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CHAPTER I
INTRODUCTION

Historical Note and Recent Progress

The historical development of zinc selenide (ZnSe) started with an attempt to
understand the effects of impurities as well as to identify their related energy states from
optical and electrical studies by use of photoluminescence (PL) and photoconductivity
techniques in the late 1940s and 1950s."% At the time, most II-VI semiconducting
compounds were recognized as phosphors, but ZnSe was of interest because of its
luminescence characteristics in the blue region of the spectrum when excited with
ultraviolet (UV) light. However, the lack of success in growing large single crystals of
high quality—a consequénce of charge compensation and other types of effect to be
discussed below—made the interpretation of expérimental results difficult, and impeded
the progress of reliably characterizing defect states in this material which in turn made the
production of p-n junctions hard to achieve. Several years later (i.e., the 1960s), large
semi-insulating single crystals with p < 10° © cm became available by Marple et al.’ but
identification of defect states still remained a problem despite advances made in crystal
purification by Aven et al.* such as the zinc vapor anneal method. As a result, industrial
attempts to grow such crystals decreased drastically in the late 1960s. Although interest in
ZnSe had slumped during this time, work on the optical properties of doped CdS and
CdSe was already underway by Henry and Nassau.” Based on their analysis of the PL
spectra, Merz et al.%” were able to study the bound exciton and donor-acceptor pair

spectra by appropriately doping ZnSe with the same type of donors and acceptors



By this time, identification of many shallow impurities were well established in ZnSe but
progress in attaining material purity continued at a slow pace. A resurgence in material
characterization emerged with the advent of epitaxial growth techniques originally
developed for III-V semiconducting devices in the 1970s. In the II-VI arena for example,
Yao et al.® successfully used molecular beam epitaxy (MBE) to grow ZnSe epilayers for
the first time in the late 1970s. This non thermal-equilibrium technique which employed
low growth temperatures suppressed contamination due to excessive residual impurities
from the crystal growth environment, and almost entirely eliminated native defects
(vacancies, interstitials or antisites) which had been a common problem encountered in
crystals grown under thermal equilibrium conditions. With refinements in epitaxial
techniques in recent years, continued incorporation of various impurities in novel and
traditional materials to achieve low-resistivity amphoteric doping (p-n junctions) have
been the focus of much work from the 1980s into the 1990s.

Lately however, ZnSe has been extensively studied because of its important
technological applications such as blue-light-emitting diodes and laser diodes.”
Unfortunately, the realization of producing efficient devices has been plagued by the
unavailability of high conductivity bulk material of either n- or p-type form. For example,
in the strongly polar semiconductors, it is difficult or if not impossible to make ZnSe p-
type with low resistivities at room temperature. Until recently, this widely known difficulty
in obtaining bipolar conductivity was thought to be due to self-compensation; an effect in
which intrinsic (native) defects tend to reduce the electrical activity of the impurity dopant.
However, Laks et al. ' showed that native defect concentrations in p-type ZnSe and n-
type ZnTe were not high enough to account for compensation although they state that
experimental evidence is scarce to either support or contradict the role of native defects in
these materials. It has also been shown that charge compensation can take place by
amphoteric impurities. Neumark'' considered a system of a single amphoteric impurity

such as Li in ZnSe, and concluded that acceptor species (Li on a Zn site, Li, ) are



compensated by the donor species (interstitial Li, Li,) when the concentrations of Li,_ and
Li; are dominant over the total number of both electrons and holes. In addition to these
mechanisms, other factors such as low solubility of uncompensated impurities intentionally
introduced and high activation energies due to deep donor or acceptor centers are known
to decrease the electrical conductivity as well.'** To date, attempts to completely
overcome these problems by various bulk crystal growth techniques and post-growth
treatment schemes have been fruitless.

In addition to compensation which is still an inherent problem—contrary to what
some people believe—in ZnSe-based epitaxial devices, formation of proper ohmic
contacts poses another difficulty. Speciﬁcaily, heating effects at the contacts is a major
cause for device failure because of the relatively high contact resistance. In fact, in the first
development of the blue-green laser diode from a ZnSe-based single-quantum well
structure, Haase et al."* successfully accomplished lasing under current injection at 77 K,
but heating at the contact prevented the device from lasing efficiently. Since then, efforts
have been concentrated on quantum well systems based on (Zn,Cd)Se/ZnSe p-n and p-i-n
heterostructures. " From these reports, device operation is achieved for three to four
hours for low-temperature pulsed, blue-green lasers. However, pulsed lasers at room
temperature and continuous-wave lasers at low temperatures last only a few minutes.
Another possibility that is showing interest again is lasing by injection luminescence in
metal-insulator-semiconductor (MIS) heterostructures made from ZnSe.'® The goal has
been to develop a room-temperature continuous-wave laser with a practical lifetime. From
a basic physics viewpoint, such device structures are now preferred since the lasing
mechanism is due to exciton recombination with binding energies (discussed in the next
section) reaching up to ~ 40 meV; which is twice as high as that typically encountered in
bulk crystals. To this end, efforts have concentrated on making devices primarily from
quantum well structures. Once contact problems are resolved, the blue diode laser will

move from “potential candidate” status to “actual feasibility” for practical applications.



This in turn means that vast improvements in a host of areas of technology such as
xerography, optical readout density and large LED display.panels will be a step closer to
reality.

The commercial viability of light-emitting diode structures will depend on the type
of substrate used for deposition of ZnSe epilayers. Presently, the most commonly used
substrate is GaAs because of its small lattice mismatch (0.28%) and its relatively
inexpensive cost. Despéte the small lattice mismatch, dislocation defects are introduced at
the interface due to biaxial strain, which are enough to cause detrimental effects in the
optical properties of diode structures. Also, the different thermal expansion coefficients of
the two materials and the formation of Ga,Se, at the interface result in devices of low
efficiency and short lifetime."” To overcome these problems it is mecessary to make
devices using homoepitaxial growth on a ZnSe Substrate. In the past, efforts to make
ZnSe/ZnSe homoepitaxial devices have been hampered by the lack of large area, high
crystalline quality, single crystal wafers of ZnSe. Recently, however, such wafers suitable
for use as subsirates have been grown using the Seeded Physical Vapor Transport (SPVT)
method developed at Eagle-Picher laboratories.”’ Here emphasis has been placed on n-
type wafers because these can be grown more readily than p-type, and n-type conductivity
can be promoted with less difficulty than p-type conductivity. In this way, a p-n junction

can be developed consisting of epitaxial p- and n-type layers on an n-type substrate.

Background Information

As is the case with most II-VI semiconductors, the PL spectrum of ZnSe at low
temperatures is characteristic of exciton, edge and deep level luminescence. In the purest
materials, the PL spectrum is dominated by peaks arising from exciton recombination.
Briefly, an exciton is an electron hole pair bound together by the Coulomb interaction and

exhibits a binding energy and a Bohr radius, as given from the effective mass



approxiniation (The analysis in this thesis is almost entirely based on this approximation
" which is analogous to the problem of solving for the bound state energies of an electron in
the hydrogen atom except that the free electron mass is replaced by the effective mass and
the free electron charge is modified by screening due to the dielectric constant of the

medium.m), thus

4 2772
_ pe h°K
E .= TRy (CGS) (1)
and
W en? A

(CGS) (2)

where | is the exciton reduced mass, #K is the momentum of the center of mass, M=m?*
+m}, e is the static dielectric constant and n is the exciton orbital quantum number. Table
I shows some material properties including the values of p and e for ZnSe. The kinetic
energy term in Eq. (1) is usually neglected because when the crystal is in the ground state
(n=1), K = 0. However, an exciton with K = n, a)/ ¢ (n, is the index of refraction) can be
created directly if the incident photon has energy A (= Eg).22 In bulk ZnSe, the term
H2K2 / 2M ~107* eV can be neglected compared to the binding energy of the free exciton.
As a result, the optical transitions giving rise to free excitons are sharp. For bound
excitons, the line shape is even sharper due to reduction of the kinetic energy of free
excitons when bound to the impurity centers. In the case of excitons created by free
electrons and holes with the former excited deep into the conduction band, the optical
transitions are also sharp because the kinetic energy of the exciton is negligible, as
specified by the momentum and energy conservation relations of the electron-hole pairs.
The exciton emission region in bulk material is comprised of free and bound exciton
transitions ranging from 2.8040 to 2.7825 eV. The notation that is usually associated with

the main emission peaks are: FE, a free exciton; I,, an exciton bound to a neutral donor; I,



TABLE 1

MATERIAL PROPERTIES OF BULK ZNSE

Property Symbol Value

Crystal Structure Zincblende

Band Gap (direct) E, 2.7074 eV, 2.8225 eV (RT,
12K)*

Band Gap Temp. Coeff. o* 8.625x10™ eV/K*

Lattice Constant a 5.6710 A

Dielectric Constant € 8.9°

High Freq. Dielectric Cons. €o 5.7

Electron Effective Mass m, 0.17m,

Hole Effective Mass m, 0.67m,

Light-Hole Mass m{’ 0.38m,, 0.37m,
({100}, [110))°

Heavy-Hole Mass m" 1.11m,, 1.95m,
(11001, [110))

Reduced Mass u 0.105m, f

Expansion Coefficient o 7x10° /K°

Donor Binding Energy E, 29.2 meV

Acceptor Binding Energy E, 111.6 meV

LO Phonon Energy ho, 31.1 meV*

TO Phonon Energy hoo 25.3 meV’

Elastic Compliance Const. Sh 2.26 x 10°/Kbar®

” b2 ”

-8.5 x 10”/Kbar®



TABLE I (Continued)
Property Symbol Value
» - Suq 2.27 x 10”/Kbar’
Electron Mobility K, 550-700 cm’/Vs °
Density D 5.85 gm/cm3 ®
Deformation Potential a -1.8°
” ” b -0.37°

*This work

bEagle-Picher Laboratories (performed on Zn-extracted samples)

‘Average from Ref. 23 (8.6) and Ref. 24 (9.1), phonon energy from Ref. 23
“Ref. 25

“Ref. 26

Ref. 24

(mistakenly confused with I, an exciton bound to an ionized donor because of the same
energy position as 1), an exciton bound to a neutral donor; I, an exciton bound to a
neutral acceptor; and Idef P (or I‘l’), an exciton bound to a deep acceptor. It should be
pointed out that the identification of I,—first originated from the work of Merz ef
al.*’—is still a subject of some controversy. Complications in the assignment of I, arise
from the presence of I, (occurring near the position of I,) encountered in samples treated
by Zn vapor annealing, as first noted by Dean and Merz.”’ They did not know the identity
of the defect responsible for I, and is still a topic of much confusion to this day. However,
they did know that the emission behaves neither like I, nor like I, in a magnetic field. Since

then, mechanisms for I, have been proposed, including an exciton bound to an ionized



donor. Another controversial PL line is the previously assigned 1LO phonon replica of the
free exciton.” > Earlier, it had been suggested that this line is due to the acoustic phonon
replica of I'li (Ref. 6), but such a notion was dismissed later because of the presence of this
peak in the electroabsorption spectrum.21 PL studies on the so-called 1LO phonon replica
of the free exciton show that this line is due to defect luminescence not associated with
excitonic transitions.>” Part of the objective of this thesis is to determine the origin of these
lines.

At high impurity concentrations, the edge emission region composed of free-to-
bound (e-A") and donor-to-acceptor pair (DAP) transitions dominate the PL spectrum and
range from 2.71 to 2.68 eV. Typically, a series of DAP emission peaks each with a unique
designation according to the position of the peak energy is observed in ZnSe, and range
from the P-series (2.677 eV) to the R-series (2.715 eV). Each series is attributed to
specific donor and acceptor impurities. When the concentration of defects such as the SA
center, for example, or deep level impurities such as the transition or noble metal ions is
high, the PL spectra display strong deep level luminescence. This is commonly seen in the
2.3-1.95 eV region of the spectrum.

Phonon-assisted transitions are also observed in the exciton and edge emission
regions at low temperatures. Due to the nature of polar semiconductors, longitudinal
optical (LO) phonons couple strongly to the excitons since the exciton Bohr radius (a, ~
50 A) is large compared to the lattice spacing which makes the excitons highly polarizable.
DAP and e-A° are also highly polarizable, so they couple strongly to the lattice as well.
The PL spectrum show a series of peaks (phonon replicas) separated by the LO phonon
energy (Table I) each decreasing in intensity after the zero-phonon line for transitions
involving phonon cooperation. Transverse optical (TO) phonon replicas are rarely
observed in ZnSe since their effect in the lattice is weak.” Acoustical phonons mainly play
a role in broadening the zero-phonon line rather than produce a distinct, observable

e . . 3125
emission line because of their small energies.



Application of various optoelectronic devices for commercial use is still limited
because control of the electrical and optical properties of bulk ZnSe are not well
established. As stated in the previous section, this is mainly a result of charge
compensation effects due to native defects which are undesirable entities in the crystal.
The dominant native defects in stoichiometric p-type material are’claimed to be ZnZ, V5
and Ses. whereas in stoichiometric, n-type material these are V2, and Zns'e.lo In the case of
Zn- and Se-rich p-type materials, the major defects are Zn, and Se,,, respectively for
which both are donors doubly charged. The dominant defects in n-type ZnSe are Zng, and
V,, for Zn- and Se-rich materials, respectively. These defects act like acceptors. Another
type of defect (complex) commonly observed is the “self-activated” (SA) center which is a
donor-V,, pair.33 This center is typical of ZnSe and ZnS materials and forms a complex in
the presence of chlorine, bromine, iodine, aluminum or gallium dor;ors. Problems
associated with the stability of impurity dopants in the host crystal also make it difficult to
manipulate the electrical and optical properties. An example of this is the technologically
important case of Li,,, with its incorporation in the lattice giving rise to an acceptor in
ZnSe. Since Li is a very small atom, its diffusion rate is quite fast and takes place through
interstitial sites as suggested by Neumark and Herko.”* Haase et al.> tested this by
sandwiching a thin Li-doped layer between two undoped layers and found that Li diffused
into a uniform distribution throughout the undoped layer as shown by their SIMS profile
studies. Alternatively, incorporation of other shallow acceptor impurities (e.g., nitrogen)

as stable dopants are currently being investigated by using radical doping techniques.36
Crystal Structure

ZnSe consists of a face-centered cubic arrangement of Se atoms which is
characteristic of the zincblende structure. Although ZnSe prefers to stay in the more

stable form of the cubic structure, it can nevertheless form in the hexagonal (wurtzite)
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structure. The hexagonal structure tends to form in semiconductors of high polarity but
this is precluded in ZnSe. In zincblende, two face-centered cubic structures may be
visualized as being separated from each other by one-fourth of the body diagonal,37 as
shown in Figure 1. There are four atoms per primitive cell. Using the indices [uvw] to
represent the direction of a Qector in the crystal, the vector displacements of the Se atoms
are [000]a, [011]a/2, [101]a/2, and [110]%1/2 and those of the Zn atoms are [111]a/4,
[133]a/4, [313]a/4, and [331]a/4. Thus the Se atoms represented by their vector
displacements form the corners of a regular tetrahedron with a Zn atom at its center. The
interatomic distance for ZnSe in the zincblende structure is 2.456 A.

The crystal structure may take on a slightly distorted form when impurities are
introduced in the lattice such as the alkali metals (Li, Na and K) or the transition metals
(Cu, Ag, Fe, for example). Calculations have shown that ZnSe has a charge distribution
that is mainly ionic; thus it is a polar semiconductor. The ionic radii of Zn®" and Se” is
greater than the interatomic distance, so both radii will be scaled to the ratio of the
interatomic distance to the sum, i.e., 2.456 A/(0.7994 A +1.98 A). The scaled ionic radius
of Liis 0.57 A and that of Zn is 0.67 A. By comparing ionic radii, Li can easily substitute
for Zn, thus introducing acceptor species in the lattice since Li has a lower chemical
valency than Zn. Because of the small size of Li, it can also incorporate itself interstitially
since the triangular space formed between the cation and the two nearest anions has a
radius of approximately 0.70 A. Al on the other hand, has a scaled ionic radius of 0.49 A
and easily substitutes for Zn (Al, ) which acts like a donor. Despite its small size,
however, Al does not tend to fit in the lattice interstitially because of its relatively high
electronegativity to attract electrons for bond formation.

The structure may also be altered slightly in the presence of Zn or Se vacancies.” A
Zn vacancy acts like an acceptor center. This defect can trap a hole into the orbitals of the
four surrounding Se neighbors. The degeneracy associated with the Se p orbitals gives

rise to a spontaneous distortion where the hole becomes localized at one of the four Se
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Figure 1. A unit cube of the zincblende structure in ZnSe

11



12

atoms. The Se vacancy on the other hand, acts like a donor center. Here the trapped

electron is distributed equally over the s orbital of the four Zn neighbors.

