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ABSTRACT

heterocepitaxial ZnSe than films are grown by
conventional metal-organic vapour phase epitaxy (MOVPE) and
a novel pulsed technique recently develcoped at McGill
university. An 1n-depth analysis of phatoluminescence
spectra recorded at three different temperatures 1is
presented. The epilayer quality and purity are related to
the particular growth technique employed and the specafic
precursors used. Photocluminescence spectra of the best
materi1al grown 1s compared with the existing data on the
InSe/khaAs system. The material quality 1n the present case
15 comparable to that reported in the literature for MOVPE
and m>lecul ar beam epitaxy (MBE)Y grown material. The near
band edge photoluminescence, recorded at 77 °K, reveals
features which have not been reparted in the literature an

the InSe/GaAs system.
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RESUME

Des couches minces hétéroépitaxiques de séléniure de zinc ont
été obtenues par deux techniques de croissance. La premiére est
1'épitaxie en phase vapeur par composés organo-métalliques (MOVPE).
La seconde est une nouvelle technique développée a McGill. Il
s'agit d'une procédure dérivée de la premiére, les gaz étant
injectés dans le réacteur de fagon pulsée. Une analyse en profondeur
des spectres de photoluminescence enregistrés i trois différentes
températures est présentée. La qualité et la pureté des couches
épitaxiques sont correlées a la technique de croissance et aux
composés utilisés, Les résultats de photoluminescence du meilleur
matériau obtenu sont comparés avec ceux de la littérature, et
indiquent une qualité comparable avec les échantillons obtenus par
MOVPE et MBE par d'autres groupes, La photoluminescence correspondant
a des transitions voisines de la bande interdite montre des

caractéristiques nouvelles 3 77 %K.
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INTRODUCTION .

The recernt progress in tﬁe physics of III-V compound
semiconductors is directly related to major advancements in
or cwth and device technolocgies. The growth of high purity .
material by MBE and MDVPE‘and the ability to fabricate thin
nulti-layer structures using these techniques has led to a
rapid development in the produ-tion of electronic and
optce—electronic devices based con 11I-V semiconducters. High
speed field effect transistors (FET'’s) and quantum well
lasers have been built using direct gap III-V
semicondusztors. The advantage of having cpticsal and
electronic devices based on a single technology provides
the oriving force for the replacement of the current Si and
Ge based technclcogy by the 11I-V technaology. A tharough
understanding of the underlying physics is required for the
tuture 1mprovement and advancement of the III-V growth and

device technolaoagies.

A resurgence 1n the interest in I1I-VI compound
semiconductors 1s a dirvect consequence of the current
emphasis on 1I1I-V semiconductor device technolcogy. The
II-V1 and III-V systems are compatible in many -ases and
can be grown using the same technigue. ZnSe 1s a wide
direct gap (2.7 eV) 1I-VI semiconductor and has a close
lattice matching to GaAs. It is therefore a suitable
randidate for the fabrication of blue laight-emitting dicdes

(LED’s), laser dicdes (LD's), and electroluminescent
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displays [1]. Other potential applications include its use
as an insulater in metal-insulator-—-semiconductor (MIS)
structures and GaAs waveguideg £2). High quality InSe must
be obtained if these applications are to be realized. In
addition, both p and n-type material is required in order
te fabricate LED’s and LD's. The doping of ZInSe is
complicated by sel f-compensation effects and incorporation
of undesirable compensating impurities. MOVPE and MBE
appear ta be the most promising techniques for the growth
of high quality ZnSe epilayers. These techniques are
regarded as highly non—equilibrium growth processes and are
expected to suppress sel f-compensation effects [31.

The present study is concerned with the arowth of ZInSe
hetercepitaxial thin films by MOVPE and the
characterization of the epilayers by photclum:inescence.
Thin films were grown using conventional MOVPE and a novel
pulsed technique develcoped here. Material was grown using
different precursors. Films were depcsited at several
temperatures in order to determine the effect of this
impartant growth parameter on epilayer quality.

The photocluminescence technique was utiliced to
characterize the ZnSe epilayers. Photoluminescence spectra
were recorded at temperatures of 300 ©t, 77 °©K, and 2-16
oK. The spectra proavide important information about
material purity and quality, the types of 1mpurities and
compleves present i1n the material, and the strain presert

in the epilayer. The types of luminescent transitions which
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cccur and the relative importance of the various
transiticons at different temperatures is deduced from an
analysis of the phaoatoluminescence spectra. The analysis
includes a detailed compariscon with data in the existing
literature on the ZnSe/i5aAs systen.

Chapter 1 is concerned with the MOVPE technique. It
1ncludes a summary of the basic concepts i1nvalved in the
growth process, a description of the setup used i1n MOVPE,
and a general overview of the process. A discussicn of the
varicus growth parameters inveclved, the dependence of
material quality on these parameters, and the cptimization
of the parameters for the growth of ZInSe is also included.

In chapter 2, an cutline of the various luminescent
transiticons is given. A summary of the transitions observed
1n ZnSe is presented. The temperature dependence af the
photoluminescence is also discussed.

An overview of the photoluminescence experimental
setup, 1ncluding a description of the equipment, is
presented 1n chapter 3.

The experimental results and analysis are presented in
chapter 4.

Chapter § is a summary of the conclusicons which can be

drawn from this study.




CHAPTER 1

METAL~ORGANIC VAPOUR PHASE EPITAXY (MOVPE)
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1. MMETAL-DORGANTC VAFOUF FHASE EFITAXY (MOVFE)

In recent years, there has been a rapird development in
the production of electronic and opto-electronic devices
based =n thin single crystal semiconductor films. The
arowth of such layers on single crystal substrates, with
the atums in the layer duplicating the arrangement of the
abtome an the subtrate,is tnown as epitany.

