeneracy in the Brillouin zone.
The electronic structure and energy level distribution in the crystal lattice structure have
already been detailed in Chapter 2. Crystal growth of lead salt materials along [110]-

orientation help in partially lifting off the degeneracy. In case of growth along [100]
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direction, the energy valleys remain degenerated. Fig. 3.1 represents a comparative
diagram demonstrating calculated peak gains along [111], [110] and [100] orientations
along with the free carrier absorption loss (6gN). There it can be observed that the [111]

growth orientation leads to the lowest value of threshold carrier concentration.
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Fig. 3.1: Formulated peak gains for different lead salt QW orientations such as [111], [100],
and [110] at different injected carrier concentrations at 300 K. The free carrier absorption in the

material is represented by a solid line.

The low threshold laser operation is best suited for low loss lasing devices such as
vertical cavity surface emitting laser (VCSEL). Therefore [111] crystal growth
orientation is the best fit for fabricating such device structures. The rate of gain increment
along [111] orientation is higher than that of the free carrier absorption loss. Thus for
relatively high loss devices such as edge emitting laser, [111] orientation would tend to
have gain saturation. In order to realize edge emitting laser, it necessitates choosing the

crystal growth orientation which produces maximum gain. From Fig. 3.1, it can be seen
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that the [110] orientation offers the maximum gain among all other possible crystal
growth orientations considered for laser structure fabrication. Due to the lifting of
degeneracy for structures with [111] and [110] orientations, less number of sub-valleys is
filled. This, in turn, helps in separating quasi-Fermi levels to separate more from the band
edges. This effect causes the reduction of threshold and the rise of the spectral gain. As
the carrier concentration increases, more and more valleys start getting populated with
electrons and holes and their recombination processes help in the increment of overall

gain.

o.J

Fig. 3.2: Schematic representation of the distribution of the {100}<110> glide system for the

rock salt (NaCl) type PbSe (111) layers (After H. Zogg, et al).

The other critical advantage of [110] orientation is its low dislocation density. As

illustrated in Fig. 3.2, the mechanism of strain relaxation in IV-VI materials is the
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dislocation glide. From Fig. 3.2, it can be inferred that the Burgers vectors are of type a/2
<110>. The primary glide planes for IV-VI lead chalcogenide materials are {100}, which
are different than other zinc-blende type semiconductor materials. The {100} crystal
planes are inclined to the [111]-oriented semiconductor surface. Thus, each time a
mechanical strain generated inside the epitaxial layer structure (e.g., during MBE growth
process or lattice mismatches in the multi-layer structure or temperature changes), this
strain can get relaxed by dislocation glide on the {100} planes. This takes place because
the Schmid factors® are high for [110] growth orientation. However, for [100] orientation,
the Schmid factors for glide in primary {100} planes are absent. Therefore no glide

mechanism can take place in the primary {100} planes.

3.2.  Preliminary Results from [110] Oriented Structures on BaF, Substrate

MBE growth along [110]-orientated BaF, substrates, which remained unexplored
for a long time, was another promising phase for IV-VI semiconductor technology. The
huge challenge for achieving this goal was to develop an optimized polishing recipe
which would lead to form a scratch-less substrate for epitaxial growth. A chemo-
mechanical polishing recipe for [110] BaF, substrate for MBE growth was developed by
the OU group. This new development is extremely exciting and is undoubtedly a
breakthrough for mid-IR lead salt semiconductor lasers. We have successfully
accomplished the growth of PbSe/PbSrSe QW structures on polished [110] BaF;
substrates. In situ reflection high energy electron diffraction (RHEED) during MBE
growth demonstrated a high-quality two-dimensional (2D) growth mode of the lead salt

material on the BaF, substrates.
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Fig 3.4: High resolution x-ray diffraction spectrum of the (220) reflection from a PbSe thin film

on a (110) BaF, substrate.
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Fig. 3.3 shows room temperature PL emission® from a seven pair PbSe (20
nm)/PbSrSe (30nm) QW structure grown on [110] BaF,. The results are compared with
the PL emission of the same structure on polished [111] cleaved substrate grown in the
same MBE run. As can be seen that the PL intensity of [110] sample is about 1.5 times
higher than that of [111] sample. This result indicates high material quality and is very

encouraging for making infrared opto-electronic devices.

The (110) BaF; substrate and 3.9 um (110) PbSe thin film were investigated with
high reflection X-ray diffraction (HRXRD) of the symmetrical (220) reflections’. The
measured full width at half maximum (FWHM) of (110) BaF, substrate was 23 arcsec,
which is similar to the theoretical value of the FWHM. The (220) rocking curve of the
PbSe thin film is shown in Fig. 3.4 and has a FWHM of 60 arcsec. This indicates that a
high crystalline quality PbSe epitaxial layer was obtained. Typical linewidths of (222)
rocking curves for PbSe thin films grown on (111) BaF, substrates are between 90 and
150 arcsec. The slight broadening of FWHM for PbSe single layer compared with the
(110) BaF, substrates might be due to crystal size effects, non-uniform strain, and
dislocations. The dislocation density of the PbSe thin film has been estimated from the
rocking curve measurements® to be 1x10” cm™. The higher quality of (110) PbSe thin

films should improve the performance of lead salt optoelectronic devices.
3.3.  [110] Oriented Electrically Pumped IV-VI Edge-emitting Laser

While cost effective, the fabrication of MIR lasers on BaF, substrates is
tremendously challenging because these materials do not cleave along the same planes.

BaF, has a natural cleavage plane of (111) while Pb-salt epi-layers cleave along (100).
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The resultant fabrication has proven quite challenging, therefore, before reaching out to
achieve our ultimate goal of demonstrating lead-salt lasers on inexpensive BaF;
substrates, we have first elected to fabricate edge-emitters successfully on [110]-oriented
lead-salt substrates’, as the orientation is supposed to be the vital component for the

lifting of degeneracy.

3.3.1. Surface Preparation for [110]-oriented PbSnSe Substrate for MBE Growth

(@) (b)

Fig. 3.5: (a) Schematic diagram of a rotating polisher, (b) Bench Top LabOne polishing machine

used in clean-room for CMP polishing.
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A thoroughly polished, smooth and uniform substrate is essential for the MBE
growth of laser structures. A novel optimized procedure was adopted to polish a [110]-
oriented PbSnSe substrate. The method consisted of both mechanical as well as chemical
cycles. Chemical mechanical polishing (CMP)® is critically important for the
semiconductor industry at the present moment. The polishing machine used during the
process is demonstrated in Fig. 3.5. The substrates or wafers are mounted on a wafer-
carrier at the time of polishing. The optimization is required in terms of external weights
which need to be used directly on top of substrate holder. During polishing, the substrate
and polishing pad rotates against each other while keeping the slurry in the middle of the

pad and substrate.

The chemical cycles involved two steps with two different chemical recipes:
CYCLE-A and CYCLE-B. The first cycle had higher etching rate than the second cycle.
The goal was to remove the large surface non-uniformities at a faster rate with the first
cycle. The chemical polishing solutions for [110] oriented lead salt materials were similar
as used for [100] oriented lead chalcogenides. The polishing recipes which have been

optimized in OU clean-room are subject to NDA (Non Disclosure Agreement).

As shown in Fig. 3.6(a), the unpolished PbSnSe wafer had numerous deep
grooves and saw marks on the surface. As a first step, these shallow marks were
mechanically removed using a Buehler Alpha Micropolish 5 um alumina suspension on
a glass plate, after which, the topical scratches were reduced to the range of 3-50 um

(Fig. 3.6(b)).
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Fig. 3.6: Nomarski images of a [110]-oriented PbSnSe substrate (a) before polishing, (b) after

mechanical polishing, (c) after CYCLE-A, (d) after CYCLE-B.

73



In order to remove the deeper scratches, the first step of mechanical polishing was
followed by the first chemical cycle, CYCLE-A. The etching rate for this cycle was
measured to be approximately 2-3 pm/minute, depending on the etching environment.
These external factors include: the flow rate of polishing chemicals, the holder weight per
unit wafer surface area, the grit size of the polishing cloth, and the rotational speed of
polishing. The Nomarski image of the substrate surface after CYCLE-A is provided in
Fig. 3.6(c). Aside from a few light scratches and slight non-uniformities along the
surface, the majority of the deep scratches were removed. CYCLE-B was the final
chemical polishing step. This final cycle was employed to remove the remaining light
scratches and surface non-uniformities. The etching rate for this optimized polishing step

was approximately 0.5 pm/minute.

As demonstrated in Fig. 3.6(d), the final polishing step resulted in a defect free,
smooth, and uniform substrate. The final step of polishing was obtained when no light
scattering from the substrate surface, under a narrow intense spot of Nomarski
microscope, was observed by naked eye. As most lead salt materials are extremely soft,
there is a practical difficulty remains associated in handling those during processing.
Therefore, to alleviate those challenges, filter papers and chemically resistant sample
holders were used during processing. After chemical polishing cycles the samples were
thoroughly cleaned under flowing de-ionized (DI) water for about 30 minutes. The
polished substrate was deemed epi-ready after scrupulous cleaning with electronic grade
chemical reagents such as acetone, propanol, and methanol. The epi-ready substrate was
then loaded inside the molecular beam epitaxy (MBE) chamber for laser structure

growth. The custom designed MBE growth chamber used to grow epitaxial layer
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structures is illustrated in Fig. 3.7. The two-dimensional uniformity of the substrate
surface was confirmed by the streakiness of the reflected high energy electron diffraction

(RHEED) pattern (as shown in Fig. 3.8(a)).

Fig. 3.7: Custom designed MBE growth chamber in opto-electronics lab at OU.

Fig. 3.8: RHEED patterns from (a) the PbSnSe polished substrate and (b) after MBE growth.
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3.3.2. MBE Growth Structure and Device Fabrication

n-PbSe layer (150 nm)

-

Graded n-PbSrSe confinement
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<«—  Active region (450 nm)

‘ Graded p-PbSrSe confinement

layer (2.05 pm)

4_l— p-PbSe layer (150 nm)

[110] PbSnSe substrate

Fig. 3.9: Schematic structure of an electrically pumped multiple quantum well (MOW) IV-VI

laser.