Band Structure

Figure 2(a) shows the band structure of ZnSe along with the important symmetry
points. In the figure, the L, I" and X points are along the n/a(111), (000) and 27/a(100)
axes of the Brillouin zone, respectively. The optical absorptibn edge of ZnSe corresponds
to direct transitions from the highest valence band to the lowest conduction band at the I"
point (k = 0). Likewise, the PL emission is represented by direct transitions from the
lowest conduction band to the highest valence band. Transitions occurring at the I" point
are of interest here. Absorption transitions occurring at other points are possible but they
will not be considered. (Refer to Adachi and Taguchi for a detailed description.23) Figure
2(b) shows an expanded version of the band structure at the zone center for a zincblende
type material. Without the effects of strain or spin-orbit splitting, the edge of the valence
band at k = 0 is composed of the sixfold degenerate p orbitals. The spin-orbit interaction
removes the degeneracy associated with the p states and split into a fourfold P,, multiplet
(J =3/2, m; = 11/2, 13/2) and a P\, multiplet (J = 1/2, m, = ¥1/2), as shown in the figure.
The conduction-band edge (J = 1/2, m, = %1/2) which has s-like orbitals does not
experience splitting. The J = 3/2, m; = *1/2 state is the light-hole component of the
valence band, the J = 3/2, m; = 3/2 is the heavy-hole component, and the J = 1/2, m =71
1/2 state is the spin-orbit split-off band. After splitting, the light-hole band mixes with the
split-off band as shown in the figure. However, the final shape of the valence bands due to
mixing take on the form represented by the dashed lines. The type of diagram like the one
shown in Figure 2(b) will be adopted in this work since it is commonly used to describe all

the optical transitions observed in PL.
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Figure 2. Electronic band structure from a zincblende type material. (a) Typical band diagram of ZnSe showing the

main symmetry points (Ref. 112). (b) Expanded version of the band structure at the I" point illustrating the
conduction band (C.B., J=t1/2, m=+1/2), heavy-hole (J=£3/2, m=%3/2), light-hole (J=£3/2, m=+1/2) and

the spin-orbit split-off (J=1/2, m=+1/2) valence bands (V.B.). The dashed lines indicate the final form of

the valence bands after mixing of the light-hole with the spin-orbit states.
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Scope of this Study

The objective that we wish to accomplish is twofold. Firstly, it is desired to employ
various characterization techniques to SPVT ZnSe prepared in different ways to acquire
knowledge of the optical and electrical properties and to eventually establish some way to
control them so that a high quality substrate can be developed for homoepitaxy.
(Currently, GaAs is the substrate most commonly used because of its near-chemical
compatibility with ZnSe and its relatively low cost compared to other exotic substrates.
However, despite the small differences in their chemical properties, these differences are
~ large enough to cause adverse effects in device performance.) Secondly, it is the goal of
this project to obtain a better understanding of the defects responsible for the emission
characteristics at low temperatures in the SPVT samples. By doing so, it should be easier
to identify the origin of the room—temperafure blue light emission in these materials.
Particularly, it is of interest to determine the origin of the so-called I, emission which
remains controversial to this day. Also, the transition mechanism that gives rise to the I
(usually referred to as FE-ILO) emission is hoped to be clarified. Furthermore, attempts to
resolve the interestingly but particularly small activation energies often obtained from Hall
measurements will be made. As part of an effort to fully characterize these materials,
optical and electrical characterization measurements have been carried out on SPVT ZnSe
materials. Results describing measurements of PL and Hall effect characteristics will be

the foci of this work.



CHAPTER II
PHOTOLUMINESCENCE AND OPTICAL ABSORPTION

Introduction

Data on PL and optical absorption taken in the temperature range from 4.2 to 300
K are presented in this chapter. Briefly, PL is a non-destructive characterization technique
which lends itself as a powerful method for the determination of the energies of exciton
states and of certain impurities in semiconductors. Particularly, it can be applied to detect
shallow impurity states but can also be suited to find certain deep-level states, as long as
the radiative recombination processes dominate the nonradiative ones. Although this
technique has been extensively used in the past to characterize bulk materials, it is now an
invaluable tool to probe exciton states in quantum-confinement structures. In any event,
this chapter will be confined to PL studies of bulk SPVT ZnSe materials. The techniques
employed here are thermal quenching, excitation power dependence and stress
dependence of PL. These different measurements are applied to a set of samples prepared
in various ways in order to draw correlations between the optical properties from
specimen to specimen. For example, the dramatic differences in crystal purity as
evidenced in the spectra obtained from melt-grown, SPVT as-grown and Zn-extracted
materials are illustrated. By combining different PL studies, it is mainly intended in this
chapter to determine the nature of the emissions that give rise to PL. Specifically, the
thermal and stress-dependent behavior of the exciton emission lines I; (or I,) and I (or

so-called FE-11L.0), are monitored and conclusions are drawn about the nature of these

15
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emissions. In addition, the deformation potential constants are calculated from these
results. The optical absorption edge as a function of temperature is examined and some
material parameters are determined from the temperature dependence of the free exciton
absorption peak. All this information (PL and absorption) is then put together to help

identify the origin of the blue light emission from this material.
Experimental Details

Sample Preparation

Large area, untwinnied, high crystalline quality, single crystal wafers of ZnSe used
in this study were grown at Eagle-Picher Research Laboratories by the SPVT method.
Melt-grown samples obtained from the high-pressure Bridgman method were also used in
this work. The details of both growth processes have been described elsewhere.”®  The
melt-grown and SPVT as-grown samples were all n-type and highly compensated with
room temperature resistivities greater than 10° Q cm. Most samples used in this work
received a cleanup etch from 5-10 minutes to remove the original surface. The etchant
used was a solution of bromine in methanol with a 0.5% to 3% by volume of bromine.
Once thé samples were etched, they were immediately immersed in a methanol solution to
remove traces of bromine and subsequently, they were cleaned with deionized water.
Other samples were first chemically treated with bromine-methanol and then mechanically
polished. This process was repeated for severél cycles. For crystals cut along the (111)
planes, a dull-white thin film was sometimes observed on one of the etched
surfaces—perhaps an indication of the oxidized Zn face by air. After the SPVT as-grown
specimens were etched, it was noted that the 500 nm PL band (denoted as the S or M
band in the literature) had drastically decreased and consequently, the exciton emission

increased. This may be an indication that surface states due to polishing are introduced at
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the surface of unetched materials. Unless specifically stated, all data reported herein were
taken on etched samples. Attempts to promote n-type conductivity were moderately
successful by dipping some samples in a molten Zn solution—a process known as the Zn-
extraction treatment. The samples were held in the solution from 2 to 6 days at 975 °C
with final net room temperature resistivities ranging from 3.8 Qcmto 30.1 Qcm. Sample
dimensions ranged from 5.5 mm x 5.5 mm x 5.5 mm cubes for the stress measurements to

1 mm x 4 mm x 4 mm plates for other measurements.

Photoluminescence, Thermal Quenching and

Excitation Power Dependence Experimental Setup

The PL spectra were recorded with the experimental setup shown schematically in
Figure 3. The cryogenics part of the setup is a CTI-Cryogenics model 22 Cold Head
which operates in conjunction with the model 22C Cryodyne Cryocooler system. All
samples were mounted on the copper finger of the cryostat with a dab of Si vacuum
grease and were allowed to cool to low temperatures (~ 12 K). To reach higher
temperatures, power was supplied to the copper cold finger by a TRI Research T-2000
Cryo Controller and the temperature was monitored with a Cryo Cal Diode sensor. A
platinum sensor built in the sample holder was also available for temperatures exceeding
300 K; however, its use was not necessary. The temperature ranged between 12 and 300
K for the quenching studies, and each temperature set point was held constant to within +
0.1K

Creation of electron-hole pairs at the sample surface was accomplished by
illuminating with the 351.1/363.8 nm lines from a Spectra-Physics, model 2025-4 Argon-
Ion Laser. Before excitation, the beam passed through a narrow bandpass filter to block

out unwanted fluorescence lines from the lasing medium. The reflected beam from a
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beamsplitter with 30/70% transmission was monitored with a model 815 Power Meter
from Newport Research Corporation to compensate for fluctuations of the PL signal due
to minor power instabilities in the beam. All measurements were then multiplied by a
correction factor to obtain the final spectra. Illumination took place with the laser beam at
an angle between 45° and 60° from a line normal to the sample surface. For standard
measurements, the power of the laser beam was maintained at approximately 1 mW to
avoid the generation of heat. For the excitation power dependence work, the laser beam
power ranged from 3 uyW to 80 mW. The power was varied with a Newport Research
Corporation, model 935-5 variable beam attenuator (VBA) equipped with a micrometer
knob for fine adjustment, as shown in Figure 3. It should be pointed out that a set of
Reynard Enterprises, Inc. Metallic-Coated Neutral Density Filters were tested before using
the VBA. However, their use was discontinued because of instabilities in the attenuation
at high powers. During the initial stage of this experiment , it was noted that the intensity
of the PL lines decreased with continued laser illumination at high powers. It was
speculated that the intense laser beam heated the sample. In order to reduce heating effects
at the surface due to the high laser powers, a heat sink plate was designed comprising a
CaF, disc and holder, and was place on top of the sample.38 Indium foil was used between
the sample and the CaF, disc, and between this disc and the copper plate to provide good
thermal contact. With this modification completed and installed, the intensity of the PL
peaks was observed to monotonically increase with an increase in laser power. An
attempt to use sapphire (which has high thermal conductivity at low temperatures) as a
heat sink proved to be unsuccessful because luminescence occurred when the plate was
subject to strain. Basically, this experiment consisted of incrementing the laser beam
power and recording the corresponding change of the PL spectrum.

The emission spectra were measured by using a SPEX model 1702/04
Spectrometer with focal length of 0.75 m and first order dispersion of 11 A/mm,

corresponding to a ruled grating of 1200 lines/mm blazed at 500 A. A cutoff filter was
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placed at the entrance slit to eliminate stray light from the surroundings and scattered light
from the laser beam. Since the exciton emission is characterized by sharp lines, high
resolution was achieved with the entrance slit typically set to 10 um provided the
luminescence signal is strong. The resolution attained for this slit setting was 0.1 A. The
exit slit was twice the entrance slit in order to get good light throughput. An Oriel
Corporation, model 6047 Hg-Ne lamp was frequently used to calibrate the spectrometer
to the nearest 0.05 A. The luminescence signal was detected with a Thorn EMI Gencom
Inc., model 9684 Photomultiplier Tube (PMT) with S-20 spectral response. A chopper
and an Ithaco model 3962 Single Phase Lock-In Amplifier served to synchronously detect
the signal output from the PMT. Between the PMT and the lock-in amplifier was a model
566 Preamplifier (PA) from Ithaco. This device prevented draining of large signals from
poor electrical grounding of the PMT. When signals were too large for the preamplifier,
they were first directed to a box with a variable resistor to avoid overflow of the
preamplifier. Equipment automation and interfacing were performed with an HP-86B
Microcomputer from Hewlett Packard for data acquisition and analysis. (For details of
the operation of the computer code, refer to CotalSs). All measurements were carried out

in a vacuum better than 10 torr.

Uniaxial Stress Experimental Setup

Cryogenics and Stress Apparatus. The experimental arrangement for the uniaxial

stress measurements is shown in Figure 4. The setup is the same as that depicted Fig. 3
except that the cryogenic system used here is composed of two concentric, Pyrex glass
dewars with the inner one measuring 28" (L) x 2" (DIA) and the outer one 27" (L) x 3"
(DIA) capable pf supporting liquid Helium (LHe) at 4.2 K and liquid Nitrogen (LN,) at 77
K. For details on the operation of the other equipment in the figure, refer to the previous

section. Both dewars were made in the glass shop at Oklahoma State University. Each
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dewar is vacuum-sealed and coated with silver for thermal radiation shielding. The inner
dewar holds LHe while the outer one is filled with LN, which acts like a shroud to
prolong the use of LHe to about 4 hours. Before the cryogens are poured in the dewars,
the dewars were first purged with He gas to prevent ice from forming on the walls. The
LHe came from a 100 liter tank supplied by the Texas Bureau of Mines. The transfer tube
is from Andonian Cryogenics Inc., and was borrowed from Dr. Martin. In brief, after the
dewars were placed on the translation stage and the transfer tube inserted first in the tank
and then in the inner dewar followed by purging, the dewars were then filled with LN, and
subsequently with LHe. A model H-311-SM-1x1 long stainless-steel piston from Airoyal
MFG Co. capable of exerting a force of 2000 1b on a 0.785 in” bore area of the piston
head, and hydraulic system (from Enerpac) are also shown in the figure. Usually, the
pressure on the samples did not exceed 10° psi, and the formula to convert pressure from
the gauge reading (GR) of the stress apparatus to the sample pressure (SP) was SP =
(GR)(0.785 in’)(1.01325 bar)/(14.7 Ib/in’)(A) where A, is the sample area. Two
cardboard discs about 1 mm thick were placed at the top and bottom of the sample to
eliminate, or at least reduce, the non uniform distribution of stress. Nitrogen bubbles
originating from the piece of foam separating the two dewars were unavoidable. The
bubbles interrupted the light beam resulting in noisy data. As a result, the spectra were
averaged during the experiments when time allowed. An attempt was made to use an
EG&G Princeton Applied Research model 1460 Optical Multichannel Analyzer (OMA)
and model 1420 Solid State Detector to accelerate the data-taking process.
Unfortunately, serious alignment problems with the instrument were encountered, along

with a critical lack of high resolution.

Optics Layout. The ZnSe crystals were excited at near-normal incidence to the

sample surface with the UV lines from the Ar-ion laser. A very small rectangular mirror

was placed in front of the lens (L) to achieve near-normal incidence, and the k vector of
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the incident light was always perpendicular to the direction of applied stress (P) as shown
in Fig. 4. The stress-dependent PL spectra were measured with the laser beam polarized
parallel (m-polarization) and perpendicular (o-polarization) to the stress direction. In this
work, terminology such as n- and c-excitation, and n- and G-emission (or luminescence)
will always refer to a particular polarization component that is either parallel or
perpendicular to P. Two Glan-Thompson prisms were employed to accomplish the
polarized excitation. Since the laser beam is only n-polarized, the first prism was used to
rotate the m-polarization vector to 45° while the vsecond prism was used to single out its x-
and y-components. The luminescence signal was also polarized parallel and perpendicular
to the stress direction with use of a sheet polarizer from Melles Griot. For one specific
sample the excitation and emission were polarized giving four permutations of
polarization. The laser power was kept at ~ 0.5 mW for n- and o-polarization to avoid
heat generation. Stress measurements were performed with the direction of applied stress
parallel to the (100), (110) and (111) faces while the laser beam was incident
perpendicular to these faces. In this thesis, work on the (100) plane will be presented
only. The unit of stress in the literature is normally expressed in kbar (=14,507.8 lb/in2), SO

likewise, this unit will be adhered to throughout the thesis.

Optical Absorption Setup

The spectrometer used for the absorption measurements was a Varian model
CARYS. The samples were housed inside the same cryostat as that used for the PL
studies and this in turn was positioned inside the sample compartment of the CARYS.
Figure 5 shows the layout of this experiment. For the most part, the rear beam attenuator
had to be used to improve signal-to-noise statistics and each scan had to be averaged over
10 hours for further noise reduction. Most of the noise was a result of application of a

narrow spectral bandwidth (SBW) and data interval to these measurements which are both
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necessary to obtain a high resolution at low temperatures. The former parameter had a
value between 0.5 and 0.7 nm whereas the latter was set up to its lowest limit (high
resolution), 0.02 nm/data point. At higher temperatures where the absorption peaks of
interest are no longer discernible, the SBW was 2 nm. A Hewlett Packard Vectra
microcomputer served as the work station for data acquisition and analysis. The
temperature-dependent absorption spectra were monitored over the range from 13 K to

290 K.

Experimental Results

Luminescence Spectra

Photoluminescence. Figure 6 shows a typical PL spectrum from melt-grown

ZnSe. The main feature is the strong DAP emission with a zero-phonon line at 2.6813 eV
and is characteristic of all the melt-grown samples studied. This emission is part of the so-
called P-series associated with a Na,, acceptor and a donor, believed to be Al as
suggested by Merz et al.” from PL studies. Weak exciton emission (Ex) is observed. On
an expanded energy scale a weaker Q-series DAP can be seen with a zero-phonon line at
2.6953 eV. Acceptor-bound exciton (ABE) lines are observed at 2.7937 eV (Ib;a) and at
2.7827 eV (I‘:, along with its phonon replicas) with the latter line due to deep Cu,,
acceptors, or VZn.‘w The acceptor ionization energy can be calculated with application of
Haynes' rule: E, = (Egg - E gp)/0.1 where Eg; is the free exciton emission energy and
E,g; is the acceptor bound exciton energy. For Ibia in this expression gives a Na,,
acceptor at Ev + 93 meV. Other melt-grown samples showed a weak donor-bound

exciton (DBE) line (I, at 2.7975 eV). The transition energy for DAP emission is given by

E=Ey—(E4+Ep)+Epou ®3)
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where E, and E}, are the acceptor and donor ionization energies, respectively; and E ,, (=
ez/erD ) is the Coulomb interaction between the donor and acceptor ions separated by a
distance r,,. The remaining terms are defined in Table I. From both the P-series DAP
(using E, = 93 meV for the Na,, acceptor, E.,; = 10 meV (Ref. 41)) and from the DBE
line (using Haynes' rule) we find a donor state at E_ - 27 meV, consistent with the value
expected for Al,, donors. Another feature prominent from melt-grown materials are the
strong deep-level copper-green (Cu,, at 2.5 eV) and copper-red (Cu, at 1.98 eV)
emissions, with the latter possibly involving contribution from the SA emission band
(2.14-1.97 eV).