Epitavial growth techniques are preferrable tao bulk
arowth processes {or several reasons. The lower growth
temperatures used 1n epitawy result 1n crystals wath a
hiygher degree of puraty and perfection, essentially because
nf the decreasing role of entraopy at lower temperatures.
Slower growth rates allow ultra—thin multi-layer structures
tex be grown. Finally, alloys having a untform compasition
1n the gy owth darection can be foormed, something not
prscible 1n bull growth processes.

Epnilawy e divaded snto bthree general catogories:
Liguid phase epita.y (LFE), vapour phase epitaxy (VFE)Y, and
snlid phase eprtawy (8FEY. Vapour phase epitawy inrludes as
sub-~categories metal —organic vapour phase epitaxy (MOVFE)
and modecular beam epirtawy (MEEDY, among others.

All epitaxial growth techniques are based wn the same
undamental princaples. A thorouah understanding of these
minoiples and thewr relative itmportance is necessary for
contrnued amprovemente and doversification in materiale

aruwth tochnology. The first pact of thio chapter 1s a
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summary of the basic concepts involved in epitawial growth
processes,

The MOVFE growth techmique 1s emerging as one of the
most promising of all the epitanial growth tevhnigues
currently 1n use. This is primarily due to the verocatilaily
nf this technique. It 1s capable of producing a large
number of high purity semiconductor materials, 1ne1udang
mul tilayer structures. Advanced digital and apticral devisoea
based on thin fi1lm structures have been sucesafully
fabricated vsing this teshnigue. This versatility, coumbined
with the possibility of relatively cheap maso productionm of
thain films by this methoad, suggests that the MOVRE
techmigue will play an ancreasingly impovtant rolo oin
device fabrication 1n the futwe. The second part of this
chapter provides a descraiption of the setup uvoed 1n MOVPE
and a general woaverview of the process,

The wvarious parameters snvol ved n MOVPE must be
optimced in warder to obtain high quality thin films
suirtable for device applaicatiuns. Uniformaty of opilayen
thickness and materi1al properties over (he substrate arca
15 essenti1al. Furthermore, contral of materi1al properties
via 1ntraduction of specific concentrations of the
appropriate 1mpuraities 15 necessary. The crystalline
quality nof the semiconduwctar thin film 13 alsos an
important factor. The effects on crystal qualaity,
unt formity, macphaloay, and other characteristice rewultang

from the varratiron of these parametere have been well



studied 1n the case of baAs. Fesults of these studies are
prosented in the final part of this chapter. Froblems
encountered 1n the griowth of other ITI-V compounds are also
menticoned. Finally, optimization of the parameters for the
arowth of InSe 15 discussed. Frublems in this case not
encountered 1 the growth of Gads are mentioned, along with

possible solutione.

1.1 Fundamental Frinciples

All crystal growth processes, including epitaxy, are
phase transitions. The thermodynamics of phase transitions
15 therefore quite useful 1n an analysis of epitany.
Furthermore, since epitawy 168 a dynamic and not an
equilibrium process, an understanding of the Finetics
involved, notably, mass transport of the required elements
to thoe growth surface and sur face processes, 1s also
necessary for an adequate descraiption of the epitawial
arowlh process.

A study of the thermodynamics of the epitawial growth
asyslem provides a method for caloculating the compoasition of
multicomprnent solads. It also determines the conditiong
regquired tn warder fuor grawth to oo and the maximum
ar owth rate pascible.

Thermodynamivs, when applied to a system 1n
cquilibrium at a given temperature and pressure, defines

the composi trones of the various phases in the system.




Considerations based on the fact that the tutal Gaibbs free
enerqgy of the system 15 a minimum at equalibrium result in

the following expression for the equilibrium condition:
- A
M = A (1.1

o
for each component i1 in the system.[{lis the chemircal
potential of the i®» component i1n phase K. For an i1deal

gas miwture

i = M+ RTlY\(P”/P‘:) (1.2

where F is the gas constant, T is the temperatuwe, p.
18 the partial pressure of the 1" component, and the
superscript o refeors to a standard state, usually chosen as
the pure component 1. In the mase of solid or liquad

solutions, which are non-ideal,

A= M ART lna; = 4 +# RTIn(xe %) ereo

where w, 1s the mole fraction of caomponent 1 and a,
and X, are, respectively, the activity and the non-ideality
factor, or activity coefficient, of component 1. The
activaity coeffiirents are necessary parametore when
analyzing lJiguad-sclad multicomponent systems or gac wolad

systems where the salid vs comprised of Lhreee or more

}

¢

componencs. Liguid and swlad solutrons are deso abed by [he



regular solution model. The solid solutions may also be
treated using the difference in lattice parameter (DLF)
mizdel. In both models, B{ 15 evpressed in terms of the

interaction paramaterjl:
3
InY% =(1-xy /RT (1.4)

The interaction parameters are adjustable in the
reqular solution mudel, while in the DLP model they are
valculated using the lattirce parameters of the various
twu~component solids maling up the multicomponent (2 or
mare!) alloy. Tt 18 pussible to determine, with the help of
the above ewpressiong, the solid alloy composition
corresponding to a grven temperature and liquad or vapour
cumposition provided thermal equilibraium ewists, as is
often the case near the growth inter face.

The eprtawial growth process 18, a&s mentioned earlier,
a non-equilibrium process. When a system 1s not at
equrlibraum, a thermodynamic draivaing Turce[&LLacts to
restore equilibrium. The draivang force for epitaxy 1s
preciscly this force. In epitawy, & non-equilibrium
sttuation 1s deliberately created 1n the form of a
supersaturaled gas miwture (VFE) or liquid solution (LFED,
where lthe partial pressures or mole fractions of the
crystal consty tuent elements are 1n ewcess of those which
woauld ewitat 1n eguilabeium with the solid substrate at the

m owth temperatwe. The resulting thermoddynamic driving

10




force 1s responsible for the osrystal growth that ococurs.
The maximum amount of solid that can be produced 16
determned firstly by the degree of supersatuwration, since
growth continues until equilibrium is establiched, and
secandly, by the tutal volume of supersaturated gas pawsing
through the system or the total vaolume of supersatluratod
liquid saolution present. The mawimum graowth rate achievable
15 directly related to the quantity of oolid produced and
is thus limited by these two basic facturs. The actual
growth rate 15 lower than that predicted by thermodynamico
because of further rate--limiting assoziated with the
kinetics of the growth process.

