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CHAPTER I
INTRODUCTION

ZnSe-based II-VI compound semiconductors are currently the best candidates
for optoelectronic device applications in the blue-green region of the visible spectrum
such as blue diode lasers and blue light-emitting diodes. There are still several serious
obstacles which should be overcome before the successful diode lasers come to reality.
These are the inability to achieve heavy p-type doping for the preparation of p-n
junctions, as well as good Ohmic contacts. In addition, the optical properties of these
materials and their lasing characteristics still remain to be thoroughly understood. It is
the purpose of this work to present the results on the studies of certain aspects of
optical properties and optically pumped lasing properties of ZnSe-based materials.

Chapter II presents a theoretical background. A historic perspective on the blue
lasing of II-VI compounds is given. Special emphasis is given to optical pumping in
various novel structures. The quantum size effect in a semiconductor quantum well is
also briefly reviewed. Chapter Il to Chapter VI presents detailed studies on the
optically pumped lasing properties of ZnSe and ZnSSe samples. Chapter III studies the
stimulated emission and lasing properties of ZnSe at room temperature. This includes
the description of stimulated emission characteristics and the identification of lasing

mechanisms at room temperature. Chapter IV describes the room temperature
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operation of optically pumped lasing from ZnSe and ZnSSe laser bar samples. Record
low lasing threshold values were observed from these> laser bar samples without the
optical coating on the laser cavity facets. In Chapter V, a two-photon pumped lasing
study on ZﬁSe and ZnSSe samples is presented. The lasing properties were compared
with one-photon pumping case and the lasing mechanism was identified. In Chapter VI
optical gain measurements were performed. The obtained gain values are very useful
in designing laser cavities. Chapter VII studies the quantum confinement effect of
strained ZnS/ZnSe single quantum well systems. This study reveals the good sample
quality in the strained layer samples with very sharp excitonic transitions observed.
The strain in the quantum wells changes the band structures of the system, which has
to be considered in energy band calculation. Chapter VIII presents a preliminary study
on the nonlinear optical second harmonic generation with a transmission geometry.

Finally, Chapter IX summarizes the results of this work.



CHAPTER 1
BACKGROUND

Survey of Blue-green Lasing Work from

ZnSe Based II-VI Compounds

Potential Applications

Compact sources of blue light, such as blue light emitting diodes (LED’s) and
’blue lasers, will find wide applications in modern optoelectronic devices. Optical
information processing and optical data storage, compact disc players and large RGB
(red-green-blue) screen displays, as well as undersea communications, are a few
examples of the applications which illustrate the importance bf the development of
small blue laser devices. An infrared emitting laser from III-V semiconductors is the
key component in the optical communication, laser printers and optical memories (
e.g. video and compact discs). Significant technological advantages are possible in the
enhancement of optical readout density and printing speed in the laser printers if the
wavelength of the semiconductor laser can be altered from infrared to blue. For
example, in the case of optical readout memories, such aé compact discs, the storage
bit density, in diffraction limited optical systems, increases as the square of the spatial

cut off frequency f=2NA/A, where NA is the numerical aperture and A is the laser



wavelength.! A change in wavelength from 800 to 400 nm produces a factor of 4
increase in the data storage rate. This increase in optical density will allow us to find
more applications beyond the current capacity in video/compact disc optical
information systems. A compact blue/green light source will also make large color
screen display possible where blue and green are needed to make a full color display.
The blue/green diode lasers wili replace the bulky photo-tube now used in color TV
sets to produce the primary colors: red-green-blue.

The application of blue lasers in under-water communications is due to the fact
that the sea water absorbs colored lights at different rates; only the blue light can
easily pass through the sea water with 1e$s absorption. This will provide faster and
better communication between submarines. Laser beam communications would also be
difficult to intercept and could transport a greater volume of information than present

systems, such as sonar.

Electron Beam Pumping on II-VI Compounds

One of the commonly used excitation methods to obtain lasing in
semiconductors is a beam of high energy electrons (e-beam) focused onto the
semiconductor target to achieve high density carrier generation. In this case, high
energy electrons of 20 keV or more are deposited on a semiconductor sample. These
electrons penetrate several microns into the material and generate electron-hole pairs
as they lose energy. Electron beam pumping was extensively used in the past for II-VI

compound semiconductors where reliable diode laser structures are as yet difficult to



fabricate and where the optical pumping is limited by the available laser source. The
first stimulated emission and lasing from semiconductors under e-beam pumping were
reported more than twenty years ago on CdS.? Since then, electron beam pumped
lasing has been demonstrated in most II-VI compounds. Some of the II-VI laser output
efficiencies at low temperatures (4 K-77 K) are reported to be in excess of 0.26 for
CdS.>* At room temperature, efficiencies up to 0.18 were reported.” If proper cavity
precautions are taken, high output powers can also be obtained from II-VI lasers. Up
to 100 kW peak power has been obtained from both ZnO and CdS.%’ Unfortunately,
these efficiencies and peak powers are not typical. In most experiments, one observes
a few percent or less efficiency and a few watts or less peak power.

The disadvantage of the e-beam pumping is that in most cases, the density of
the excitation required to achieve lasing threshold is too high. This will lead to various
forms of sample degradation.*® ZnSe is a typical example in which experiments have
shown that very high excitation power densities are required to reach the lasing
threshold. The threshold is usually so high that applications are impractical. Also, the
thermal effects in the e-beam pumped lasers have to be dealt with since the excessive
thermal loading of the material is present due to high conversion ratio of e-beam

energy into heat.

Optical Pumping

Similar to the electron-beam pumping, optical pumping uses photons instead of

electrons to excite semiconductors. A photon is absorbed by the semiconductor,



creating an electron-hole pair which then recombines and emits another photon with
lower energy. This technique has been used to excite materials in which contact or
junction technology is not adequatel)} developed, or in high-resistivity materials where
electroluminescence would be inefficient or impractical. The first optically pumped
stimulated emission study on ZnSe was performed by R.J. Seymour in 1978.!° The
stimulated emission was observed from solution-grown bulk ZnSe samples by a
nitrogen laser excitation. Based on energy position of the lasing line, the stimulated
emission at 77 K was identified as due to the LO-phonon assistant free exciton
recombination. Catalano et al performed the one- and two-photon pumped stimulated
emission studies on the melt grown ZnSe."! Based on the experimental observations,
they concluded that the ZnSe lasing mechanism under one photon excitation with
pumping photon energy close fo the smﬁple energy gap is the exciton-exciton
scattering, whereas under two-photon pumping the dominant laser action is related to
LO-phonon assisted free exciton recombination. Baltrameyunas et al also studied the
lasing mechanism of ZnSe at low temperatures (77K) and found that the main
mechanism responsible for two-photon pumped lasing was a combination of exciton-
phonon and exciton-exciton interactions.!” Recently, Newbury et al re-investigated the
stimulated emission mechanisms in MBE ZnSe epilayers.”® Based on i) the peak
energy position of stimulated emission line at threshold, ii) the kinetics of the emission
intensity below threshold, and iii) a shift to lower energies of the lasing line with
increased pump intensity, they concluded that the stimulated emission is due to

inelastic exciton-exciton scattering.



The above studies are all made at low temperatures. Lasing at room
temperature has not been achieved until very recently. Zmudzinski et al reported for
the first time the room temperature phétopumped lasing from bulk ZnSe by using a
pump photon energy very close to the band gap of ZnSe and incorporating highly
reflective coatings on the cavity ends.”* The improved lasing properties‘were observed
in our laboratory at room temperature in both bulk and epilayer ZnSe samples without
the high reflective coatings.'” Furthermore, we have identified the lasing mechanisms
at room temperature for the first time.'®

With advances in modern growth technology such as Molecular Beam Epitaxy
(MBE) and Vapor Phase Epitaxy (VPE), sample qualities are much improved. GaAs is
usually used as a substrate material in these epitaxial growth techniques for II-VI
compounds. Stimulated emission and lasing have been observed in various types of
quantum well structures based on ZnSe. The quantum well structures such as a double
heterostructure (DH) can provide confinement to electronic carriers as well as to the
photons. This will significantly reduce the threshold, resulting in the improved lasing
characteristics compared to the bulk case. As a matter of fact, a ZnSe/ZnS Se, o,
double heterostructure grown on the GaAs substrate has been lased at room
temperature using a near resonant pumping.”” The reason for selecting ZnS, ,S¢, o, a5
the cladding layer is that it is lattice matched to the GaAs substrate which will give
rise to good sample quality. However, the small sulphur concentration used in the
ZnSSe barrier provides limited optical and carrier confinements. The advantage of

using the small sulphur concentration is that it reduces the strains in the ZnSe active



layer so that a thicker active layer can be grown without the generation of misfit
dislocations.

The ZnSe/ZnSSe multilayer structures ére,favored material systems for blue
lasing since the quantum confinement effects shift the lasing energy further into the
blue. Lasing in a ZnSe/ZnS, ;,Se, s multilayer structure has been observed up to
180K."® The same group has also improved the sample structure design with higher
heterobarriers (ZnSe/ZnS, ,;Se,s,) and with an average lattice constant of the
multilayers matched to that of the GaAs substrate.”® In this way, they observed lasing
up to near room temperature (280K). Later on, they observed the low threshold lasing
by a near resonant pumping, which directly excites the active ZnSe layer.?’ Lasing up
to 400 K was observed.?® Another group reported lasing in ZnSe/ZnS, ;S¢€¢;
superlattice structures in the temperature range of 100-300K.*' Very recently, high
output powers of 24 W (10 ns, 8 Hz) was observed from a photopumped
ZnSe/ZnS, 5S¢, s, blue laser operating at room temperature with high quantum
efficiency.” The improved lasing property is attributed to the improved waveguiding
structure as well as the crystalline property of the active layer.”? The lasing
mechanism was studied by measuring the temperature and the excitation level
dependence of the emission spectra. The stimulated emission mechanism was
concluded to be the result of electron-hole plasma.”

Another material system which has been studi;d intensively is the
ZnSe/ZnCdSe multilayer structures. Due to the fact that high quality ZnCdSe crystals

can be easily grown and that the crystal can provide the unique tunability in the range



of yellow-to-red, the lasing properties of ZnCdSe alloy have been studied.”* The
wavelength of lasing achieved varies from 620 nm (red) at room temperature to 585
nm (yellow) at 100K. The main reason in considering ZnSe/ZnCdSe as the prime
candidate for realizing the p-n diode laser emission results from a consideration of
conduction and valence band offsets in II-VI heterostructures. While a number of
structures were found to possess either rather small valence band offset
(ZnSe/ZnMnSe®? and CdTe/ZnTe**®) or too small conduction band offsets (
ZnSe/ZnSSe system),”* ZnSe/ZnCd,Se,, system was found to have reasonable
confinement on both electrons and holes (for example, with x=0.2, the band offset
ratio is AE/AE,=70/30).* Optically pumped lasing has been realized in
ZnSe/ZnCdSe single quantum well structures™ as well as multiple quantum well
structures.*** This leads to the historic development of the first II-VI diode lasers
emitting in the blue-green spectral region in 1991.%*% After this initial success in
making the diode laser, efforts continued to improve the lasing properties, such as
lowering the lasing threshold, increasing the operation life time, and increasing the
lasing temperatures in order for it to be practically used.*® Also, some novel structure
designs such as Zn, 3,Cd, ,;5¢/ZnS, (¢S€, o, have been studied to improve the lasing
properties.”® Meanwhile, efforts are also made toward the identification of the
mechanisms responsible for the lasing.***

Other material systems have also been studied by using optical pumping
techniques. Since it is still difficult to obtain p-doped ZnSe and ZnTe is grown

naturally p-type, it is believed that the ZnSe/ZnTe quantum well structure should
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provide a good choice for the p-n junction carrier injection lasers. However, the
difficulty in this system is the large lattice constant mismatch (7.4%) and possibly a

43

type-1I band offset.”” These problems may be solved by using a ZnSeTe alloy
system.** As an alternative, a Zn,,sCd,,sTe/ZnTe structure has been designed to reduce
the strain and has been studied for optically pumped lasing at room temperature.*’
Quasi-continuous lasing was also observed in ZnCdTe/ZnTe quantum wells up to room
temperature.“* *’ Another well studied lasing system is the ZnSe/ZnMgSe multiple

quantum wells.*® Very recently, blue laser diodes were successfully fabricated from

ZnMnSSe/ZnSe structures which operate at 77 K.*
Quantum Size Effect

When a single layer of material A with a smaller energy band gap is embedded
between two layers of material B with a larger band gap, the band discontinuities are
such that both electrons and holes are confined in the A materials. In the case that the
thickness of the material A is much less than the other two dimensions, L,<<L,, L,,
and is comparable to the DeBroglie wavelength of the carrier, quantization of the
particle motion in the z-direction occuré. The electrons and holes in such a
heterostructure may be viewed as a two-dimensional electron gas. This is the so-called
Quantum Size Effect which was discovered over 20 years ago.