In Fig. 7, similar data are illustrated for as-grown SPVT material. Here the Cu-
related I‘ll line and its LO-phonon replicas dominate the entire spectrum. Also observed is
the I, line at 2.7945 eV and a DBE line (I,) at 2.7991 eV. (Some authors claim that I, is
due to an exciton bound to an ionized donor and call it I;. We believe (see discussion
later) that the line is due to a deep neutral DBE and prefer to use the designation I,.)
Haynes' rule for this latter emission gives a donor state at E; - 18.5 meV. The inset also
shows a shoulder on the high-energy side of L, possibly a FE. Weak Cu, and Cu,
emissions are present, along with SA emission and an unidentified broad emission
(typically denoted as Ig or I,,) near 500 nm. As stated in the sample section, this band
disappears after etching—perhaps an indication that it is surface-related. The lineshape of
the I band has been observed with a series of phonon replicas, and is thought to be due to
DAP transitions from close pairs with the acceptor deep in the bandgap.42 Its origin,
however, is still debatable. Y-emission (2.602 eV) which is characteristic of ZnSe/GaAs
heteroepitaxial layers was observed in some as-grown crystals but also disappeared after
etching. No outstanding DAP features are observed. The presence of strong I‘; implies
that the concentration of Cu centers (or V) is quite high. It is worthwhile to mention
that Zn-dip treatment studies performed by Isshiki ez al® suggest that I‘; is due to V.

Analysis of Zn-dip treatment data from this work in conjunction with thermally stimulated
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conductivity data imply that this line could be due to Cu impurities however, the
possibility of V,, should not be dismissed. *’

All as-grown SPVT samples are semi-insulating with high resistivities at room
temperature. After Zn-extraction, the samples exhibit spectra similar to the one shown in
Fig. 8. The I‘ll lines have now been removed, along with the Cu, and Cu, emissions, as
anticipated. The I, emission is now the dominant signal with the I, line at 2.7991 eV line
also observed. The Zn-extracted samples display n-type conductivities with resistivities
ranging from 3.8 Q cm to 30.1 Q cm. This difference in the resistivities is reflected in the
emission spectra in that the higher resistivity samples display both an ABE line at 2.7912
eV due to Li,, acceptors at Ev + 114 meV as calculated from Haynes' rule and a Q-series
DAP emission, with a zero-phonon line at 2.6900 eV. These features increase in size with
the resistivity of the sample as shown in the inset of Fig. 8. Depicted in Fig. 9 is the
variation of the intensity of II;i as a function of resistivity for all the Zn-extracted samples

studied and shows how the intensity increases as p increases.

Thermal Quenching. The temperature-dependencies of the exciton and edge

emission lines for a Zn-extracted sample is depicted in Figure 10. Two sets of quenching
data were taken, one in the range from 12 to 80 K with a typical excitation power of 1
mW and the other from 60 to 300 K at 4 mW. The data in the latter range were obtained
at 4 mW so that the luminescence signal would be strong at higher temperatures since the
signal is barely noticeable above 80 K for 1 mW. All lines have their usual meaning,
however, a new line (~ 2.700 eV) with its phonon replicas begins to emerge at about 28 K
and disappears at around 120 K, and the first excited state of FE (i.e., n=2 of FE (2.8141
eV) at 40 K) becomes visible above 40 K in other samples. Furthermore, exciton
recombination dominates near both extremes of the temperature range and all lines appear
to combine into a single band above 150 K. These data are of particular interest because it

may provide valuable insight on the origin of the elusive blue-light emission in ZnSe.
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Similar measurements on as-grown SPVT material were also performed at 4 mW and the
. end results illustrate that the exciton emission becomes a single band after 150 K.

The data in Fig. 11 demonstrate the temperature dependence of the emission peaks
of interest to this work. Quenching of the exciton luminescence is shown in Fig. 10(a) for
FE, L, 1, I‘: and the so-called FE-1LO (or Iy), as obtained from a Zn-extracted and an
SPVT sample. Also observed are the lines I, , (denoted as so for convenience) which is a
single line mainly composed of the overlap L, I, and I, emissions; and h-D° which is a hole
from the valence band recombining with an electron from a donor level occurring at higher
temperatures. It is interesting to note that all lines with the exception of h-D° appear to
have a slope equal to that of the FE at high temperatures. This should be expected since
dissociation of bound excitons from their defects leave FEs behind as shown by the

following reactions

(D",X)(—)D"+X<—>D°+e+h, 4)
(D*,X)<—>D++X<—>D++e+h, (5)
(A",X)<—>A°+X<—>A"+e+h. (6)

Here D°, D' and A° denote a neutral donor, an ionized donor and a neutral acceptor,
respectively; X is the FE, e is a free electron and h is a free hole. At even higher
temperatures, X dissociates into free electrons and holes as described by the rightmost
reaction in the above expressions. If the FE density is increasing with temperature, then its
intensity should increase as well since excitons are formed when they dissociate from
impurities. However, the absence of this feature in Fig. 11(a) is a result of the instability of
the FE at elevated temperatures, that is, both reactions from each expression are occurring
simultaneously, with the rightmost process more dominant. Above 140 K, I,, and FE

begin to merge into a single peak for a while with no clear distinction between them, and
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then h-D° appears to eventually become predominant above 200 K. Nevertheless, if L, is
truly an exciton bound to a shallow impurity it would seem likely that h-D° has a
contribution that is mostly due to the I, component. In any case, a peculiar point to be
noted here is that h-D° does not follow the FE curve which may indicate that a peak with a
higher activation process is present at high temperatures. In Fig. 11(b) are shown
quenching of the e-A” and DAP lines characteristic of a Zn-extracted sample. Of interest
here is the relationship between the intensities of these emissions as a function of
temperature which will be explained in detail later in the Thermal Quenching Discussion
section. As the DAP intensity begins to quench more rapidly (at ~ 20 K), the e-A’
intensity starts to increase and then quenches near 50 K. The slope of this portion of the

curve gives an activation energy of 114 meV, in agreement with Haynes' rule for Ilf.

Excitation Power Dependence. Figure 12 shows the results of an excitation
power-dependent experiment on an SPVT, Zn-extracted ZnSe crystal taken at 12 K.
These data are common for each of the Zn-extracted specimens examined in this work and
the figure shows the variation in the intensity of the emission as a function of excitation
power from the laser beam. Several features are to be noted from the spectra. At very
low powers (i.e., 3-10 uW), the DAP and exciton emission intensities are comparable with
each other. As the power increases the DAP emission increases along with the exciton
emission and with further increase in beam intensity the exciton emission begins to
dominate the entire spectrum and becomes strong at high powers. At this point, some.
broadening is seen in the emission lines which may be a result of heating at the sample
surface.

From the spectra in Fig. 12, the intensity of the important peaks are plotted as a
function of laser beam power and these are shown in Fig. 13. All slopes were calculated
using linear regression. Not shown in the figure are the data for I, the slope of which is

1.28, which is dramatically different from that for the FE line. It can be seen that all lines



36

65 mW
| N " - e ] i }
A
9.84 mW
L | N o . PR | 2 }
0.702 mW

Intensity (a.u.)

2|88 uW

440 450 460 470 480
Wavelength (nm)

Figure 12.  Excitation power-dependent data from a sample of Zn-ex-
tracted SPVT ZnSe at 12 K. The intensity arrow indicates

- the increase in luminescence intensity as a function of laser
beam power.



Intensity (a.u.)

37

4
X o I, (k=1.187) y
v I (k=1.277) /,/'./// p
u 4 /
w1 (k=1.262) S oA
2 1 Y J/
. FE (k=t14 kOD=1.28) )8 y
— Linear Regression // {//:/ ya
1 Fit
A
/'//'/
0 Ve v
S raly-
,// A o e__A° 0.734
S o DAP \,
-1 /// s (‘ /u
y ol 2 -2 d
Y ) & 10 ]
-2 7 Vi 1073 o
//// < 0.611
—4
3 //// 10 S 1.061
}
i 1075 T EERT IR |
_4 7 107310210~ 10° 10!
, T | I | ETYI | MR E T | Lzl IS W EETI |
10™° 1072 10" 10° 10" 102 10°

Power (mW)

Figure 13. Plot of the luminescence intensity vs excitation power for the

main lines of interest to this work. The inset shows the
power dependence on the edge emission region. All slopes
were calculated using linear regression. The slope of I, (so-
called FE-1L.0) is given in the figure without the data.



38

except the DAP and part of the e-A° emission have slopes greater than one whereas these
two emissions have slopes less than one (refer to the inset). Strong e-A° emission is
necessary in order to reliably monitor its power dependence. This emission is possible to
attain by holding the sample temperature at 45 K. Unlike the other lines presented in the
figure, the e-A° emission has two power-dependent regions—one at low powers with a
slope near 1.061 and the other at higher' powers with a slope of 0.611. This type of
behavior in e-A° and DAP emission have been observed for CdTe crystals studied in our

laboratory, and from studies reported elsewhere.** Some Zn-extracted samples showed |
excitonic-emission slopes slightly greater than the values calculated in Fig. 13. Other
samples prepared in different ways displayed a variation in slope values for the exciton

emission.

Stress Dependence. More PL studies were necessary to further establish the

nature of the transitions giving rise to I, and Iy The effects of strain on the exciton
emission can yield much insight on band structure-related parameters such as deformation
potential constants and the identity of radiative recombination mechanisms. Uniaxial stress
measurements were carried out to obtain this information. Figure 14 illustrates the
spectrum of a chemi-mechanically polished, thin SPVT sample of thickness 0.0123 in (310
um) which was mounted with a film of Si grease. Besides the slight built-in strain typical
of these materials is an additional undeliberate strain resulting from the contraction of the
grease upon cooling. The overall effect is to cause splitting of the exciton emission into
heavy- and light-hole components of FE as denoted by FE™ and FE“‘, respectively. The
lines at 2.7965 and 2.7949 eV are labeled as I(;a and I,, and are not the heavy- and light-
hole éomponents of I, as frequently noted.” (The assignments of these lines will be
explained later.) Emissions due to the usual I‘:, e-A’ and DAP are also shown in the figure.
For the first time (as far as the author is aware), in Figure 15 are shown spectra obtained

from a stress-dependent experiment on an SPVT, Zn-extracted sample. The figure
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Figure 14. Exciton and edge luminescence from a chemi-mechanically
treated SPVT sample. FE splitting is observed due to the
manner in which the specimen was mounted and due to the
undeliberate built-in strain.



Intensity (a.u.)

0.5

0.4

0.3

0.2

0.1

0.0

A | n—Polarization
k L X
(100) Orientationl
x3 2.63
X2 1.67
R
B h - L 0.96
i lz
0.72
L FE" 0.48
— ' 0.24
FE- 44 -
i \ 0 kbar
1 ] N i ol

442 444 446 448
Wavelength (nm)

Figure 15 Plot of the stress dependence of the excxton emission with the

luminescence signal polarized parallel to the direction of
applied stress. The k-vector of the laser beam was
perpendicular to the direction of applied stress (k_Ly).

40



41

illustrates the change in energy and intensity of the emission lines as a function of applied
stress along the [100] crystal direction. The results were acquired with the luminescence
signal ©t- and c—ﬁolan’zed to the direction of applied stress. First of all, it should be noted
that at zero stress, the n- and o-luminescence spectra show identical structure with the
latter weaker in intensity and with the exclusion of FE (the lower polariton branch of FE
to be explained later). Fitting of the “stress-free” (i.e., unintentional stress) spectra reveal
the following eﬁ¢rgy assignments: FE"* at 2.8032 eV, FE " at 2.8008 eV, I; at 2.7991 eV
and I, at 2.7955 eV. Upon the application of a stress field, the weak components (i.e.,
FE" and Ilf) begin to grow in intensity and become quite visible at 0.72 kbar, as shown in
Fig. 15 for m-polarization. In addition, a broad component near 2.778 eV starts to
increase in intensity as well. For nt-polarization, further increase in stress makes I};h and II;
merge with FElh, and form a single peak. For the c-emission case in Fig. 16, the
introduction of two new lines are seen with an increase in applied stress, FE™ and Ihzh.
(Assignments of all peaks are discussed in a later section.) Again, an initial growth of the
emission intensities is also observed with increasing stress for o-polarization. Other
samples were studied with © and c-excitation, and with different permutations of n- and
c-excitation and 7- and c-emission, and demonstrated similar features. All samples
collapsed in the stress apparatus at stresses near 4 kbar, consistent with values reported in

the literature.43

Absorption Spectra

Figure 17 shows temperature-dependent spectra of the absorption peaks near the
band edge for a Zn-extracted specimen. A scaling factor has been used on the vertical axes
to separate ;che curves for illustrative purposes. These are 1.5 for 45 and 100 K, 1.7 for
150 K, 1.8 for 250 K and 2 for 290 K. As with the PL thermal quenching case, these data
were recorded between 12 and 300 K and show the thermal behavior of FE (2.8015 eV at
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12 K) and DBE ;(i.e., I, at 2.7962 eV). Most notably, the FE absorption peak increases
attaining a maxi}num at about 90 K, but then decreases as the temperature is raised
further. This is due to the increase in FE density from the dissociation of bound excitons
followed by the dissociation of FEs since the binding energy of the latter process is
comparable to the Frohlich interaction with LO phonons at high temperatures. Similar
observations havg been reported for MOCVD-ZnSe in a strain-free environment with a FE
energy at 2.7923 eV at 80 K(2.7917 eV from this work at 80 K).46 However, their results
did not show a >shou1der (denoted here as L) on the lower energy side of the FE as
observed in the present work. A broad band starting at 2.8182 eV (n =2 of FE) at 12 K
and extending to 2.8344 eV is seen in the figure. It is worth emphasizing that although
the band edge is at E (12 K) = 2.8225 eV (the vertical arrow in the figure), this broad
band occurs below and above E,. The origin of this feature is unclear at present but could
be due to strain-related effects from the valence band that might have been induced by the
Si grease holding the sample, or to transitions from bands other than those at the I" point.
The structure at and near the absorption edge was similar for other Zn-dip treated
materials, the diﬁ’erence being that the higher resistivity samples displayed a gradual
decrease (as opposed to abrupt seen in the lower resistivity samples) in absorption at the
band edge—possibly due to the presence of an ABE. A band due to I‘ll was evident as a
small shoulder at the onset of the absorption edge in the SPVT as-grown specimens.
Illustrated in Fig. 18 is the temperature dependence of the position of the FE
absorption line, and thiS is accompanied by some of the PL transitions observed in the Zn-
extracted sample; from Fig. 8. The position of all emission lines seem to track the FE
absorption peak?except for h-D°. Also shown is the temperature dependence of the
bandgap as obtajined by Shirakawa and Kukimoto®’ for comparison. The agreement

between both results is good.
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Thermal Quenching Discussion

The temﬁerature dependence of the bandgap (E,) is often an important material
parameter to know in device fabrication. It critically determines the variation of the
photon energy of the laser emission with te,mperature.48 It is also important in determining
the ionization energies of localized defect states which can either severely degrade or
enhance device performance depending upon whether it is a deep level or shallow state.
The typical expression used to describe the bandgap variation with temperature hﬁs the

general form”

a*T?