As depicted in Fig. 3.9, the resultant laser structure consisted of a 150 nm thick
bottom p-PbSe cladding layer, followed by a 2.05 um thick graded p-PbSrSe
confinement layer, an active layer (thickness ~ 450 nm) consisting of 9 pairs of
PbSe/Pb 97819 03Se multiple quantum wells (MQW), a 150 nm thick n-PbSe top
confinement layer, terminated by a 150 nm thick n-PbSe top cladding layer. During the
MBE growth, the PbSe growth rate of 1.30 pm/hr. with a substrate temperature of 375 °C
was maintained. The streaky RHEED pattern observed from the laser structure during the
MBE process shown in Fig. 3.8(b) confirmed the two-dimensional nature of the
semiconductor multilayer growth on the PbSnSe substrate. Other relevant information

about the MBE growth is detailed elsewhere’. The {110} PbSnSe substrates used to grow
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lasing structures were p-type doped and had hole concentrations roughly around ~ 4 - 8 x

10" /em?®,

B oot —— —

<+— Laser structure ———»

[110] PbSnSe substrate Electroplated [110] PbSnSe substrate

Gold \

(@ ()

Fig. 3.10: Schematic diagram demonstrating processing steps during the fabrication of cleaved

cavity lead salt laser on a [110] oriented PbSnSe substrate.

After the growth, the laser sample was thinned from the backside to
approximately 230 um. Thinning facilitates the cleaving, necessary for the formation of
Fabry-Perot cavity mirrors. The laser sample was cleaved with lengths of approximately
300 pm along the natural cleavage (100) plane for lead salts, which intersects the (110)
plane. The 20 pm stripe laser patterns were then created lithographically. Gold
electroplating was carried out in order to a thick gold layer (thickness ~ 1 um) required
for the formation of top and bottom contacts. The mask aligner machine used to conduct
all necessary photo-lithography procedures during the fabrication of lasing device is
pictorially depicted in Fig. 3.11. The photolithographic steps are pictorially depicted in

Fig. 3.10.
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Fig 3.11: MAS 400 IR/VIS Mask Aligner in clean-room at OU for opto-lithography.
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Fig 3.12: SEM image of cleaved cross section of a single laser chip with photoresist insulation.
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The cleaving process for obtaining the Fabry-Perot lasing cavity was confirmed
by the scanning electron microscope (SEM) image as shown in Fig. 3.12. It is important
to note that the image was obtained from a dummy sample, it was not the same sample

used for device measurement and characterization.

Bottom laser contact

PR :

Cleaved Laser piece

Laser head

Top laser contact

Fig. 3.13: Camera image of an edge emitting laser mounted on metallic housing.

After the cleaving process, the next step was mounting the single laser sample on
top of a metallic laser head. A small solid copper pillar was chosen as the laser head as
shown in Fig. 3.13. Indium electroplating was accomplished on the top surface of the
copper pillar to enhance the adhesion of the laser piece with metal housing. The single
laser sample was placed in an epi-side down fashion by vacuum tweezers on freshly

indium-plated copper pillar. The process of mounting was thoroughly observed under
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microscope. The bottom contact of the laser piece with housing was accomplished by

indium-plated copper wire as illustrated in Fig. 3.13.

3.3.3. Lasing Device Characterization

Light He-Ne gas laser
source =

Beam splitter
Movable mirror
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«%_)s__‘ —* - Sample chamber
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Fixed mirror Detector
Interferometer

Fig. 3.14: Schematic diagram of the FTIR measurement set up in OU optical lab used for lasing

device characterization.

The schematic diagram of a Fourier transform infrared (FTIR) spectroscopy
system is pictorially depicted in Fig. 3.14. The working principle of FTIR spectroscopy
is fundamentally based on the working methodology of Michelson interferometer, where
one mirror is held in a fixed position relative to the beam splitter (BMS) and the second
mirror scans back and forth relative to the BMS in a continuous manner. During the
scanning, the path length of the infrared (IR) beam from the BMS to the moving mirror

changes relative to the path length of the IR beam to the fixed mirror. These two IR
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beams interfere at the other side of BMS and form an image at the detector. The Bruker
IFS66/S FTIR measurement unit, equipped with a pulsed-mode and a continuous wave

(CW) mode laser unit, in our OU optical lab, is illustrated in the Fig. 3.15.

Fig. 3.15: Bruker IFS66/S FTIR measurement system in OU optical lab.

Pulsed laser pumping was performed at a pulse repetition frequency (PRF) of 100
kHz, and the FTIR machine, equipped with a liquid nitrogen cooled Mercury-Cadmium-
Telluride (MCT) photo-detector in conjunction with a pre-amplifier, was used to obtain
time-resolved lasing spectra in step scan mode. The threshold current density was found
to be 1.98 kA/cm?, and it increased with increasing heat sink temperature. The device
was excited with 500 ns width current pulses and the laser emission obtained from that
above threshold was multimodal. At 77 K, the peak lasing emission wavelength was 5.8
um at 350 mA injection current. A standard blackbody calibration was carried out to
calibrate the emission power from the lasing device, and the collected data were plotted

vs. injection current as shown in Fig. 3.16.
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Fig. 3.16: Laser light output per facet vs. injection current (L-1) at several heat-sink

temperatures. Inset: I-V characteristics of the laser diode at 77 K.

The inset provides the I-V characteristics of the device. The series resistance was
measured to be 0.56 ohm. The lasing spectrum at A = 5.2 um at the highest achievable
temperature of 158 K is shown in Fig. 3.17, from which the emission linewidth was
determined to be 0.45 cm™ when the device was excited by 500 mA current pulses. The
larger value of linewidth can be attributed to the limitation of achieving a maximum

FTIR optical resolution.
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Fig. 3.17: Spectrum at 158 K of the laser structure of Fig. 3.9.

The peak laser emission shifted as the injection current increased. From the 350 to
800 mA current range, the tunability of peak emission was almost 0.14 cm™'/mA, while
above 800 mA, the tunability was 0.32 cm™'/mA. The pulse-width was increased from
500 ns to 4.0 ps at a constant PRF of 100 kHz to observe the effect of it on laser
emission. Emission power decreased with increasing pulse-width, and no emission was
obtained above 4.0 us i.e. 40% duty cycle of current pumping. Fig. 3.18 demonstrates a
severe reduction in output optical power from the device at high value of pump duty

cycle. The measured threshold current density was found to be as high as 2.3 kA/cm?.
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Fig. 3.18: Laser light output per facet vs. injection current (L-1) at T = 77 K and 100 K for a

pump pulse-width of 4 us.
3.3.4. Reliability of Lasing Emission

In order to examine the consistency and reliability of lasing emission over time,
emissions were recorded from the device at different time intervals, keeping other
parameters like heat-sink temperature and current injection constant. As shown in Fig.
3.19, the initial emission (black curve) was multi-modal. Even after the measurement was
completed, the device was left on continuous current excitation so that the device had
sufficient time for joule heating effects to take place. After 2 and 4 hrs time intervals,
data collection was re-started, and at those times multi-modal lasing emission (blue

curve) with a lesser number of peaks took place. Moreover, the maximum peak value
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increased from the initially measured emission peak. When the time interval was
increased to 14 and 16 hrs, no significant change (red curve) was observed in either the

number of modes or the peak values.
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Fig. 3.19: Stimulated emission from the lasing device at different time intervals for a current

injection of 500 mA at a 5% duty cycle and T = 100 K.

The total lasing power per facet was computed to be constant at ~ 2.43 mW,
despite the change in the number of emission modes. As a plausible explanation, internal
heat generation must have occurred in the sample which otherwise helped in shifting the
modal emission from the IV-VI semiconductor structure. When the heat sink temperature
was increased, the higher order lasing peaks underwent more loss compared to the lower

order peaks. That should account for the smaller number of peaks obtained from the

85



lasing sample. Because the total emission power calculation (based on incorporating the
integral area of all lasing modes) was found to be same, it can be inferred from the
experiment that the emitted lasing power from IV-VI laser was indeed consistent with

time.

3.4. Fabrication of Free-standing Microstructures

3.4.1 Background

In this section, I would describe our recent progress in fabricating novel micro-
sized IV-VI QW structures which have vast applications in the field of micro-
electromechanical systems (MEMS) that demands free standing micro-sized objects in
various shapes and sizes. All these applications necessitate the requirement of precisely
controlled thickness of epi-layers with smooth and uniform surfaces. This can be
achieved by already well-established thin film deposition schemes such as molecular
beam epitaxy (MBE) and metal-organic chemical vapor deposition (MOCVD). The

experimental studies conducted by myself have been described here.

A controlled release of the thin film, grown by these deposition processes, from
the substrate creates miniaturized objects for various device applications. This yielding of
thin film from the substrate depends on the mismatch between the lattice parameters as
well as temperature coefficients of expansion of the constituent epitaxial layers in the
multilayer semiconductor structures and thereby an inherent biaxial strain'® is generated.
This strain has a significant effect on the electronic band structure'' of the superlattice

semiconductor. The geometry of these novel objects can be engineered by suitably
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defining the discrepancy among internal stresses generated in multilayered thin films
with the help of some fundamental processing parameters. The internal stress itself
depends on the thickness of individual layer and etching environment which the sample
has undergone. Micro and nano structured devices based on III-V semiconductors are
already quite well realized in both industry as well as research fields. The fundamental
theory for fabrication of such miniaturized structures is based on very popular “general”
method'?. Recently, by adapting this technological aspect, we could fabricate micro-sized

rods and tubes on IV-VI semiconductor materials'® '*

. The large surface area to volume
ratio assists in heat dissipation, which is of utmost importance for IV-VI semiconductor
because of their low thermal conductivity. The large refractive index of these materials
can be useful in obtaining more optical confinement when used as waveguide. Recently,

it was shown that the microstructure dimensions were a strong function of fabrication

. . . 1
environment such as etching time, temperature etc'”.