In the approximation of the envelope wave function®, the situation can be
viewed as the one-dimensional motion of a particle of mass m confined by a finite

barrier. The problem is well-known, and the solution can be found in any quantum
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mechanics textbook. The Schrodinger equation can be written as

h? d?

2m*(2) dz?

—t VC(Z)]III,'=E”\|I"

V=0 for lz|<% (L)

L
Vo Jorfz]><

where m'(z) is the effective mass of the carrier in A or B material, and L, is the

thickness of material A. Since the problem has an inversion symmetry around the

center of the well, which is taken as the center of coordinates, the solution wave

functions of Eq. (II.1) can only be even or odd. They can be written as

¥ =Acos kz,
=Bexp[-x(z-L2)],

=Bexp[x(z+L [2)],

or

¥ =Asin kz,
=Bexp[-x(z-L/2)],

=Bexp[x(z+L [2)],

where

for lzj<%:

for z>% (1L2)

Jo =
r z<-—
2

for lzj<
r —
253

for z>% (IL.3)

Jor z< L
2
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B2

*
2m,

2
Vo E,;=- h Kz; -V,<E<0 (IL4)

E = .
2my’

The eigenvalues E, can be obtained by matching ¥ and [1/m’(z)][d¥/dz] at the

interfaces which gives the transcendental equation

E E
2‘/m mg | —(1-=2)
*y2 'A"'B
tan 2mA LZEn _ \ VO VO (II.S)
h? E

* *. L
(m, +m,,);"— Mg
0

The above equation holds for both electrons and holes. The potential V| is called the
band offset. The ratio of the conduction band offset over the valence band offset is an
important parameter in calculating the quantized energy levels. Obviously, the
quantized energy levels will depend on the potential barrier V,, as well as the well
width L,. By changing L,, one can change the optical transition wavelength. The
photoluminescence technique usually can detect the transition between the first

quantized electron and hole energy levels.



CHAPTER III

OPTICALLY PUMPED STIMULATED EMISSION STUDIES

IN ZnSe AT ROOM TEMPERATURE
Introduction

Direct wide band gap II-VI compound semiconductors have been studied for
more than twenty years for their potential applications in optoelectronics such as blue
laser diodes and light emitting devices.” ZnSe is one of the most extensively studied
II-VI materials. In recent years, great progress has been made in lasing ZnSe based
materials.®****> This includes the first successful operation of the diode lasers in the
blue-green portion of the spectrum.***” The photopumped lasing work has been mainly
confined to low temperatures. The mechanisms responsible for stimulated emission
(SE) at low (~10 K) temperatures have been studied extensively. The proposed
mechanisms for SE at low temperatures were free exciton-exciton inelastic scattering
or a combination of exciton-exciton and exciton-phonon process.’**® Much less work
has been done for lasing ZnSe at room temperature. This is probably due to the poor
sample qualities which make it difficult to lase at room temperature. Although
photopumped lasing has been observed in ZnSe at room temperature (RT) in recent

14,15,52

years with improved sample qualities, the origin responsible for lasing at RT has

13
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not yet been studied in detail, partially due to the lack of experimental data and the
difficulty of generating tunable blue laser beams for excitation. In order to improve the
lasing characteristics and eventually fabricate RT injection diode lasers, it is important
to identify the mechanism responsible for room temperature lasing.

In this chapter, we present a detailed study of the photopumped sﬁmulated
emission process in ZnSe at RT. Samples used in this study include the ZnSe bulk as
well as MBE epilayers. The propertiés of SE were studied under near resonant
pumping with the excitation photon energy very close to the fundamental band gap of
ZnSe. Tuning of the lasing temperature, as well as the pumping wavelength, is applied
in this study. We show that the SE is due to inelastic exciton-free carrier scattering,

the exciton-hole interaction being the dominant process.
Experimental Procedure

Two types of ZnSe samples were used in this experiment. The bulk samples
were grown by the seeded physical vapor-phase transport (SPVT) technique. The
SPVT technique can grow large single crystal ZnSe with a diameter as large as 5 cm
uniformly without twinning. A large piece of SPVT ZnSe wafer was mechanically
polished and then chemically etched using NaOH/H,O at a concentration of 14 molar
at 90° C for 5 minutes to reduce the surface related effects. The final thickness of the
wafer was 0.8 mm. Samples of size 5x5 mm? were manually cleaved from the wafer
by using a razor blade. Other samples studied were MBE grown ZnSe on (100) GaAs

substrates. The growth temperature of the MBE samples was 350° C. Two undoped
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samples with layer thicknesses of 2.42 pm and 7.64 pm were used.

The samples were n}ounted on the cold finger of a closed cycle liquid helium
refrigerator using vacuum grease. The sample temperatures were adjusted in the range
of 10-400 K with this dewar. In this study, we used a doubled Nd-YAG laser (Quanta-
Ray GCR-3)-pumped dye laser (Lambda Physik, F1.3002) as the primary excitation
source with a pulse width of 10 ns and repetition rate of 10 Hz. Several dyes were
used to generate a broad range of pump wavelengths needed to study the effect of the
pump photon energy on the stimulated emission. A frequency tracking doubler (Inrad,
Autotracker IT) was then used to double the near-infrared photon energy of the dye
laser. The laser beam was focused on the sample surface using a quartz cylindrical
lens to form a stripe. The laser light intensity were attenuated continuously using a
variable neutral density filter, and the excitation power densities were measured by a
pyroelectric power meter (Molectron, J4-05). The stimulated emission signal was
collected from one cleaved facet of the sample and detected by a Spex 0.6 m triple-
grating spectrometer in conjunction with a thermoelectrically cooled charge coupled
device (CCD) (Princeton Instruments, ICCD 576L.LDG/RB). A photomultiplier tube
(RCA) was also used to detect the emission signal a.nd‘ then fed to a boxcar averager
(EG&G, 4402) triggered by the excitation laser pulses for time resolved emission
profile measurements. This data acquisition system was interfaced to a personal

computer. The experimental layout is shown in Fig. 1.
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Theoretical Background

The optical properties of highly excited direct gap II-VI semiconductors such
as CdS, ZnO have been extensively studied® The high external optical excitation
induces electronic excitations sgch as excitons and excitonic molecules in these
semiconductors. These electronic excitations, in turn, interact strongly with
each other and/or with the excitation photon field. Transversal singlet excitons
are strongly coupled to the light field. In order to simplify the Hamiltonian of the
interacting field, Hopfield® first diagonalized the Hamiltonian of the interacting
exciton-photon system by a linear transformation. By this transformation, one finds
new quasiparticles, which are mixed exciton-photon states, called (excitonic)
polaritons. This polariton concept is of great importance in the study of various
recombination processes in dense excitonic systems. These scattering processes were
first introduced in 1968 by Benoit a la Guillaume et al.* In these processes, one
polariton is scattered from the exciton-like part of its dispersion curve into the
lower energy photon-like part. A photon can then be emitted from the photon-like
polariton in crystal. By conservation of energy and momentum, another particle is
scattered into a higher energy state. This particle can be another exciton or a
free carrier such as an electron or a hole. These processes, together with the
recombination process of an exciton under simultaneous emission of M LO-phonons
(M=1,2,...), have been fully treated quantum mechanically by deriving the rate
equations describing the processes.””® The gain spectra and the spectra of the

spontaneous recombination for these processes can be obtained from the theory.”
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The inelastic exciton-exciton scattering occurs preferentially at lower temperatures
where the excitons are not thermally dissociated. At higher temperatures, exciton-free
carrier interaction dominates where excitons and free carriers coexist. For the exciton-
free carrier interaction, the maximum emission band shifts to lower energies with
increasing lattice temperature faster than the band gap. These theoretical results have
been compared with experimental results in II-VI compound materials such as CdS,
ZnO, and ZnTe, where the theory was found to match the experimental data well.*

In the exciton-free carrier scattering process, the dominant free carriers are
usually electrons. This is due to the smaller effective electron mass compared to holes.
At a given temperature, the high energy states with smaller wavevectors are occupied
due to thermal excitations for electrons. This will make the exciton-electron scattering
process more probable in that the electrons near the bottom of a conduction band can
be scattered into higher energy states. Exciton-electron scattering has been observed in
most II-VI materials. In a p-type semiconductor, however, the exciton-hole scattering
process can dominate due to the excess concentration of holes. This exciton-hole
process has been observed in p-doped ZnTe.”®

For ZnSe, the origins of SE has been investigated mainly at low temperatures
(up to 100 K).*®* At low temperatures, the SE due to exciton-exciton scattering
process dominates.'> Along with this process, exciton-M LO phonon processes have
been reported.® At room temperature, the spontaneous emission due to free exciton-
free carrier interactions were reported by Era et al® and by Fan et al.®' Similar results

were reported for the RT blue electroluminescence in forward-biased ZnSe diodes.*
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In the exciton-free carrier scattering process, the polariton with momentum K
is scattered from the exciton-like part of the dispersion curve to the photon-like part
and transmits the whole momentum to the free carrier, which is scattered from k to K.

Energy and momentum conservation give

252 272 222 II1.1
P SO S . (IL1)
2M 2m 2m

(Im.2)
K+k=k'

where E, is the energy of exciton at K=0, E; is the energy of the band gap, M is the
exciton mass, m is the free carrier mass, vand hv is the photon energy. Fig. 2 shows the
schematic representation of an exciton-electron scattering process. In the calculation it
is necessary to know the distribution of the excitons and carriers in their momentum
space. Boltzmann distribution is assumed for both systems. Integration over all

possible exciton-carrier configurations results in”

2 I11.3
S(hv)= fexp(— h’K T)I(h vEDIK (IIL3)
with
; 2K2 2 1.4
10 KTy~ [exp(- K388, -hv-+ 2" (L-3)- th]d3k (L4

These integrals can be solved after variable substitution by a Laplace transformation.

This gives
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1_,m? (IIL.5)
S(hv)=§1r(—p—)exp(A Bx)BxK, (CPx)

where A=(M-m)/2M, B=2/k*(M+m), C=(M+m)/2M, B=1/k,T, x=E,-hv, K, being the
modified Bessel function. The maxima of the emission can be determined by

differentiation of S(hv) which gives the transcendental equation

1 cAp+ 1 dKl(pcx)BC=0 (111.6)
x K, d(BCx)

With recursion formulae for the modified Bessel functions we can simplify this
equation to
A_Ky(BCx) a7
C K, (BCx)
From the above equation we can solve numerically for x, which in turn gives the peak
energy as a function of temperature. Experimental results will be compared to the
above equation to determine the type of free carriers involved in the scattering

process.
Results

Shown in Fig. 3 are room temperature stimulated emission spectra of SPVT
ZnSe taken with the pumping wavelength of 460 nm (2.695 eV) at several different
excitation power densities. Under low excitation, the spectrum is characterized by a
broad emission band located around 2.61 eV, which is presumably related to the

emission from impurities introduced into the sample during the crystal growth process.
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Figure 3. Typical emission spectra from a SPVT ZnSe sample pumped at 460 nm
with pump power densities of (a) 0.91,, (b) 1.21,, and (c) 1.81,.
The threshold pump power density I, was determined to be 60
kW/cm’.
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With increasing excitation power densities, a second emission band peaked at 2.64 eV
appears, as shown in Fig. 3(a). The intensity of this emission band increases
superlinearly and becomes predominant and much sharpened, as seen in Figs. 3(b) and
(c). The full width at half maximum (FWHM) of this spectral feature is about 12
meV. Fig. 4 shows a plot of the intensity of this high energy emission band as a
function of the pumping power density. The sharp rising of the curve defines the
stimulated emission threshold and gives a value of ~60 kW/cm?. The low energy
emission band is suppressed at high pumping powers. This spectral narrowing as well
as the sharp rising of the emission intensity versus pumping power density curve
implies that the high energy emission band is caused by stimulated recombination.

Similar results were observed in MBE samples. The stimulated emission
spectra for a 2.42 pm thick sample are shown in Fig. 5(a) at the onset of stimulated
emission and in Fig. 5(b) above the stimulated emission threshold. Note that when the
pumping power density increases by a factor of less than 1.5, the emission intensity
increases by a factor of more than 20. Fig. 6 shows the emission intensity versus
pumping power density curve, which gives a stimulated emission threshold of ~45
kW/cm?, comparable to that of SPVT samples.