T+P) (7

Eo(T)=E(0)- 7
where E,(0) is the bandgap energy at 0 K, a* (asterisk used to differentiate from a, the
expansion coeflicient) is an empirical parameter and B is an empirical parameter often near
the Debye température. Fitting the temperature dependence of the FE absorption peak
position (Fig. 17) to Eq. (7) gives o* = 8.625 x 10* eV/K and B =374.7 K. The value of
B is very near the Debye temperature, 8 = hw/kg = 360 K, which supports the credibility
of these parameters. This result is unlike the value of B (= 405 K) obtained from
Shirakawa and Kukimoto® for crystals heat-treated in a Zn vapor atmosphere. However,
their value of a* ‘(=8.59 X 10'4eV/K) is in good agreement with the result from this work.
Eq. (7) was applied in a temperature range between 12 and 290 K. In the case of

temperatures higher than 8, B should be approximately 3/89,).50

Edge Emission. The mechanism responsible for quenching the e-A° transition is
due to the thermaj.l release of holes from the Li acceptor state into the valence band with an
activation energy of E, + 114 meV as calculated from the Arrhenius plot (i.e., taking the
slope of e-A° at High temperatures and setting it equal to E,/kg) in Fig. 11 (b). Sometimes

using the Anhenius plot can lead to errors in obtaining the activation energy since the
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intensity of each e-A° peak is easily influenced by the smallest fluctuation in the excitation
source. Another more reliable way to determine E, is to monitor the variation in the
position of the e-A° emission peak as a function of temperature since the change in
position is not as strongly dependent as the change in intensity for small power
fluctuations, as shown in Fig. 18. Ignoring the electron-phonon coupling and any other
type of lattice iilteraction that may produce broadening, E, is obtained with help from

Eagle's formula describing the line shape of e-A° transitions”
172 _(hpp—F —
 G(hw)=Clho—- By — E4)"* e ho-Es~Eal/ kT ®

where C is a coﬁstant, E, is the acceptor binding energy and /@ is the photon energy.
The square rooi term represents the density of states for parabolic bands and the
exponential describes Maxwell-Boltzmann statistics. This equation is applicable for
effective-mass iri1purity states and was derived in the low temperature approximation.

Differentiating Eq. (8) with respect to A gives

.4 =hw=Eg(T)-E,4 +% )

where E(T) is given by Eq. (7) and kgT/2 is the kinetic energy of the electron in the
conduction band before recombining with the hole from the Li acceptor state. Fitting the
temperature depgndence of the e-A’ emission gives a value of 114.4 meV for the Li
acceptor level, in excellent agreement with the value of 114 meV from the Arrhenius plot.
The variation in enlission energy of e-A° as a function of temperature indicates that the
edge emission foliows the bandgap which is consistent with shallow donors and acceptors
since the impurit)i wavefunctions are highly localized in k-space. This is because the near-
free electrons and holes will each have properties characteristic of the conduction and

valence bands, re$pectively and should therefore follow them.
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The mechanism describing the interplay between the temperature dependence of
the Q-series DAP (here called DAP1 from now on) and e-A°’ emission intensities (refer to
Fig. 11) is as follow. As the temperature is raised, the donors start to ionize and the
DAPI1 emission ‘intensity begins to decrease. At the same time, the e-A° peak shows
initially an unexpected decrease in intensity. This anomalous quenching behavior has been
interpreted as thé temperature dependence of competing nonradiative recombination rates,
and other radiatjive recombination mechanisms not associated with the DAP1 and e-A°
luminescence transitions.”> When electrons are donated to the conduction band, the e-A°
transition becomes more probable as a result of the increased density of donated electrons.
With further temperature increase, the thermal ionization of the acceptors begins to occur
thus giving an abrupt drop in the e-A’ emission intensity. Since the DAP1 emission
intensity decreases due to thermal ionization of the donors, then one should be able to
calculate the activation energy by taking the slope of the straight line portion (higher
temperature regibn of the curve) from the DAP1 quenching curve. This yields a value of 6
meV which does not conform to the effective-mass value of 29.2 meV (Table I). Such a
low value has been noted before and it has been suggested that it is due to the temperature
dependence of the capture cross section for an excited state of the donor,27 as has been

used to describe similar phenomena of DAP1 luminescence in GaP.”

Exciton Emission. The quenching spectra show some interesting features, as
depicted in Fig.: 11(a). All lines appear to follow the quenching of the FE emission
intensity (i.e., the slope of each bound exciton line is the same as that of FE) at high
temperatures since the bound excitons are simultaneously loosing FEs because of FE
dissociation and because of the dissociation of the FE from the defects. Errors in
calculating the binding energy of FE comes from setting the slope from the Arrhenius plot
to E/kg. FEs are free electron-hole pairs bound by the coulombic interaction so the

expression to calculate the binding energy should contain terms that are characteristic of
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the effective dehsity of states from the conduction and valence bands, ie., a T>?

dependence. Thhs, such an expression to fit free or bound excitons is given by54

IT) _ 1
1(0) ~ 1+ CT2e Ei/ksT

(10)

where E;, = E, +Eb is the sum of the binding energies of the free exciton (E,) and bound
exciton (E,), and C is a constant containing the effective mass parameter. Fitting Eq. (10)
to the FE quenching curve gives E, = 20.23 meV. This value is in very good agreement
with 20 £ 1 meV found in the published literature.” Adding the FE emission energy to E,
yields a value fori the bandgap of 2.8225 eV (Table I) at 12 K for SPVT ZnSe.

Of interest to this work is the mechanism responsible for the blue-light emission at
room temperature (refer to Fig. 10). The temperature dependence of the exciton emission
illustrates that Izi and I, with binding energies of 3.7 and 7.8 meV, respectively, merge to
form a single band above 100 K. Above 150 K, the entire spectrum shows only one band
which has been élabeled h-D°. At this température all exciton emission (except for an
apparently small contribution from the FE and I, lines) are annihilated and the weak,
although still visible h-D° band at 2.67 eV pérsists at room temperature. The high energy
tail of the broad peak is due to electrons following a Maxwell-Boltzmann distribution law
of the form exp(-E/kgT) and is characteristic of FEs. Based solely on this, one would be
tempted to assign the band to recombination of FEs. However, close examination reveals
that the room-temperature bandgap is 2.7080 eV, which gives a FE emission energy of
2.6877 eV after ésubtracting a binding energy of 20.23 meV. This emission is 17.7 meV
higher than the iobserved h-D° peak, so recombination due to FE is not a reasonable
assignment. Foilowing Zheng and Allen,56 and Shirakawa and Kukimoto®' regarding
possible (but uniikely) mechanisms for the room-temperature blue emission, the results

from this work also suggest that the emission is due to recombination of a donor electron



50

with a free hole from the valence band (thus h-D° for bound-to-free recombination) where
the donor is at Ec - 38 meV. The validity of the donor ionization energy is supported by
the value of 38.2 meV obtained from the slope of the temperature variation of the h-D°
luminescence intensity depicted in Fig. 11. Further credence of this value is obtained from
application of Héynes' rule to the bound exciton line I, which yields 38.5 meV. It is worth
emphasizing that: the donor giving rise to the h-D° transition is deeper than typical
effective-mass ddnors of 28 + 2 meV observed at low temperatures, and is deeper than the
calculated value of 27 meV obtained from Shirakawa and Kukimoto. An interesting point
to be made is that the temperature dependence of the h-D° peak position does not change
at the same rate as that of the bandgap which is expected for deep levels. Another
interesting point iis that the h-D° emission begins to quench at about 200 K which seems
appropriate for éieep donor centers. These points support even further the idea of a
relatively deep lievel, state involved in recombination. It is conceivable that the donor
taking part in thg h-D° transition is the same donor giving rise to I, which is an exciton
bound to a deeb neutral donor (discussed below in the next section). Interestingly,
Taguchi and Yaci57 did a study on the effects of Se vapor pressure on I, for MBE-grown,
ZnSe/GaAs hetefoepitaxial layers and find that the intensity increases with increasing Se
vapor pressure. They also studied the temperature dependence and calculated a value for
the activation energy of 35.7 meV at high temperatures. Although no definite explanation
is presented regafding the chemical identity of I, Taguchi and Yao®' reference a paper on
pressure effects MMch indicate that it is related to a defect complex comprising a Se
vacancy (Vg,), perhaps in its singly charged staté (Vg)).

Eq. (8) irjnplies that the full width at half maximum (FWHM) is in order of kT
which follows a iinear relationship. Fig. 19 shows the temperature dependence of FWHM
which is measurc?ad from the position of the peak height for each emission. The results
clearly illustrate jthe presence of two processes taking place with increasing temperature.

The line labeled exciton has a slope of 0.084 meV/K which is close to the value of kg
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(0.086 meV/K), and the FWHM from this broad peak occurring above 140 K in Fig. 10 is
believed to have a substantial contribution from exciton emission. At higher temperatures,
the FWHM begiﬁs to increase faster with a slope of 0.126 meV/K which may correspond
to h-D° transitioxjs setting in, and is approximately 1.47 times larger (i.e., 3/2kg) than the
exciton slope. The estimated theoretical value for the slope of FWHM from Eq. (8) is near
1.4 kg. This is in ?satisfactory agreement with our value of 1.47ky and it may be due to the
gain in kinetic eniergy of the hole in the band caused by acoustic phonon-assisted (or due
to scattering) transitions that become significant at elevated temperatures. The main point
to note is that these results verify the existence of the h-D° line.

In passing, it was stated above that the strongly overlapping I, line appeared to
play a small role in contributing to the intensity of h-D° at approximately 200 K. At
present, I isa m&stery line and has been claimed to be due to the FE-ILO in the past.28’29
" The identification of such a line is based on the energy separation between FE and I,
which is approxirhately equal to the LO phonon energy (31.1 meV). Despite this, other
factors indicate that it is not the FE-1LO. For example, the usual height of the I, line is at
least twice as high as the FE line with a Huang-Rhys coupling constant between the latter
and former lines :of 0.1, as previously noted.30 Moreover, the FWHM of FEs is of the
order of kT (~ 4 meV) which is much broader than I, (~ 2 meV).30 Results from this
work show that the origin of L is believed to be otherwise and is worthy of mention here.
It has been sugg;asted that this line is not the FE-1LO but a defect luminescence band
independent of e)j(citon transitions.”’ Quenching results from this study point out that I,
quenches at exacfly the same rate as FE at high temperatures although at low temperatures
they quench quité differently. This implies that I, is exciton-related which is inconsistent
with the suggestijon of defect emission, and is perhaps a bound exciton. The possible
assignment of th%s line as an exciton bound to a deep acceptor has to be treated with
caution because t:hen the energy to bind the exciton to the defect would exceed the binding

energy of FE (~ 20 meV). This could make the complex unstable and lead to the
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"breakup" of FE i)ecause of the strong binding by the center. Excitation power-dependent
measurements sﬁggest that I, is also exciton-related and is not the FE-1LO (discussed
below). From tﬁe data of the peak position versus temperature, I, and I -1LO have the
same temperatur:e dependence. However, the low temperature dependence of the FE line
barely shifts to léw energy faster than these lines, indicating that the mechanisms giving

rise to recombination are different for FE and I,

Excitation Power-Dependent Analysis

Model for Edge and Exciton Transitions

Since thej work of Taguchi ef al.,58 who were among the first to develop a rate
equation analysis;on the exciton and edge emission regions in CdTe, little interest has been
generated with the use of this type of analysis to other II-VI semiconductors for
identification of fadiative recombination processes. Use of a recent study by Schmidt ez
al encompassiﬁg a more complete approach is adopted here and a model is developed to
describe the excfton and edge emissions. This will help determine the transitions giving
risetol and L.

The recofnbination transitions considéred in the model are shown in Fig. 20, and
these are free exci:itons (FE), two donor-bound excitons (D1°X and D2°X), an acceptor-
bound exciton (A°X), a free-to-bound (e-A°), a donor-acceptor pair (DAP1) and a bound-
to-free (h-D°). Tilere is no evidence of this latter transition occuring at low temperatures
so it will be ignofed. Trapping of free carriers by D1° (ground and first excited state), A’
and D2° are also ci:onsidered in the diagram. ® denotes the generation rate of free electron-
hole pairs and is céiirectly proportional to the laser power and a, b, ¢, d, e, f, g, h, ', i, !, j,
and k are the traﬁsition rates for each process. The set of coupled differential equations

representing the traffic of charge is
|



Figure 20. PL transitions used in the model of the rate equation' analysis.
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% =a®-n*b-nfN 4o —nh(Np, — Npy-) = nk(Npz = Npye), (11)
dZtA" = _anA; +ng(Na—Np)- npé_eNAo + NZ{‘;X —iNppN 4o, (12)
%= —npecNpy + sz-);X +nh(Np1 = Nppe) =iNppN 4o —i' Nppe N 4o (13)
AN py- =—nFEdND2o +M+nk(ND2“ND2°), (14)
dt ‘ D2
DX = g e 2 oy (1s)
Wowx nredNpa: - Rovx, (16)
d]\;/;OX = nggeN 4o - N:;X , (17)

dnpe _ 2 _ EE
dt TFE

- nFEcNDlo - nFEdNDzo - nFEeNAo. (18)
In the above equations, n is the electron concentration (p is the hole concentration and np
= n), N,, Np,; and Np, are the total acceptor and donor (of species D1 and D2)
concentrations, réspectively; Nue , Npje and Np,e are the neutral acceptor and donor
concentrations; NA , Npsox and Np,ey are the concentrations of acceptor- and donor-
bound excitons, nFE is the concentration of free excitons and 1/t,= 1/1,+ 1/17 (i = FE, A,
D1 or D2) is the total lifetime including radiative and nonradiative terms. The

nonradiative recombination processes could be any one of the following: Auger effect,

surface recombinétion, or phonon emission. From the quenching data in Fig. 11, it already
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has been explair{ed that the dissociation mechanism for bound excitons results in the
generation of freée excitons and neutral donors and acceptors. This type of pathway is the
one employed ahd is represented in Egs. (12)-(18) for each term containing the total
lifetime. If free ;excitons are created directly (i.e., when the excitation energy hv is in
resonance with E:g)’ then a term composed of the transition rate times ® would be added
in Eq. (18). In tljlis work hv > E, and this term will be neglected. Also, DAP transitions
will be ignored for the moment.

Given the many unknowns in Eqs. (11)-(18), it is impossible to solve these
equations analytically or numerically, so certain approximations must be made. Since for
the excitation péwer measurements the sample is continuously illuminated creating a
steady-state condition for each transition in Fig. 20, then all d/dt's = 0. Thus Eq. (11)

gives

a¢¥n2b+nﬂVAo +nh(Npy— Npp) +nk(Npz — Npye). (19)

. Two power regimes can be considered, one at high ® and the other at low ®. It will be
‘assumed that the concentrations of N o, Np;e and Np,e are independent of @ at low ®.
The first term in Eq. (19) describes free exciton recombination, the second term describes
the e-A° transitiop, and the third and vfourth terms represent trapping of the electron by the
ionized donors D1 and D2.

At low D, nN ,° is small with respect to n’ and the e-A° transition along with the
trapping terms bécome dominant, and Eq. (19) becomes @ ~ nfN,o + nh(Np,; - Np;e) +
nk(Np, - Np,e) or%

ne@ (20)

At high @, n2 is large with respect to nN,° and the free exciton term in Eq. (19)
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survives while thé e-A’ and the trapping terms are neglected. Eq. (19) takes the form ® »

n’b or
ne @2, (21)
Egs. (20) and (21) simply show the dependence of the free carrier concentration on the

generation rate. The intensities of the exciton and edge emissions are described below

provided they are proportional to the transition rates, viz

. n
I = ?@ =bn? + nFEcNDlo - nFEdNDzo - nFEeNAo , (22)
FE
i N o
Inoy=—2YY = nrweN oo, 23
DI°X D1 FECIV pro (23)
Npoo
I =LY — yrrdN o, 24
DX — FEQIN pyyo (24)
N v
I, pe =1fN g, | (26)
]DAP1"=2 = i’ NDI,,=20 NAO . (28)

In order for Egs. k23)-(28) to be useful in the data analysis, they must be written in terms
of the natural logairithm with respect to @ because we are interested in the slope of the In-

In plots. Assuming that the transition rates are weakly dependent on @, and using Eq. (22)
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. dlnIDloX __dlnIpE +dlnNDlo

din® ~ din® din® ° @9
dinlpoy _dinlge  dInNpyp (30)
din® ~ dind din®
dln]AoX_dlnIFE+dlnN 0 31
din® ~ din® ' dind b
dinl,_so dinn dinN e

dn® —din® dind° e
dln]DAPl__dlnNDl" +dlnNA° (33)
din® ~ dind din® "’
dinlpsp,., dinNpp _, +dln Ny (34)

din® =~ dinho din®

In deriving the results shown in Egs. (33) and (34), it has been assumed that i and # are
independent of ®. In steady-state, dNp,o/dt = dNp,o/dt= dN,o/dt = O which implies that

Np,°» Npge and N o are all constants. From Eq. (22)

| .
bn? =n (———-—CN o = dN 1ho —eN o) 35
FE\ Trm D1 D2 (35)

and
nocn},/EzocI},/E2 (36)

where the seconéi proportionality relation comes from Eq. (22). Given Iz (®), Ip;o/(D),
Inse(D), IAoX(d)?), L. (D), Ipap(®) and Ip,p;,0(P), from a set of excitation power
measurements, Eqs. (29)-(34) can be used in conjunction with Eqs. (20)-(22) and Eq.

(36) to check whether there is agreement between experiment and the model. Since the
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rate of charge ciarrier traffic changes as the laser power is varied, N0, Npye and N e
change as well. 1Two assumptions can be made regarding the dependence of impurity
concentration oﬁ ®. The first one is that at low powers Np.o, Np,e and N, are
independent of ¢>; and at high powers Np,e, Nmo and N o depend on ®.