A study of eprtaxy 18 1ncamplete without an analysis
of the kinetics involved an the groawth procecs. Hinetics
can greatly affect growth rates, composition, morphoalogy,
and material properties (ampurity 1ncovporation?,

The tinetrcs of epitasy are guite complew. The ygruwlh
process consists of several linetic oteps. The reactanls
must dif fuse from the bull to the sur faco, where they
adsorb aonto 1t at vacant sites. The 'eactante subsequently
desarb, react with other sur fate spoeciec, o simply
decoumpose. The new malecules (or atoms) diffuse along the
sur face to a low energy site, suth as a monatomic ctep, and
then diffuse (31 the growth temperature 1¢ hiagh onough)
along the step to a lower onergy site, normally a bant.,
Incovporation anto the lattico encues, the reaction often

resulting 1n the release of product molecuwles whioh thern
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desorb and diffuse into the bulk. The averall growth rate
15 limited by the slawest of these steps.

Mass transport, the first of the series of steps
listed above, is a complicated process when treated in
deetazl. It invalves both fluid flow and diffusion. A
detairled study of fluid flow 1s made difficult because of
convection effects arising from temperature and solution
concentration gradients present in the system. Models for
mass transport that are physically reasonable yet simple
have been developed. Such moadels are generally adequate for
a descraption of mass transport. They are discussed briefly
in section 1.2,

Surface linetics are not nearly as well understood as
mass transport. The reactants used in MOVPE decompose or
react to form a varszety of chemical species. Numerous
reactiuon pathways leading to 1ncorporation of the
censty tuent atoms anto the crystal are thus possible. It 1s
dirfficult to determine which of these pathways are the most
impoartant an a given situation torientaticon and noature of
crystal substrate, precursors being wsed, growth
temperature, carrier gastes) present, etocetera). Surface
catalytic reactions further complivcate matters. In—-situ
infra-red laser spectroscopy 18 used to i1dentify the
var tons chemucal specires present and to determine the
concentrations of these species both near the growth
aur fave and elsowhere 1n the system [4]1. Faman speclroscopy

and mauss spectrometry are also used for this purpose [5,6].

12
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Chemical reaction pathways leading to growth are proposed
on the basis of the 1dentafication of the chemical opecires
present. Surface chemiral reactions can signl fioantly alter
material properties (eg. bhaAs p to n type, as dioscuused 1n
section 1.3). 8Suth reactiuns can alsa affect morphalogy, of
two—dimensional stepwise growth 15 inhibited by the
reacztion. The adscrption of atums or malecules that do not
countain the crystal constituents can 1nter fere with the
growth process. Sur face diffusion of the desired speciogs
may be i1nhibited by the presence of such "poison’ gpecaies,
resulting in deterioratiron of crystal quality.

Surface kinetic processes are 1nfluenced by the nature
of the surface un which growth woocurs. Variouws crystal
faces present atomically different surfaces. The surface
kinetics, that i1s, adsworpticn, diffusion, and surface
cnemical reactions, will ain general depend on the
orientation of the substrate. Donsequently, materials
properties, crystal quality, and movrpholoqQy may depend on
the nrystal wrientation of the substrate sur face. The
presence of steps on the suwrface facilitates
two-dimensiuonal stepwise growth., If no steps eq1st, growth
oocurs via two dimensional nucleation. Different crystal
orientations present surfaces with varying deagrees of
'roughness' and thus influence the growlh mechaniom.
Epilayers are aften gruown on substrates whose cur factes are
purposely miscriented from a crystael face by a few deqgroews,

1n order to enhance the Lwo-dimensional stepwise gruwth



process. Other sources of stepe include screw dislocations
and thermal roughening. Two-dimensional growth generally
resulte 1n amproved morphology and crystallinity.

Sur face Finetics are strongly dependent on the growth
temperature. Surrface diffusion is facilitated at higher
arowth temperatures. Low growth temperatures result in slow
sur face diffusion, and di ffusion of the adscorbed species to
the lowest energy sites C(hinks) pricor to incorporation may
no longer be possible, energetically speaking. The growth
mechanism 15 apt to be three dimensicnal when the growth
temperatuwre 16 toon low for adeguate surface diffusion.
Deterracration of morphology and crystallimity ensues,

D1 fferent surface reactions may dominate at different
arowth temperatures. Material properties can be altered by
changes 1n sur face chemical reactions when impuraty
incarpocation coours via such reactions. The growth rate is
in aeneral limited by surface lirnetic processes at low
arowth temperatures. Laow gruwth rates are necessary 1n
order to obtain single crystal layers when curface
diffusion 18 sluow. (NOTE: hGeneral reference for section 1.1

1 [71).

1. 2)The MOVFE Technique

MOVFE 15 a deposition technique where metal-organic

compounds (metal allyls) and hydraides (o allyls) sorve as

the sowrces of the metal and nun-—-metal components,

14
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respectively, of the compound semiconductor to be formed.
The desired reaction of these sources 1s pyrolysis of the
campounds near the hot substrate followed by 1ncorporation
into the arystal epirlayer. & variety of intermediato
reactions are, however, unavoidably present. The
matal-organics commonly used are high vapour pressurce
liquids or solids at room temperature, while the hydraides
are gases or liguids. A schematic of the MOVPE system 1o
shown in figuwe 1.1, The stainless steel bubblers
containing the metal-organtc sources are mairntained at
constant temperatures, typically in the range 10 to -20 <0,
with the help of thermocoolers. The metal-urgantas are
transpourted to the growth chawber by flowing a carrvier gas
through the bubblers. Ultra high purity hydrogen was wsed
for this purpose 1n the present study. The flow rates of
the alkyl precursors are determined by the source
temperatures and the flow rates of the carrier gas. The
flow rates of the hydraides and the carrier gas are set and
maintained with the help of electronic mass flow
controllers., The transport system 1s construwctoed entirely
from welded stainless steel gas lines. Connections to the
bubblers empluy metal to metal seals. Conpections to the
other gas sources as well as those to the valves use rubber
o~rings i1n the present system. The bypass mant fuald allows
setup of the flow rates of the reactant gases prior oo
commencing grawth. The effluents, consisting of unused