Under close scrutiny, one finds that the stimulated emission peak positions of
SPVT and MBE samples are not coincident under the same pumping power densities.
The SPVT samples have a higher emission peak energy. Fig. 7 shows a comparison of
emission spectra for two different samples under the same pump power density of

~125 kW/cm?. It can be seen that the emission peak energy of the SPVT sample is
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Figure 5. Stimulated emission spectra from a 2.42 pm thick MBE sample pumped =
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about 6 meV above the peak of the MBE emission band. This energy difference may

be ultimately related to the effects due to the growth technique difference. The two
growth techniques can introduce different impurity species with different densities into
the samples. The impurities will modify the conduction band and valence band
structures and will affect the recombination wavelength as well. Another possible
contribution to the energy difference is the strain effect on MBE sample. The strain
effect on thick ZnSe/GaAs films has been studied extensively.*%® ZnSe has a larger
lattice constant than GaAs. The coherently grown layers of ZnSe on GaAs will suffer
a biaxial compressive strain by adopting the GaAs lattice constant in the plane
perpendicular to the growth direction. As the thicker layers were grown, misfit
dislocations are induced, which will gradually relax the ZnSe to its bulk lattice
structure. However, due to the difference in the thermal expansion coefficient between
ZnSe ( 6.8x10° K )and GaAs (5.6x10° K), the relaxed thick layers (> 1pm) at
growth temperature will be under biaxial tensile strain once the sample is cooled down
to room temperature. As a result, the thick ZnSe/GaAs epilayers will suffer a biaxial
tensile strain, and the resulting strain will affect the band structure of ZnSe, i.e. lifting
the degeneracy of valence band by splitting the heavy- and light-hole band at I" point
and shrinking the band gap. It is noted that the energy shift of the heavy hole branch
of the valence bands caused by strain is smaller than that of the light hole branch. In
the case of biaxial tensile strain, the separation between the light-hole band and the
lowest conduction band gives the minimum band gap energy. Ohkawa et al* treated

this subject and found an emission peak energy shift to lower energy by as much as 5
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meV from bulk to strained epilayers at low temperature (12 K). This energy shift is
expected to be smaller at room temperature. In our case, an energy shift of 6 meV is
observed in SE. Such a large value could be due to an enhancement of the energy shift
in the stimulated emission process, as will be discussed in the discussion section.

We have also performed time-resolved photoluminescence measurements to
trace the temporal profiles of the excitation pulse, the photoluminescence under low
excitation power density (low energy emission band), and the emission under high
excitation power density (SE band). The results are shown in Fig. 8 for a SPVT
sample. It is evident that the higher energy emission band observed under high
excitation power has a temporally narrowed profile. Notice that this narrowed pulse
may have a much shorter width, possibly in the sub-nanosecond region, which can not
be resolved with our apparatus. The pulse width under low excitation is longer than
the excitation pulse width. This temporal narrowing is typical of the behavior of time-
resolved SE.

Stimulated emission was observed up to 400 K. The light output versus
pumping power density characteristics at different temperatures are shown in Fig. 9.
The SE wavelength increased from 470.01 nm at 293 K to 478.42 nm at 400 K. At all
temperatures there was clear evidence of SE above the threshold pumping power
density, at which the slope of the output intensity rises sharply. It is noted that
differential quantum efficiency does not change appreciably although the threshold
changes substantially from ~50 kW/cm? at 293 K to 150 kW/cm? at 400 K. Above

room temperature, SE has been previously observed in ZnSSe/ZnSe heterostructures,”’
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as well as in ZnCdSe/ZnSSe MQW structures.”

Another interesting result in this study is the dependence of the stimulated
emission peak energy on the excitation photon wavelength. The energy position of the
SE peak shifts monotonically to lower energy by about 8 meV as the pumping
wavelength is tuned from 455 -nm to 460 nm while keeping the excitation power
density constant. This behavior is shown in Fig. 10 for a SPVT sample. This effect
was also observed in ZnS,Se, , alloys.® This implies that the lasing is not likely to
occur via some extrinsic recombination channels such as native impurity bound
excitons, shallow donor or acceptor levels since their energy levels should be
independent of the cxcitation photon energy. The lasing is most likely of intrinsic
origin.

We have also performed the so-called off-band-edge pumping, i.e., using an
excitation photon with energy much higher than the ZnSe band gap, by using a tripled
YAG laser output at 355 nm (~3.49 eV) and a doubled dye laser at 408 nm (~3.04
eV). Only spontaneous recombinatibn spectral features could be observed at RT under
pumping power densities equal to or higher than the power densities used with near
resonant pumping. This may be due to the competition of the non-radiative
recombination near the sample surface with the stimulated recombination; with the
excitation photon energy tuned far above the band gap, the penetration depth of the
light is very short due to the large absorption coefficient of the sample and the
scattering losses due to many body effects.”® As a result, the photo-excited carriers are

concentrated near the surface where the surface related recombination centers may
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compete strongly with the stimulated emission process. This results in a high SE
threshold which makes it difficult to observe SE at RT. Another contribution to the
high SE threshold is the thermal effect caused by the pump photons with energy much
higher than the band gap. On the other hand, if excitation photon energy is tuned very
close to the band gap, the light penetration depth increases and thermal effect

decreases, resulting in a much reduced SE threshold.
Discussion

In the present study, we propose that the SE of ZnSe at RT is due to exciton-
free carrier scattering processes by examining different possible processes and by
calculating the emission energy position.

From the experimental results above we have excluded the possibility of
extrinsic origin of SE at RT. The SE should be due to intrinsic effects. The electron-
hole plasma (EHP) effect can be excluded since the thresholds for our samples, when
converted to an exciton density, are estimated to be lower than the Mott critical
density for ZnSe (5x10" cm™®).¥” In addition, the nafrowness of the SE lines (FWHM
of ~7 meV for MBE samples) indicates that EHP is not involved in this process which
would otherwise show much broader emission lines (up to 50 meV).%® Furthermore, we
have tuned the pumping photon energy below the band gap of ZnSe at RT and have
found the SE characteristics virtually unchanged. Such near band gap pumping is less
likely to produce an EHP.?

There are three possible excitonic scattering processes which will give a



35

positive gain: exciton-exciton, exciton-free carrier, and exciton-M LO phonon
processes. The exciton-M LO phonon process will usually have a positive gain at low
temperatures where there are not many thermal phonons which would otherwise
enhance the absorption process. This process has a large probability when large
volumes are excited, e.g. by two-photon pumping. In the present case, we can exclude
this mechanism as contributing significantly.

Comparing exciton-free carrier and exciton-exciton processes, the scattering
cross-section of exciton-free carrier interaction is considerably larger than that of
exciton-exciton process, since the former is of charge-dipole type while the latter is of
dipole-dipole type process. This was verified by the observation of exciton-free carrier
interaction at very low temperatures where the number of free carriers is much smaller
than that of excitons.® Exciton-exciton scattering processes usually occur at low
temperatures where there is a higher density of free excitons than free carriers.

At room temperature, we can exclude the exciton-exciton interaction by the
following argument about the emission peak energy. The energy gap of ZnSe at RT is
2.673 eV, as verified by photoreflectance measurements.’® Assuming that the exciton
binding energy is the same at RT and at low temperature (21 meV), this will give a
free exciton energy of 2.652 eV. The SE peak observed has an energy of 2.64 eV
when pumped at 460 nm. The energy difference between the free exciton and SE peak
is about 12 meV. Notice that part of this energy shift is caused by pumping
wavelength variation, i.e. with higher pump photon energy, the emission peak will

shift to higher energy, as demonstrated in Fig. 10. This energy difference is much
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smaller than the exciton binding energy. Saito et al® has shown that in the exciton-
exciton scattering process, one exciton is scattered to the bound excitonic state n=2 at
low temperature (for ZnSe, T=40 K). At highcr temperatures, the scattering to the
continuum state would become dominant. At RT, even if we only consider the case of
excitons being scattered into n=2 states, an energy difference of 15 meV should be
derived. If the exciton’s kinetic energy is taken into consideration, a value greater than
15 meV should result. This energy discrepancy between experimental results and
theoretical estimation clearly excludes the exciton-exciton scattering process as being
responsible for SE of ZnSe at RT.

The only mechanism left is exciton-free carrier interaction. In order to verify
that this is indeed the process which occurs at RT and also to determine the type of
carriers (electron or hole) dominating in the process, we calculated the SE peak
position using the method developed by Fischer et al.”® In this calculation, energy and
momentum conservations are satisfied. Also, the Boltzmann distribution for both
excitons and free carriers in their momentum space is assumed. The equation
determining the peak energy is derived from Eq. (IIL.7)

(M-m) _Ky(BCx) (I11.8)
(M+m) K (BCx)

For ZnSe, M=(m,+m,)=0.17+0.6=0.77, in units of the free electron mass. We then
obtain hv=E,-1.18k,T for exciton-electron interaction, and hv=E;-0.04k,T for exciton-

hole interaction. At RT, k, T=25.9 meV, so E,-hv=30.6 meV for electrons, and 1.04



37

meV, for holes, respectively. When pumped at 460 nm, the energy difference between
the SE peak and free exciton is about 12 meV. When the pumping wavelength is
tuned into 455 nm, this energy difference becomes ~4 meV. The exciton-hole
interaction gives a value closer to the experimental value. Based on this estimation, we
propose that the SE of ZnSe at RT is due to exciton-free carrier interactions, the
exciton-hole process being the dominant process. The exciton-hole lscattcring
mechanism is sketched in Fig. 11. This is consistent with a report by Maier et al,” in
which the RT spontaneous emission of high-resistivity ZnSe samples at high
excitations is ascribed to exciton-free carrier scattering, with the exciton-hole
interaction being dominant. The reason that exciton-hole scattering rather than
exciton-electron scattering is dominant in ZnSe is not clear at this point.

In order to verify the dominance of the exciton-hole scattering process, we
plotted the temperature dependence of the SE peak energy position near RT for a
SPVT sample in Fig. 12. The pump power densities were kept constant. Also shown
in Fig. 12(a) is the energy gap of ZnSe obtained using the formula given by Shirakawa
et al.”> We can see that the SE peak almost follows the gap. This is consistent with
the predictions of the exciton-hole process that the energy difference between free
exciton and SE peak should be insensitive to temperature. Under closer scrutiny, we
found that the SE peak actually shifts to lower energy with increasing temperature
slower than that of the band gap. Fig. 12(b) plots the temperature dependence of
energy difference between the gap and the SE peak. The energy difference at 400 K

was arbitrarily chosen to be zero. We can see that the energy difference decreases as
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Figure 11. Schematic representation of the exciton-hole scattering process.
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temperature increases. This can be explained as being due to the influence of the pump
wavelength. As the temperature increases, the energy difference between the excitation
and the band gap increases. This increase will increase the emission energy due to the

wavelength dependence effect which we described above. This once again supports our
proposal that exciton-hole interaction is the dominant process.

The emission peak difference between the ZnSe/GaAs epilayer and the bulk
samples can also be accounted for by the exciton-hole interaction. The in-plane tensile
strain in the epilayer samples will shift the light hole band above the heavy hole
band.* Thus the holes will be populated in the light hole band instead of heavy hole
band upon near resonant excitation. Light holes will be scattered rather than heavy
holes. Due to the small effective mass of the light hole, the dispersion is relatively
large. When a polariton is scattered from the exciton-like polariton branch to the
photon-like branch with a certain momentum change, more energy will be transferred
to light holes compared to that for a heavy hole scattering case, resulting in a larger
energy decrease of emission photons. In this way, the strain effect manifests itself by
the energy gap reduction, as well as larger dispersion of the free carriers.

The effect of pumping wavelength on the SE peak energy is not totally
understood at this point. The change of pumping photon’s energy should not affect the
distribution of excitons and free carriers at thermal equilibrium. The pumping
wavelength dependent effect may ultimately be related to the interaction (relaxation)
mechanisms of the exciton-polariton dispersion near the bottleneck region. The

emission peak shift of the transverse exciton throughout the bottleneck region in
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response to the variation of pumping energy was reported in CdS.”
Summary

In summary, we have described stimulated emission from ZnSe bulk as well as
MBE epilayers at temperatures up to 400 K. The SE peak energy of MBE samples are
lower than that from a bulk sample. One possible cause of this energy difference is the
in-plane tensile strain in the thick MBE epilayers due to the difference in the thérmal
expansion coefficients between ZnSe and GaAs. This tensile strain then reduces the
band gap of the MBE sample. The importance of pumping wavelength selection was
demonstrated by using the near resonant or off resonant pumping. The SE can only be
observed with near resonant pumping. This is explained as being primarily due to the
elimination of competition from surface-related recombination and thermal effect of
pump photons. A peak shift of SE is observed by the pumping wavelength tuning.
Different possible physical origins were examined, and the origin of SE at RT was
proposed to be the exciton-free carrier scattering, the exciton-hole interaction being the

dominant process.