At low @, N0, Nj,0 and N ,0 are all constant with respect to ® and the slopes from
the power deperjldence of Egs. (29)-(31) all follow that of Iy (i.e., dlnlg/dln® ~ 1).
Furthermore, in tihis regime, Eqgs. (32), (33) and (34) take on the form with the help of Eq.
(20)

din Ie—Ao
o " G7)

dinlpypi _ dinlpap,, =0
din® din® '

(38)

At high @, however, Np;o, Np,0 and N o all depend on ®. This can be viewed easily

by considering tﬂe following reactions:

DI° & D1t + e, (39)
D2° & D2 +e, (40)
A° & A +h*, 41)

where D1° and i)2° are neutral donor atoms, D1" and D2 are ionized donors, A’ is a
neutral acceptor and A’ is an ionized acceptor. As the ¢ and h" concentrations (i.e., n and
p) increase due to the excitation source, the above chemical equilibria are pushed to the
left. As a result, Nj;0, N0 and N 4o all increase with ®; and dInNp,o/dIn®, dInN,o/dIn®
and dInN Ao/dlnd>»are greater than zero. This means that dInNp,;e,/dIn®, dInNp,0,/dIn® and
dInN,+,/dIn® are greater than dlnl;;/dIn® as described by Egs. (29)-(31). At high @, n <

172

® °, then



60

—4° _
dno " dhe dino’ (42)
dln]DAPl_dlnIAoX-'-dlnIDloX_zdlnIFE (43)
din® =~ dind din® din®d’
dlnIDAple_dlnIAaX dln]pla,,=2x__2dln1FE (44)

din® =~ diho din® din®

In order to use Eq (44), information for a transition of an exciton bound to the first
excited state of ;the donor would be needed however, this line is lacking from the PL
measurements. Fbr the case of h-D° (bound-to-free) transitions, the equation has the same
form as Eq. (42),“ viz

dinl, po =05+dlnID2o _dinlpg
din® ' din® dind -

(45)

Not included in the above rate equation analysis is recombination of an exciton

bound to an ioni#d donor. The equation for such a process would be represented by

dND+X _ ND+X
dt = nFElND+ = TD+ (46)
and
N+
ID*X =D°X _ nFElND+ 47)

D+
where Eq. (47) is based on steady-state conditions. In the second term of Eq. (46), it has
been implicitly zjlssumed that an ionized donor and a free exciton are produced after

dissociation of tﬁe bound exciton complex. Proceeding further with Eq. (47),

dlnID+X_dlnnFE+dlnND+
din® ~ din®  dind’

(48)
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dlnID+X_dlnIFE+dlnND+
din®@ ~ din® dihd

(49)

Considering eithéer equilibrium reaction from Eq. (39) or (40), it can be seen that by
increasing @ the?reaction is favored to occur to the left, that is, the concentration of D’
decreases. Thus, HlnND+/dln¢ < 0, and the end result for excitons bound to ionized donors

is

dn® < dind (50)
according to Eq. ;(49) whereas for excitons bound to neutral donors
d ln 10
pox dinlpg 51

din® din® -

For each ionized donor neutralized, a neutral donor is gained from each neutralization

process and

dlnDo_ dlnND+
din®~ dino

(52)

from Nj = Npe + Np,+ where as mentioned above, Ny, is the total concentration of donors.
The inequalities given in Egs. (50) and (51) provide a valuable tool for identification of

exciton lines.

Discussion

The modtjel developed above predicts that the e-A° transition will have a slope of
apprbximately l%for low ®. At high ®, the slopes of e-A°, DAP1 and DAP1__, (not
calculated) from a low resistivity Zn-extracted sample (.i.e., 30.1 Q cm) are represented

by Egs. (42)-(4{1) which are all in terms of measurable quantities. Table II shows a



TABLE II

SLOPE VAL;UES FOR VARIOUS PL LINES IN A ZN-EXTRACTED SAMPLE

Temp CD | Line Observed Calculated  Identity
13K Hijgh DAP1 0.74 0.17

High e-A’ 0.61 0.62

High ABE 1.26 >FE

High DBE 1.19 >FE

High FE 1.14

mgh L 1.28 > FE D°X

High Iy 128 A’X?
45K }Iigh e-A” 0.65 0.70

High ABE 1.49 >FE

High DBE 1.32 >FE D°X

High FE 1.29

High I 1.55 D°X

High Iy 1.49 A°X?
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comparison betvs%'een theory and experiment for the 30.1 Q c¢m Zn-extracted specimen.
First of all, sincé the DAP1 and the exciton emission intensities are comparable at the
lowest power, it:is believed that all emissions occur in the high excitation extreme, thus
HIGH in the tabie. As can be seen, it appears that all slope values for exciton emission
exhibit only one ﬁower-dependent regime at 13 and 45 K. The e-A’ transition on the other
hand, has two slopes, one occurring at low powers with a value of 1.06 and the other
occurring at h1gh powers with a value of 0.61, and agrees well with the model. However,
disagreement is found for DAP1 emission between the observed value of 0.74 and the
calculated value ;of 0.17. The reason for this discrepancy is thought to be due to the
radiative recomﬁination rate for DAP1 which seems to have a pronounced power
dependence. In rétrospect, the ®-dependence of / (and #' in Eq. (28)) in Eq. (27) can not
be ignored for evian the weakest excitation power. The magnitude of error involved when i
is neglected can lg)e estimated by the following expression for the transition probability, W,

for DAP1 recomt}ination ,54
W=, e / a (53)
or
i=BW o (54)

where B and W, are constants, r, is the mean donor-acceptor separation as defined

before and ag* 1s the effective Bohr radius of the impurity with the larger radius.

Combining Egs. &(53) and (54), taking the natural logarithm and differentiating with
|

respect to @ give§

| dini _ 2 d(rpy)
| din® gy din®

(55)
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The left-hand sidie of Eq. (55) indicates that the transition rate increases with an increase in
®. drp,/dIind is iinegative because rp,, is a decreasing function with respect to @, and the
right-hand side éf Eq. (55) becomes positive. For a random distribution of pairs in the
lattice, rp, can i)e considered as the radius of a spherical shell containing N, acceptor

impurities of volume 1/N A= (4n/3)rD3A. Making use of this relation, and after some

mathematical manipulation, and using Eq. (31), Eq. (55) becomes

dini 2 ( 3 )1/3[dln1AoX _dlnIFE} 56

Edln¢=9N§/3a;; 4r din® din®

To see 1f the above equation gives Eq. (43) a correction in the right order of
magnitude, assun;1e Ny~ 10" em” (obtained from the electrical data in the next chapter)
and ag* ~ 30 A éradius of shallow donor in ZnSe), and with use of Table II, dlni/din® ~
0.55 from which Eq (43) now gives a value of 0.72 for the slope of the DAP1 line versus
®. In reference té the results of Schmidt ef al.,* and the results quoted therein on other
published work, 1t can be concluded that the transition rate should not be ignored when
the DAP1 emissidn intensity is strongly dependent on the excitation power as is the case in
the present studyi If the intensity is weakly dependent on the power, then the transition
rate can be ignoreéd since the concentration of neutralized impurities increases slowly, thus
having a negligiblé effect on . Justification for these arguments is further supported by the
plot of the DAP1 ;;peak position as function of ® for a Zn-extracted sample shown in Fig.
21. An increase m the DAP1 Ipeak position with @ is observed due to the increase of the
Coulomb interactiion between the donor-acceptor pair (or the decrease of rj,,,). At high @,
the peak energy seiems to decrease possibly due to heat generated at the sample surface.

An odd feEature in the Zn-extracted PL spectrum is the presence of the strong

bound exciton line which was briefly introduced in the Thermal Quenching Section

¥y 4xs

along with I This line has been associated with an exciton bound to an ionized donor in
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the past. The (Eiiﬁiculty with this assignment is that at low temperatures most donors
should be neutr%al since the thermal energy of the lattice is many times lower than the
effective-mass czlonor binding energy (~ 29 meV) despite the material being highly
compensated. If this situation is manifested in our samples, then the emission intensity of
I, should be larger than I. Since this is not the case, it seems that recombination leading
to the emergenceE_ of I, is due to something other than an ionized donor.

To clarif)i' this, Eq. (50) shows that if the slope of I, is less than that of I, then it
is due to an ioMEed DBE. If I, involves neutral donors, then the slope of Iy should be
greater than I ‘as indicated by Eq. (51). Examination of the values at 13 K in Table II
suggest that I, is% due to a neutral DBE, and the same conclusion is arrived at 45 K. The
question whether? this donor state is shallow or deep is also a matter of some debate. The
temperature variiation of the intensity of the DAP1 line illustrates that the donor state

involved in this ehﬁssion quenches at about 20 K as seen in Fig. 11(b). So the existence of

I, above this temperature should not be possible if I, were due to an exciton bound to the
donor giving rise to DAP1 which has been ionized above 20 K.. Since 1, is still observed
at 45 K, this line% must be due to a neutfal DBE of a different specie—maybe a deeper
donor. Again, thiis could be the same donor responsible for the h-D° transition. Further
results on I, will ﬁe presented in the Stress Dependence section.

Referring ito Table II, the slope of I is in the range of values for exciton emission
at 13 and 45 K. ”llhls immediately points to the possibility of the line attributed to exciton-
related luminescence. It is worthwhile mentioning that the slope of I, is nearly equal to the
slope of ABE at 13 and 45 K which seems to support the idea that an ABE transition is
the mechanism responsible for this line. Also worthy of mention is the considerable

difference between the values of the slopes for FE and I, which suggests that I, is not FE-

1LO.
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At very low powers, the spectra show a peak at 2.7049 eV along with its phonon

replicas. The energy separation between this line and the DAP1 emission line is 13.9 meV.
As stated earlier, gthe binding energy for the donor involved in DAP1 luminescence is 18.5
meV which givesz a difference between its ground state energy and the first excited state
energy of 13.8 i;neV. Based solely on this, and the fact that the 2.7049 eV line is
accompanied by éhonon emission as is the case with the ground state DAP1 emission line,
the 2.7049 eV pe:ak is attributed to the first excited state of the donor giving rise to DAP1
and is labeled as gDAPle. Similar observations have been reported by Zhang et al. 2 on
MBE-grown mat?erials. It has been suggested that DAP,__, is due to the R-series DAP
emission involvin;g a Li, as the donor."" However, this cannot be the case because then an
additional DBE iline would be observed besides the I, peak typically seen in our Zn-

extracted smpleé. The PL spectra always showed this line.

Uniaxial Stress Effects on Exciton Emission

The eﬂ‘ecifs of strain on exciton luminescence can yield much insight into electronic
band structure-rejlated parameters such as deformation potential constants (i.e., the energy
shift per unit straj»in in solids) and information about radiative recombination mechanisms.
This should be particularly useful for identifying some of the controversial transitions
occurring in the iexciton-emission region of ZnSe. Before getting into the discussion of
experimental results, the theory of stress-induced splitting of valence band states observed
in optical spectra will be covered first. An attempt to “reinvent the wheel” regarding
mathematical derivations will not be made here. However, the theory will be attacked
from a qualitative perspective in moderate detail. A detailed derivation beginning with the

total strain Hamiltonian can be found in the literat:ure.‘;o'63
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Theory

It was shown in Fig. 2 of Chapter I that the valence band is four-fold degenerate
for the J = 3/2 bzimd and two-fold degenerate for the J = 1/2 band at k = O for unstrained
material, and arei separated by the spin-orbit splitting energy, E_ . Application of stress
splits the J = 3/2 jorbitals into two doubly degenerate bands with J = 3/2, m; = +1/2 as the
light-hole band a?nd J =3/2, m; = £3/2 as the heavy-hole band. The band structure for
unstrained and st?rained material at k = 0 is shown in Fig. 22 for a zincblende type crystal.
For an unstrainecéi crystal with wurtzite structure, the bands look like that shown for the
strained case of tghe zincblende structure where the J = 3/2 and J = 1/2 valence bands are
split by the crysteiﬂ field, and the J = 3/2, m; = +1/2 and J = 3/2, m; = £3/2 states are split
by the spin-orbit ?interaction.43 It is generally observed that under compressive stress, the
light-hole band n§10ves “up” and the heavy-hole band moves “down” with respect to the
“center of gravit;(” of the energy diagram.“'67 Although observed rarely, for tensile stress
the light-hole banid moves “down” and the heavy-hole band seems to move “up” slowly. In
isotropic crystals,é uniaxial compressive stress is equivalent to biaxial stress which occurs in
a plane perpendifcular to the uniaxial direction and thus the material parameters in the
uniaxial case mlmlc the effects of the parameters caused by biaxial strain resulting from the
lattice mismatch 1n heteroepitaxial layers.

Characteriistic of stressed samples is the polarization dependence of optical
transitions. Showin in the inset of Fig. 22(b) are polarized transitions that take place when
the valence band 1s split. The polarization or electric dipole selection rules Am = 0 and Am
= %] predict that iemission due to the J = 1/2, m; = +1/2 state in the valence band will have
7- and o-polarized components whereas the same state from the conduction band to the J

= 3/2, m; = +3/2 state in the valence band will only be cs-polarized.74

At low sitresses, the shift of the light-hole band toward low energy and the

movement of the heavy-hole band toward high energy are linear in stress. However, at
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Figrure 22 Schematxc diagram of the band structure at the I" point for (a)
strained and (b) unstrained material. The inset shows the

splitting of the valence band at J = 3/2, m, = £1/2 and
corresponding 7t— and o—polarized transitions. All m; values
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|
high stresses, the former band takes on a nonlinear stress dependence while the latter one

generally stays l_';near. The linearity of the heavy- and light-hole components at low stress
isa consequenct% of the stress-induced, linear splitting energy (E,) being much smaller than
E_, so that onlyithe first order term in the perturbation calculation is retained. As a result
of this, the stresé-induced coupling between the J = 3/2 and J = 1/2 valence bands is very

weak. When E_ is not << E__, the second order term becomes significant and the coupling

s-03

between the J = 3/2 and J = 1/2 states becomes dominant with the net effect that the light-
hole band acquircl.es a nonlinear stress dependence.m’m’67
The equations governing the type of stress behavior described above for heavy-

and light-holes afe giVen by67

AEy,

J

1
=+3/2 =a(S11 +2812)x + EES, (57)

1 E
AEm,=11/2 = a(S11+2812) 1 "EES(I'F o > ) (5%)
§—0

|
where the AEs are the fractional change in energy for each band and E, is defined above.

For the (100), (1 iO) and (111) crystal planes it has the following forms,

E(% =2b(S11 - Si2)z, (59)
1 172

E£110) = |:b2 (S]] - Slz) + ZdZSL] X (60)

E(MY = d§‘1‘lx. (61)

J3
In Egs. (57)—(61%), a is the hydrostatic deformation potential constant. of the bandgap
which represents| the shift of the orbital bands (strain from the contribution of spin is
neglected since its effect is small), b and d are the orbital shear (or uniaxial) deformation
potential constants pertaining to strains in tetragonal and rhombohedral symmetries,

respectively, S”,‘ S;, and S,, are the elastic compliance coefficients (Table I). In this
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study, only Eqgs. (57)-(59) are important and it will be assumed that the stress dependence

on the exciton binding is small so that it can be ignored.