reactant gases and various by-products, are pyrolyced as

15



figure 1.1 : Schematic of the MOVR2E setup (pulsed technique ).
Gas flow rates are set and regulated using electronic mass
flow controllers (MFC). A bypass lines allows initialjization
of flow rates prior to commencement of growth. Unused
reactants and byproducts are pyrolized before teing pumped
out by the rotary pump. Organo-metallic sources are
maintained at the desired temperature with the help of
thermal baths, A pressure check valve (PC) prevenis flow of
a reactant if the pressure in the bubbler is too low.
Injection cells are a feature of the pulsed technique. The
SiC coated susceptor is radiantly heated. Temperature
monitoring and stabilization are done through an electronic
temperature control system employing a thermocouple as a

sensor.

16
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they pass through the exhaust line. Low pressure operation

ie achieved through the use of a mechanical rotary pump in

the system used here. The SiC coated graphite susceptor is

radi antly heated ain this case, with temperature monitoring

and stabilization done through an electronic control system
empl oying a thermocouple as a sensor.

Tw reactor types were used in this study. A
horizontal flow reactor, shown 1n figure 1.2, was used for
conventional growth, A vertical flow reactor constructed of
quartz, shown in figure 1.3, was used in a variation of the
standard technique. In this second technique, small valumes
of the various reactant gases were 1njected one at a time.
A madl facation an the form of a set of 1njection cells (see
figure 1.1 was necessary. Each consecutive pulse was
followed by a time pericd where the reactant not adscrbed
on the growth sur face was ' flushed' out of the chamber by &
fliow of hydrogen gas. Under appropriate conditions growth
by atomic Jayer epitawy (ALE) was possible.

The MOVFE process consists of several steps: 17ipput
of reactants, Zimuiwing of reactants, 3)diffusion to the
substrate (mass transport), «nd 4rgrowth at sur face and
remaval of by-products. These steps are discussed in detail

below.

1.2, 1 Input of Reactants

The suurce gases containing the metal components of

18
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the compaund semiconductor are introduced into the growth
chamber through an inlet separate from that through which
the nun—metal reactant gases pass. The separate
introduction of the metal-alkyl and the non—metal hydride
is noecessary when these precursors undergo premature gas
phase reactions. An extended inlet tube which allows
introduction of the metal alkyl close to the hot substrate
18 typically wused. Optimization of reactor geometry 1s then
essential 1n order to cobtain uni form (thickness,material
properties) epitaxial films. Alternatively, precursaors
which do not react prematurely can be used 1n the growth of
the compound. Mixing of the reactant gases prior to
introductaon anto the chamber 1s then possible. Limitations

in the number of available precursors (and purity of these)

generally makle this a difficult proposition.

l.2.2Mvwing of Feactants

Uniform growth aver the substrate csur face requires
that the composition of the gas mivture immediately above
the surface be constant. The reactant gases must therefore
be well mivwed prior to reaching the substrate. A tuwrbulent
gas flow repgion 1s general ly present upstream of the
susceptor. Efficent mivwing wvcocurs in this region. A proper
reac tor design encsures that a stable laminar ges flow
pattern 1s established downstream of the turbulent region

near the reactor gas i1nlets. Homogeneous gas phase
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reactions may occur following mixing of the reactant gases.
ne such reaction, adduct formation, occurs in the growth
of campound semiconductors containing rndium [7,81. The
adduct, RallII-VR's 1n the case of I1I-V compounds,
undergees elimination reactions whereby RF' molecules are
released, the end product being RITII-VR'. This highly
reactive complex farms polymers (RIII-VR'), that deposit on
the reactor walls upstream from the substrate. Folymer
formation results in a low agrowth efficiency, and thus
reduced growth rates. Non-metal allyls, which are moare
stable than the corresponding bhydrides, may react with the
metal alkyl to form adducts that doo not underqgu elimination
reacticns. These adducts can then serve as the transport
agents, provided that dissocaiation ot the adduct and
pyrolysis of the non—metal alkyl and, of course, the metal
altyl, oceurs at the elevated temperature found near the
substrate. Fremature gas phase reactions can lead to
homogenesus nusleation of the compround (dust particles),
Frecursors having low pyrolysis temperatures may partially
pyralyse upstream of the substrate and subsequently react
with other chemical species present to produce various
complenes. Lomplete pyralysis of the reactants leading to
depagsiticn of component elements on the reactor surface 1o
alsm possible. Heterogeneous reactions between the
precursis with the reactor surface acting as o catal yot
are puossible, as 1s the sur fare catalyroed pyrolysis of the

precursors,. The spec: fic reactions cccurrving 1n the growth
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of a given compound and the extent of these reactions is
areatly dependent upon the choice of precursors. Growth

efficiency can be high 1f the proper precursors are

selected.

1.2.3)Diffusion to the Substrate (Mass Transpoaort)

Mass transport 1nvolves two processes, gas flow and
di ffusion. The thermal gradients present in the reactor
produce convection, thus the gas and thermal systems are
coupled, i1ntroducing further complications to the already
complew mass transport problem.

Gas flow 18 treated assuming no temperature gradients
for simplicity. The gas flow pattern 1s determined for flow
through a tube. A stable laminar flow having a parabolic
velaity prafile 1s established after a certain distance
down the tube, assuming uni form gas velocaity acrocss the
tube at the entrance. The introaducticon of a plate
tousceptocr ) 1n the presence of a uni form velocity profile
results 1n the formation of a laminar boundary layer of

width
td < (Du/Urs-r= (1.5
where D 16 the diffusion coefficient, x 15 the

pousiticn along the piate, and U 1s an average velocity [71.