CHAPTER IV

PHOTOPUMPED LASING OF ZnSe AND ZnSSe SAMPLES

AT ROOM TEMPERATURE
Introduction

In recent years the wide-band-gap II-VI compounds have attracted much
attention for their technological importance appropriate for optoelectronic
applications.””® ZnSe is one of those most extensively studied materials duo to its
zinc-blende structure with a band gap ~2.7 ¢V at room temperature corresponding to a
spontaneous emission band peaked at the wavelength around 465 nm. Optical pumping
(band-to-band excitation) techniques, in particular by using pulsed lasers, are widely
used to investigate the lasing properties of ZnSe bulk and epilayers and the physical
dynamics involved in the lasing process. So far most of such work has been done
below 200K rather than at room temperature.'*!'*%34* We have previously observed
stimulated emission from ZnSe and Zmudzinski and co-workers have reported the
observation of laser emission of a resonator with reflective coatings on the sample
surface!* at room temperature. Such observation of room temperature laser emission is
important for development of a practical blue-light laser system. In bo;h studies the
excitation photon energies were chosen to be very close to the ZnSe band gap to result

in an enhancement of the carrier generation rate.
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Although room temperature photopumped lasing haS been observed in both
ZnSe bulk™ and epilayers,* as well as ZnSe-ZnS, ,S€, 4, double heterostructures
(DH)'? using an excitation photon energy very close to the band gap energy, one of
the problems associated with the epilayers grown on a GaAs substrate is the lattice
mismatch between the ZnSe epilayer and the GaAs substrate. This can cause the
presence of misfit dislocations when the epilayer is thicker than the critical thickness
of ~1500A which would adversely affect both device performance and operation
lifetime.'”® As a result, the epilayer samples should be restricted to a layer thickness of
less than 1500A. But for photopumped lasing studies, the penetration depth of the
light is usually larger than 1500A, especially in the case of the near band gap
pumping. Thus the active gain volume for ZnSe grown on GaAs is limited by the
critical length, resulting in a high lasing threshold.*® In order to improve the electronic
and optical confinement, a DH structure was used in Ref. 17. However, since the total
band-gap energy difference between ZnSe and ZnS, ,Se, 4, is only ~36 meV and most
of this difference is taken up in the valence band offset, the electron confinement is
very poor (This is true in general for any ZnSe-ZnS,Se, , system, O<x<1).” Also, the
optical confinement is very poor due to the small index of refraction difference in this
system (less than 1%). New sample structures with different combinations of binary
and ternary systems are needed to optimize the lasing properties.

While various superlattice structures have been lased with some successes,
there have not been many photopumped lasing. studies on the ZnS,Se, ; alloys. Along

with ZnSe, other properties of ZnS,Se, , alloys have been extensively studied.”*” Due



to the lattice match between ZnS Se, , (with x~5-6%) and GaAs, the
photoluminescence (PL) efficiency from lattice matched ZnS _Se, , samples is at least
one order of magnitude larger than that from ZnSe films,”* indicating the high
quality of the sample with less non-radiative recombinatiori due to the misfit
dislocations. Thus, ZnS_Se, , can be an alternative in blue optoelectronié applications.
In this chapter, we report new experimental results on the optically pumped
lasing of bulk and epilayer ZnSe at room temperature after our previous observation
of room temperature stimulated emission of ZnSe samples. We also report the first
observation of room-temperature photopumped lasing in bulk ZnS, ,Se, o alloy
samples. We have succeeded in making ZnSe and ZnSSe laser with significantly low
threshold intensity of pumping power density (7 kW/cm?® for ZnSe) without high
reflective coating on the sample edge facets. A few longitudinal cavity modes couid be
well resolved from the room temperature laser emission spectra. To our knowledge,
this is the best experimental evidence of room temperature optically pumped lasing of

bulk ZnSe ever observed.

Sample Preparation

The ZnSe and ZnSSe bulk materials used in this work were strain free single
crystals grown by the SPVT technique. Large pieces of (111) oriented SPVT ZnSe and
ZnS,sSe wafer were mechanically polished and chemically etched with 0.5%
bromine/methanol for 5§ min to reduce the thickness and surface roughness, then were

manually cleaved to small pieces of bar-like sample edge facets. The cleaved sample
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bars were attached to a copper mount with Ni/Au plating by master bond thermal
epoxy with an aluminum nitride filler so as to let the cleaved faces of the bar be
positioned horizontally and the pump face be illuminated from the top. Eleven laser
bar samples were made from ZnSe and 10 samples were made from ZnSSe. The
cavity lengths were ranging between 200 pm to 400 pm. The thickness of the sample
was about 100 pm and the length, about 1.27 mm. For MBE grown ZnSe/GaAs
epilayer samples, the GaAs substrate was first polished to make it easier to cleave.
Eight laser bar samples with cavity lengths ranging from 200 pm to 500 pm were
made from a sample with an epilayer thickness of 2.4 pm. The samples were mounted
on a sapphire plate by the 5 minutes epoxy to reduce the thermal heating effect. The

experimental setup used is the same as that described in Chapter III
Lasing from Bulk and MBE ZnSe

Under the condition of high-excitation power densities with the pumping beam
wavelength tuned close to the room temperature band gap of ZnSe, the output of the
laser emission from ZnSe bar-like sample was extrémely strong and the laser light was
‘found to have a polarization along the direction of the bar. Blue laser emission from
the ZnSe samples is visible to the naked eye. In Fig. 13 we show typical laser
emission spectra taken from two SPVT ZnSe samples with resonator lengths 0.376
mm (sample lot number C-3) and 0.302 mm (B-3), respectively, pumped at 460 nm
wavelength with about 10-11 kW/cm® pumping power density. The spectra are

characterized by sharp, narrow line shapes consisting of a few spectrally spaced
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Figure 13. Typical lasing spectra taken from two ZnSe samples (C-3 and B-3)
pumped at 460 nm wavelength. Fabry-Perot interference fringes are
well observable. (a) Sample C-3, cavity length is 0.376 mm,
pumping power density 10.5 kW/cm?. The inset shows the line shape
of the spontaneous emission band observed at low-excitation power
density. (b) Sample B-3, cavity length is 0.302 mm, pumping power
density 11.0 kW/cm?. The inset shows the detailed laser mode
structures. :
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fringes. For example, the overall full width at half maximum of the total laser

emission band of the sample C-3 is 10 meV under the excitation power density of 10.5
kW/cm?. Those spectrally resolvable fringes correspond to the longitudinal cavity
modes resulting from the reflection frofn the cleaved facets of the sample and the
dispersion in the index of refraction for ZnSe. There is considerable dispersion in the
index of refraction near the band edge® which influences the distribution of allowed
modes oscillating in the Fabry-Perot resonant cavity formed by mirror like cleaved
sample faces. A broad emission band located at lower energy (~5 nm below the lasing
emission band ) was observed below the threshold excitation intensity for laser
emission. This spectral feature presumably corresponds to some radiative
recombination processes associated with the presence of impurities such as Si, Ba, and
Ni.¥ The Si contamination could be introduced into ZnSe bulk during the crystal
growth most likely due to the quartz ampoules used for growing samples at about
1200 °C. The source of Ba and Ni contamination is not clear at present. Similar results
were observed from the MBE samples. Fig. 14 shows the laser emission spectra from
a sample with a cavity length of 436 pm just at the threshold of lasing (Fig. (14a)) and
above threshold (Fig. (14b)). |

The onset of the steep rising slope of the emission intensity plotted against
pumping power densities in Fig. 15 is defined as the threshold for lasing. The lasing
threshold pump power at room temperature was determined to be 7 kW/cm? for the
SPVT sample which is a surprisingly low value. This value is approximately two

orders of magnitude less than that reported in Ref. 14, using a high reflection coated
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Figure 14. Lasing spectra of a 2.42 pm thick MBE sample with a cavity length
of 436 pm under pumping power densities below (a) and above (b)
the lasing threshold.
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Figure 15. Emission output vs optical pumping power densities for the ZnSe
sample with a resonator cavity length of 0.376 mm, showing a linear
rise at low-excitation densities and a superlinear rise beyond 7
kW/cm? at pumping wavelength of 460 nm.
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ZnSe laser resonator. The lasing threshold can be severely affected by pump-beam-

dependent parameters and sample-dependent parameters. The main influence of
pumping-beam-dependent parameters on the threshold in this work is from the
excitation photon energy as far as the experimental setup is concerned. When the
pumping wavelength is tuned to be very close to thé ZnSe band gap, the sample can
be efficiently pumped due to the enhancement of the carrier generation rate as
observed in this work. More important influence on the lasing threshold is from the
sample itself. This can be further classified into two groups: one is associated with its
bulk material properties such as impurities, crystallinity, and defects; another is related
to laser cavity length, the quality of cleaved edge facets of the sample (which formed
the oscillation cavity in our case here), and the sample surface quality. It is known that
the surface condition of II-VI compound semiconductors samples can greatly affect the
efficiency of radiative recombination and poor surface quality causes surface
recombination losses.** It is evident from our experimental results that the ZnSe
samples have a high degree of uniformity and the cleaved edges of the samples have a
fairly high efficiency of reflection so that the surface recombination losses, which
compete with the radiative-recombination emission, were sufficiently reduced. Though
the lasing threshold achieved in this work is relatively low, we still expect that even
lower threshold with much stronger room-temperature laser emission can be obtained
if reflective coatings are used on the sample. Furthermore, there have been some new
developments on the techniques of making heavily n- and p-doped ZnSe materials.®**

This means that the practical, convenient and useful p-n junction structure of ZnSe
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may fabricated and low-threshold, high-power, current-injection ZnSe laser can be
developed to operate in the blue range in the near future.

In conclusion, optically pumped room temperature laser emission of bulk and
MBE epilayer ZnSe samples by tuning excitation photon energy close to the ZnSe
band gap has been observed and the cavity modes corresponding to the laser |
oscillation within a resonator formed by cleaved sample facets were clearly resolvable.
Our observation of laser emission of ZnSe demonstrates that ZnSe single crystals have

the quality sufficient for low-threshold, high-power output blue laser operation.
Lasing of ZnSSe Alloys

The sulphur concentration of the ZnS,Se, , alloy was determined by x-ray
rocking curves and room temperature optical absorption measurements. For optical
absorption measurements, a linear interpolation was used to determine the x value
from the change in the band gap (2.83 eV for ZnSe and 3.84 eV for ZnS at 4 K). The
x-ray measurements yield an x value of 5.17% and the optical absorption yields a
value of 5-6%. An example of the low temperature (10K) photoluminescence emission
spectra taken using a continuous wave (cw) HeCd laser at 325 nm as the excitation
source is shown in Fig. 16. The sharp, high energy peaks at 436.63 nm and 437.50
nm are identified as neutral donor and neutral acceptor bound excitons respectively.

In the lasing experiments, the output from one of the cleaved facets was
directed to a distant spectrometer with and/or without a collection lens. The basic

lasing characteristics of these two experimental arrangements, such as the differential
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Figure 16. Continuous wave photoluminescence spectrum of ZnSe,.S,,
with x=0.05. The excitation source is a HeCd laser
operating at 325 nm. The sharp high energy peaks at
436.63 and 437.50 nm are identified as neutral donor
and neutral acceptor bound excitons.
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quantum efficiency, lasing threshold power density, are the same except that the signal
levels are higher with the collection lens. This implies that in this experimental
configuration the influence from the scattered spontaneous emission is negligible with
a collection lens. As a result, the data presented in the following are taken with a
collection lens because of the higher sensitivity. The emission spectra taken with a 10
nanosecond pulsed laser, below and above the estimated threshold pumping power
density, are plotted in Fig. 17 for a sample with the cavity length 399 pm with the
excitation wavelength at 459 nm. The spontaneous emission has a broad spectral
feature located around 467 nm, as shown in Fig. 17(b). A sharp peak appears at 464
nm as shown in Fig. 17(a) with an increase of the pumping power density. This peak
has a full width at half maximum of 5 meV. This spectra narrowing is a clear
indication of lasing. Under close examination, the longitudinal mode structures due to
the reflection from the cleaved facets of the sample and the dispersion of the index of
refraction of ZnS_Se, , are resolvable, as showﬁ in the inset of Fig. 17.