Discussion

Depicteci in Fig. 23 are the stress-induced splitting of exciton states. The n- and o-
luminescence spéectra for the zero stress case (Fig. 15 and 16) illustrate the same number
of peaks and ijstructure. The o-emission spectrum exhibits an overall decrease in
luminescence intéensity by about a factor of 4 compared to the n-polarization case. Two
conclusions can %be drawn from these remarks: (1) the so-called “zero stress” spectrum
show signs of re%sidual strain perhaps due to the manner in which the crystals are grown,
and (2) since bot%h 7- and c-emission spectra at “zero stress” have equal numbers of lines,
the luminescenc% transitions appear to terminate at the light-hole band because of the
polarization dep%endence of these lines and their energies. An upward linear shift is
observed for tho:§e emissions due to the heavy-hole band and a downward shift is seen for
transitions due tci; the light-hole band at low stress, as shown in the figure. Based on the
increase in energ;%/ for rising stress, FE™ and Ihzh are assigned to the heavy-hole component
of FE and I, reslg)ectively. Likewise, FE" and 1'2‘ are the light-hole components because of
their decrease m energy. At high stresses, all lines decrease in energy and become
nonlinear. The dc wnward shift of the heavy-hole transitions could be due to the increased
coupling with the light-hole emissions with stress because of the mixing between the J =
3/2, m; =%£1/2 an;d J=1/2, m; = £1/2 bands. The range of splitting between FE™ and FE"
is between 2.6 and 1.3 meV whereas Ihzh and 1‘2 is between 1.2 and 0.6 meV. It should be
emphasized that |the splitting of the former is larger than that of the latter, and is
consistent with reported values of 2.4 and 1.6 meV, respectively by Giapis et al.®® and
with other values determined elsewhere.” ™"

A peculiar feature of the stress data in Fig. 15 is a high energy peak at 2.8032 eV

for the zero stress spectrum with m-polarization. This has been labeled as FE” (lower
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Figure 23. Splitting of the FE and I, transitions from a Zn-extracted,
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polariton branch of FE) in reference to a paper on polaritons in ZnSe; with FE" and the

. UP . o .77 .
upper polariton branch, FE~, seen in m-polarization studies. Also, evidence

confirming the eixistence of polaritons demands that at least the lower branch be present.81
Although the poflariton is not the main topic of this thesis, a short discussion is presented
for the sake of éompleteness. When photons with hv > E, are absorbed in a sample, they
generate e-h paiirs which are free to migrate in the crystal. Eventually, they diffuse to the
band edges aﬁeEr loosing some energy by thenhalization, defects and/or other scattering
processes. If theéir net energy is lower than E,—that is in resonance with excitons—then

they form polar;itons which are dipole-active excitons coupled to photons.81 When the

polariton is fonﬁed, the E vs k dispersion diagram of the exciton and photon give rise to

upper and lower
medium) and ele

perpendicular (ts

polariton branches for the polarization (i.e., the electric polarization of a

ctric field vectors of the exciton parallel (thus longitudinal exciton) and

ansverse exciton) to the wavevector, respectively. The two branches are

separated by what is called the longitudinal-transverse splitting energy, AE;,, which is

about 1.45 meV
excitons remain

lower polariton

FE™ could existi

in ZnSe. This means that when kT > AE, 1, polaritons cease to exist and
in the crystal. Proceeding with the data analysis, it is possible that the
branch is overlapping with FE" however. Furthermore, it is likely that

alone since mixing of other bands can occur with stress. It is interesting

to note that T@guchi and Yao' assigned the 2.8051 and 2.8009 eV lines as lower

polariton branch

The assig
with I, (an ioniz
assignments are

stress-dependent

and exciton, respectively with no clear explanation.

xnment of the DBE line at 2.7950 eV as I is often mixed in the literature
ed DBE) or with Il; (the light-hole component of 1,). These latter two
refuted within the framework of this study for two reasons. Firstly, the

spectra in Fig. 16 show the introduction of two additional lines for o-

polarization rather than three. Both FE" and Il: become paired with their heavy-hole

counterparts, FE

latter feature is ¢

™ and Ihzh, respectively but no additional peak is observed for I,. This

consistent with deep levels since the impurity wavefunction is spread out
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over a large region in k-space (or localized in r-space according to the Heisenberg

uncertainty principle: AxAp ~ k), allowing the electron to “see” more of the conduction

band structure than just than just its minimum at the I point. Secondly, the variation of
the I, peak positifon with stress is different than the other peaks plotted in Fig. 23. All lines
show initially a linea stress dependence while I, varies nonlinearly. Also, in the regime at
high stress, the s:hape of the I, curve is in the form of an upward parabola whereas for the
rest of the lines it points downward. Taken altogether, the origin of the I, emission is that
of recombination of an exciton bound to a deep neutral donor. As a consequence of this
assignment, the line at 2.7949 eV in Fig. 14 has been labeled as I, and the one at 2.7965

eV as Ic;a in view of the above analysis and from PL studies of Ga dip-treated samples

which showed a line at 2.7967 eV. This peak corresponds to a neutral Ga DBE and has

been previously ébserved in Ga-related materials.” '

The line%u' hydrostatic deformation potential constant obtained in this work
represents the shlﬁ of the conduction band relative to the average of the valence bands,
and is calculatedé by fitting the first term in Eq. (57) to the shift of the center of gravity
(CG) of the bandigap. This type of analysis using the CG has been employed before.” In a
similar manner, 'Eche hydrostatic deformation potential constant for the conduction band
relative to eitherithe heavy- or light-hole band can be found reliably by fitting Eq. (57) or
(58) to FE" or FElh since exciton states are pinned to the band edge and should follow
the bandgap. Toi get the shear deformation potential constant of the bandgap, the linear
splitting energy Es defined in Eq. (59) is used. (That is, the emission energy of FE" is
subtracted from tihe emission energy of FE" and the resulting line is then fit with the use
Eq. (59).) Befori fitting CG, it is necessary to find the point where FE™ and FE" intersect
which will be sonlnewhere along the negative stress axis. Doing this gives an extrapolated
value of -0.247 kbar, and as implied above, this means that the crystal is slightly stressed.

Since this value is not small compared to the range of stress applied to the samples in this

study, it will not be ignored. Thus this correction factor has been added to all data points
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graph. In the absence of residual stress, all of the unstrained FE emission appears to come

from the light-l}ole component since the calculated recombination energy is 2.8012 eV.
WithE _ = 0.41:i eV (Ref. 43), the best fit obtained is shown in Table III for compressive
stress taken as rilegative. Here a_ and a, are the linear hydrostatic deformation potentials
for the conductié)n band and the average of the valence bands, respectively; a=a_ - a, and
o and B are thé linear and quadratic pressure coefficients fepresentative of hydrostatic
pressure measur%ements. Several remarks can be made regarding Table III. The values of a
reported in the'lgiterature range from -3.0 to -5.8 eV. However, the calculated value of a
from this work% is smaller than these values. This could be due to the weak stress
dependence of t%he conduction band as observed from the table (i.e., a, is small in the
SPVT sa.mples).% The value of b from FE" seems to be in agreement with only one value
in the table but 1the value most frequently quoted in the literature is -1.2 eV, and may
indicate that theé deformation potentials are unique from sample to sample. Furthermore,
fitting Eq. (58) téo the FE" line (shown in thé graph) gives a value for a and b of -13.7
and -2.5 eV, re%spectively. Converting the first term in Eq. (58) to the linear pressure
coefficient, a, giives a value of -7.7 meV\kbar and is in the same order of magnitude as
that for the band gap as calculated from Shan et al” by hydrostatic pressure
measurements OIEI similar SPVT materials. If the discrepancies of the values in the table
are due to expe’riimental error, then it is possible that the sample experienced a nonuniform
distribution of s!.tress. Otherwise, the deformation potentials can be taken as being

characteristic of our SPVT materials.




TABLE I1I

DEFORMATION POTENTIAL AND PRESSURE COEFFICIENTS OF ZNSE

a, a, a b o B
(eV) (eV) (eV) (eV) (meV/ (meV/ )
kbar) kbar)
E, -1.8 -0.37 1
FE™ 0.12 -0.67
FE" -13.7 2.5 -7.7*
Vande 165 -4.17 -5.82 -12
Walle™
Langer et - -3.0 -12
a143
Tuchman - 43%  223%*  67(I,) -0.014
et al®
t
sl}718an et 73 (€Y  -0.015
a |

i
*Pressure defined as negative

@
**Range of valu(ias exist for a and b based on different analyses

I
"Pressure defined as positive

|
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CHAPTER III
HALL EFFECT

Introduction

PL provijdes a very sensitive means of detecting and identifying certain impurities

in semiconductors. Of interest, however, is the concentration of impurities but these are

difficult to obtairél because it is not a simple matter to draw a correlation between the PL

intensity and thé concentration of a given impurity although some attempts have been

. | .79 . . . oy
made in the past to do this.” Nevertheless, the impurity concentration along with its

ionization energy, mobility and free carrier density can be determined by electronic

transport studies

peculiar features

from using data from Hall effect measurements. This work reports some

of the activation energy, E, and electron mobility. For example, analysis

of Hall data for a Zn-extracted sample reveals that E is much smaller that the effective-

mass donor ionization energy and that the low-temperature mobility values are much

higher than antici

Sample Preparation

pated for the calculated impurity concentrations.

Experimental Details

The samples used for the Hall experiments were SPVT, Zn-extracted n-type ZnSe

single crystals.
already been desc

in a bromine-me

Details of the SPVT method and other Zn-dip treatment process have
ribed in Chapter II. Prior to attaching contacts the samples were etched

thanol solution as outlined earlier in this thesis by Eagle-Picher (EP)

77
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Laboratories. The ohmic contact material was formed by soldering In beads in a van der

Pauw configuration and typically, the overall sample size was less than 1 ¢cm x 1 cm x
Imm in volume.% After performing PL measurements, some samples were sent back to EP
for Hall effect teéasting, but problems with contact formation were encountered because a
thin residual ﬁlni1 of Si grease had remained on the crystal surface after cleaning with
acetone. (Recall that Si grease is used in PL experiments to attach samples to the cold
stage of the cr;irostat.) However, the film was painstakingly removed with bromine-
methanol. For tl;e C-V measurements, a Schottky diode configuration was formed using a
Schottky contacﬁ and an ohmic contact on the same (111) face of a sample. Formation of
the diode was péﬁomed with successive layers of Au and Pt while evaporated Au was
used for the ohm?ﬁic electrode. The latter contacts remained ohmic down to liquid nitrogen

temperatures.

Cryogenic Hall Eﬁect Procedure

The Hall measuréments were performed by staff at Eagle-Picher Laboratories in Miami,
OK and the raw éata sent to OSU for analysis. Low-temperature electrical testing of
ZnSe was carrieci out by using a closed loop cryogenic cold head and an automated
electrical test stat;ion. The test station was set up to perform resistivity and Hall mobility
measurements deiscribed by the van der Pauw technique and ASTM F76 (lamellar
specimens.) Datzél acquisition and control was accomplished using an IEEE-488 control
interface connected to a microcomputer. Connected to IEEE bus are relay switching and
magnet controls, Hall voltage and magnetic field meters. The relay control outputs are
used to control shielded reed relays which route the excitation current and voltage output
connections from and to the sample. Some of these relays are switched so that a constant
current can be applied to two of the four sample contacts with the voltmeter connected to

the remaining contacts to measure the electric field or Hall voltage. -

o

s
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During tihe portion of the experiments which take data for calculating the Hall
mobility, the curfrent from the magnet power supply is controlled via the interface bus.
The output of a calibrated Hall probe is amplified and directed to another voltmeter
connected to thez interface for feedback control of the magnet. Current is applied to the
magnet through a set of wired, relay-controlled contractors to allow reversing of the
magnet current. ' -

The samfg)Ie is attached to the cold stage of the cryogenic system by a teflon clip
and isolated frorﬁ the stage by a strip of teflon tape. Contact to the sample is made by
four wires whiché exit the cold head through a teflon compression fitting. A radiation
shield is placed o%ver the cold finger and sample, and a vacuum shroud that is compatible
with the magnet %gap is secured to the cryo head. Once the head reaches a vacuum of
approximately 10 millitorr, the vacuum shroud is centered in the magnet gap and the
cryogenic system% started. At this time, the desired temperature is input to the cryo head
controller. E

When thé automated testing begins, a bias current is applied to two adjacent
contacts of the séecimen and the resultant voltage is measured at the remaining two. This
voltage is compai;red at 30 second intervals, and when the change is below a predetemﬁned
limit, the actual t%sting begins. In this way, the sample itself determines when it is at the

temperature setpc'gint. Subsequent test temperatures are entered manually at the cryo head

controller and sar;inple testing proceeds as above.
Analysis of Data
Electrical Data

Information about free carrier concentrations in n-type material is generally
obtained from the Hall coefficient (Ry) by the expression n = -1/(eRy) where e is the

electronic charge. Usually, information about impurities is desired as well since their
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presence in the |lattice can either enhance or cause adverse effects on the electrical
conductivity. An approximate relation can be developed to calculate their densities in
compensated ‘materials with the use of Fermi statistics. The most common approach is to
assume that the (!iensity of donors is described by a single donor level in the presence of
compensating accéeptor states with the additional condition that all acceptor levels are fully
ionized. Justification of this condition applies to n-type material. Since the donors are
less than 100%  compensated regardless of how small thé density of compensating

impurities even at T = 0 K, the Fermi level starts at the donor ionization energy and

decreases with an increase in temperature for highly compensated samples. The
assumption is e%zen valid in the presence of several donor states as long as the
concentration of thlS single donor level is much higher than the other donor impurities. It
was shown in Cl%lapter II that the transition giving rise to the h-D° PL line involved a
relatively deep dcémor level. However, to adhere to the assumption of a single donor, the
concentration of the deep donor will be assumed small compared to the assumed single
donor level. This? is justified by the fact that the low temperature PL does not show a
transition involvirilg the deep donor state, and the room temperature emission is many

orders of magniitude smaller than the emissions observed at low temperature. The

expression obtained for this case is the widely known compensation equation,

no(Na+no,) _ Ne —p/k,T
= » 62
Np-Ng-n, g € 62)

where n, is the equilibrium free carrier concentration, Ny, is the density of donor states, N,
the density of acceptors, E is the ionization energy of the donor, g is the ground-state
degeneracy factor of the donor level and N, is the effective density of states in the

conduction band,
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Equation (62) 1s valid at any temperature provided n, is not large enough to invoke
complications of degeneracy that is, exp (Ex- E)) = n/N,. To avoid this, it is required that
E; be several kT' below E, sb that Eq. (62) can be applicable. In order to use this equation
to fit the data, n0 is solved from a quadratic expression with only the positive root having
physical signiﬁcénce. Then Ny, and N, are used as fitting parameters and their values are
thus deterrninedj. Usually of concern are errors in the values of N, and N, due to
contributions to ithe free carrier concentration from intrinsic carriers and from deep lying
levels at high te:mperatures. However, these are not a factor here because n(296 K) ~
10" cm™ and tﬁe density of deep level impurities have been substantially reduced by the
Zn-dip process. |

In the case when the density of donor atoms is very high—and thus closely
spaced—the c#der wave functions between neighboring atoms begin to overlap.
Although the eﬁj’ect of overlap is small, this causes the formation of impurity bands to
occur and conseci;uently an impurity band conduction process becomes possible. Here, for
example, the elejctron from a donor tunnels (or hops) through an adjacent donor without

activation into the conduction band. Such impurity conductivity will have a measurable

effect at low temperatures and will be characterized by a small activation energy (denoted
€, Or &;) from thtja E term in Eq. (62).*"**

Hall moiaility measurements can provide valuable insight into the electronic
transport characteristics of crystals when different types of scattering mechanisms are
analyzed. In the II-VI compounds, it appears that a number of reports included different

combinations of several mechanisms to describe the mobility. From previous studies of

the mobility in ZnSe, scattering by ionized impurities, polar optical-phonons, acoustic
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deformation potential and piezoelectric phonons have been found to be dominant.***

Before examining the temperature dependence of the mobility, it is convenient to estimate
at this point, wh%at the possible scattering mechanisms would be by checking whether their
mobility values ajre in the right order of magnitudes as that from the experimental data. For
example, it has Eeen suggested that the acoustic and piezoelecti'ic terms do not have an
appreciable effetét on the scattering because their theoretical values are 40 (acoustic term)
and 100 (piezoel%ectric term) times smaller than the measured values.*® Applying the same
argument to thisi study gives a mobility that is 37 and 401 times larger than that measured,
respectively. Noiﬁwithstanding this, the acoustic term will still be taken into account in the
present analysis. PL measurements have revealed the presence of DAP transitions as noted
in Chapter II. It 1s worth emphasizing that crystals which exhibit high mobility have been
known to contai?n defect pairs or DAP. Defect pairs have a tendency to scatter carriers
inefficiently sincé the Coulomb field of an isolated charged center is reduced when paired
with an opposite%ly charged center.

The mobjility data from the samples in this study are examined with the above

!

scattering mechajnisms taken into consideration and the use of Mathiessen's rule. This is
based on the assnjlmption that for different types of scattering centers, the reciprocal of the
total time of a é:arrier between collisions is equal to the sum of the reciprocal of the
independent scatétering time from each center.” The rule applies to the mobility since it is

directly related tc} the scattering time, thus:

| 1 1 1 1 1
—= + + +
1 H Hio pair Hy H pol /Uadp

(64)

where W or pair 18 the mobility due to either ionized impurity scattering or pair scattering as
will be discusseq later in the analysis; and py, M,g, and ., are the mobilities for neutral
impurity, acoustic phonon deformation potential and polar optical phonon scattering,

respectively. Tl‘1e mobility equation for ionized impurity scattering is known as the
|

l
1
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Brooks-Herring formula.”  The expression describing this type of scattering is based on

electrons interacting with the Coulomb field of ionized impurity atoms which are arranged
randomly in the ljattice and thus scatter independently. In MKS units,

- 27/2(4 g, ) (ksT)>*
| Hi= " 37172,3 m, 2 N[in(1+ ) - B/ (1+ B)]

(65)

where € and g, ajre the dielectric constant and permitivity of free space, respectively; Z is

the effective charge and N; (= Np, + N3) is the total ionized impurity concentration and

1

!

f= 6m:(kT)2 ¢/ mhe*n. (66)

Here n (= Np - NA) is the total number of carriers and all other terms have their usual

meaning. Substitiuting all relevant parameters for ZnSe into Egs. (65) and (66), and
|

converting to CdS units give

3.2816x10%(T / 300 K)*'*

2
N 105 e i p-praep @

A

and

£=1.903x10"T72/n (68)

Conwell and Weisskopf9 ' have also derived a similar relation for ionized impurity
scattering where |they arbitrarily “cut off” the scattering cross section to half the mean
distance between neighboring impurities. This is unlike considering the screened Coulomb
potential of each|ion as calculated quantum mechanically by Brooks and Herring, which

gives a more accurate result.
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Considering the mobility due to pair scattering instead of ., in Eq. (64),92

where R is the di

of pairs and

22 (kpT)"?