The velwaoity 18 zero at the sur face and gradually 1ncreases
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with increasing distance from the plate,

Mass transport occurs via diffusion as well as forced
and thermal convection. If convection effects are absent,
mass transport 1s essentially by diffusion through the
boundary layer formed at the surface. A simple model
assumes a stagnant boundary layer [71. The flux of the
metal allkyls and non—metal hydraides tor alkyls) diffusing
from the homogeneous bulk regron through the boundary layor

to the interface is given by

J = D(p~pe) /RTd (1.6

where p is the partial pressure of the element 1n the
bulk, pe is the equilibrium partial pressure at the
interface, and D is the diffusion coefficient of the
element (proportional to T2, Assuming the growth
temperature 18 sufficiently high, so that swface reactians
are rapid, the growth rate 1s determined by diffusvon. In
peneral, III-V (II-VI) compounds are arown with o hagh
ratico of V to III partaial pressures 1n Lhe 1nput gas
stream. Under these two conditions, the growth rate 1s
limited by the flux of the group TII element. D1 ffusion
limited growth 15 characterized by a growth temperature and
substrate vrientation 1ndependent arawth rate. (A more
sophisticated model assumes a well miaed bullk gas phase
with di1 ffuston transport to the sur face theough a boundary

layer fTormed i1n the presence of a parabolic veloaoaty
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prafile [7]. The growth rate was determined assuming a
temperature gradient in the boundary layer which increased
linearly with height. Comparison of results from this
analysis with experimental data obta:ned in the growth of
81 by VPE shuowed gnaod agreement). The presence of turbulent
gas flow 1n the vicinity of the growth surface gives rige
tw local variatirons in the growth ambient above the
substrate, resulting 1n non-uniform material properties,
arowth rate, and alloy comprsition, and s thus to be

avol ded.

l1.0.4)arowth at the Surface (Surface Kinetics) and

Femaval of By-products

The presence of several chemical species leads to a
variety of possible surface reactions. As menticoned in
section 1.1, surface chemical reactions can greatly alter
material properties, morphology, and crystallinity. The
1nformaton aval lable om these reactions 15 sparse 117 not
non—-eststent, pramarily because of the difficulties
invoelved 1n probing the sur face noan-intrusively, and also
becuase the reastions woicurring depend upon the particular
precursors being used.

The by-products formed during 1ncorporation must
diffuse cout through the boundary layer 1f they are to be
removed from the system. Turbulence and thermal convection

may result 1n gas recirculation, preventing the rapid
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remaval of the by-products. These effects can also lead to
dirfficulties in the formation of abrupt i1nter faces. (NOTE:

General references for section 1.2 are [7,81).

1.2)0ptimication of the Growth Parameters

The effects of growth variables such as growth
temperature, reactor pressure, substrate crystalluqgraphic
orientation, gas phase composition, and precursors uged on
deposition rates and material properties have been studied
in detail for baAs, Results of these studies and thooe on
other III-VY comprounds are now discussed.

The choace of precursors can affect both growth
efficiency and material properties. As pointed cut earlier,
growth efficiency 1s greatly reduced when the precursors
react prematurely to form unstable adducts (leading to
poelymer formation), tiny crystalli:tes t(dust particles), ar
other unwanted complexes, or when the precursors docoampose
(pyrolyze) prematurely resulting 1n elomental deposition on
the reactur walls. The problem of pualymer formation
encountered i1n the growth of InF using TMIn and FHa was
circumvented with the replacement of the hydride by the
more stable alkyl FP(LaHsla ¢ or FPOCHR)e ) [91. The adduct
formed 1n this case duoes not underge the elimination
reaction and readily dissociates at the agrowth temperature
normally used. The F allyl does not easily docompose,

however, thus FHa must alsc be added to the system.
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Tri-methyl aroup III alkyls are generally fevoured over the
less stable ethyl alkyls, since the latter will prereact to
a greater evwtent, thus reducing growth 2fficiency. The low
growth rates cohserved in the growth of haAs when TEG are
ewpl ained by polymer formation resultaing from the creation
of unstable addutts from this less stable metal alkyl [1013.
The hydride AsHs 1s generally used in the growth of GaAs.
The pyrolysis of AsHa 15 catalyted by a GaAs surface [81.
Thise process facilitates growth at lower temperatures where
a lower degree of impurity 1ncorporation is espected [8].
Incr eased growth efficienty also results. CGrowth sur face
assisted catalytic pyrulysis 1s precursor dependent.
Frecursors affect material properties via impurity
1ncorparaticn. The purity of the precursors being used in
the growth of a compound is of vital importance in this
respect, since contaminants present 1n the precursars can
be incorporated into the scolid. Common contaminants present
in TMG anclude Zn, Sn, and be allyls and methyl silanes
[(81. Oz and/ov 0 may be found 1n AsHa and Hz, while
alkoxides can origanate in Al allkyl sources [81. GaAlAs
grown using the above compounds contains 0, an unwanted
impurrty that acts as a deep nun-radiative acceptor.
Furi fication of the reactants as concerns coxygen generally
rnvalves the use of TMA as & getterer. Frecursocrs, being
chemical compounds, are 1nherently a source of impurit)es,
spect fleally, carbon, Carbon 18 present as an impurity in

GaAs grown using TME. Ewperimental evadence links carban
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incorporation to a surface reaction i1nvelving methyl
radicals CHecwa and GalHucwas and AsHucama. The formation of
methane via a transfer of a H atom from the AsHicama
species to the methyl radicals (1n the gas phase as well as
on the sur face) removes the source of carbon [81. A low
concentration of arsine ( and therefore AsHuaces ) results
in increased carbon 1ncarporation. The material underqgres a
p to n type transitaion as the V/III ratio 18 1ncreased, as
expected, 1f the above reaction mechanism determines the
degree to which C 1s incorporated. The use of TEG 1n the
arowth of Bads results an material that 1 free of C [81].
It is proposed that the formation of stable reaction
products Cahe and CzHeg readily vocurs, thereby lawering the
cancentration of ethyl radicals that may contribute to O
incarporation [81. The availability of new precursors of
high purity 15 essential 1f purer materials are to be
garown.