3.4.2 Pulsed Mode Photoluminescence (PL) Emission from MQW Micropillars

Another important phase of those microfeatures included is the wavelength-sized

micropillars'® 17 ¥ 1

. Compared to other geometries of such micro-sized devices,
micropillars have the advantages of larger photon collection efficiencies and their
wavelength-size microcavities. The free standing micropillar arrays based on the lead salt

materials were manufactured with the purpose of better heat dissipation during their high

temperature operations as efficient mid-infrared light emitters.
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Fig. 3.20: SEM micrographs of the lead salt micropillar arrays of diameter 5.0 um and inter-

pillar spacing of 8.0 um both (a) with photoresist, (b) without photoresist.
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The micropillar sample was grown by molecular beam epitaxy (MBE) on
BaF,(111) substrate®’. The as-grown sample consists of a 20 pair PbSe/Pbg.o7Sro03Se
multiple quantum well (MQW) structure. The epi-layer consisted of a multiple quantum
well structure with a 22 nm thick PbSe quantum well and 25 nm thick Pbgg7Sr)03Se
barrier layer. After photolithography and consequent processing steps, pillars were
formed on the epi-layer. The spacing between individual pillars (with an etching height of

~ 940 nm as shown in Fig. 3.20) was 8 um, where the diameter of each pillar was 5 um.
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Fig. 3.21: PL spectra of micropillar array (pillar diameter = 5 um and inter-pillar distance = 8
um) at several heat-sink temperatures (Intensity at 200 K, 250 K and at 300 K were multiplied by

2, 7 and 20 times respectively).

The pulsed photoluminescence measurements on such pillar array were carried
out at different heat sink temperature and were plotted in Fig. 3.21. The figure?' exhibits
a consistent blue-shifting of photoluminescence peak with the increase in heat sink

temperature. The temperature tunability at the emission wavelength obtained from the
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pillar sample was ~ 3.62 cm’'/K. The trend of the reduction of spontaneous emission
coming from the pillar sample with the corresponding reduction in temperature was
noted. The linewidth was 49.16 cm™ at 77 K, and this reduced to 34.27 em™ at 300 K.
The strong PL emission emanating from the sample together with the regular PL peak
shift with temperature indicated the MBE growth quality of the epi-layer was retained in

the micropillar sample.

3.4.3 Fabrication of Lead Salt Microtubes and Microrods

Top PbSe layer rolling due to BaF;
sacrificial layer etching at higher

temperature

BaF, etched from side

resulting in PbSe buffer
@ / layer rolling

Fig. 3.22: Schematic diagram of microtube or microrod formation.

Lead salt epi-layers of various thicknesses are grown on a polished (111) BaF,
substrate. The entire multilayer structure generally consists of a thin PbSe buffer layer (~

0.7 um) as well as a thin BaF, (~ 0.4 pm) sacrificial layer. The sacrificial layer of BaF;,
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lattice-matched with the PbSe layer, could be etched with DI water, and as a result, the
top single-crystalline PbSe layer will roll-up taking the shape of microtubes/rods as
illustrated elsewhere®. At low temperature, BaF, substrate etched away more from the
edges of the sample and thereby the PbSe buffer layer started rolling into micro-cylinders
but due to the slower etching rate of BaF, sacrificial layer top PbSe layer only grew
cracks on it. But upon increasing the DI water temperature, the etching rate of the
sacrificial layer enhances resulting in the folding back of top PbSe layer into rods. Wet
etching of BaF; layer guiding to the microtube/rod building is pictorially depicted in Fig.
3.22. The change in such microcylinder dimension can be achieved by suitable alteration

of initial epitaxial layer thickness and etching time.

3.4.4 Optical Characterization of Microtubes/rods

In order to carry out the optical characterization, a single free-standing microrod
of 342.96 um long with a diameter of 17.28 um is glued by silver paste on copper ribbon
(Fig. 3.23(a)) in order to have means for heat dissipation during the measurement at room
temperature. Pulsed PL excitation is then carried out by a 1.064 pm Nd:YAG laser (zpuise
= 30 ns, pulse repetition rate = 10 Hz) which generates TEMyy mode incident normally

on the sample surface.

The lasing power density is 44.31 kW/cm® and the spot-size of the laser was
focused to 5.0 mm, with the help of a 2"-diameter CaF, lens, which is well enough to
cover the entire area of the sample. The PL emission is collected at a resolution of 16 cm”
1

onto InSb detector, cooled by liquid nitrogen through a series of optical mirrors,

perpendicular to the rod axis and parallel to the direction of excitation. Measurements are
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accomplished on various places on both the microrod as well as its reference sample
(before processing of rods) in order to judge the repeatability of the results. There has
been 4.01 times reduction in the PL intensity from the rod sample compared to its
reference as seen from Fig. 3.23(b). The excited surface area of the reference sample

(19.63 x 10° pm?) is calculated to be 2563 times larger than that of the microrod sample

(7659.86 pm?).
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Fig. 3.23: (a) SEM micrograph of the microrod mounted on copper ribbon with silver paste

during its optical characterization, (b) PL spectra from mounted MQOW microrod and its

reference sample.
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In case of cylindrical morphologies compared to its planar counterpart, there is
always an enhancement factor of ten® in light extraction efficiency due to the internal
reflection occurring inside the structure itself from various facets formed on their own.
Thus by taking all these things into considerations and also assuming that the total
emitted light from the sample is collected at the detector, there is a confirmed
enhancement by 64 factor*® in pulsed PL power density from microrod. Although there
have not been adequate theories to account for this huge intensity gain factor, this is

undoubtedly promising for future high power opto-electronic devices.

One of the major applications of mid-infrared opto-electronic devices is in the
field of chemical and industrial gas sensing® *° ?’. A large number of fundamental
molecular vibrations as well as most of the first overtones take place in the mid-infrared
region (2.5 - 25 um) of electromagnetic spectrum. The nature of the spectral bands in this
frequency region is likely to be sharp, distinct and have very high values of absorption
coefficients; thereby leaving specific “footprint” for individual small gas molecule in the
mixture. Therefore this necessitates manufacturing novel devices that show narrow and
sharp PL peak at room temperature. This can be achieved by utilizing the well-
established fiber-optics technology which not only restrict the light by the virtue of its
waveguide nature but also improves signal power by boosting the signal to noise ratio.
This is illustrated by comparing the pulsed PL spectra from a single microtube both

before and after inserting in a hollow quartz fiber.
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Fig. 3.24: SEM images of MOW microtube (a) cross-section, (b) surface (some portions damaged

due to high-power laser excitation), (c) cross-sectional view of microtube inserted inside silica

fiber.
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Fig. 3.25: Comparative analysis of photoluminescence spectra at room temperature from MOW

microtube inserted inside silica glass fiber as well as outside fiber.
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SEM images of the morphological views of microtube (diameter = 480 um) both
outside and inside of hollow quartz fiber (diameter = 1051.11 pm) are shown in Fig. 3.24.
The pulsed lasing power used for optical characterization is 397.33 kW/cm®. The emitted
light from the microtube samples is collected parallel to the rod axis and perpendicular to
the direction of excitation. Fig. 3.25 describes an increase of the light emission by a
factor of 1.19 together with a narrower linewidth of PL peak due to the optical
confinement nature of glass fiber. These all signify that the microstructures are very
robust in nature and they can be easily handled while implementing into any devices. The
increment in light emission power coupled with the reduction in optical linewidth is

obviously encouraging for mid-infrared industrial and research applications.

3.5. Conclusions

The modern epitaxial technology that allows high quality alternating material
growth and advanced laser concepts is resurrecting IV-VI mid-IR lasers. The [110] and
[111] orientated QW laser structure combined with much improved substrate thermal
conductivity as well as the low Auger recombination promise the success of the lead-salt
mid-IR lasers. The noteworthy success in mid-IR opto-electronic research based on lead
salt QW structures holds the promise of a compact, highly efficient laser/detector system
in the not too distant future. Recent developments in the experimental studies on lead salt
materials mostly on lattice matched BaF, substrates are mentioned. First time
achievement of an electrically excited edge emitting QW laser on PbSnSe substrate is
described. Novel fabrications of free standing microstructures in the form of rod, tube

and pillar, having vast applications in MEMS and NEMS, are reported. These light
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emitting devices will eventually lead to many applications such as a high efficiency,

field-portable, mid-IR laser spectroscopy systems.
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CHAPTER 4

PHOTONIC BANDGAP DEFECT STRUCTURE: CAVITY WITHOUT

CLEAVING

4.1. Background

For a few decades, lead chalcogenide diodes have been one of the most popular
and commercially available semiconductor MIR lasers. However, due to the low
operating temperatures and low external efficiencies, the performances of lead salt lasers
could not reach the desired level. Even at low cryogenic heat-sink temperature, lasing
output powers for single mode operation are less than a few mWs. Moreover, an affinity
towards multimodal operation and mode hopping is quite familiar. The threshold level of
laser operation for IV-VI materials is enhanced due to the existence of four-fold L-valley
degeneracy near band extrema. The degeneracy does not get lifted off for [100]
orientation which is the most common growth orientation for QW laser structures. This,
in turn, limits exploiting the supreme advantages of lead chalcogenide materials for high
temperature and long wavelength operation, i.e., reduced threshold level originating from
a low nonradiative recombination rate. Also, [100] growth orientation leads to inferior

epitaxial material quality because it does not allow the dislocation gliding phenomenon.

From Chapter 2, it can be seen that the QW gain threshold is minimum for [111]
lead salt crystal orientation compared to its other two counterparts. Therefore, this
orientation is more suitable for higher temperature laser operation of lead salt materials.

Experimentally lead salt vertical cavity surface emitting laser (VCSEL) grown on (111)
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BaF, substrate' have exhibited superior performance. Those VCSELs have demonstrated
pulsed-mode operation near room temperature. Lasing output power as high as 300 mW
and threshold density as low as 10.5 kW/cm? were achieved”. Pulsed laser emission at
elevated temperature from VCSELSs on a (111) substrate was obtained’® *. The continuous
wave (CW) lasing at 4.03 um was observed up to 230 K. The minimum value of
threshold excitation density of 2.6 kW/cm?® has been measured at 190 K, 65 °C lower than

that of the pulsed operation.

However, the design complexity of distributed Bragg reflectors (DBRs) during
MBE fabrication and low power operation severely limit the popularity of VCSELs while
realizing long wavelength and high power lasing devices. The best growth substrate for
realizing high temperature devices is silicon (Si). Si (thermal conductivity = 1.56 W/cm
K) has almost 78 times higher thermal conductivity than lead salt materials (thermal
conductivity = 0.02 W/cm K) at 300 K. Moreover, by using Si one can reduce
manufacturing cost of device fabrication as well as avail of the established device
fabrication technologies on this substrate. Unlike lead salt materials, the natural cleavage
plane for Si is (111). Therefore, in order to fabricate a lasing device, there is a necessity
to adopt some valid technology which does not undergo a cleaving process while making

a Fabry-Perot resonating cavity.