Fig. 18 demonstrates the well-defined lasing threshold observed at two different
excitation wavelengths for the sample with a cavity length of 399 pm. The onset of
lasing action was evidenced by the spectral narrowing, as well as the steep rise of the
emission intensity-vs-pumping intensity curve. The threshold powers are found to be
350 kW/cm® for a pump wavelength of 459 nm and 96 kW/cm? for a wavelength of
455 nm. These values are one order of magnitude higher than the photopumped lasing
threshold for bulk ZnSe in our previous report.’* However they are still comparable to

those reported for an antiguiding ZnSe epilayer structure®® and DH structures.'” The
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Typical emission spectra from a ZnS; gs5€q.,s Sample with
a cavity length of 399 um pumped at 459 nm with pump
power densities of (a) 1.4I,, and (b) 0.76I,,. The
threshold pump power density I,, was determined to be
350 kW/cm?. The inset shows the longitudinal modes.
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Figure 18. "Emission output versus optical pumping power densities
for the sample used in Fig. 17 pumped at 459 nm (a),
455 nm (b). The vertical axis is linear in intensity.
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threshold could be reduced when the ZnS Se, , alloy sample quality is further

improved or a ZnS,Se, , epilayer grown on the lattice-matched GaAs substrate is used.
The effect of excitation photon wavelength A, on the lasing characteristics was
also observed. There are several noteworthy results. The first is the dependence of
the lasing threshold pump power density on A, as illustrated in Fig. 18. We attempted
lasing the sample with )\.p=433 nm and shorter, i.e. with an excitation energy much
higher than the ZnS,Se, , band gap. Only the spontaneous emission similar to Fig.
17(b) can be observed under pumping power densities equal to or higher than the
threshold power densities needed to lase when pumping at 459 nm. This may be due
to the competition of the non-radiative recombination near the surface with the
stimulated recombination; with the excitation photon energy tuned far above the band
gap, the penetration depth of the light was very short due to the large absorption
coefficient of the alloy sample and the scattering losses due to many body effects.”
As a result, the photo-excited carriers are concentrated near the surface where the
surface related recombination centers may compete strongly with the stimulated
emission process. This results in a high lasing threshold which makes it difficult to
observe lasing. On the other hand, if A, is tuned very close to the band gap, the light
penetration depth increases and this extends the excitation volume into the bulk of the
sample where there are much less surface-related defects, resulting in a much reduced
lasing threshold. This is supported by the observation of lasing when A, is tuned into
the range between 460 nm and 455 nm. When A, is tuned from 460 nm to 455 nm, the

lasing threshold decreases monotonically from 450 kW/cm? to 96 kW/cm®. This may
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be due to some resonant pumping effect although the exact origin is not known at this
point.

The shift of the emission peak with A, is also observed. The peak shifts from
464.5 nm to 462.6 nm when A, is tuned from 460 nm to 455 nm while keeping the
excitation power density fixed. This shift was also observed in ZnSe bulk'® and
epilayers.”> This implies that the lasing is not likely to occur via some extrinsic
recombination channels such as native impurity bound excitons, shallow donor or
acceptor levels since their energy levels should be independent of the excitation
photon energy. The lasing is most likely of intrinsic origin. The full understanding of
this shift requires further study of the lasing mechanisms.

In summary, we have observed photopumped blue lasing at room temperature
for ZnS, (sSe, o5 alloy samples using a near band gap pumping photon energy. Our
results demonstrate the feasibility of using lattice-matched ZnS,Se, as an active light
emitting region in place of ZnSe in most applications where the device is grown on
GaAs substrate. For example, a DHs can be grown on a GaAs substrate using the
ZnS,s5¢€,9s as an active region. The barrier layers can use ZnS,Se, , with y greater
than 5%. In this situation, the active layer can be grown coherently for a large layer
thickness as long as the barrier layer is grown below its critical thickness. This DHs
can therefore have a large gain volume as well as reduced strain induced defects.
Also, a buffer layer of a superlattice structure ZnS,Se, ,/ZnSe with low x values, for
example, x=0.1, of equal well and barrier thickness can be inserted on top of GaAs

substrate to smooth the subsequent growth since the average lattice constant of this
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buffer layer is lattice-matched to the GaAs substrate.”>* The laser emission peaked at
464 nm, which is about 35 meV higher in energy compared to the result of ZnSe. The
emitting light wavelength can be tuned further into the blue by varying the ZnS,Se, ,

alloy concentration.



CHAPTER V
TWO-PHOTON PUMPED BLUE LASING IN BULK ZnSe AND ZnSSe
Introduction

The lasing characteristics of ZnSe and ZnSSe have been studied both by optical

and electron beam pumping,!4!%3533.

%% In general, the optical excitation was
achieved in the one-photon absorption regime by using excitation photon energies
above the band gap of ZnSe. The blue lasing from ZnSe and ZnSSe bulk samples have
been previously obtained by using one photon pumping (OPP) method.!#1335%68 Ip this
chapter, we report new experimental results on the study of laser action of ZnSe and
ZnS, ;sSe, s bulk samples in the near resonant two-photon absorption regime by using
the two photon pumping (TPP) method. One difference between the TPP technique
and the OPP method is that in TPP case a much larger volume inside the sample can
be effectively pumped, so that the influence of the sample surface related defects is
greatly reduced. In addition, different transition selection rules are involved in two-
photon pumping, compared with one- photon pumping. TPP can induce optical
transitions between levels having the same parity, which are forbidden under OPP

condition. As a result, TPP is complimentary to OPP in studying the laser action and

its physical origins. By using a tunable near infrared nanosecond laser (830-890 nm),
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the two-photon pumped blue lasing could be observed up to room temperature and the
lasing threshold was measured to be ~7 MW/cm®. This observation of infrared-pumped
visible laser action in ZnSe and ZnSSe single crystals indicates the applicability of

using GaAs based III-V semiconductor compound diode lasers as a pumping source to

excite the ZnSe-based materials for the frequency up-conversed lasing.
Experimental Results

Samples used in this study were ZnSe and ZnS, (sSe, 45 laser bars as described
in Chapter IV. The difference of current experimental setup and the single photon
pumping setup described in Chapter IV is in the use of a near infrared dye laser as
optical pumping source, rather than in use of a frequency tracking doubler to double
the near-infrared laser beam for excitation.

The laser emission generated by TPP in both ZnSe and ZnS, (sSe, s samples is
very strong. The blue light emitted from samples is visible to the naked eye at ambient
room illumination. The emission spectra from a ZnSe sample with a cavity length of
430 pm measured at 10 K are shown in Fig. 19(a). The excitation wavelength is 850
nm. From the figure one can see that the spontaneous emission from the sample has a
few relatively broad peaks. Under high excitation conditions the dominant emission
spectral feature is a narrow peak at ~446.4 nm whereas the other features present in
the spontaneous emission spectrum are suppressed. The longitudinal cavity mode
structures are also resolvable in the laser emission spectrum. The threshold of the

excitation power for lasing was measured to be 7 MW/cm’. The emission spectra
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Figure 19. Typical emission spectra from ZnSe (a) and ZnSy 055€p. 95
(b) at 10 K with the excitation wavelength at 850 nm
under different pump intensities. Lower spectra: (a)
2.3 MW/cm?, (b) 8 MW/cm?, middle: (a) 5 MW/cm?, (b) 13
MW/cm?; upper: (a) 16 MW/cm?, (b) 21 MW/cm?. ;
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taken from ZnS, ;;Se, os samples are similar to those from ZnSe samples and are shown
in Fig. 19(b). Due to the alloying effect the laser emission peak shifts to ~438 nm in
ZnS, sSe,0s samples. Fig. 20 shows the emission intensity versus pumlping power
density for the ZnSe sample. A functional form of x" with n=5.2 can be derived from
the curve above the lasing threshold for the ZnSe sample. This power characteristic,
together with the spectral narrowing, are manifestations of laser action resulting from
TPP.*! Similar results were observed for ZnSSe samples. A functional form of x° could
be obtained before the onset of saturation of the laser emission in this sample.
The laser action could be observed up to room temperature for ZnSe and 200

K for ZnSSe samples. In Fig. 21 we show the experimentally measured energy
position of lasing peaks as a function of temperature. The solid line in the figure is
the temperature dependence of energy position of free exciton in ZnSe.”? Typical
spectra of the lasing output are shown in the inset of the figure. The lasing threshold
power density increases by a factor of about three when the temperature changes from
10 to 200 K. The linewidth is broadened by a factor less than two (from ~4.9 to- 7.3
meV in full width at half maximum) and the longitudinal modes could be also

observed even at 200 K. While tuning the. pumping wavelength from 830 nm to 867
| nm, the laser action could be observed at 10 K from all the samples used in this
study. When the pumping wavelength is longer than 867 nm, the laser action
quenches regardless of the pumping power density used. Compared to the OPP
situation, where the laser action could be observed with pumping wavelengths as long

as 442 nm, it appears that the two-photon pumped lasing process requires a higher
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effective excitation energy (twice of the pumping photon energy). One of the reasons
responsible for this difference has been suggested to be due to the fact that the two-
photon absorption coefficient changes much more drastically with incident laser
wavelength than the one-photon absorption coefficient for semiconductor materials.”"*
We have also found that the TPP lasing peak position at threshold pump powers for
ZnSe samples is approximately the same as those of our previous OPP experimental

results.>* Nearly the same lasing peak positions of TPP and OPP suggests that the TPP

lasing process might be of the same physical origin as OPP lasing processes.

Discussion and Conclusion

In wide band-gap II-VI compound semiconductor materials excitons are known
to play important roles in lasing processes.*> The LO-phonon assisted free exciton (FE)
recombination, i.e. a FE-phonon scattering process, was proposed to be the dominant
lasing mechanism under two photon pumping.!! However as shown in Fig.21, the laser
transition shifts to lower energy with increasing temperature more rapidly than the FE
energy. This shift cannot be explained with recourse to the FE-phonon scattering
process. The sample heating effect can be also excluded. The low average excitation
intensity of the near-infrared dye laser with a pulse of 10 ns and a repetition rate of 10
Hz and small two-photon absorption coefficients of ZnSe and ZnSSe at the near-band-
gap region are not likely to cause significant heating on the samples. By monitoring
the peak position of the LO-phonon assisted deep acceptor bound exciton line in ZnSe

as a function of excitation intensity, we found that it is independent of the excitation
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intensity. Another alternative is a free-exciton free-exciton (FE-FE) scattering process.
In such a scattering process, one exciton is scattered into a lower energy photon-like
part of polariton dispersion curve then annihilated to emit a photon while the
recoiling exciton is scattered into a higher energy state, which could be the conﬁnuum
of free electron and hole states. In the case of high excitation, a high dgnsity of free
carriers could be created resulting in the occurrence of band filling effect. When the
FE-FE interaction process takes place, the free carriers created must obtain sufficient
kinetic energy from the exciton in order to reach the higher lying unfilled states in the
bands. Consequently, the exciton scattered into the photon-like branch of polariton will
lose more energy. A red shift of the lasing transition is therefore expected to occur
with increasing carrier densities originating from the pumping power density increase.
Such a red shift with the pump intensity was indeed observed in this work as shown in
Fig. 22. The solid line in the figure is a fit of the lasing peak energy shift AE as a

function of TPP density using the equation

V.1
: AE=a(Ip-Ipo)2+b V-

Here a and b are fitting parameters and L, is TPP lasing threshold. Recently, Newbury
et al have studied one-photon pumped stimulated emission in ZnSe epilayers® and
suggested that, by energy conservation, the red-shift of the lasing peak (AE) should
“equal the kinetic energies of the recoiling electron and hole obtained due to FE-FE
scattering with the assumption that all carriers relax down to the bottom of their

respective bands. Therefore the total energy required to reach the lowest unfilled states



1 O T 13 T ¥ [ 14 i ) 1) l ¥ ¥ 1 L) ‘ ¥ ¥ i T I 1 ¥ L)

PEAK SHIFT (meV)

O
T

_2...;l:--.ln-'nnl:..;l;«.:
0 S 10 13 20 25

PUMP INTENSITY (MW /cm”)

Figure 22. The lasing peak energy shift of a ZnSe sample vs
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fit to the experimental data.
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of free-carrier continuum is proportional to two thirds power of the generated free
carrier concentration.”® One the other hand, fhe free electron (hole) concentration is
proportional to the square root of the free-carrier generation rate for the FE-FE
scattering process and in the two-photon absorption regime the generation rate is
proportional to the square of the pumping intensity.> This means that the free-carrier
(either electron and/or hole) concentration is a linear function of the two photon
pumping density. Therefore, theoretical estimation gives N=2/3 in Eq.(1). By using
fitting parameters a=2.02 and b=0.58, along with the measured L =7 MW/cm?, the best
fitting gives N=0.64. This value is close to the value of 2/3 derived from the
theoretical estimation based on the FE-FE scattering process. Hence our results suggest
that thé FE-FE scattering dominates the low-temperature lasing process in ZnSe and
ZnSSe alloy crystals.

In summary, we have studied the laser actions of SPVT ZnSe and ZnS, (sSe, o5
alloy crystals in the two photon absorption regime. The infrared pumped visible lasing
has been observed in both ZnSe and ZnSSe alloy samples up to room temperature by
tuning the pumping light wavelength in the range of 830-890 nm. These experimental
results indicate the possibility of using near infrared GaAs based III-V compound
diode lasers as excitation sources to pump ZnSe based II-VI materials for blue lasing.
Based on the peak energy position and the red shift of the lasing line above threshold,
the dominant physical mechanism of lasing is attributed to the free-exciton free-

exciton scattering and resultant band filling processes.