binetic processes are strongly temperature dependent,
hen:e growth temperature is an impuortant parameter 1n
MOVFE. The growth rate of GaAs as a function of
temperature, i1n the standard case where TML and AsHa are
used as reactants and the V/I1II ratio 135 large, 1s
charactericed by three temperature reqgimes. The growth rate
increases with wnoreasing growth temperature at
temperatures below about S50 ©C. This temperature
dependen:e 15 ascribed to the reduced rate of sur face

docomposition (pyrolysis) of Ashtla. The rate limiting step
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16 thus a sur face kinetic reacticon [8,10]. At temperatures
above 750 <L, the growth rate decreases with increasing

temper ature. The possible mechanisms responsible for this
behavirar i1nclude desorption of As and/or Ga species,
homogeneous nucleation 1in the gas phase tdepletion of
reactants), or the 1ncreased equilibrium vapour pressure of
Ga at higher temperatures [8,10] (thermodynamic limitation
also passible [1017. The growth rate 1s weakly temperature
dependent 1n the range S50 to 750 2. Diffusion limited
agrowth occurs 1n this temperature regime, The graowth rate
15 1ndependent of the V/III ratio, pravided 1t is much
agreater than unity. Tt 15 alswe independent of the substrate
ori1entaticon, since surface linetics are rapid at these
temperatures. The growth rate 1s directly proportional to
the flow rate of TMG. The above observations are consistent
with those ewpected for diffusion limited growth., GaAs is
gonerally arown 1n the diffusion limited growth reqime. The
use of low temperatures within this regaime results 1n a
decreased incorporation of ampurities when the sources of
these are contaminants present i1n the precursars.

The nature of the growth surface 15 different for the
variuous crystallographic aorientations of the substrate. The
nature and number of surface sites present are unique to
the speci fic wrientation chosen. Surface linetic processes
such as adsorption of the various chemical species present
and sur face reactions of these gpecies are sensitive to the

type uf surface sites found on the sw face, hence substrate
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crientation can affect growth rates, morphology, and
material properties. The growth rate for GaAs 19 dependent
on the substrate acrientation when the rate lamiting step 1s
a surface kinetic process [8]. Two—-dimensional stepwise
growth may be inhibaited by the bonding of hydrocarbon
radicals to certain surface sites, thus explaining the
rough sur face morphology observed i1n the growth of Gads
[8l. Impurity incorporation can depend on substrate
aorientation, since the adsorption of a particular chemical
species may occur with areater probabilaity at specific

sur face sites. The extent of C 1ncurporation 1n GaAs grown
using TME 15 substrate orientat)on dependent. The <111 A
sur face has a strong affimity for radicals containing €,
that 18, Ga(CHg)ux<cwa aNd (CHa)wcmm. The 1ncrease 1n the
relative number of these species compared to As bearing
species 1s expected to result in an 1ncreased C
concentraticn on the basis of a moadel presented above,
Experimental evidence 15 1n agreement with this conclusion
al.

Gas phase composition (V/III ratico) can have an effect
on material pruperties. The high vapouwr pressure of As, as
compared to that of Ga, necessitates the use of V/III
ratios that are areater than unity . The proper
sttorchiometry of the epilayers 15 then maintairned. Tn the
case of Gads grown using TMG and AsHa, an i1ncrease 1n the
V/ITI rvatro results in a decreased T conventrataion £87. The

number of methyl radicals present 1o reduced by the
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increased hydrogen transfer from the gareater number of AsHa
species to the radicals to form methane. The methyl
radicals are the source of C, hence less ( is available for
incorporation. The increase 1n flow of a reactant, keeping
the flow of the other reactant constant, will result in
1ncreased 1mpurity concentration i f contaminants are
present in this reactant, since a greater quantity of these
cuentaminants are then introduced to the system.

A change in reactor pressure while keeping flow rates
constant alters the gas velocities., A lowering of the
pressure 1ncreases the velocities of the reactants, thus
reducing their transit times. This can bhe beneficial when
usi1ng precursars which have low pyrolysis cemperatures or
undergo premature reactiong, since interaction of the
chemical species 15 then reduced. Low pressure growth of
HhaAs using TMG requires an increased V/III ratic if the
concentration of € is to be kept low. This may be due to
the reduced 1nteraction of the L and As bearing species
[81. Increasing the reactor pressure by flowing an inert
Qas results in dilution of the gas mixture. This may also
prevent premature gas phase reactions from occurraing.
Increased arowth efficiency 1s expected when the extent of

prereaction 15 reduced.

1.3.1O)MOVPE of InSe

The c¢rystal quality, morphology, and material
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properties of ZnSe epitaxial layers grown by MOVPE are
dependent on the choice of growth variables. Optimization
of the growth parameters is necessary for the growth of
high quality ZnSe thin films.

The specific reaction pathways which lead to growth
are precursor dependent, hence precursors must be chosen
which allow the purest, highest qualaity material to be
arown. Several precursors, including (CaHe)Zn [3],
(CHal)2Zn, HaSe [11], (TaHs)28e, (CHalaSe (121, and the
heterocyclic compound CaH4Se [132] have been used i1n the
arowth of ZnSe. The precursors i1n standard use, DMZ and
H=Se, have a low degree of stability [14]. DMZ decomposes
at temperatures above 150 <L [151, although the pyrolysio
temperatures of the reactants will differ i1n the gruowth
environment. Fremature decomposition of the reactants is
thus expected to cccur at the typical arowth temperature of
300 °C. Premature pyrolysis 1s of minor impoartance. The
sericous problem when using HzSe and DMZ (or DEZ) as
reactants is that these precursors underguo homogeneoous qas
phase reactions. The reactions proceed at room temperature
[3,14,161. It 15 proposed that adduct formation cocurs and
the adduct rapidly undergoes elimnation reactions to form
IinSe as the end product L13]., Crystallites (dust particles)
present in the gas phase upstream from the susceptor result
from the homogenecus nucleation of the InSe malecul es.
Heterogeneous depusition on the reactor walls @lso cocurs