The best solution in this regard is achieved by implementing the idea of well-
known photonic bandgap (PBG) methodology. The physics of PBG does not depend on
crystal growth orientation. The PBG scheme demonstrates a perfect optical analogy of

the semiconductor bandgap where the electric potential distribution is governed by a
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periodicity of regularly distributed lattice dielectric medium (mainly air) in another
highly contrasting dielectric medium. This helps in the confinement of light modes by
creating a specific frequency bandgap which in other ways opens a new horizon of
tailoring the light-matter interaction in the crystal lattice. Due to the existence of the
bandgap effect in photonic crystals, optical waves corresponding to the bandgap
frequency are forbidden’ to propagate whereas waves outside this range are allowed to
propagate. This basically provides a provision for suitably engineering the crystal design
and localizing light modes within a semiconductor slab. The size of the bandgap is
determined by two factors: the dielectric contrast of the constituent materials that build
up the photonic crystal and the higher dielectric material filling fraction’. Several

7891011

research studies regarding photonic crystal fabrication and characterizations in

the semiconductor structure are cited in the literature.

4.2. Introduction

A periodic arrangement of atoms and molecules is known as a crystal. If a tiny
basic building block of atoms or molecules is repeated in space, a crystal lattice structure
will be formed. Quite similar to the crystal structure, if the dielectric constant of a
material system is periodically altered in space it is known as a photonic crystal (PC). It
is well known that all semiconductor materials have a specific energy bandgap between
the conduction and valence band. Electrons and holes are “forbidden” to occupy any
energy level within the bandgap. In a similar way, a photonic crystal possesses a
“forbidden” frequency band in which no propagation of electromagnetic waves is

possible. Based on the number of directions the dielectric periodicity is exhibited, a one-,
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two-, or three- dimensional photonic crystal or photonic bandgap structure is generated.
Light scattering occurring inside a PBG structure can produce many photonic phenomena

analogous to the electronic behavior inside crystals.

A PBG crystal structure is analogous to a normal crystal lattice in terms of atomic
periodicity, except that the periodicity is of the order of a micrometer rather than a
fraction of a nanometer. The implementation of the PBG effect to achieve a
semiconductor laser by controlling spontaneous emission was demonstrated by
Yablonovitch in 1987'%. The fundamental idea behind the concept was to design a
photonic structure in order to originate a frequency bandgap that coincides with the
semiconductor spontaneous emission. Since that time, the concept of PBG phenomena is
well adopted and practiced all over the world. Various significant applications'> '* '° of

PBG phenomena are noticed to obtain millimeter and microwave frequencies in order to

achieve desired performances for antennas and waveguides.

4.3. Finite Difference Time Domain (FDTD) Method

The FDTD method is a well established mathematical analysis tool which is
extensively implemented for integrated and diffractive optical device simulations.
Through rigorous and accurate numerical solution of electromagnetic Helmholtz’s
equations, this methodology helps in modeling light propagation, diffraction and
scattering phenomena, and polarization and reflection effects inside a crystal. It also
assists in modeling material anisotropy and dispersion without the requirement of any
presumed field behavior. The FDTD method is a very powerful simulation tool that

provides effective analysis of sub-micron devices with very finite structural details. The
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miniaturization of device dimension helps in light confinement and consequently, the
large dielectric constant difference of the semiconductor materials to be implemented in a

typical device design.

4.4. Two Dimensional FDTD Equations

Opti-FDTD software is implemented to perform the FDTD simulation for the lead
salt PBG structure. The FDTD methodology is fundamentally based on numerical
solutions to electromagnetic Helmholtz’s equations. As shown in Fig. 4.1, the photonic
structure is arranged in the X-Z plane'®. The light propagation inside the device is
considered to be along the Z-direction. The Y-direction is considered to be infinite. This

fundamental approximation removes all the 0/dy partial derivatives from

electromagnetic Maxwell’s equations and divides them into two independent sets of
numerical equations. These are known as transverse electric (TE) and transverse

magnetic (TM) equations.

X axis

S >
Y axis pointing towards you Z axis

Fig. 4.1: Numerical representation of the 2D computational domain.
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The spatial steps in the X- and Z-directions are designated as AX and Az,
respectively. Each mesh point in the crystal lattice structure is linked with a specific type
of dielectric material (i.e., lead salt substrate or air) and contains information about its

basic properties, such as dielectric constant and dispersion parameters.

4.4.1. TE Waves

_______

_____________________________________________________________________

Fig. 4.2: Position of the TE fields in the computational domain.

For the two-dimensional TE case in the X-Z plane, electric and magnetic field

components likeE,, H,and H,would exist. The electromagnetic equations in lossless

media are given as:

ot e

0z OX

oE, 1(6HX aHZ]
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oH, 1 ok,

ot oy oz

oE
aH_Z:_L_V 4.1)
ot M, OX

where € = gog; 1s the dielectric permittivity of the crystal lattice medium and py is the
vacuum magnetic permeability. € and &, are the vacuum permittivity and the relative

permittivity of the crystal medium, respectively. The refractive index of the medium is

given byn = \/;

Each component of the electromagnetic field inside the crystal lattice structure is

represented by a two-dimensional (2D) array - Ey(i,k), H (i,k)and H,(i,k) -

equivalent to the 2D mesh grid demonstrated in Fig. 4.1. The indices i and k designate
step size in space along the X- and Z- directions, respectively. Fig. 4.2 illustrates the
distribution of the TE field components in the mesh structure in account. The distribution

model of the TE field pattern is explained as follows. The E, field, as shown in Fig. 4.2,

coincides in space with the mesh node location in Fig. 4.1. The solid lines in Fig. 4.2

symbolize the mesh in Fig. 4.1. The E, field is designated to be the center of the FDTD

cell in space. Each FDTD shell is indicated by dashed lines in Fig. 4.2. The magnetic

field components, H,andH,, form the cell edges. The positions of the E, field is
associated with the integer values of indices | and K. The locations of the H, field is

associated with integer values of i and (k + 0.5) indices. Similarly, the H, field is

associated with integer (i + 0.5) and Kk indices. Implementing numerical discrimination of

106



the field components and applying them in the first derivative of equation (4.1), results in

the following relation:

S L0 R P VR

At Az

_L[Hj‘%(i+y,k)—H:‘%(i—%,k)} (42)

EAX

The total set of numerical equations (4.1) takes the following form in the Cartesian co-

ordinate system:

1) = €7 k)« 2L [HT e 1 n 5 1)

F7AVA
—%[H:%(i VY e —%,k)}

HI 2k 14)= HI2 (ke 1)+

At n (s n (s
e [Ey (i,k+1)-E;] (i,k)]

HIP2 i 1K) = o2+ 1K )- ﬂALX [Er+1k)-ETGK)]  @3)

0
The scheme is actually based on implementing Yee’s'’ numerical approach to
establish central difference approximations for both temporal and spatial derivatives. The
superscript N denotes the time steps used in the numerical algorithm. The space sampling
for the calculation is done on a sub-micron scale. To ensure numerical stability of the
mathematical calculation in the absorbing medium, the Courant-Friedrichs-Levy (CFL)

condition'® was utilized as follows:
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4.4.2. TM Waves

_______

_______

Fig. 4.3: Position of the TM fields in the computational domain.

Similarly, for the 2D TM case in the X-Z plane, electric and magnetic field

components like E, , H and E, would exist. The Helmholtz’s equations in lossless media

are given as:

oH, 1 (aEX aEZj

ot u\ oz ox
0B, 1 oH,
ot g 0
oH
E, 1M, (4.5)
o & oX
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The distribution of the TM field components in the computational domain is

shown in Fig. 4.3. In this case, the electric field components E, and E, form the FDTD
cell edges. The magnetic field component H, is associated with the center of the FDTD

cell. The numerical equations in the TM algorithm can be demonstrated in a similar way

to equation (4.3).

4.5. Plane Wave Expansion (PWE) Method

The band structure of the lead salt PBG lattice for both TE and TM modes are
plotted with the help of very popular PWE method. By this methodology, the Maxwell’s
equation in a transparent, time invariant, source-less, and non-magnetic medium can be

described as:

Vx——=VxH(f)==H(F) (4.6)

where g(F) is the dielectric permittivity which is a function of space. C is the speed of
light in vacuum, and H (F) is the optical magnetic field vector having a definite angular

frequency . The time dependence of H (F) is designated by a terme'” . Equation (4.6) is

known as the “master” equation'’. This equation represents a Hermitian eigen value

problem.

According to the Bloch theorem, the magnetic field can be represented in a

medium with infinite periodicity as:

H(r)=e"h,(F) (4.7)



where H(F): H(F + ﬁ) for all possible arrangements of crystal lattice vectors R. Thus,

combining equations (4.6) and (4.7), one can obtain:
_ 1 . . 2.
(V+ik)>{—(v+ik)}x =2, (4.8)

Equation (4.8) is the fundamental equation which one can solve to get the dispersion
relation inside a particular crystal lattice structure. This equation is generally transformed
into a finite domain by simply expanding the magnetic field in a finite basis of simple
plane waves. Several methodologies™ *' have already been adopted in solving the final

discretized problem. The final solution of the discretized problem would result in a

dispersion relation between modal frequencies and wave vectork , generally plotted in

the form of a band diagram.
4.6. Finite Difference Method (FDM)

There are a number of numerical approaches available for the electromagnetic
analysis of structures having complicated geometries and designs. Numerical schemes,
such as finite element, finite difference, and boundary element methods, are well known
and well established. However, most of these popular mathematical and analytical tools
involve complex algebra and therefore, in order to find a numerical solution, they all
prove to be time killer. Therefore, a fast and precise method for the modal analysis of a
complicated structure, such as the PBG crystal lattice, has been implemented in this

study.
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The method fundamentally incorporates the finite difference (FD) scheme. It is
based on the perturbation correction technique® **, devised with a field convergence
algorithm. This method removes the limitation of the FDTD scheme in obtaining
individual modal field distributions. This limitation of FDTD arises because the source
used in the method is an impulse function in the time domain covering an infinite
spectrum, thus field solutions are a superposition of all possible modes. But FDM,
through a small correction in field and mode index evaluates individual mode field

solutions in the crystal lattice structure.