CHAPTER VI
GAIN MEASUREMENTS OF BULK ZnSe
Introduction

In previous chapters, we have demonstrated that ZnSe samples have qualities
sufficient for low-threshold, high-power output blue laser operation. One important
parameter in evaluating the possible utility of laser systems is the optical gain. In this
chapter, we study the stimulated emission effects and investigate the gain in SPVT
ZnSe single crystals using the single beam method by varying the length of
excitation.”” Since this technique does not require the fabrication of the crystal into an
optical cavity, and utilizes only one pumping beam, it has been used extensively to

96-98

study stimulated emission effects in various materials.”™ " If the spontaneous emission

occurs uniformly in the excited volume, the light emission intensity I for an excited

region of length 1 is given by®

V1.1
KD =1exp(g]) (VLD

where g is the gain which is given by”
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V1.2
PORIOA (V12)
1

where v is the emitted photon energy, and N, N; denote the number of carriers in the
lower and upper energy states, respectively. The factor u, and u, are the degeneracies
of the lower and upper states, and 6(V) is the stimulated emission cross section at v. It
is clear that, for low excitation powers, the population should vary linearly with the
excitation power density, and thus, the emission intensity has an exponential
dependence upon the excitation power density. By varying the excitation length 1, we
can monitor the emission intensity at fixed pump powers. An exponential increase in
the emission intensity as a function of excitation length indicates stimulated emission,

and the gain can be derived from the intensity versus excitation length curves.
Experimental Setup

In this study, we have used a 10 ns pulsed dye_ laser as the excitation source.
The dye laser (Lamda Physik 3002, LDS 765 dye from Exciton) operating at 750 nm
was frequency doubled to 375 nm (3.31 eV) by a wavelength-mixer. This photon
energy of the pump source is well above the band gap energy of ZnSe at 10K. The
gain measurements were made by employing a side-pumping geometry. The excitation
length of a focused beam on the sample surface was varied by translating a sharp
razor blade mounted on a micrometer head. The detection system is the same as
described in previous chapters.

The ZnSe samples used in this work were (100) oriented SPVT ZnSe single
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crystals. The samples were nominally undoped, and the sample surfaces were
mechanically polished initially. In order to study surface related effects, some of the
samples were chemically etched usihg 0.5% bromine dissolved in methanol. The
etching time varied from 0.5 to 2 minutes. The samples are large enough so that the

cavity effects were eliminated. All experiments were carried out at 10K.

Results and Discussion

Fig. 23 shows the emission spectra from a 2 minutes etched sample taken at
different pump power levels. For this etched sample, the spectra show a peak at 2.779
eV which grows rapidly with increasing pump power. This peak (A) is very close in
energy to the so-called FE-(1s-2s) peak.'®” The FE-(1s-2s) peak is due to an inelastic -
scattering of free exciton at neutral donors so that its energy lies below the free
exciton energy by the amount of the donor 1s-2s separation energy.'® These donors
can be Cl, Al, Ga, or In.'® Another possibility is that peak (A) is due to an exciton-
exciton inelastic scattering since the peak is located about one binding energy (~20
meV) below the free exciton peak. The former case is of extrinsic origin, and the latter
is of intrinsic origin. Free exciton-exciton scattering is the more probable mechanism
since it can also explain the square dependence of the emission intensity on the input
power before the onset of stimulated emission, as shown in Fig. 25."" The other three
peaks at the lower energy side are attributed to the phonon replica of peak A. The
energy separation between these peaks is ~31 meV, corresponding to LO phonon

energy of ZnSe.'”! At lower pump power densities, there is another peak (B) at 2.795
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Figure 23. Stimulated emission spectra of the 2 minutes etched ZnSe taken at 10
K for several pump powers. The power used for spectra (a), (b), and
(c) are 3, 4, and 10 kW/cm?, respectively. The inset shows the
stimulated emission peak taken at a pump power of 64 kW/cm?.
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eV. This peak coincides with the I, peak in energy. The I, peak is due to a radiative

recombination of bound excitons at neutral donors. At higher pump power levels,
peak B is suppressed by peak A, as shown in the inset of Figure 23. With an increase
of the pump power, peak A rises rapidly and becomes dominant. It is this peak which
we investigated carefully, as will be discussed below.

Fig. 24 shows the emission spectra of the unetched sample taken at different
pump powers. Comparing with Fig. 23, one clear difference is the absence of peak B.
Other spectra features are similar to those in Fig. 23. However, the signal level of the
2 minutes etched sample was found to be about 10 times greater than that of the
unetched sample. The enhanced emission after etching is probably related to the
increased sample surface quality, which results in a decrease of nonradiative
recombination channels as well as an increase of the beam penetration depth.

In Fig. 25, we show the pump power dependence of peak A emission intensity
plotted on a log-log scale for both of the samples shown in Figs. 23 and 24. The
squares are the experimental points, and the dashed lines are shown as a visual gﬁide.
Curves 25a and 25b correspond to 2 minutes etched and unetched samples,
respectively. For the etched sample, the output signal increases by about four orders of
magnitudes with the input power change of less than 70 times. The rapid rise of the
output signal is a clear indication of stimulated emission. It can be seen that the curves
rise slower at lower powers than at higher powers. At low pump powers, the slope is 2
which means that the emission intensity varies with the square of the pump power.

This kind of kinetic behavior is typical in exciton-exciton scattering processes.”® At
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Figure 24. Stimulated emission spectra of the unetched ZnSe taken at 10 K for

several pump powers. The powers used for spectra (a), (b), (c) and
(d) are 6, 16, 25, and 39 kW/cm,, respectively.
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higher pump powers, the curves can be fitted to straight lines with slopes greater than
2, a clear indication of gain. This slope change of the power dependence curve is
commonly seen in stimulated emission.'®'®>% This represents the transition from
spontaneous emission to stimulated emission. The transition point provides an
estimation for the stimulated emission threshold.'® The thresholds for both samples are
about 10 kW/cm?, as seen from Fig. 25. The saturation levels are not reached at the
present power levels in both samples.

Peak B as well as peak C are located close to peak A, and this causes the
partial overlapping of these peaks. In order to check the effect caused by the
neighboring peaks on the stimulated emission of peak A, we also investigated the
power dependence of peak B emission for the etched sample and peak C for both
samples. We have found that initial increases of these peaks at low powers are
comparable to peak A. However, these peaks increase at slower rates than peak A at
higher pump power levels. Also, at high pump power levels the relative intensities of
these neighboring peaks are much smaller than peak A. This suggests that the effect of
the other peaks on the stimulated emission of peak A is insignificant. Therefore, we
took the peak height of peak A as a measure of the stimulated emission intensity.

In order to obtain the gain value of the stimulating peak A, we measured the
emission spectra at fixed power densities by varying the length of the excitation beam
hitting the sample. Fig. 26 shows the emission intensity of peak A plotted as a
function of the excitation length 1 at a fixed pump power for both samples. The curves

can be fitted to a straight line before they reach the saturation point around 1=0.7 mm.
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The gain values can be derived from the slope of the straight lines. The two curves in
Fig. 26a are for the 2 minutes etched samples measured at two different pump power
levels. The power used for the curve I is 63 kW/cm?, which is 2.5 times that used for
curve II. The gain value is 160 cm™ for curve I and slightly smaller for curve II.
These results indicate that the gain is rather insensitive to the pump powér in this
power range. At both pump powers, the gain saturation effects occur at 1~0.7 mm.

As shown in Fig. 26b, the gain value for the unetched sample at 27 kW/cm? is
about 120 cm?, which is smaller than the value for the 2 minutes etched sample. We
have also measured the gain for a 1 minute etched sample and found a gain value
between the gain of the unetched and 2 -minutes etched samples. These gain values of
ZnSe are comparable to those for CdS and GaP.!® The increase in gain value after
the etching of the sample may be due to the reduced surface effect. This can either be
due to the improvement of the surface quality after etching or the decrease of the
competing non-radiative recombination channels. Clearly, the etching improves the
stimulated emission in ZnSe, both in terms of the emission signal level and the gain

values.
Conclusion

We have observed optically pumped stimulated emission and measured the gain
in SPVT ZnSe at 10 K for the first time. Compared with reported values'®", much
lower threshold pump powers Were observed for stimulated emission in bulk ZnSe.

The gain values were measured by means of the variable excitation length method.
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The saturation length determined from these gain measurements can be a valuable
information when designing a laser cavity. The effect of etching on the gain was also
examined, and the gain was found to be 160 cm? for the 2 minutes etched sample and
120 cm™ for the unetched one. The etching of the ZnSe surface was found to increase
the emission signal levels substantially, but only with a slight increase of the gain

coefficients. These properties make ZnSe samples attractive blue laser materials.



CHAPTER VII

QUANTUM CONFINEMENT AND STRAIN EFFECTS

IN ZnSe/ZnS SINGLE QUANTUM WELLS
Introduction

With the advent of modern epitaxial growth techniques such as molecular-beam
epitaxy, it has become possible to grow semiconductor superlattices and quantum well
structures and tailor the band structures to achieve the desired properties and device
applications. Strained-layer quantum well structures give an additional degree of
freedom by allowing heteroepitaxial growth of lattice-mismatched systems without
creating misfit dislocations.'™ The strain eﬁergy in these structures is taken up by the
elastic deformation of the lattice. Wide band gap II-VI compound multilayer structures
are eminently suitable for various optoelectronic devices covering from the visibie to
the ultraviolet spectral range. In particular, ZnSe/ZnS,Se, , MQWs are potentially
useful for electron-beam-pumped blue lasers” for printing applications and various
other optoelectronic devices including blue-light-emitting diodes and blue injection
lasers. For such applications, the growth of high quality, thin epitaxial layers is very
important. Unlike the case of GaAs/GaALAs, ,, where the hetero-layers are very well

lattice matched, ZnSe/ZnSSe epilayers are under considerable strain due to the lattice
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mismatch present between them (~5%). However; it has been shown that if sufficient
thin epilayers are used, then the lattice mismatch may be accommodated by elastic
deformation only, and thereby, high quality multiple quantum well (MQW) structures
may be grown.'”

Recently, growth of ZnSe/ZnSSe superlattice by low-pressure organo-metallic
vapor phase epitaxy (PL OMVPE) was reported in which very large blue shift was
observed for the very thin layers.'® Also ZnSe/Zn$S superlattices have been grown on
(100) GaAs substrates by hot wall epitaxvym7 and MBE.!® In this chapter, we present
the photoluminescence (PL) study on ZnSe/ZnS single quantum wells (SQW’s) grown
by a combination of MBE and atomic layer epitaxy (ALE). This combination of
growth techniques can provide very good sample qualities as reflected by the
narrowness of the PL peak. Single sharp PL peaks were observed in the energy range
of (2.9-3.2) eV. The energy positioné correlate with the quantum well size through the
quantum size effect. Calculation based on a simple square well potential model fits the
experimental data very well. Incorporation of strain effects can be seen to improve the
fitting with the experimental results. The broadening of PL peaks from thin well
samples (1-2 monolayer) was explained in terms of the interface roughness which
induces the lateral quantum confinement effect in quantum slabs formed on islands

and valleys at the interface.
Experimental Procedure

The samples were grown in the Electrotechnical Laboratory (JAPAN) by Dr. T.
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Yao. Fig. 27 shows a schematic picture of a ZnS/ZnSe SQW structure. A 0.15 pm

thick GaAs buffer layer was grown on a (100) GaAs substrate by MBE in a separate
growth chamber. The sample was transferred to the II-VI growth chamber via
magnetic feed through and a ZnS barrier layer whose thickness ranged from 0.1 to 0.5
pm was subsequently by MBE. The typical growth rate was 0.1 pm/hr. Although the
lattice mismatch between GaAs and ZnS is 4.5%, the ZnS layer was thick enough to
be fully relaxed. The ZnSe well layer was grown by ALE. In the ALE growth,
constituent elements are alternately deposited onto the substrate so that the film growth
occurs stepwise.'® Therefore, precise control of film thickness in the atomic layer
scale is easily attainable. The ALE growth conditions were examined by RHEED
investigations.!!® The thickness of the ZnSe well ranged from 1 to 20 monolayers
(ML’s). Finally, a ZnS barrier layer whose thickness ranged from 0.03 to 0.1 ym was
grown by MBE. The substrate temperature during growth of II-VI compounds was
varied between 130 to 210° C. PL spectra were measured at 10 K using the 325 nm
line from a He-Cd laser as an excitation source. The signal was dispersed with a spex

1403 double monochromator and detected with a photomultiplier tube.