[1€]1. The suppression of the unwanted premature reactions
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requires the separate introduction of the reactant gases.
DMZ 1s introduced into the reactor through & silica inlet
tube terminating approximately 2 cm from the substrate
£17]. This arrangement does, however, make it difficult to
produce uni form lavers., It 15 preferrable tou use DMZ as
opposed to DEZ, since the former 1s chemically more stable
[14]. The praoblem of premature reactions can be eliminated
through the use of alternate precursors. Prereaction is
negligible when the precursors used are DMZ and C4HaSe
L1331, although higher growth temperatures (approaximately
500 °C) must be used 1n this case. A stable double adduct
formed from DMZ and DESe (or DMSe) which disswuciates at the
arowth temperature could perhaps bloachk the premature
reaction of DMI and HzSe, however, 1t appears that such
adducts cannot be formed [18). The extent of premature
reacticn can be greatly reduced through the use of In and
Ser allyle as the precursors [12]1. High growth temperatures
CA100-600 2L) are necessary when using the more stable Se
allyl, however, photo-MOVFE allows layers to be grown at
lower temperatures, with a <orresponding improvement in
photoluminesc ence spectra [17%1. Surface reactions are
rossibly enhanced by i1rradiation with short wavelength
laght <200-400 nm). The premature reaction of DMZ and HzSe
16 avonded when growing epilayers by a variation of the
standard MOVFE technique (ALE-—as previously descraibed).
L.ayer thicliness variations of 10X or better over an area of

1 cm® are possible using this technique. t(Lattle
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information is available concerning the reaction mechanisms
invalved in the MOVPE growth of ZnSe using the varaious
precursors mentioned above, however, see [201). The
praecursars used i1n this study were DEZ or DMZ and 100 %
H=Se. DEDSe was used in place of H2S5e i1n one case.

Feactor pressure is an important parameter 1n the
arowth of ZnSe when the standard precursors, namely, DMZ
(zr DEZ) and HxSe, are used. The premature gas phase
reactions asso "iated with these precursors are suppressed
when a low pressure technique 1s emploayed [21). Low
pressures result in higher flow velocities and hence
decreased transit times, thus the prababilaty of
interaction of the reactants praor to reaching the growth
sur face 1s reduced. lLLow pressures are achieved through the
use of low reactant flow rates and a high capacity pumping
system. A change 1n pressure does nat alter the flow
pattern i1n the reactor.

Low reactant flow rates were used 1n this study,
however, limitations i1n the pumping capa::iity of the proesent
system prevented the attainment of reactor pressures lower
than 1-5 torr (compared to 1S toryr 1n L2100, In & deta:lod
study of low pressure (.3—1 torr) MOVFE growth of ZnSe and
ZnS using the precursors DMZ, HxSe, and Hz5, an 1ncrease 1n
the growth rate with i1ncreasing pressure (flow rates
constant, pumping capacity altered by adjusting exhaust
valve) was nbserved [20]. An 1ncrease 1n reacltor pressuco,

which 1ncreases the probability of adduct formation, would
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lead to an increased growth rate if the adduct formation
mechanism dominates the growth rate. In ancother experiment,
the agrowth rate was found tu increase when the pressura was
increased by flowing a greater amount of buffer gas (He)
(treactant flow rates constant,exhaust valve wide apen). The
probability of adduct formation decreases with i1ncreasing
pressure 1n this case and the growth rate should decrease
accardingly 1 f the adduct formation mechanism dominates the
growth rate. A mechanism consistent with the experimental
observations 15 a pressure dependent sticking coefficient
af DMZ ar 1ts complexes. An 1NCrease 1N pressure suppresses
the desorption of these species, thus the sticlhing
coefficient i1ncreases and the growth rate 1s higher. The
species are prevented from desorbing by collisions with
rther molecules 1n the gas amhient. Suwrface kinetics are
important 11 this i1nterpretation of the data is correct. A
different approach to the prablem of premature reactions
inveld ves the use of a high pressure technigque. A large
quantity of a buffer gas such as Ha or argon 18 floawed 1nto
the reactor. The dilution of the reactant gas mixture is
thus 1ncreased, and corrvespondingly, a8 decrease in the
evtent of premature reaction cccurs [3,22,23]. Argon and
pentane were used as dilutants in this study, however, only
small quantities of these gases were i1njected (pressure
approwimately 10-20 torr).,

The =i1ngle must amportant parameter in the growth of

inSe 14 the growth temperature. Material properties and
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crystal guality are strongly dependent on the growth
temperature, as revealed by comparison of the
photoluminescence spectra and X-ray rocking curves of
samples grown at different temperatures [I22,24]., Transport
measurements also indicate changes in carrier
concentration, mability, and resistivity as the growth
temperature is varied [25,261.

The temperature dependence of the growth rate has been
studied for both low pressure (0.1-1 torr) [20,24] and high
pressure (30 tarr) [22] growth of InSe using the standard
precurscors DMZ (oar DEZ) and HzB8e and VI/II ratios areater
than wne. In the high pressure case, the growth rate was
found to be independent of temperature 1n the range I350--500
°C, and decreased at higher temperatures. The growlh rate
also increased linearly with the DEZ flow rate. These two
cbservations led to the conclusion that growth 1n the
temperature range Z50-3500 ©C corresponds to the diffusion
limited growth reqgime. Fremature reactions are eliminatoed
in their setup, so that the growth rate 1s determined by
the diffusion of DEZ. In the case af law pressure growth,
the growth rate evhibits a masimum at a growth temperature
of about 200 °©f, The devreased growth rate at lawer
temperatures is 1ndicative of Timitations imposed by
sur face reactirons. The reduced arawth rate at higher
temperatures 1s attributed to a decrease 1n the stichking
coefficient of DMZ or 1ts compleves. Anuther possible

explanation, namely, an i1ncrease in the extent of
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homogeneous nucleation an the gas phase, which effectively
depletes the amount of nutrients available for growth, is
ruled -sut, since 1t 1s 1ncansistent with the ocbhservation
that the growth rate 1ncreases with increasing pressure,
The possibility of homogenecus nucleation is greater at
higher pressures, hence decreased growth rates are expected
if this is the case [201].