The concerned lead salt PBG structure is constructed with the usual discretization

notation and index profile,n*(x,y)= n7, where n;;corresponds to the index profile along

the cross-section of the lattice. Since the field at the boundaries must vanish, assuming an
initial value of the field, e next to one boundary, approximate field distribution and mode
index are calculated. After this primary calculation, taking these values as the initial
conditions, the verification of the discretized Helmoltz’s equation at all grid points by the
basic mode convergence equation is carried out. The field value is represented by e;; and

can be given as:

_ ei,j+1 +ei,j—1 + ei+1,j + ei—l,j

& 4- (AX)Z ko (niz,j — NG )

(4.9)

In equation (4.9), ko is free space wave vector, Nn;j is the refractive index at the
computational point and ne is the effective refractive index of the semiconductor

material. In this case, we assume AX = Ay . Through a series of convergence scans, the
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resulting field distribution yields a more accurate value of mode index**, g through the

equation
[ 2¢. . 2¢. . i
i,j-1 i,j+1
€y TE,; T ij1 T iLj+l
o0 o Eija TEij Eiju TEi
j j e dxdy
—o oo Eii—ECiq Eii—E&iin ) .
i G- i~ G+ 2
—<4+ + -k, (Ay) i 8ij
5 | €ijTéija €ijtéijn |
neffm = (410)

kZ(Ay) f:f: e, dxdy

The aforesaid process of recurring convergence scan and consequent assessment
of the mode effective index is continued until a desired precision in the value of Nefim is
achieved. For very fast convergence, the algorithm is altered with a relaxation factor by
which the change in the field before and after convergence scans is added in the next step
of convergence. The method described above results in the scalar fields of the waveguide
modes. In order to get the solution for the polarized modes, the approximate modes can
be calculated through the TE and TM modal solution of the constituent slab waveguides.
For mode field correction, the FD discretization can simply be adapted by incorporating
the semivectorial Helmoltz’s equation. In the case of the TE modes, the continuity
condition leaves the scalar Helmoltz’s equation unchanged to represent the semi-vectorial

form. For the TM modes, the corresponding equation® is given as:
2
O kg e, + 2 E, Liogn® |=0 4.11)
oy oy\ oy

Considering a three-point centered difference approximation for the operator

d%/oy* and implementing a uniform sampling grid, the field in case of semi-vectorial
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form, is converged to an X-polarized mode as given by the following convergence scan

equation.

2¢&; 2¢&
i,j-1 i,j+l
€ T T N ij1 T N i+l
o €ijo TEij ijn T (4.12)
L .
E . — & E . — &
2 -1 Ll
b8y (e, ) O B =
0 i,j eff
EijTE & TE

From the field distribution, the Nesim 1s then calculated using the integral as in equation

(4.13).
i 2¢, - 2¢; . ]
Lj-1 i,j+1
ei+1,j +ei—l,j + ei,j—l + ei,j+1
J‘+ooJ-+oo i j1 +g|J &ijn +gi,j dxd
€;; axay
5]
T ¥=0 . =& . E . —&. .
_ 4+ i,j i,j—1 + i,] i,j+1 _koz(Ay)Zgij eij
g tE L & TE i ’ '
2 _ L >J >] 1] L]+ B 4 13
Nefr = ( ’ )

oy [ [ el axdy

In case of y-polarized mode, equations (4.12) and (4.13) are exactly followed with the

indices I, J interchanged.
4.7. Lead Chalcogenide Defect Cavity PBG Structure

The photonic semiconductor structure consists of a PbSe-Pby ¢3St ¢2Se multiple
quantum well structure, grown on a BaF, substrate, which has arrays of dielectric air
columns periodically distributed in hexagonal fashion on the surface (as shown in Fig.
4.4(a)). Fig. 4.4(b) demonstrates the symmetry points of the first Brillouin zone in the
periodic hexagonal crystal. The structure has the following constituent material

parameters: refractive indices are nppse = 5.0 (bulk PbSe), nppsise = 4.6 (Pbg9St0.02Se) and
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n, = 1 (air). The active layer is considered to have a A/2 thickness, where A is the emission
wavelength. In order to choose an optimized design along two-dimensional crystal
structure, scanning has been done to calculate modal band structure and the

corresponding bandgaps in the crystal lattice for varying air-hole radius.

™ © 0 0 O
:° © @ @0 O

| Central
defect

Q Q Radius, r=d/2

(b)

Fig. 4.4: (a) Top view of triangular photonic crystal lattice structure, (b) Schematic of first

Brillouin zone for the hexagonal lattice pattern.
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Fig. 4.5: Top View of refractive index variation over the cross-section of hexagonal crystal

lattice.

The cross section of the designed hexagonal crystal lattice structure constructed
during FDM simulation is illustrated in Fig. 4.5. The diagram illustrates the formation of
a single defect inside the PC structure by omitting the central air-hole within a

computational window of a 600 x 600 mesh points.

4.7.1. Mid Infrared Photonic Bandgap Formation

The bandgap structure is illustrated in Fig. 4.6 where all the frequency
eigenvalues from the dispersion curves are combined along the single vertical line for

each specific scanned value of radius. The crystal is optimally designed to have a
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dielectric air-hole diameter (d) of 0.63 pm with a periodic lattice constant (A) of 0.96 um.

The air-fraction (d/A) in the photonic crystal plays an important role in creating the

bandgap. TE/TM Band Map
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Fig. 4.6: (a) Reduced band map for TE and TM mode, (b) band map for TE, TM, and joint mode.
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The band frequency tends to rise with the increase of air-fraction for a fixed lattice

constant (A) in the crystal, as can be seen in Fig. 4.6(a).

In Fig. 4.7, both transverse electric (TE) and transverse magnetic (TM) band
structures are plotted with the help of the PWE method. However, it is mention-worthy
that the resonating optical modes in such a periodically patterned crystal are not
distinctively TE or TM but they can be thought as TE-like and TM-like”*. The band
diagrams in Fig. 4.7(b) demonstrate one narrow and another quite broad TM-like
photonic bandgap exist in the structure, but no TE-like bandgaps. The bandgap values are
populated in Table-4.1. Moreover, the broad TM bandgap covers the mid-infrared
spectral region where room temperature photoluminescence from lead salts takes place.

Therefore the focus is to engineer a defect cavity mode in this frequency bandgap region.
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TM Band Structure
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Fig. 4.7: Band structure of the photonic crystal for (a) TE and (b) TM polarized light.

Table-4.1: TM bandgaps in the hexagonal periodic photonic lattice structure on 1V-VI lead salt

semiconductor.

Serial Number Bandgap
TMI1 1.916 pm —2.038 um
T™M2 3.959 um — 5.872 um

The defect cavity is designed (as illustrated in Fig. 4.4(a)) by omitting the central
air column, four vertical (two on top and two at bottom) lattice atoms along the X-

direction surrounding the central defect are made to have a diameter of 0.8 um, two
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adjacent horizontal atoms along the Z-direction surrounding the central defect are made

to have a diameter of 0.46 um.
4.7.2. Modal Analysis by FDM Scheme

To appreciate the confinement of modes to the central region, mode field
distributions are calculated using the FDM technique. Different values of emission
wavelength and crystal lattice parameters have been selected to optimize the variation in
mode field distribution on changing these parameters. The final goal is to achieve a single
modal laser emission from the lead chalcogenide defect cavity PC structure. It is noticed
that the field distribution appears to be largely Gaussian for the single modal condition.
However, when the emission wavelength becomes multi-modal, the field assumes a
distribution different from the usual Gaussian shape. This can be seen in Fig. 4.8, which
depicts the distribution of electric field for the fundamental and multi mode at emission

wavelengths of 4.17 pm?’.
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Fig. 4.8: Resonating electric field distribution at A = 4.17 gm (a) when multi-modal, (b) when

single modal.

The effective modal refractive index at the resonating condition is formulated to
be ~ 4.04. FDM perturbation technique determines the field distribution in the crystal at a
fixed wavelength and, therefore, it is quite challenging while determining the resonating
wavelength for a specific optical cavity. This necessitates the deployment of an FDTD
approach which produces a wideband response for the field distribution in the cavity by
exciting the crystal with a Gaussian pulse. Moreover, by applying the FDTD approach,

the results of the FDM approach could be verified.

4.7.3. Modal Analysis by FDTD Scheme

The uniaxial perfectly matched layer (UPML) absorbing boundary condition® **

30 which is a very efficient method in dealing with scattering by particles in vacuum, is

implemented as the boundary layers outside the FDTD computational window. In order
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to excite the photonic crystal structure, a Gaussian modulated continuous wave (GMCW)

point source is considered, which can be expressed as:

E,. = Aexp[— 0.5.(t-t,) /Tz]sin(a)t) (4.14)

where A is the input wave amplitude, T is the half width, o is the angular frequency, to is
the time offset. The rigorous numerical analysis produces precise and efficient time

domain response for the field distribution in the defect cavity.
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Fig. 4.9: Spectral response from DFT calculations after FDTD analysis of the resonating defect

cavity.

To generate the spectral response corresponding to the time domain behavior, a
discrete Fourier transform (DFT) is applied. This calculates spectral response for a

specific wavelength, as shown by:
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Flo)= [F(t)exp(- jot)dt = z F(n)exp( jonAt)At “.15)

where F(n) is the time domain response, N is the number of time steps. The spectral field
obtained from the defect cavity (as in Fig. 4.4(a)) in the photonic crystal is seen to
resonate at 4.17 um and is plotted in Fig. 4.9. The result seems to be in exact correlation
with the numerical results obtained from the FD perturbation correction analysis. The

optimized quality factor for the resonating mode is calculated to be 5200.

4.8. Experimental Steps for Air Hole Formation

Fig. 4.10: Realization of air-hole by photolithography and wet etching method.

In order to realize a PC lasing cavity in the opto-electronics lab at OU, one has to

employ contact lithography and the wet etching method. One of the most important
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parameters of PC air-hole is the inclination of its side wall with the base substrate. During
the theoretical simulation, it is always considered that the side wall is perfect in terms of
the surface roughness and inclination. Even a minute alteration in these parameters
affects the modal behavior of the defect cavity emission inside the crystal lattice
structure. The surface roughness is not a problem for the wet etching method. The only
challenge is the vertical inclination. In order to verify the initial presumption, a photo-
mask was selected which would lead to an air-hole with a diameter of 50 um, as shown in
Fig. 4.10. It is to be noted that the dimension of this mask has nothing to do with the
original theoretical PC laser dimension. A bigger air-hole mask was considered just to

study the perfection of wet etching procedure.

Fig. 4.11: Air-hole side wall inclination to base not exactly vertical after wet etching method.

The air-hole is etched on a PbSe single layer grown on a (111) BaF, substrate.