Experimental Results and Discussion

Photoluminescence (PL) spectra from some of the ZnSe/ZnS SQWs are shown
in Fig. 28 as a representative. The PL spectra show dominant excitonic emission band
due to radiative annihilation of free exciton. The full width at half maximum of the

peaks at 10 K is about 20 meV for the three samples shown in Fig. 28. The linewidth



ZnS

ZnSe

ZnS

GaAs buffer

GaAs (001)
substrate

(Cr-0 doped)

Figure 27. Schematic structure of fabricated single quantumn well structures.

< ~ 1000 A MBE

<« 1~20 ML ALE

« ~ 5000 A MBE

« ~ 1500 A MBE

T~ 200 °C

sub

G,,s ~1000 A/hr

83



ZnS/7ZnSe/7nS

10K

{ SML

PL Intensity
.\'\_

)\

Eg(ZnSe) 7ML

L s

] ] 1 | 1 ] 1 | 1

25 2.6 2.7 28 2.9 3.0 3.1 3.2 3.3 3.4 3.5

Photon Energy (eV)

Figure 28. Photoluminescence spectra from the single quantum wells.



85
of the emission peak from quantum wells thicker than 3 ML varied from 15 to 30

meV. This value is much narrower than the reported half width for ZnSe/ZnS
superlattices.'®1%!1:112 The narrowness of the peak indicates the improved sample
quality of SQW structures over previously grown samples. The thick well (20 ML)
shows relatively broad linewidth (30 meV) with weaker luminescence. This is
probably due to the generation of misfit dislocations which occurs in thick films. The
misfit dislocations will produce nonradiative centers and will broaden the
luminescence. Also seen in Fig. 28 is the low energy tail in the spectra. This
asymmetric line shape has been observed in ZnS/ZnSSe SLS structures and has been
identified as being due to the bound-exciton emission overlapping the free exciton
luminescence.'"

For samples with well width less than 3 ML, the linewidth broadens abruptly:
86 meV for 2 ML and 115 meV for 1 ML. The broadening mechanisms of the PL line
width are: (1) interface roughness, (2) the interaction Qf excitons with phonons, and
(3) band filling due to high carrier concentration. The broadening due to the
interaction of excitons with phonons becomes dominant at high temperatures'™, but it
is less important at low temperatures compared to other mechanisms. The broadening
due to the band filling becomes important when the excitation intensity is relatively
high. Therefore, the luminescence broadening due to the interface roughness would be
responsible for the luminescence broadening observed in the present experiments. It is
observed that the linewidth scatters around 20 meV for quantum wells above 3 ML,

while it increases abruptly as the well width decreases below 3ML. Such abrupt
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broadening cannot be explained only by considering the fluctuation in the energy level
of excitons caused by quantum confinement effect. The lateral confinement of excitons
has to be considered.

When a 1 ML thick ZnSe is deposited on a ZnS surface which has a surface
roughness of one monolayer, there would be formation of ZnSe islands whose
thicknesses are 1ML. If the lateral dimensions of these islands are small compared to
the de Broglie wavelcngth of electrons, additional "lateral” quantum confinement
effects should be considered. The ZnSe islands are three-dimensionally covered by
ZnS, resulting in a three-dimensional quantum confinement of electrons and holes.
This situation is similar to the quantum box with a strong anisotropy. Such
confinement would realize "quantum slabs", in which the confinement in the growth
direction is of the order of an atomic layer, while the lateral confinement is of the
order of excitonic size. Since the lateral dimensions of such quantum slabs are
distributed almost randomly, the energy spread of the quantum level would become
significant. Consequently, the luminescence broadening occurs. When a 2ML ZnSe
well is grown, the lateral confinement is weakened because of the lateral extension of
the interface layer. Thus, the energy Spreadvdue to the lateral confinement is decreased,
which results in a decrease in luminescence broadening compared to the 1ML quantum
well. Further deposited ZnSe smears out the lateral quantum confinement abruptly. As
a consequence, the luminescence broadening in thick quantum wells will mainly be
determined by the fluctuations due to the quantum confinement effect along the

growth direction.
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Fig. 29 plots the emission peak energy against the ZnSe well width. The dbts

are the experimental result. It can be seen that as the well width decreases, the
emission peak increases. This is due to the quantum confinement effect. The data point
of a 20 ML sample has an abnormally high energy value which may be due to the
poor quality of this particular sample. The dashed curve shows the dependence of the
calculated emission energy on the well thickness based on a simple square well
potential model without considering the strain effects. In this model, the band offsét
ratio used is AE/AE =5%. The band offset ratio of ZnSe/ZnS,Se,., has been studied
thoroughly by both experimental and theoretical work, and it is well established that

the conduction band offset is very small (around 5%)."**

The calculated energy
position is lower than the experimental data point, especially in the large well
situation. When strain effects are included in the calculation by using the model solid

)30

theory (see Appendix)™ , the calculated energy positions are shown as the solid line.
Due to the biaxial tensile strain in ZnSe, the energy gap of ZnSe well increases. This
results in higher calculated energy positions. This calculation gives an improved
agreement with the experimental data. In the emission energy for very thin wells (1-2
ML), there is considerable discrepancy between the calculation and experiment. In
such thin quantum wells, the effective mass approximation is not a good
approximation, and a more rigorous treatment would be needed. Moreover, in the
calculation of the emission energy based on the simple square-well potential modcli

the variation of binding energy with the well width should be considered. The binding

energy of 3D exciton is 20 meV, while that of a two-dimensional limit is 84 meV.
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The enhancement of the exciton binding energy becomes important in thin quantum
wells. These factors are not considered in the present calculation and should be

responsible for the deviation of the calculation from the experimental results.
Conclusion

ZnS/ZnSefZnS single quantum well structures (SQW) were fabricated by é.
combination of MBE and ALE for the first time. The SQW structures show dominant
excitonic emission which correlate with quantum confinement effect. The sharp
emission peaks indicate the good quality of the samples. The analysis of the
dependence of the emission energy on the well width indicates that the conductidn
band offset is very small. The strain effects in the ZnSe well have to be consideréd in
order for the theory to match the experimental result. The luminescence from weils
thicker than 3 ML shows a sharp peak whose line width is typically 15-30 meV, while
thinner quantum wells show a much broader luminescence peak. This abrupt
broadening cannot be explained only by fluctuations in the electronic energy level
associated with quantum confinement effect along the growth direction. It is suggested
that the quantum slab structures are formed on the ZnS surface at the beginning bf the
epitaxy, which causes additional lateral quantum confinement. The lateral fluctuation

of the quantum slab size causes additional luminescence broadening.



CHAPTER VIII
SECOND HARMONIC GENERATION
Introduction

Because of their potential applications in optical device technology, the optical
properties of II-VI semiconductors, such as ZnSe, have been the subject of widespread
and intense investigation. In particular, the nonlinear properties, such as nonlinear
absorption and optical bistabilities, have been studied extensively."'*'"” There are also
renewed interests in studying the second harmonic generation from ZnSe/GaAs
interface in order to characterize the interface properties."’*!”* In this chapter, a
preliminary study of the optical nonlinearity of SPVT grown ZnSe was performed
experimentally by observing the non-phase-matched second harmonic generation
(SHG). A transmission geometry was used in the study. The observed SHG intensity
changes as the polarization direction of the pump beam varies. This shows that the
SHG is produced in the bulk of the sample rather than in the sample surface. The
SHG was observed with a broad range of pump photon energies. We have also
investigated the dependence of the observed SHG signals on the sample thickness to

quantify any enhancement of SHG due to phase matching.
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Theoretical Background

In this section, we will give the basic expressions describing the second order
nonlinear optical effect of second harmonic generation. We will also briefly derive the
dependence relation of the resultant frequency-doubled signal intensity on the cartesian
components of the input fields. The results are then specialized to the case of materials
with 43m symmetry, such as ZnSe.

In a nonlinear medium, the polarization is made up of a linear and a nonlinear

term

L (VIIL1)
P=¢gx,E+Py;

where the first term describes the linear process. For a second order nonlinear process
Py ~d®,EEy, where d¥,;, are the elements of the second order nonlinear susceptibility
and E; and E; are the cartesian components of the input beams. For an electromagnetic
wave travelling along the z direction in a lossless medium, in the case that the
depletion of input beams can be ignored, the Slowly Varying Envelope approximation
(SVE) can simplify the Maxwells Equations to one single equation describing the

evolution of the frequency-doubled field'?

E;,=imJ—:—:d,,E1,E,,exp(iAlq)
3

(Vi1.2)

where Ak=k;"-k,-k,; p and € are the permeability and permittivity of the material,
respectively. Note that Ak vanishes, or efficient phase matching occurs, only when the

refractive index at the fundamental wavelength equals that at the doubled wavelength
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for a given component. Integrating Eq. (VIIL.2) form z=0 to crystal thickness | givés

jAkI-1 (VIIL3)
B =20 ey iy RS

where the leading factor of 2 results from the sum over i, j.
The quantity in which we are interested is the intensity of Ith polaﬁzation

component in the frequency-doubled beam which is given by

1 in’(AK] (VIIL4)
03 e B )

To describe the dependence of the intensity of the frequency-doubled light as
the components of the input fields E,g vary, we may fix the field polarization vectors,
referring them to a convenient laboratory frame, and allow the crystal to rotate. The

effective elements (dy ).y then change as the crystal rotates and are given by'”

o VIILS
df::,; bduds, VI

where 4 and b are the unit polarization vectors of the input field and frequency-
doubled field, respectively, referred to the crystallographic axes ijk. b can be chosen
either parallel or perpendicular to & without loss of generality.

For ZnSe (point group 43m), all but the following elements d, are nonzero'!

(VIIL6)
d,93=8,3,=0y3=03,=d;,=d;;,=d

Performing the prescribed sum in Eq. leads to
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(VIL7)
d g=2d(a,a:b, +a,a;b, +4142\1’3)

We now consider a specific case for which the input field propagation vector K
is parallel to (110) crystallographic direction. Two frames of reference sharing a
common origin are required, a laboratory frame and a crystal frame. We denote the
laboratory frame the primed frame which can be obtained by rotating the crystal frame
about the z-axis through an angle ©=n/4. The vectors & and b/ referred to the

laboratory frame are

(VIILS)
é'= sin
cosd
0
VIIL9
5| oot ( )
sing

where ¢ is the angle between &' and (001). 4 and b are then obtained from their primed

counterparts by applying the rotation operator Rq

soRgl RS (VIIL10)

where



94

cos® -sin® 0
Ry=|sin® cos® 0
0 0 1

(VII11)

for positive angle ©. This yields

-sin®siné (VIII.12)
cosBsind
cosd

N
1l

b=| —cosOcosd

sing

(VIIL13)

Using these crystal-frame components in the expression for d,; in Eq. (VIIL7) gives
the angular dependence of the parailel (b//a) and perpendicular (b.L3) polarization
components of the frequency-doubled light for the case of incidence normal to a (110)

crystallographic face

2oy~ g, (VIIL14)

e sin‘dcos’d

I2w) = (d,ﬁ)zl (VIIL.15)
o sin’¢y(1-3cos’p)”

Again, this treatment assumes that the input field polarization vectors are fixed with

respect to the laboratory frame.
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Experimental Procedure

The transmission geometry was used in our experiments. The diagram of the
experimental setup is shown in Fig. 30. The excitation source was the Nd: YAG laser
pumped nanosecond dye laser. The wavelength of the excitation beam can be broadly
tuned. The samples were mounted on a rotational stage so that they can be rotated
with respect to the polarization of the input beam. Several samples were investigated
in this study. One sample has dimensions of 5 mm x Smm x 5 mm, and the other
samples have 1 mm thickness and variable lengths. The orientation of the samples is
as follows: a polished face parallel to the (1 10) plane, and remaining edges parallel to
the (TIO) and (001) planes, respectively. The laser beam was incident on the (110)
surface. Neutral density filter (NDF) and blue filters were used to block the
fundamental light. The output signal was analyzed with a polarization analyzer before

directed to a spectrometer and recorded with a CCD.
Experimental Results

Preliminary results were obtained on the SPVT ZnSe single crystal samples.
The angular dependence of the parallel and perpendicular components of SHG signal

intensities for incidence on a (110) plane are given by

II(ZQ)“PZI(ZQ) =9E2,,(0>)xZSin4¢oos2¢ (Vm.lﬁ)

1,20)=P?,2w)=E2 (0)x’sin$(1-3cos’¢)* (VILI7)
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Figure 30. Experimental geometry used in the SHG investigation.
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respectively, where E () is the amplitude of the optical electric field oscillating at
angular frequency ®, P(2w) is the induced nonlinear polarization oscillating at 2m,
'x=x123=x213=x312’ is the bulk second harmonic genération contribution to ¥® in
materials with 43m symmetry, and ¢ is the angle between the incident optical electric
field and the (001}) crystallographic direction of the sample. The experimentally
observed angular dependence of the polarization components is shown in Fig. 31. The
wavelength of fhe pumping beam used was 850 nm. The theoretical curves
corresponding to Eqgs. (VIII.16) and (VIIL.17) are shown as solid lines. Good
agreement with the thepry over the full range of angles can be seen.