Hpair =
p ﬂ3/222e3m:3/2NpR

(V) (69)

pole distance (or donor-to-acceptor separation), N, is the concentration

-1
2
f(}’2)=[2(11—};—/72;7)‘72 l"(1+2/72)] (70)

with the dimensionless parameter

1

n (= Np - Ny) is
(69) becomes

Hpair T

and

2 _ ﬂ_z_ei_ (L) 71
’ (Zmzakfe) ) 7

the free carrier concentration. In numerical form, and in CGS units, Eq.

6 172
~2.1283x10 (T /300 K) Sf(V) ecm*/Vs (1)
z*(N, /10 cm)(R /10 cm)

y? =1.5357x10"%n/ T2, (73)

The derivation of Eq. (69) is based on the theory of ionized impurity scattering by

Brooks and Herring except that the screened coulomb potential is that of a dipole. The

second term in

Eq. (64) occurs predominantly at very low temperatures since the
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ionized impurities is reduced by carrier freeze-out and scattering due to

Scattering caused by neutral impurities is

analogous to the problem of scattering of low-energy electrons by a gas and can be

expanded to the

case of that in crystals.93 In MKS units,

e

I (74)
20azhN y

UN

where af (= eay/(m¥/m,)) is the effective Bohr radius of the impurity and Ny is the

concentration of

(74) and in CGS

neutral impurities. After substituting the appropriate parameters in Eq.

units,

2.8174x10*

— 2
=Ny /106cm3

UN (75)

Polar optical phonon scattering, the third term in Eq. (64), is due to scattering of

free carriers by t
with a large dipo
interaction betwe

phonons interacti

he induced electric polarization setup from vibrations of optical modes
le moment. The polar coupling constant which describes the strength of
en the electron and phonon (i.e., it represents twice the number of virtual
ng with a carrier moving slowly in its band) is given by
* 1/2
a= ez( )(i"a‘) .
2w LO h

1 1

P (76)

where ¢, is the high-frequency dielectric constant and ©,, is the LO phonon frequency.

The conductivity

use of the varia

due to optical modes in polar semiconductors has been calculated with

tional method.” Using a similar approach, Ziman® has derived an

expression for the mobility. Written here in a slightly different form to conform to the

notation of Ref, 9

1, this expression becomes,
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0.871 e’

~1 ) )
aha)Lo(m*/m) 7 G(z)e ¢ cm?/Vs (77)
e

Hpol =

where a (=0.54) is the coupling constant introduced above, i@, is the energy of the LO
phonon in eV, z = hw,,/kyT, and G(z)e% is a slowly varying function which is tabulated
in Ref. 94. The degree of accuracy of Eq. (75) can be obtained for any desired order of
G(z)e'g. In the non-degenerate limit low temperature regime (i.e., z large), and neglecting

G(z)e%, the mobility takes the form

0.868 e’ -1

cm? / Vs 78
ahoro(m’/ m) 22 7%

Hpol =

The fourth term in Eq. (64) is due to scattering by acoustic phonons which is

based on deformation potential theory.90 The effect of this scattering term on the mobility

is not as large as that for polar optical phonons since the electron-phonon interaction is
due to the smallier dipole moment resulting from the acoustic lattice vibrations. The

mobility expression in this case is

227)" 2 en* Dy
3mi/? (ks T)"? E3

Hadp = (79
Here D is the material density, u, is the longitudinal sound velocity and E, (or a, from
Chapter II) is theideformation potential of the conduction band. The value of Duf has been
calculated to be !8.59 x 10" and 8.88 x 10"’ dyn/cm2 at 300 and 12 K, respectively.59
Since the tempera%lture dependence is small, the average value of 8.735 x 10" dyn/cm2 will
be used. Regardiing E,, several values of the deformation potential were presented in

Chapter II along 'thh some calculated values from this work. However, only values for
|

the band gap (i.c'z., a) were obtained. This value could be obtained as a curve fitting
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parameter but t:he value of -4.17 eV will be employed.82 Substituting the appropriate

constants, this relation becomes

)3/2

Hadp =2.434x104(300 K / T cm? / Vs (80)

Results and Discussion

Figure 24 shows the temperature dependence of the free carrier density for three

low resistivity, Zn-emracted n-type samples ranging from 4.16 to 30.1 Q cm. The carrier

concentration fojr each sample shows two temperature regimes, one at low temperatures
denoted as the %“freeze-out” region and the other at higher temperatures termed the
“exhaustion” reéion. The former region occurs when the thermal energy of the lattice is
not sufficient to%ionize any donors (or acceptors). As the temperature rises, the donors
ionize and the c%u‘rier concentration becomes independent of temperature as shown in the

later region. Barely noticeable in the figure is a slight increase of carrier concentration

near room température, which is typically characteristic of intrinsic effects. While donor

ionization is takil‘ng place, some bonds begin to break as a result of the increased kinetic

energy of electrons in the valence band with temperature, and are subsequently excited
|

into the conductjon band (thus intrinsic). At elevated temperatures, many bonds are
Jo.. . . .

broken and the intrinsic carrier concentration becomes larger than the density of donated
|

electrons making n increase. After letting g=2 for donor states, all three sets of data were

|
fit by Eq. (62) and the parameters extracted from the analysis are shown in Table IV.

Several features are worthy of mention. (1) As the resistivity increases from

sample to sampl"e, Np and N, (or N,) increase, but N, — N, decreases. (2) The

compensation ra?tio, K (= N,/N;) which defines how many donor electrons become

electrically inactive (do not take part in the conductivity) as a result of the presence of

|
|
|
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Figure 24. Free carrier concentration as a function of temperature for
three Zn-dipped SPVT samples with p=4.86, 6.6 and 6.9 Q
cm. The corresponding fits are shown as well.




PARAMETERS OBTAINED FROM HALL MEASUREMENTS

FOR THREE SAMPLES
Na Np-Na K=Na/Np E  ng (295 K)
@cm) (10"%em®) (10"%cm®)  (10"%em®) (%) meV) (108 em?)
2.06 19 920 381 . 1.94
4.02 1.5 96.4 2.97 1.56
8.71 1.4 98.4 0.96 1.51

68
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holes, goes up from 92% to 98% and the large values clearly show that the samples are all

highly compensated. (3) The free carrier concentration at room temperature is seen to

agree well with Fhe calculated Nj, — N, values and suggests that the single donor level
assumed in Eq. (;62) is justifiable. (4) A peculiar point to be made from the table is the
lowering of E a;s the impurity concentration increases. The donor binding energies
calculated from Eq. (62) do not conform to the effective-mass donor ionization energy of -
approximately Zé meV. Results of this type from other compensated materials have been
observed in MBF,% MOCVD’’~ and other bulk <:rysta1s.98 (The behavior of E will be
explained in the I§7urther Discussion Section).

Capacitarglce-voltage (C-V) measurements can provide information on the free
carrier concentration in the region of the junctidn. In Fig. 25 is shown a 1/C*vs. V plot of
a Schottky diode; formed from a Zn-extracted, SPVT ZnSe sample of resistivity slightly
higher than those shown in Table IV. For a material with a uniform distribution of doped
impurities, the 1/C2 against V gives the doping density N (= N, — N,) which is the
concentration of’ : shallow-level impurities compensated by any deep level states present.

The expression tcip calculate the doping density or for that matter the carrier concentration

|
. : S .99
in the region of the junction is’

1 20 -7)

where C is the c}apacitance in the depletion region, € is the dielectric constant, e is the
electronic charge, V is the applied voltage and Vj, is the built-in potential (or contact
potential) at thei, junction. The Schottky diode along with other diodes from similarly
treated specimengls gave N-N, values of approximately 1.5x10"° cm” in very good
agreement with éall measurements.

Depicted|in Fig. 26 is the temperature dependence of the electron mobility for the

three specimens presented in Fig. 24. The mobility of the samples is very high for bulk
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Figure 25. 1/C? versus V plot from a Schottky diode formed on a Zn-

extracted, SPVT ZnSe crystal. The slope of; }he_ line yielded
free carrier concentrations in the order of 10"> ¢cm™.
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Figure 26. The change of carrier mobility with temperature for the three

samples shown in Fig. 24. The mobilities are high for bulk
material.
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ZnSe and the mobility maximum appears at very low temperatures. The maximum value

for the mobility lis approximately 1.5x10* cm®/Vs at about 20 K for the lowest resistivity
material and frorén that point it decreases with temperature. Slightly lower mobility values
were reported by Avenloo, but with the maximum occurring at 50 K, for samples which
had been repeateidly Zn-dipped. Aven attributed the high mobility to the removal of deep
acceptor states éuﬁng the Zn-extraction process. Another feature noted in our samples is
that the room temperature mobility range from 596-662 em’/V s, and just for comparison
purposes only, tfhese are higher than measured values of 430-550 cm’/Vs from MBE-
grown samples. 1|01 The temperature dependence of the electron mobility encountered in
the literature typi,ically increases until it peaks (typically between 40 and 60 K) followed by
a decrease, all algong with rising temperature. This is in contrast to the results presented in
Fig. 26 where t};e mobility begins at a high value and then decreases with an increase in
temperature. A s1m11ar trend in the mobility data has been observed in CdS single crystals
supplied by Eaglie-Picher laboratories which were grown by a ﬁlapor technique.102 A final
point to be made? is that the mobility maximum at very low temperatures is reduced as the
sample resistiﬁ’%y goes up because of the increase in scattering centers due to a
corresponding inicrease in impurity concentration.

Figure 27: shows plots of the mobility versus temperature for different scattering
mechanisms wnh some plots calculated using Egs. (65)-(80). The expressions governing
the other scatteri?ng processes have been used with parameters appropriate to bulk ZnSe as
reported in the liierature. As can be seen, in order for acoustic deformation potential and
piezoelectric scattering to have a substantial contribution to the mobility, the measured
mobility data must be in a range between 10° and 10° cm®/Vs at high temperatures as
shown in the figure. But as argued earlier, only the acoustic term will be included in the
analysis of the mobility since its room temperature value is nearer to that of the measured

data than the piezoelectric term. The decrease in mobility as the temperature is raised is

due to the increase in acoustic lattice vibrations. Pair (or dipole) scattering displays a
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Figure 27. Theoretical plots of the mobility showing the range of values
for each scattering mechanism.
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dominant portior? of the low-temperature mobility over the ionized impurity term because
of the reduction 1:n the Coulomb field for the latter process when paired with an oppositely
charged center, ails explained earlier. The mobility due to both pair and ionized impurity
scattering increasies with an increase in temperature due to the gain in kinetic energy of the

faster electrons. Scattering due to neutral impurities is temperature-independent at very

low temperaturesj as represented by the straight line. The line has been extended to 100 K
for clarity but thie impurities in the samples currently under study are neutral up to 25 K,
as shown in Fig. I26 by the straight line portion of the data points.

Attempts%to.ﬁt the mobility using Eq. (64) with the pair and ionized impurity terms
used separately, %each in conjunction with all the other scattering terms resulted in poor
fits. Besides the 1§Joor fits is the difficulty of fitting the data with a small set of parameters.
Also, some of th?e scattering terms have been derived with approximations which makes it
difficult to obtairé a decent fit. To circumvent this, some authors combine the polar optical
phonon and acoiustic deformation potential terms in Eq. (64) into a single empirical
expression given éby102

; Hpol/adp = AT™™ (82)
where A and m are fitting parameters. Now the last two terms in Eq. (64) have been
reduced to one teirm so that three total terms (the other two described in the data analysis
section) are usecii to represent Eq. (64). A fit to the temperature dependence of the
electron mobilityéfor the lowest resistivity sample is shown in Fig. 28. Although the fit is
good for a particiular set of parameters, it was found that other parameters gave good fits

as well. For exarinple, the concentration of pairs ranged beween 10" and 10" cm™. The

3 The

|
concentration of neutral impurities was typically in the order of 10" em”.
~concentration of] ionized impurities ranged from 10 to 10" cm® with the former
concentration obtained only for ionized impurity scattering in Eq. (64) along with the

other terms (except pairs). The latter value was obtained only for pair scattering (no
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Figure 28. Fit of the mobility using pair, neutral, polar optical phonon and
acoustic deformation potential scattering for the lowest
resistivity sample shown in Fig. 26.
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term) It should be noted that incorporated in the pair term is n = Np, - N;. It is interesting

to note that by including ionized impurity scattering only in Eq. (64), the concentration of

ionized impurities which are acting as scattering centers seems to be low. By including
pair scattering w%e find that the value of N, for the 4.86 Q2 cm sample is approximately in
the same order ojf magnitude required to correct the discrepancy observed for the slope of
the DAP emissio{n intensity dependence on laser power discussed in the previous chapter.
Thus, if one onlyl} takes the results from ionized impurity scattering, it may be concluded

that ionized imp1}1rities do not from effective scattering sites because of the tendency to

form pairs.

; Further Discussion

Results f:rom photoconductivity and thermally stimulated conductivity in SPVT
ZnSe samples (rcjafer to Markey (1993)103) show that the concentration of deep, mid-gap
states is high. T}jlese are neutral at the temperatures of this study and are probably the
source of the neuitral scattering sites observed in the experiments.

The activation energies extracted from the free carrier concentration fit reveal that
they are very small compared to the hydrogenic effective mass value (Table I) for donor
states. There arie a number of possibilities which could explain this. Firstly, it has been
suggested that th?e impurity level moves toward the conduction band (or more accurately,
its binding energ}i' decreases) due to one or a combination of the following effects: (i) the
variation of the (iielectric constant as a result of polarizable neutral donors, (ii) screening
between the bourjld electron on the donor and the donor ionic core due to electrons in the
conduction band!and (iii) the attraction between electrons in the conduction band and the
positively charged donor ions. 104 Secondly, conduction. band edge tailing effects is

believed to cause a reduction in the donor binding energy,104 and thirdly, impurity band

Whether

. | , o !
conduction has been known to give small values of the activation energy.'®""

|

each of these fac:tors contributes to the reduction in the activation energy from the SPVT
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ZnSe samples will be briefly discussed below. It should be pointed out that the
mathematical expressions that follow will be used only to help determine qualitatively the
various mechanisms responsible for the decrease in E;. Detailed derivations of such

equations can befound in Ref. 101 and the references therein.

For an arrangement of neutral donors its polarization can be produced in such a
way that the apphed field (i.e., the E-field to drive the electrons in the Hall effect) distorts
the charge dlStl‘lPUthIlS and consequently generates an induced dipole moment in each
donor.'® In siliqon, & = 11.9 and for donor concentrations in the order of 10" cm'3, the
shift of the donor state with respect to the edge of the conduction band is less than 1 meV
which is small ccj)mpared to the average energy of 40 meV for most shallow donors. In
ZnSe, the smaller value of ¢ = 89 and the difﬁcultf in obtaining high impurity
concentrations are expeCted to give an even smaller contribution to the shift. Thus, the
dependence of € jon the impurity concentration is weak and can be ignored.

Screening between the bound electron in the ground state of the donor level and
the donor ion is ’due to the presence of electrons in the conduction band. The effect this
has on the donon impurity level is to lower the binding energy by shifting the ground state

energy closer to ;the band edge. An expression has been obtained to estimate the degree of

shift. In MKS uniits, this is given by104

AEp = e? (%_zglelisin(l/2§2.e)+ 2tan”(1 /85@)]] )

4 mee, 4+1/168 22

where & (= 1/30 A) is the reciprocal of the effective Bohr radius in ZnSe, and A, is the

electron screening length which is (MKS)

172

e'n
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An upper limit fc§>r AEjy is obtained by selecting the lowest temperature in the exhaustion
region with corrti:sponding n=1.5X10"cm". These values define the smallest A, for the
calculated upperilimit of AE; <7 meV. Subtracting AE; from the donor binding of 29.2
meV does not a?ccount for the calculated low energies in Table IV. Hence, the effect of
screening can be gneglected.

The attraiétive interaction between the electrons in the conduction band and the
ionized donors 1n the presence of compensating acceptors causes the position of the band
edge to change. It is believed that the random spatial distribution of the ionized impurities
gives rise to thé average shift of the band edge. An expression has been derived to
account for the %variation of the position of the band edge with donor concentration,

denoted as AEc 104

For ZnSe, this gives AE=3.9 meV. The parameters used in
calculating AE,_ %correspond to the circumstances of interest here (i.e., T=100 K and
n=1.5x10" cm'SJ). Since the band edge shift is small, it does not influence the binding
energy by much, ?so it is ignored as well.