From Fig. 4.11, it can be seen that the air-hole is not perfectly vertical to the base
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substrate. Rather, it poses an acute angle with the base. Therefore, the wet etching
method is proved to be unsuitable for PC laser structure fabrication. Thus, dry etching or
plasma etching seems to be the only feasible option remaining to fabricate a PC lasing
cavity on a lead salt substrate. A joint collaborative study with Penn State University is
currently underway and the preliminary result of their dry etching procedure on OU

MBE-grown lead salt material is illustrated in Fig. 4.12.

LD2620706-3 Eftrying to repeat C's good resuly) after 12x100 sec etch (CI2=20; Ar=6; coil=160w; rf=145w; p=Tmtorr; Dc hias=260V)

PSU Nanofahb Zeiss SMT1530 me EHT = 2.00 kv Signal A= SE2 Date :21 Sep 2007 An Cheng
Mag= 900X | WD= 7mm Photo No. = 1221 Time :17:38:05

Fig. 4.12: Plasma etching of lead salt material (Courtesy: Penn State University).

4.9. Conclusions

In conclusion, a theoretical investigation of spontaneous mid-infrared emission
from IV-VI semiconductor defect cavity in the hexagonal photonic crystal is elaborated

in this chapter. The design is aimed to solve out challenges of the formation of resonating
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cavity for lead salt materials fabricated on Si(111) or BaF,(111) substrates. The band
structure calculations of the periodic crystal are performed using the PWE method. Two
approaches have been implemented to analyze and understand modal field distribution in
the defect cavity. The FD perturbation correction method and FDTD algorithms are very
popular and well-established mathematical tools for optical waveguide analysis. It has
been demonstrated that the FDTD results reasonably agree with those obtained using the
FD perturbation method. A single TM-like mode working at 4.17 pm, having an
optimized Q-factor of 5200, resonates in the designed defect cavity. The prospective
practical applications of the single mid-infrared emission are mainly in industrial trace-

gas sensing systems and emission monitoring.
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CHAPTER 5
MINORITY CARRIER LIFETIME MEASUREMENT
5.1. Background

The theory of recombination of an electron-hole pair through the formation of
recombination centers (also known as “traps”) was introduced in early 1950 by Hall' and
Shockley and Read?. In 1960, a few years later, Hall detailed his original inventions.” In
modern semiconductor and integrated circuit (IC) industries, lifetimes and diffusion
lengths of carriers are routinely measured. Carrier lifetime is one of the important
parameters providing characteristic information about semiconductor defect densities. In
theory, there is no lower limit of bulk defect density estimated by lifetime measurement
techniques. Moreover, minority carrier lifetime is considered as one of the essential

figures of merit of opto-electronic devices mainly photo detectors.

In a broad sense, carrier lifetime can be classified into two major categories:
recombination lifetimes and generation lifetimes.* The fundamental concept of
recombination lifetime (t;) applies when excess carriers decay due to the occurrence of
electron and hole recombination. The notion of generation lifetime (t,) holds when there
is a scarcity of carriers, e.g. the case of space charge region of a reverse biased device and
the device attempts to reach an equilibrium. Thus, by definition an electron-hole pair
ceases to exist after a time 1,. On the other hand, a new electron-hole pair is created after

an average time T,.
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When these generation and recombination mechanisms take place in bulk
semiconductor, they are characterized by 1, and t,. When they happen at the surface, they
are designated by the surface generation velocity (Sg) and the surface recombination
velocity (S;). Bulk as well as surface generation or recombination process takes place
simultaneously and therefore it is extremely difficult to separate them. The measured
lifetimes are thus always effective lifetimes comprising of both bulk and surface

components.

The bulk recombination rate R would symbolize the non-linear variation of the
carrier densities from their equilibrium states. Throughout this chapter, we consider a p-
type lead salt semiconductor material and are mainly concerned with the characteristic
behavior of minority electrons. By restricting our numerical calculations to linear,

quadratic, and 3 order terms, R can mathematically be expresses as follows:
R= A(n -n, )+ B(pn — p0n0)+ Cp (pzn — péno )+ C, (pn2 — pong) (5.1)
where n=n,+An and p=p, +Ap.

n, and p, are the equilibrium electron and hole densities respectively. An and Ap are

excess electron and hole densities accordingly. A, B, C,, and C, are arbitrary constants.

In case, there is no trapping inside the semiconductor Ap = An and therefore equation

(5.1) can be simplified to

R = AAn+ B(p, +An)An+Cp (pé +2p0An+An2)An+Cn (ng +2n0An+An2)An

(5.2)
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In equation (5.2) several terms containing n, have been disregarded because n, << p,

in a p-type lead salt material. The recombination lifetime is given as follows:

Tp=— (5.3)

To be more specific, the various recombination mechanisms occurring inside the lead salt
semiconductor material’ are Shockley-Read-Hall (SRH) recombination, radiative

recombination, stimulated recombination, and Auger recombination.

5.2.  Shockley-Read-Hall (SRH) Recombination

A deep defect energy level might affect semiconductor recombination lifetime by
providing an additional recombination path for carriers (generally non-radiative path), or
might misrepresent the lifetime measurement by behaving as a trapping center. The
difference between a trap and a recombination center depends on the relative probability
of a captured carrier being thermally released or attracting and combining with a free
carrier from the opposite band. The rate equations guiding the free carrier concentrations

during recombination via a recombination or trapping center are given as

% =G,-R,=E,FN, -C,n(l-F)N,,
dp
=0, ~R,=E, (1-F)N, - C,pFN, (5.4)
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where E, and E, are emission rates and C, and C, are capture coefficients electron and
hole respectively, Nt is the density of recombination centers, F is the fraction of those

centers occupied by electrons.

In thermal equilibrium state, thermal emission rates and capture rates of both

electrons and holes are related as shown below:
E F, = Cn(l_FO)nO’
E,(I-F,)=C,F,p, (5.5)

where ny, po and Fy are the corresponding values of n, p and F at thermodynamic

equilibrium condition. At this condition, the following expressions hold true:

1-F, -
(1-F) :lexp(E EF] (5.6)
F, g kT
E.-E
ny, =N exp(_—ckT = j )
E,.-F
Dy = NV exp(— %j (57)

where g is the degeneracy factor, Er is the Fermi energy level, k is the Boltzmann
constant, T is temperature, Nc and Ny are the effective density of states in the conduction
and valence band, Ec and Evy are the conduction band minimum and the valence band

maximum, respectively. Thus equation (5.5) can be expressed as:
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E =Cn,E =C,p (5.8)

p p

E.-E E,-E
where, 7, :Nclexp -—<—L1 and p, =N, lexp e (5.9)
g kT g kT
When thermodynamic equilibrium energy becomes equal to Fermi energy level,
then both n; and p; symbolize the density of electrons in the conduction band and holes in
the valence band, respectively. Considering steady-state conditions under

which@ = ap =0, then according to equation (5.4) it can be stated that the rates of

dt dt
effective recombination of electrons and holes are equal. Mathematically this can be

written as:
R=R, -G, =R, -G, (5.10)

Following above equation, the fraction of occupied recombination centers or traps under
steady-state conditions can be expressed in terms of the densities of electrons and holes

as shown below:

nlcn +p]Cp

F =
Cn(n+nl)+cp(p+pl)

(5.11)

Considering that the density of traps or recombination centers smaller compared to no, po,

n; or p; and the carrier neutrality is conserved (An = Ap), the effective recombination rate

of is written as®:
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N (np —
R=_ &S (oo ) (5.12)
Cn(n+nl)+cp(p+pl)

where n; is the intrinsic carrier concentration. The lifetimes of electron and hole are given

by the following equation:

, T o= (5.13)

From equations (5.12) and (5.13), the lifetime in SRH model can be represented as’:

n0+n1+An+ Po+ D +Ap

z-SRH = z-pO n (514)

Do +hy +An Op0+n0+Ap

The SRH statistics are modified by the possible presence of bound excitons at the
recombination centers. In the case, where three different states co-exist at the
recombination center i.e., the empty one, occupied one and bound excited one, the
effective recombination of an electron-hole pair is represented as:

C,C N, (np —n’ )

R= n~"p
C,(n+n)+C,(p+p)+7.CAConp+pln+n,)

(5.15)

In the above equation, 14 is the lifetime of excitons localized at the recombination or
defect centers. The hole capture coefficient Cp, which is pursued by the exciton creation,

and the probability p of thermal emission of holes from the bound exciton state at the

recombination center into the valence band are interrelated by p=C, N, exp[— xj,

where Ey is the binding energy of the bound exciton. Typical values of the lifetime for
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lead salt materials lie in the range from 50 ns to microseconds depending on the sample

‘[emperature.8
5.3.  Auger Recombination

Auger recombination is a non-radiative recombination mechanism which is
particularly important at excitation densities of free charge carriers in a semiconductor
material. There are two distinct classifications of the Auger recombination: the direct
recombination and the indirect recombination alias the impurity Auger recombination®.
During the direct Auger recombination process, the recombination energy of an electron-
hole pair is directly absorbed by a third carrier by Coulomb interaction rather than being
transferred to the crystal lattice. The Auger recombination rate is directly proportional to

the product of the concentrations of involved carriers and can be given as
R,=y,n’pand R, =y,p’n (5.16)

both for n-type and p-type semiconductor materials, respectively. The Auger coefficients
Yn and v, are elementary quantities of a semiconductor governing the least probable rates

of non-radiative recombination. A large energy of the order of the bandgap Eg and a large

*

momentum of the order of 2me_,f

E, (m:ﬁ. is the effective mass of the charge particle)

are generally transmitted to the third carrier involved in the recombination mechanism.
As a result, only charge carriers with a large overall kinetic energy could participate in

the direct Auger recombination mechanism. Therefore, there is always an existence of an
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energy threshold (E4) value for the Auger recombination process. The process

ETJ‘

probability is directly proportional to exp(— kth

Due to the existence of an energy threshold, the direct Auger recombination
mechanism is prevalent only in case of narrow bandgap semiconductor materials. For
other semiconductor materials, indirect Auger recombination process, which takes place
via creating a defect center, is favorable. In case of the indirect Auger recombination
process, which involves a single defect or bound state, there are four different
classifications. The classifications are eehge, hhegh, ehege, and ehhgh. Here e and h
indicate free electrons and holes, eq4 and hy designate electrons and holes localized at the

defect centers.