Fig. 32 shows the SHG signal intensity as a function of the input laser intensity
plotted on a log-log scale. It can be seen that the slope of the curve is around 2 which
agrees with Eq. (VIIL4), as expected. The measurement was performed with the
second harmonic light polarized parallel to the excitation beam, at an angle between
the (001) direction and the polarization vector of the excitation beam that maximized
the frequency-doubled signal. We have measured and compared the signal intensities
in two samples with different interaction lengths: oneb with 5 mm and the other with 7
mm and found that the signal levels are the same using a pumping wavelength 900
nm. We have tuned the excitation wavelength from 840 nm to 920 nm so that the
frequency-doubled light photon energy was tuned from above to below the band gap
energy of ZnSe while keeping the pump power constant. The SHG signal did not |
change appreciably when the frequency-doubled photon energy was tuned across the

band gap. We also varied the sample’s temperature from IOK to room temperature and
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found that the SHG intensity does not change drastically.

Discussion and Conclusions

The agreement of the data obtained from the‘ polarization rotation experiments
with the theoretical curves based on the bulk material is fairly good, suggesting that
the observed signal in these samples has its origin in bulk SHG. The non-dependence
of the SHG signal intensity on the interaction length can be understood as follows.
Generally, the variation of the non-phase-matched and transmitted second harmonic
power is an oscillating function of the sample length 1. The position of the maximum
is determined by the factor of'**'**

Sin?(AKIf2) (VILL18)
| (AKI[2)?
where Ak=k@-2k® is the phase mismatch for SHG. This result assumes a low sample
electric conductivity. The coherence length 1. is defined as the distance between

adjacent peaks of Eq. (VIII.18) and is given by

! T A : (VIIIL.19)

for free-space fundamental wavelength A. The coherence length puts an upper limit on
the maximum useful thickness of an efficient second harmonic generator. Using the
ZnSe refractive indices of 2.47 and 2.69 at 900 nm and 450 nm, respectively®, we can
obtain a coherence length of 1 =2.5 pm. On the other hand, the absorption length 1,,

defined as the reciprocal of the absorption coefficient at frequency-doubled
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wavelength, is approximately 0.13 pm, using a value of o=8 x 10* cm.®" This
suggests that very little enhancements will be obtained by varying sample thickness
even for sample thicknesses appi'oaching the coherence length, since any newly-
generated frequency-doubled light in the bulk is almost immediately absorbed.
Samples less than 0.13 pm thick will be needed to see any thickness dependence. Our
experimental results are consistent, in the limit of negligible pump depletion, with
signals of constant absolute intensity in samples thicker than 1,. This is in contrast to
the sharp increase in efficiency realized in transparent materials where phase matching
techniques can be applied.'”*'#

In summary, we have studied transmission geometry optical second harmonic
generation in ZnSe single crystals and found that the absolute registered second
harmonic intensity is constant for several samples. The angular dependence of the
SHG signal intensity is consistent with signals originating in the material bulk. The
SHG can be observed from a broad range of pumping photon energies. Finally, we
would like to mention that we also observed the SHG signal from a reflection
geometry. With this geometry SHG can be used as a probe to study the buried solid

interfaces at which other optical techniques are not useful.'*



- CHAPTER IX
SUMMARY AND CONCLUSIONS

The experimental results of stimulated emission and lasing studies performed |
on the II-VI semiconductor ZnSe-based materials have been reported. Based on the
experimental results, the lasing mechanism at room temperature is determined to be
due to exciton-free carrier scattering, the exciton-hole scattering being the dominant
process. The low lasing threshold of ZnSe and ZnSSe laser bar samples demonstrates
the high quality of MBE and SPVT grown samples. The two-photon pumped blue
lasing was observed which dcmonsuated the applicability of using near-infrared diode
lasers as the pumping sources to excite the ZnSe-based materials. The mechanism of
the two-photon pumped lasing is due to free exciton-exciton scattering and resultant
band filling. The optical gain was measured using a single beam method by varying
the excitation length. These studies reveal that ZnSe and ZnSSe samples have the
quality suitable for low threshold, high power output blue laser operation.

The quantum size effect was studied in ZnS/ZnSe/ZnS single quantum wells by
the photoluminescence technique. The observed PL energy positions correlate with the
quantum well size through the quantum size effect. The strain effects in the ZnSe: well
have to be considered in order for the theory to match the experimental result. The

abrupt broadening of the PL peak from thin well samples was accounted for by the
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interface roughness in terms of the latei'al quantum confinement effect in quantum
slabs formed on islands and valleys at the interface.

We have presented the results of second harmonic generation measurements in
a transmission geometry in various thickness ZnSe samples. We find that the second
harmonic light originates in the material bulk rather than at the exit surface and that
no signal enhancement to the second harmonic light by varying the sample thickness is

observed. A broad excitation photon energy can be used to generate the SHG signal.
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APPENDIX A
BAND LINEUPS OF SEMICONDUCTOR HETEROJUNCTIONS
Introduction

When an interface is formed between two semiconductors, the question arises
naturally of how the bulk band structures are aligned relative to one another. The band
offset is the key quantity in the analysis of the properties of heterostructures. The
solution to the problem is complicated by several factors. First, the problem is
fundamental to that for a bulk solid. There is no intrinsic energy scale (i.e. no vacuum
zero is present) to which all energies can be referred. This ambiguity arises because
the long range nature of the coulomb interaction does not allow the zero of the energy
of an infinite (bulk) solid to be well defined. Therefore, there exists no unique
reference level within each bulk solid with which to compare the potentials for two
different solids. Secondly, when an interface is formed, the electronic charges will
move across the interface. These charge transfer effects set up dipole moments across
the interface which will give rise to a relative shift in the bulk bands. If a complete
solution of the interface problem is desired, one must carry out self-consistent
calculations in which the electrons are allowed to adjust to the specific environrﬁent

induced by the interface. The first self-consisient interface calculation (SCIC) was that
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of Baraff'® et al. The SCIC uses either empirical pseudopotentials or the ab initio
pseudopotentials. Results for AE, (valence band offset) are presented for a number of
lattice-matched (110) heterointerfaces.'”® Unfortunately, the computational complexity
of such first-principle calculations is very high, which limits their use as a general tool
in the exploration and design of novel heterostructures. Several models have been
proposed that attempt to establish an absolute energy level for each semiconductor.
The existence of such an absolute energy scale implies that one is not dealing w1th an
infinite solid, but rather with a crystal that has been somehow terminated (i.e. a
surface has now entered the picture). The means by which this surface is defined
underlies and differentiates the various models.

There are several models which deal with the band lineups but do not inciude
strain effects. Frensley and Kroemer'” constructed a model solid in which they |
superimposed spherical ions and chose the mean interstitial potential in the zinc-blende
structure as the electrostatic reference potential for each semiconductor. The Frensley-
Kroemer scheme in principle offered a very attractive approach for calculating a
reference level. However, the extensive computatiohal requirements render it |
impractical for generating accurate values for band offsets. Harrison’s theory'®® of
natural band lineups establishes an absolute energy scale by referring all energies to
energy eigenvalues of the free atom. Harrison’s model is based on atomic term Qalues,
which are assumed to carry over from atom to solid. In the approach of Tersoff159 and
Tejedor and Flores', screening arguments are used to define a neutral level for each

semiconductor. These levels are aligned when an interface is formed, thus determining
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band offsets. In analogy to metal-metal interfaces, these theories assume that dipoles
will be set up that will drive the heterointerface system towards alignment of neutrality
levels of the materials as would be the case at a heterojunction between two metals in
which the Fermi levels line up.

Recently, two other model solid calculations based on an absolute energy |
reference scale and allowing for the incorporation of misfit strain have been generated.
These include; (i) the linear muffin-tin orbitals (LMTQ) all-electron calculations of
Verges et al.”*' and Cardona and Christensen'®, and (ii) the model solid calculations of
Van de Walle and Martin."® Contrary to the complex calculations of the LMTO
method, the model solid theory is much simpler in calculation and can give some

physical insights into the problems. We study the model solid theory in more detail.
Model Solid Theory

In the model-solid theory of Van de Walle and Martin'®, a procedure is
developed in obtaining the lineup of an electrostatic potential across the heterointerface
by using only information from the bulk constituents. This model retains the spirit of
the SCIC and results from an attempt to describe the essential features of the SCIC
results, but without having to perform the local-density calculations on a supercell.
The infinite (bulk) solid is replaced by a semi-infinite solid having an ideally
terminated surface (i.e. one without a surface dipole layer). The semi-infinite model
solid is constructed by taking a superposition of neutral atomic spheres. The potential

outside each of these neutral spheres goes exponentially to zero, which is taken as the
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zero of energy for the model solid. The presence of a surface in this model does ﬁot
induce any shift in the average potential, since no dipole layer can be set up using
neutral spheres. Full information about the atomic potential can be obtained by
performing an atomic calculation. Since all calculations for the solid are based on
pseudopotentials, we can perform the atomic calculations on the ’pseudoatom’. After
carrying out the atomic calculations on the pseudoatom and obtaining the charge
density and potentials, the average electrostatic potential in this model solid is well
determined on the absolute energy level.'® The band structures of individual materials
can be calculated by performing density-functional calculations on individual bulk
semiconductors.’* The accuracy and margin of error of band structures produced by
these calculations is well established. The best-known deficiency is the failure of |
density-functional theory to produce the correct band gap. In model solid theory, :the
calculated valence bands are added on the electrostatic potential and the conduction
band position is derived by adding the experimental band gap to the valence band
position. These calculated energies are all put in an absolute energy scale and this
allows us to derive band lineups by simply subtracting values for individual
semiconductors.

It is to be noted that taken separately, the results for band position with réspect
to the average potential and for the average potential itself contain no informatioﬁ,
since they depend on the choice of angular momentum used in the pseudopotential.
Only the combination of both, which gives band positions on an absolute energy scale,

is meaningful and independent of choices in the pseudopotential. A summary of the
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results for eleméntal, III-V and II-VI semiconductors are given in Table I in Ref.:“0
Listed in the table are values for E, ,,, which is the average over the three uppermost
valence bands at I'. Since there is an interaction between strain and spin-orbit splitting,
the effect of uniaxial strain, hydrostatic strain and spin-orbit may be added on Evav
The effect of shear strain is to split the degenerate valence bands. The effect of
hydrostatic strain ‘is to shift the positions of each band , i.e. AE, ,,=a,Tr(g),

AE _=a_Tr(e), respectively. The detailed information about model solid theory can be

found in Ref. 30.



APPENDIX B

MATERIAL PROPERTIES OF UNDOPED ZnSe, ZnS

Energy Band Gap (4K)/(RT) LO Phonon Exciton (Binding) Spin-orbit Splitﬁng

ZnSe 2.83 eV/2.67 eV*® 31 meV?® 21 meV® 0.43 eV*®

ZnS 3.84 eV/3.68 eV* 42 meV* 40 meV® 0.07 eV‘

a. K. Shahzad, D.J. Olego, C.G. Van De Walle, and D.A. Cammack, J. Luminescénce
46, 109 (1990).

b. M. Aven, D.T.F. Marple and B. Segall, J. Appl. Phys. 32, 2261 (1961).

¢. Q. Fu, D. Lee, A. Mysyrowitz, and A.V. Nurmikko, Phys. Rev. B31, 8791 (1988).

d. T. Taguchi and T. Yokogawa, J. Phys. D17, 1067 (1984).

e. T. Taguchi, T. Yokogawa, and H. Yamashita, Solid State Commun. 49, 551 (1984).
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APPENDIX C

EFFECTIVE MASSES OF ZnSe AND ZnS USED IN LITERATURE

References ZnS ZnSe

Me‘/Me Mhh‘/Me Mlh‘/Me Me'/Me Mhh‘/Me Mlh‘/Me

(1) 028 176 023 0.14 144 0.149

) 027 049 - 017 06 -

3) 0.28 14 049 - - -

@) - - - 016 029 -

©) 0.34 - - 016 - -
My My M) My

©6) 0.17 06 06 017 06 06

(1) P. Lawaetz, Phys. Rev. B4, 3460 (1971).

(2) K. Shahad, J. Luminescence 46, 109 (1980).
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APPENDIX D

COMPARISON OF CALCULATED ABSORPTION COEFFICIENT o (SOLID LINE)

TO THE EXPERIMENTAL DATA FOR ZnSe (REFERENCE 81).
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APPENDIX E

COMPARISON OF CALCULATED REFRACTIVE-INDEX DISPERSION (SOLID

LINE) TO THE EXPERIMENTAL DATA FOR ZnSe (REFERENCE 81).
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