The secojnd possibility deals with band edge tailing effects. As stated above, the
random spatial distribution of ionized donors and acceptors gives rise to a shift of the band
edge. The result? of this also produces spatial fluctuations in the potential because of the
non periodicity cj>f the lattice. The net effect due to the potential fluctuation is to create a
tail on the densitiy of states in the conduction band by spreading out the conduction band
edge. The amouint of spreading in ZnSe is estimated as 4.85 meV. Again, this is not large
enough to signiﬁcantly influence the binding energy. Even if all of the above effects
contributed togejther, the expected change in the binding energy would still be too small to

account for a significant shift.

Thirdly, the conduction mechanism of a particular semiconductor moderately

doped (i.e., greater than 10'° cm'3) often exhibits two conduction regimes both of which
are competing 5Processes. One regime occurs at high temperatures and is due to

conduction of eﬂectrons in the conduction band that have been thermally activated from
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donors with a bénding energy, E; (= E, — Ep,, where the first and second terms are the
energy separatioéns of the conduction band and donor level relative to the valence band,
respectively) Thé other regime takes place at very low temperatures and is a property of
impurity band cc;nduction which occurs with a characteristic low activation energy. This
process is due tq the small but finite overlap of the wave function between adjacent donor
neighbors whereg the electron hops (i.e., thermally assisted tunneling) from an occupied to
an unoccupied dionor state without activation into the conduction band. Conductivity in
an impurity bancjl mainly occurs in a compensated semiconductor unless the donor wave
functions strongjly overlap thus allowing the electrons to flow in the absence of
compensation. This is because when a portion of donors loose electrons to the
compensating aéceptors, the unoccupied donor levels left behind facilitate the motion of
the remaining ele?ctrons to these empty states.

Impurity %band conduction had been realized for some time but it was Fritzsche'"
who first distingiuished three types of conduction mechanisms each with a unique energy
denoted as €,, 82 and €. €, is the ionization energy of the donor state and is the same as
that described by E,. €, is present at concentrations with N, < 10"*cm™ (as demonstrated
by Jones and Wéods”) and decreases as N, increases thus causing the lowering of €, by
an assortment of possible effects as described at the beginning of this section. It is
generally acceptez:d that €, is the energy needed to transfer an electron from an occupied to
another occupiecil donor state with the exchange of an absorbed or an emitted phonon in
the process to cénserve energy. €, is important in a region where 2x10" < Np < 2x10"
cm” (Ref. 98) a?nd as seen from Table IV, the results from this study fit this 'region.
However, ¢, corélductivity is typically seen in crystals with high impurity concentrations
and low compenisation84 whereas concentrations in Table IV are moderately high , and the
compensation is fvery high. Furthermore, Jones and Woods™® find an energy to 7 meV for
€, conductivity m bulk ZnSe. In general, €, > €, > €; which implies (after taking into

consideration thé results of Jones and Woods) that the low energies observed in the SPVT
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samples are due }to conduction in the €, band. Figure 29 illustrates a diagram showing the
density of statefs of the impurity bands as function of the energies mentioned above
relative to the ccimduction band edge. € represents the position of the Fermi energy when
a material is con?pensated. For a compensated semiconductor, the Fermi level lies in the
lower band, and%conduction proceeds via hopping with an activation energy €,. In other
i
words, the electl%on tunnels through neighboring donor levels within the €, band with the
cooperation of pLonons. The calculated concentration at which €, is seen, occurs at Nj, <
10" cm”. |
It was méntioned above that hopping can 6ccur in the absence of compensation as
long as the dono%r wave function overlap is quite strong. Such an overlap will take place
when Nj reachjes a critical concentration, nc.‘106 At this stage, a different type of
conductivity oﬁéinates and the electrons behave like a degenerate electron gas. This is
termed as metailic impurity conduction—analogous to the electronic conductivity in
metals. The trarilsition for which the conductivity goes from metallic to non-metallic is
called the metal%-non-metal (MNM) transition. It is generally observed that impurity
conduction occu?rs for concentrations on the insulator side of MNM for which the material

is required to bﬁ compensated. The total concentration of impurities at the MNM

.. . 1 . 106
transition (i.e., n.) has been estimated as

nY3az ~0.25 | (85)

. S 17 3 . .
For impurities in ZnSe, n, ~ 6 x 100" cm . The concentrations shown in Table IV are

below n,. Exper;iments show that as N, + N, approaches the MNM transition, €, and €,

begin to go to zero. However, according to a phenomenological expression developed by

Debye and Conwiell,109 the ionization energy, E, as a function of N;; follows

)1/3

E=E,- a(N;; (86)
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Figure 29. Schematic energy level diagram showing the density of states

as a function of energy. The energies of the €, and &,
impurity bands are shown relative to the conduction band. €,
is the ionization energy of the donor.
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where E, is the value for E as Nj, > 0, and « is a proportionality parameter. Fitting Eq.

(86) to the data

points in Fig. 30 gives E, = 8.92 meV and o = 1.769x10” meV cm.

When E (here now €;) reaches zero, Ny, is appfoximately 1.25 X 107 em™. This means v

that €; conductiyity will be similar to that of a metal with zero activation energy for

hopping. It is int

eresting to note that €, does not reach the effective-mass donor binding

energy of approximately'29 meV for ZnSe when Ny, goes to zero as might be expected.
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Figure 30. Plot of €; Versus (ND)U3 from the values in Table IV. The

concentration of N, for which €, = 0 is 1.25x10"” cm™.



CHAPTER IV

SUMMARY AND CONCLUSIONS

An exteanive study dealing with PL and Hall effect analysis was achieved for a
variety of as-grmévn and Zn-extracted, SPVT ZnSe samples in a temperature range from
4.2 K to room teimperature. Although not explicitly stated in the thesis, this work can be
classified in three;j parts: Crystal quality comparison from spectra, optical and electrical
characterization of shallow-level defects.

Compaﬁsbn between PL spectra show a progression in crystal quality from melt-
grown to as-gr(§>wn SPVT to Zn-Extracted SPVT material (refer to Figs. 6-8).
Characteristic of %the melt-grown sample is the stfong DAP emission with a zero-phonon
line at 2.6813 eY which is associated with a Na,, acceptor and a donor, believed to be
Al, , as suggeste%i by Merz et al® from luminescence work. Weak exciton emission is
also observed alo%lg with the deep level Cug and Cu, emissions, and as noted before, these
features togetheréwith the intense DAP emission line makes the crystals semi-insulating,
and is indicativé of highly compensated material. With improvements on crystal
preparation, EP can fine-tune the quality of bulk material by the SPVT technique. This
shows in the PL spectrum which is comprised of strong exciton emission with I‘li (at
2.7827 eV) domiinating the entire spectrum and with weak Cu, and Cu, emissions along
with SA emissioni also present. It is not certain whether I‘l' is an ABE due to Cu or V,,,
although Isshiki eé‘ al ® suggest that If is due to V,,. To date efforts to dope the crystal
during growth m order to promote n-type conductivity have proved unsuccessful.
However, post-griowth Zn-extraction techniques have produced samples of low resistivity

(as low as 3.82 Q cm) without compromising crystal quality. These samples display

105



106

strong exciton emission ( with IT and associated deep Cu or V,, levels absent) with I,

dominant at 2.7?50 ev, and with weak DAP luminescence which are properties of a
sample with a léow concentration of defects. PL evidence from this latter class of
specimens makesithe idea of a ZnSe substrate more appealing.

Several P}, techniques were employed to study the thermal, excitation power and
stress behavior ofi‘ the exciton and edge emission regions. Quenching of all bound exciton
lines first seems t!o result in the fhermally—assisted generation of FEs as a consequence of
the liberation of lFEs from associated defects followed by the dissociation of FEs which
gave a binding eniergy of 20.2 meV, with the band gap subsequently calculated as 2.8225
eVat12K. Witl‘il increasing temperature FE, I,, I, and I, all merge to form a single peak
with a FWHM ethibiting a linear temperature dependence from 150 to 225 K. With
further temperatu;re increase, the linear temperature dependence of FWHM changed from
225 K to room témperature and acquired a steeper slope as a result of perhaps the h-D°
transition coming in. Similar results have only shown one value for the slope of FWHM as
demonstrated by : Shirakawa and Kukimoto“, and by Zheng and Allen.® The room
temperéture err1is§ion appears to originate from an h-D° transition with a relatively deep

I

donor at 38 meV. Quenching studies by Taguchi and Yao® reveal a donor state at 36

meV—opossibly due to a Vg, (maybe in its singly charged state) or a Vg -related complex
|
defect as suggested by them. The variation of the h-D° peak energy with temperature

does not closely follow the band gap which may be due to the nature of the deep donor

|
involved in such ajtransition.
|

Quenchingi of the edge emission showed that the donor state at 18.5 meV involved
in DAP gave an atnomalous low activation energy of 6 meV at low temperatures and is
thought to be due to the thermal release of electrons in the conduction band with a

> As the DAP emission quenched,

27,
temperature dependent capture cross of the donor.
the e-A° transition is seen to increase and then decreases with an activation energy of

E, =114 meV corresponding to the thermal release of holes from the Li acceptor state (at
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!
E,) to the valence band. The existence of such a state is verified with use of Eagles'51

formula which yi%alds a value of approximately 114 meV after fitting the peak position of
e-A°’ versus tempierature.

Studies oif the excitation power dependence on the exciton and edge emission
intensities illustra%te that all slopes for the former case are linear with laser power and are
slightly greater théan 1, whereas for the latter case, the DAP emission is linear and the e-A’
line curved with t:his latter emission apparently showing two power regimes. The fact that
the PL data (see Flg 11) show that the intensities of the exciton and edge emissions are
comparable with <;3ach other at the lowest laser power may indicate that all emissions occur
in the high powé;‘r regime. The rate equations predict that the edge emission intensity
should be greater; than the exciton emission intensity for the emissions to fall in the low
power category. | The higher value of the two slopes of e-A’ could mean that the low
power regime is ;close to the low power limit (i.e. 2.88 uW) attained in the excitation
power study. All‘ values of the slopes for the luminescence peaks of interest to this work
agreed with the ra%te equation model except for the DAP emission line as noted in Table II.
The disagreementi is shown to be due to the disregard of the excitation power dependence
on the transition r?ate, i, but then after considering this term the low_value of the slope was
corrected and gaive 0.72 compared to 0.74 obtained experimentally. At the lowest
excitation power,j; the presence of a peak at 2.7049 eV in the PL spectrum was clearly
seen. This was asgsigned to the first excited state of the shallow donor at 18.5 meV taking
part in the DAP1 éemission (labeled DAP1__,) since the peak energy is 13.88 meV (= 18.5
meV - 18.5 meVi nz, for n = 2) higher than ground-state emission energy of DAP1 at
2.6908 eV. It has been suggested that the 2.7049 eV-peak is due to the R-series DAP
luminescence involving Li; (E; = 17 meV) as the shallow donor and Li,, as the shallow
acceptor.”o However, the results from this study along with results reported elsewhere
indicate that the 2/7049 eV line does not seem to involve a Li, from the so-called R-series

DAP transition.”?| It has also been suggested that the I line is the I; line which is an
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latter line seen in|unstrained bulk material >”* Furthermore, the emission line at 2.7701
eV is typically attributed to FE-1LO because it is approximately 31.1 meV below the FE
emission peak. Analysis of the thermal quenching and the excitation power-dependent
data reveal that I, is due to a neutral DBE, and that I is not FE-1LO but is exciton-
related—perhaps idealing with a Se-related defect.”’

Uniaxial stress analysis of the exciton emission lines was performed on several Zn-

extracted sample}s. The PL spectrum of a stressed Zn-extracted sample showed a
collection of peaéks with one or more of the various emission energies observed in a
number of reportis on ZnSe/GaAs heteroepitaxial materials. It is interesting to note that
any two of the thriee lines: FELP, FE™ and FE ™ observed here have been reported as FE™
and FElh, as FEUPiand FELP,and as FE*' and FE for samples possibly illuminated in various
ways. Our reslixlts imply that the emission lines in strained material are strongly
polarization-depeindent and can be easily overlooked when exciting with unpolarized light.

Stress dependencfe on I, suggested that this line is due to an exciton bound to a deep
!

neutral donor leviel——possibly the same donor level responsible for the h-D° transition.

The assignment o
study and the pu

calculated linear h

f Ic;a and I, in Fig. 13 is in accordance with the stress results from this
blished literature and are not the Ihzh and Il;' components of I,. The

ydrostatic and shear deformation potential constants for the band gap in

SPVT material resulted in values of -1.8 eV and -0.37 eV, respectively. These values are

smaller than those found in the literature (see Table III), and may indicate that the

conduction band
elsewhere.82 Con

fit of the FElh C

does not shift as fast as that observed in other samples reported
verting the hydrostatic deformation potential constant obtained from the

urve to pressure coefficient (i.e., 7.7 meV/kbar) showed very good

agreement with the value for the band gap of 7.3 meV/kbar as measured by Shan ez al” in

SPVT ZnSe. PL

agreement with re

measurements in some samples show a residual built-in strain in

cent crystal growth results from Eagle-Picher laboratories on strain due
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to long range defects. In fact, they believe that the crystallinity of the SPVT materials is
actually improving due to the presence of fewer defects to relieve the strain.

Analysis of the free carrier concentration as a function of temperature for three Zn-
dipped SPVT Zr_élSe specimens with p = 4.86, 6.6 and 6.9 Q c¢m clearly displayed some
interesting features. Impurity concentrations ranged from 2.25 to 8.85 X 10" cm” for Np

and 2.06 to 8.71 X 10" em” for N, with compensation ratios from 92 to 98.4% which

indicate that the samples are highly compensated. Free carrier concentrations were in the
order of 10" cnf3 and gradually decreased as the resistivity and the compensation ratio
increased, and tl§1e calculated free carrier concentration agreed well with the measured
values. Of particular interest are the unusually small values of the binding energies which
decreased as the impurity concentration increased. Several mechanisms for reducing the

activation energy (g,) have been proposed:104 (1) Polarization effects due to neutral

donors, (ii) scre'lening between the bound electron and the donor level due to conduction
electrons, (iii) eljectrostatic attraction between conduction electrons and ionized donors
and (iv) conduct%on band tailing effects of which none had an appreciable contribution to
€,. However, imfpurity band conduction in the ,-band with the electron moving from an
empty to a ﬁlleﬂi donor state via thermally-assisted tunneling and with a characteristic
activation energ;fz, &,, accounted for the data satisfactorily. The Hall mobility data was

described in terrrils of scattering by impurity pairs, ionized and neutral impurities; and by
polar optical p ionons and acoustic phonons due to the deformation potential. The
concentration of ionized impurities was found to vary between 10" and 10" cm'3, and the
concentration of ipairs was in the range between 10" and 10" em™. The concentration of
neutral impurities was near 10" cm” and high mobilities slightly above 10* em’/Vs were
obtained at 20 K| This latter value is among the highest ever reported in the literature.

The major thrust of this project is to eventually develop a ZnSe substrate for the

deposition of epitaxial layers. Presently, the center of attention has been directed on

producing n-type wafers because these can be grown more readily than p-type, and n-type
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conductivity can be promoted with less difficulty than p-type conductivity. Despite the

difficulty in producing p-type bulk material, p-type epitaxial layers can now be grown
relatively easy wigth high hole concentrations by means of MBE, for example, and radical
doping techniqueis.21 Once a reliable wafer is produced for homoepitaxy, a blue emitter
based on a p-n jupction will be developed consisting of epitaxial p- and n-type layers on an
n-type substrate.i This would be a milestone for an emitter operating at low temperatures
but the biggest éhallenge would be to achieve efficient operation at room temperature.
The availability é)f a practical device emitting in the blue is currently lacking but the
extensive use of gGaAs wafers puts them in the lead over ZnSe for potentially attaining a

|
|
|
b

useful device.

Before ari SPVT (or any other ZnSe substrate for that matter) ZnSe homostructure
material can be ﬁgllly developed and integrated into a practical device, some problems must
be overcome to l’achieve such a goal. At present, extensive doping studies have not been
performed to its Efullest potential in order to get successful impurity incorporation (mainly
donor incorporaition), and subsequently, high impurity and free carrier concentrations
despite the relatiJi[vely high, unintentional impurity concentration observed from Hall effect
studies. A cleair knowledge on the chemical identity of defects is lacking for SPVT
material—as is tl?le case in the open literature for other ZnSe crystals—which is imperative
so that one can‘ understand and control the effects of doping on optical and electrical
properties. Experiments which can be done to help attain such knowledge are: (1)
excitation powe;r dependence of the h-D° transition at room temperature to determine
whether the slof)e is less than or greater than 1, (2) selective excitation and excitation
spectrbscopy of" PL to monitor resonance states, (3) time-resolved spectroscopy to
separate processLs with different time evolution in the exciton and edge emission regions,
and to measure lifetimes of transitions, (4) low temperature DLTS to see if the relatively

deep donor level at E_ - 38 meV really exists, and of course, (5) doping studies. After this,

the next task is to make a p-n junction on the wafer for immediate testing of blue light.
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