“eehde” “hhedhn “ehede” “ehhdhn

I

Fig. 5.1: Various indirect Auger recombination processes incorporating the creation of one

localized defect state. Arrows denote the direction of electron transitions.

The first three letters indicate the charge carriers in the initial state and the fourth one is
related to the charge carrier that receives the energy released due the recombination

process. The indirect Auger recombination mechanism is pictorially depicted in Fig. 5.1.
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The rate of Auger recombination is characterized by four Auger coefficients C; (I =1, 2,

3, 4):

R =Tn’p,,R, =T,p’n,, R, = T;npn,, and R, = T,npp, (5.17)

where pq is the density of holes localized at acceptors and ny is the density of electrons
localized at donors. In order to carry out numerical evaluation of the Auger coefficients,

the wavefunctions associated with the localized electrons and holes has to be calculated.

5.4. Radiative Recombination

The radiative recombination rate is proportional to the product of the electron and
the hole concentration of a semiconductor material. This phenomenon comes into
consideration when the excitation carrier densities exceed the doping density. The

radiative recombination rate is mathematically expressed as

R =Bn® (5.18)

r

where B is the radiative recombination constant. Typical range of B is ~ 8 x 10" cm’/sec

for lead salt materials.

5.5. Stimulated Recombination

The case of stimulated emission comes into the picture for a degenerate carrier
system with quasi-Fermi energy levels shifted into the valence and conduction bands. By
mathematical equation, the necessary condition for the occurrence of this phenomenon is

given as:
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Ef+E; >0 (5.19)

where Ef and £ ; are the quasi-Fermi energy levels of electrons and holes in conduction

and valence band, respectively. The spontaneously emitted photons get amplified in the
inverted sample. This results in an exponential rise in photon number and a decline in the
carrier concentration. The stimulated emission decreases the carrier density quite
efficiently. The reduction of the carrier concentration, however, is governed by the
threshold value defined by equation (5.19). The photon amplification per length is

represented as:

E.-ES E,-E’
g(hw)= ao(ha’){l—fe(Tf}—fh [Tfﬂ (5.20)

If the excited carrier concentration is higher than the threshold condition for stimulate
emission, the photons emitted spontaneously from the semiconductor material along a
direction parallel to the surface would get amplified with high efficiency. This in turn
reduces the density of carriers below threshold. The temporal development of the carrier
concentration because of the presence of stimulated recombination is also expected to

exhibit a threshold like characteristic.
5.6. Plasmon Recombination

This recombination mechanism is critically important for very high density values
of excited charge carriers in the semiconductor materials. The plasmon energy, in

general, exceeds the bandgap energy. The carrier recombination process takes place by
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emission of plasmons. In lead chalcogenide materials such as PbSe and PbTe, carrier
densities above 10" ¢cm™ are required for an efficient plasmon recombination.’ This
value of carrier density is almost one order of magnitude higher than the highest
excitation density considered in general lifetime measurement methods. For smaller

plasmon energies, the recombination through this mechanism is insignificant.

5.7. Minority Carrier Lifetime Measurement by Photoconductive Decay (PCD)

Method

The minority carrier lifetime is one of the key components influencing the opto-
electronic properties of the semiconducting material. Various methods '° ' have been
considered to measure carrier lifetime for IV-VI materials. Among these the photo-
current decay (PCD) method, a popular scheme which is widely utilized in estimating

carrier recombination lifetimes for many semiconductor materials and configurations'?

1415 s employed to evaluate the minority carrier lifetime in PbSe thin films grown on a
BaF,(111) substrate. In the PCD method, a constant current is passed through PbSe
samples with the help of two gold ohmic contacts made on the PbSe sample itself. Excess
carriers are generated by pulsed laser for a brief period of time. The photoconductivity

change (Aoc), carrying the signature of minority carrier lifetime, is represented by a

voltage drop (AV) on a fast cathode ray oscilloscope.

5.7.1. Fundamental Principle of PCD Method

In the actual experimental scheme, a constant current (I) is sent between two gold

ohmic stripe contacts made separated by a distance, L, on the substrate, in our case on
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PbSe sample. The dark voltage drop, i.e., the voltage drop across the sample when it is

not excited by pulsed laser can be given by:

1L
Vy,=

- , 5.21
o (5.21)

where op is the dark conductivity of the sample, A is the area of cross-section on the
sample through which current passes. When PbSe sample is illuminated by Q-switched
laser, the sample conductivity is increased to ¢ due to the generation of excess carrier.
Upon termination of pulsed laser illumination, the decay of voltage between the contacts
(AV) is measured as a function of time as represented by:

Ay = AL Ao
Ao, o

, (5.22)

where Ao =0 -0, (5.23)

Under low-level injection, op would be sufficiently large and Ac << op. Thus, the
change in voltage drop, AV, would be controlled by the decay mechanism of Ac in time
domain. The decay in Ac carries the signature of the exponential decay of minority
carrier concentration, generated by laser excitation, to its thermal equilibrium value with
a time constant t. This T represents the minority carrier lifetime of the semiconductor,

comprised of three components:

— =t —t—=—+—+— (5.24)
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where 13 is the radiative recombination lifetime, Tty is the non-radiative recombination
lifetime (generally takes place via deep recombination centers), ts is the surface
recombination lifetime, S is surface recombination velocity (SRV), and ¢ is the thin film
thickness. The PL decay curve therefore represents the total minority carrier lifetime, not

only radiative lifetime (1), for example.

5.7.2. Surface Passivation of PbSe

Epitaxial narrow bandgap IV-VI lead salt materials (such as PbSe) are popularly
used to make infrared opto-electronic devices. The quality of thin-film surface
preparation is critical to the fabrication and performance of such devices. It is well-
known that surface impurities on the exposed area of thin films have damaging effects on
the semiconducting behavior of such materials. One significant affect of such surface
states is observed in the degradation of the spectral resolution of infrared photodetectors
due to the occurrence of surface leakage current generated by the presence of conducting
surface impurities. Other important factors which diminish device functionality are
related to various surface noises'®. These limitations could be avoided by covering the
exposed material surface with a suitably thin passivation layer, one which is preferably
lattice matched with the base material. Various chemical and electrochemical processes
have already been developed to passivate different III-V and II-VI materials such as
GaAs'” '® ' InP %, HgCdTe*! 22 etc. Surface passivation of PbSe by evaporating ZnSe
is reported %, but that surface treatment technique proved ineffective. Unlike ITI-V and
II-VI materials, the effect of surface passivation on IV-VI semiconductor thin films has

not been extensively studied.
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In this chapter, we study the implementation of CaF, as a new surface passivation
layer for MBE-grown PbSe single crystalline thin films on a BaF,(111) substrate. Water-
insoluble CaF, is chosen as the passivation layer due to its ease of epitaxial growth on
PbSe thin films in the MBE. In addition, the CaF, passivated structure does not
complicate the processing steps for device fabrication. The purpose of this study is to
investigate the influence of surface passivation on the basic properties of semiconducting
opto-electronic devices including photoluminescence (PL) intensity and minority carrier

lifetime.

5.7.3. Sample Preparation

The growth of PbSe thin films on BaF,(111) substrates are initiated via MBE
growth of a thin (20 A) buffer layer of CaF, (lattice constant = 5.44 A). The substrate
temperature is kept constant at 375 C, and the PbSe growth rate of 2.0 um/h is
maintained where, during the growth process, the Se to PbSe beam flux ratio is fixed at
10%. For this study, two p-type single-crystalline PbSe samples are grown on BaF,(111)
substrates with thicknesses of 4.5, and 6.5 um. These samples are designated as Sample

A and Sample B respectively.

In each MBE run, a set of seven samples are put inside the chamber for PbSe
growth. Each time after the growth process is completed; all PbSe samples are taken
outside of the MBE chamber. Three samples are kept in ultra-vacuum for future optical
and electrical characterization related to this study and the remaining four samples are
thoroughly blown by high purity N, gas and re-inserted into the MBE chamber in order to

grow a thin (200 A) CaF, passivation layer on the surface of the p-type PbSe thin films.
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A chemical solution of de-ionized water and sulphuric acid (in the ratio of 40:1 by
volume) is taken to remove the CaF, passivation layer on top of PbSe in order to make

gold ohmic contacts.
5.7.4. Results and Discussion

Laser excitation of samples are performed using a 1.064 pm Q-switched
Neodymium:Y ttrium-Aluminium-Garnet (Nd:YAG) pulsed laser (tpuse = 30 ns, pulse
repetition rate = 10Hz). The average excitation power on the sample surface used for
optical measurement is 0.2 uW, and the spot-size diameter is focused to 4.0 mm on the
sample. Considering that each photon of the pump laser creates a new electron-hole pair,
the value of the initial average non-equilibrium excited carrier concentration (Ny) can be

determined by**

4N0=065x£§5—£7@—lﬁl:5§§:g£) (5.25)
hc nr d

where the absorption coefficient () at the pumping wavelength (A=1.064 um) is 5 x 10*
cm™, & is Planck’s constant, ¢ is light velocity in vacuum, and d is penetration depth of
pump laser (in our case, d = 1.0 um), E, is lasing pulse energy. R is the reflection

coefficient of thin film surface and can be calculated as

R=[”‘1 (5.26)

n+1

where 7 is the relative refractive index of PbSe (n = 5). The value of initial excited carrier

density (No) for Sample A is therefore calculated to be 1.2 x 10'® ¢cm™. The carrier
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mobility and bulk concentration at 77 K and 300 K are populated in Table-5.1. We

consider that the smooth, thin passivation layer (200 A) of CaF, would have negligible

effect on the pump power absorption by PbSe samples.

Table-5.1: Carrier mobility and bulk concentration at 77 K and 300 K, and thickness of Sample A

and Sample B.
Mobility Mobility Thickness Bulk conc. | Bulk conc.
Sample | (cm®V.s) | (cm?V.s) (um) (cm?) (cm?)
at77K | at300K H at 77K | at300K
Sample A | 6659.2 274.6 4.5 8.8x10' | 3.0x10"
Sample B 6597.0 221.3 6.5 8.5x10'" | 3.1x10"

The lifetime measurement unit has a time resolution of 4 ns. In order to minimize
measurement error in lifetime for a particular temperature, ten measurement data are
taken for a single PbSe sample and the lifetime is represented by taking the average of
those measurements. Fig. 5.2 represents the evaluation of minority carrier lifetime by the
exponential fitting to the AV decay curve considered after the laser excitation stops. The
lifetime values calculated for Sample A, with and without CaF, passivation, are

839.5+20.2 ns and 666.3+28.1 ns respectively at 77 K.
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Fig. 5.2: Exponential fitting to voltage decay curve before and after CaF, surface passivation and

thereby calculating minority carrier lifetime.

The effect of CaF, passivation on minority carrier lifetime for both PbSe samples
at various temperatures is illustrated in Fig. 5.3. The improvement in minority carrier
lifetimes after surface passivation is comparatively more significant at low temperature
than at high temperature values. Even if the lifetime improvement after surface
passivation is well within error margin at elevated temperature, there is a consistent trend

of increasing lifetime due to CaF, passivation.
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Fig. 5.3: Minority carrier lifetimes measured by PCD method before and after CaF, passivation

at various temperatures for (a) Sample A, and (b) Sample B.
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The lasing power density used to carry out the optical characterization for PbSe
samples is 44.31 kW/cm®. The spontaneous emission emanating from the sample is made
to fall on a Kolmar liquid nitrogen-cooled photovoltaic mercury cadmium telluride
(MCT) detector equipped with a fast pre-amplifier. With the help of Fourier transform
infrared (FTIR) spectrometer, time-resolved infrared spectra are recorded in step-scan
mode by using PAD 82a transient digitizer board. The photoluminescence (PL) spectra is
calculated at an optical resolution of 16 cm” and co-added four times. The PL
measurements are performed at various heat sink temperatures from 77 K to 300 K in
steps; spontaneous emissions from both thin-film samples with and without passivating
layers are compared. It is noteworthy that the optical measurement parameters were kept
constant in regards to characterizing one sample with a passivation layer and comparing
the result with its non-passivated counterpart. Fig. 5.4 shows the pulsed
photoluminescence from both PbSe samples at various temperatures, both before and

after CaF, surface passivation.
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Fig. 54: PL intensity from PbSe epilayers on a BaF,-substrate with and without CaF,

passivation at various temperatures for (a) Sample A, and (b) Sample B.
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Pulsed PL intensity from the PbSe samples increases after surface passivation for
both samples. For example, from Fig. 5.4(a), the increment in PL intensity from Sample
A shows a maximum improvement of 1.76 times at 77 K after CaF, passivation. The PL
enhancement reduces steadily with the increase in heat-sink temperature. The PL
intensity at 300 K, however, is quite weak and does not show improvement after
passivation. Similarly, Sample B demonstrates a 1.83-fold enhancement in PL intensity at
77 K after passivation and the improvement gradually reduces with temperature as shown
in Fig. 5.4(b). Light extraction efficiency > from PbSe sample is calculated to be 1.12%,
whereas that from CaF,-passivated sample is only 0.80%. Therefore -calibrated

enhancement should be an enhancement in PL intensity after surface passivation.

From the measurement results, the effect of surface passivation on minority
carrier lifetime and PL intensity of PbSe thin film samples is comparatively more
significant at low values of heat-sink temperature than at high temperature. In principle,
the values of radiative and non-radiative lifetime are not influenced by the introduction of
CaF, as a passivating layer. As seen from Fig. 5.3, surface recombination velocity,
which is inversely proportional to lifetime (as from equation 4), is the only parameter that
is improved after passivation. The influence of surface states on lifetime is minimized by
CaF, passivation, the effect of which is demonstrated by improved minority carrier
lifetimes as well as PL intensities from the passivated thin film samples. Thus surface
passivation for lead salt material is critically important, especially at low temperature, in
regards to device fabrication as is the case with II-VI, and III-V materials. Further studies
will involve growing a thin CaF, passivation layer on PbSe epilayer grown on Si

substrate.
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5.8. Conclusions

A study the effects of CaF, surface passivation on minority carrier lifetime and
PL intensity from PbSe thin films grown on BaF, substrates at various heat-sink
temperatures is reported. Results of a PCD study on the measurement of minority carrier
lifetime in PbSe are described. Minority carrier lifetimes (t) and pulsed
photoluminescence intensities are increased after surface passivation for both samples.
However, the improvement is comparatively more significant at low temperature than at
high temperature. This may indicate that surface passivation for Pb-salt materials are not
as critical as its II-VI and III-V counterparts at high temperature of device operation.
Therefore, device fabrication for Pb-salt materials at elevated temperature could be

relatively more cost-effective with a higher-yield.
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CHAPTER 6

SUMMARY AND FUTURE WORK

6.1. Summary

The research elaborated by this dissertation has described a theoretical model
which evaluates gain from the quantum well structure based on IV-VI lead salt
semiconductor material in the second chapter. The calculation is carried out utilizing the
very popular Kane’s double band model. The modal gain of the QW structure, with both
for finite and infinite well, for different growth orientation is calculated by keeping the
injected sheet carrier charge density as constant. The carrier effective masses at L points
in the Brillouin zone along [100], [110], and [111] orientations are implemented in
generating modal gains for the respective QW orientations. The subband energy levels
together with the corresponding quasi Fermi energy levels are evaluated and plotted for a

specific orientation and QW parameters.

The modern epitaxial technology that allows high quality alternating material
growth and advanced laser concepts is resurrecting 1V-VI mid-IR lasers. The [110] and
[111] orientated QW laser structure combined with much improved substrate thermal
conductivity as well as the low Auger recombination promise the success of the lead-salt
mid-IR lasers. The third chapter described some work in the domain of recent
developments of IV-VI lead salt light emitting devices. An electrically excited QW laser

on [110] oriented lead salt substrate is described for the first time in the literature.
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Fabrications of novel microstructures in the form of rod, tube and pillar, having

enormous applications in MEMS and NEMS, are reported.

In the fourth chapter, a theoretical investigation of spontaneous mid-infrared
emission from 1V-VI semiconductor defect cavity in the hexagonal photonic crystal is
elaborated in this chapter. The design is aimed to solve out challenges of the formation of
resonating cavity for lead salt materials fabricated on Si(111) or BaF»(111) substrates.
The band structure calculations of the periodic crystal are performed using PWE method.
FD perturbation correction method and FDTD algorithms have been implemented to
analyze and understand modal field distribution in the defect cavity. These are very
popular and well-established mathematical tools for optical waveguide analysis. FDTD
results reasonably tally with the simulation results by FD perturbation method. By
thorough and accurate calculation, a single TM-like mode is achieved at 4.17 um, having

an optimized Q-factor of 5200, resonates in the designed defect cavity.

The fifth chapter describes a study concerning the effects of CaF, surface
passivation on minority carrier lifetime and PL intensity from PbSe thin films grown on
BaF,(111) substrates. Minority carrier lifetimes and pulsed photoluminescence intensities
from PbSe samples are increased after CaF, surface passivation. However, the
improvement is comparatively more significant at low temperature than at high
temperature. This may indicate that surface passivation for Pb-salt materials are not as
critical as its 11-VI and I11-V counterparts at high temperature of device operation.
Therefore, device fabrication for Pb-salt materials at elevated temperature could be

relatively more cost-effective with a higher-yield.
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6.2. Future Work

The laser emission from the [110] lead chalcogenide MQW structure is multi-
modal. Moreover, the highest heat sink temperature at which the lasing could be achieved
is 158 K. In order to do away with multi-modal emissions, narrow stripe contact in the
range of 5 - 10 um could be considered. Formation of a cleaved Fabry-Perot cavity on a
BaF, substrate which has larger thermal conductivity than Pb-salt materials has been
demonstrated by our group. These BaF, substrates could be extensively implemented as a

growth substrate in order to realize high temperature infrared devices in future.

A theoretical study regarding the formation of photonic crystal defect cavity on
lead salt materials has been conducted. The motivation is to demonstrate high
temperature continuous wave lasing emission from laser structure based on silicon
substrates. Further theoretical study covering the three dimensional laser structure is
required in order to precisely calculate the modal pattern and other relevant parameters of
the laser emission from the PC structure. More experimental studies could be conducted

to realize these lead-salt based PC devices for real world applications.

A thorough analysis regarding the measurement of minority carrier lifetime of
PbSe samples grown on BaF,(111) is elaborated. Photoconductive decay method has
been implemented to carry out the lifetime measurements of the samples at various heat
sink temperatures. A study on the effects of CaF, surface passivation is carrier out. A
similar study of surface passivation on lead chalcogenide materials on Si substrate is
needed. Moreover, the effect of surface passivation by other materials such as SizNg4

could be considered. The minority carrier lifetime measurement set-up established during
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this study could be utilized to measure carrier lifetimes for future laser and detector

materials.
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APPENDIX |

ACRONYMS

APSYS Commercial software, written by the CROSSLIGHT Inc., for solving numerical
simulations for QW structure

BMS Beam splitter

CB Conduction band

CMP Chemical mechanical polishing
CW Continuous wave

DBR Distributed Bragg reflector

DFT Discrete Fourier transform

DH Double heterostructures

DI De-ionized

DOS Density of states

FD Finite difference

FDM Finite difference method

FDTD Finite difference time domain
FET Field effect transistor

FTIR Fourier transform infrared

FWHM Full width at half maximum
GMCW Gaussian modulated continuous wave
HRXRD High reflection X-ray diffraction
IC Integrated circuit

IR Infrared

LPE Liquid phase epitaxy

MBE Molecular beam epitaxy

MCT Mercury-Cadmium-Telluride
MEMS Micro-electromechanical systems
MIR Mid-infrared
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MOCVD Metal organic chemical vapor deposition

MQW Multiple quantum well

NDA Non disclosure agreement

Nd:YAG Neodymium:Yttrium-Aluminium-Garnet

NEMS Nano-electromechanical systems

Opti-FDTD Commercial software, written by the Optiwave Company, for solving
Maxwell’s equations by the finite difference time domain method
OU University of Oklahoma

PBG Photonic bandgap

PC Photonic crystal

PCD Photoconductive decay

PL Photoluminescence

PRF Pulse repetition frequency

PWE Plane wave expansion

QC Quantum cascade

QW Quantum well

RHEED Reflection high energy electron diffraction

SEM Scanning electron microscope

SQW Single quantum well

SQW-GRINSCH Single quantum well graded index separate confinement
heterostructures

SRH Shockley-Read-Hall

3D Three-dimensional

TE Transverse electric polarization

TEM Transverse electro-magnetic

TM Transverse magnetic polarization

2D Two-dimensional

VB Valence band

VCSEL Vertical cavity surface emitting laser

VPE Vapor phase epitaxy
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