Surfare linetics are slow at the low growth
tenperatures used 1n the MOVFE growth of ZInSe (typically 250~
350 °C), hence low growth rates are necessary to ensure good
crystallization.

The laow growth temperature characteristic of the MOVPE
technigue (and MBE) 15 a desired feature. A lower degree of
contamination and a veduced concentration of stoachoimetric
defects are expected as the growth temperature is
decreased, hence these techniques should produce pure
material with minimal compensation by complexes such as the
A-center (Zinc vacancy-donor complewl). InSe epilayers were
arown at temperatures ranging from 200-400 °C 1n the
present study.

The gas phase composition (VI/II ratio) is ancther
variabhle which can affect the material properties of ZInSe
thin films. An investigation of the transport properties
and photoeluminescence «f ZnSe epilayers grown at VI/II
ratios varying from § to 75 (pressure 1 torr, T=300 ©C,
thieolness=l miaoraon, reactants are DMZ and HzSe) has been

carried out [27]1. An 1ncrease 1n the ratio resulted in
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decreased carrier concentrations and increased
resistivities and mabilities (room temperature). The rataio
of near band edge luminescence to luminescence associated
with deep centers (at 77 ©L) also 1ncreased with 1ncreasing
VI/II ratio. The growth of stoichiometric material regquires
the use of high VI/II ratios because Se has a high vapour
pressure. Material grown using low values of this ratio may
contain & larger number of Se vacancies., The ubserved
changes are possibly related to changes in the number of Se
varancies and associated complexes. Se vacancies oreate
deep doncyr levels in ZInSe [281. In both low pressure
L14,20]1 and high pressure [22] growth, the growth rate 1s
found to depend sulely on the flow rate of the minoraity
reactant (DMZ or DEZ, for the standard case where VI/II 1)
over a large range of the VI/II ratio. Flow rates must be
kept low, sinuce the surface reactions are slow at the low
growth temperatures generally used and low growth rates are
therefovre required to ensure proper crystallication of the
material.

The growth of high guality InSe epitaxial layers
requires the use of a lattice matched substrate.
Furthermore, the substrate should have a thermal expansion
coefficient close 1n value to that of ZnSe. In this
respect, the 1deal substrate crystal 1s ZnSe, however, haagh
qualirity stoichuiometric ZnSe single crystal substrates are
difficult to abtain (Such crystals have qgood crystalline

quality but are non-stoaichiometric, as revealed by
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luminescence—-SA emission due to Zn vacancy related complex
15 present-these vacancies diffuse i1nto epilayer) [1]. GaAs
has been used extensively as a substrate because the
lattice mismatch between these two materials 1s only Q.27%.
There 1s, however, a difference of 23%Z in the thermal
expansion coefficients of the two materials. The epilayers
1n the InSe/GaAs system are unavoidably sub ject to strain
effects ari1sing from these mismatches. These effects are
reflected 1n the differences in PL spectra of bull versus
hetercepitanial ZnSe , as discussed later in this report.
Lattice mismatch will also result in degradation of crystal
quality through the introduction of low angle grain
boundaries. Lattice mismetch can be eliminated through the
use of lattice matched substrate materials such as
In.Bbaci—-w>As [2291, ar alternatively, by growing a lattice
matched ternary epirlayer InS.5€ci~x»> [17]1 on GahAs, howvever,
residual strain due to the mismatch in the thermal
ewpangion coeffiroients of the epirlayer and the substrate is
not eliminated.

The crystallographic orientation of the substrate has
a praonvunced ef fect on the corystal qualaity, morphology,
and material proaperties of the InSe epilayer. Layers grown
on (100 and (111)B GSaAs substrates are epatasial, however,
palycrystal line layers are {formed when growing on (311156
GOaAs [1&]. Morphology of the epilayers also depends on the
substrate crientation, A hillock structure, the illocks

lying parallel to the (0,~1,~1) plane, 1 found on layers
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grown on (100) GaAs. This structure is absent on layers
grown on (111)R GaAs £17]. The growth mechanism 1 thought
to be respansible for the observed morphology [171.
Optimiczation of agrowth parameters, i1ncluding the use of

di fferent precursors, is necessary 1f specular curfaces are
to be obtained [14,23]1. Fhotoluminescence specira 1ndicate
that the optoelectronic quality of InSe epilayers qrown on
(100) GaAs is superior to that of layers grown on (111)R
GaAs [17,301. The observed variations 1n the FL opectra are
possibly due to differences in defect densities gencrated
by the growth mechanism cperative in each of the two canes,
which would result 1n materials which have different types
and concentraticns of impuraities (and complevwes),

(1003 hGaAs substrates, both semi-i1nsulating and
n—-type, were used in the present study. ZInSe layers were
grown directly on the substrate 1n most cases. ZnSe layers
were also deposited on Gafs epirlayers depositied 1n-silu on
the GaAs substrate praigr to the InSe grawth. The graowth of
epitawial layers with reproducible properties requires thatl
the substrate surface be free of any contaminants [143. A
clean sur face was prepared in the fallowing manner:
Fesidues were first removed by scrubbing the surface with a
detergent solution. The substrate was then rinsed 1n
de-i1oniczed water and placed i1n electronic grade Ho50., for
approximately one minute. Surface damage was then removed
through a chemical etoch of duration 2 minutes 1n an

Ha804:H202:H20 S:1:1 solutian at 40 L. This was followed
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by a rinse in de-ionized water and then a rinse in
propanol. The substrate was blown dry using Na gas. The
substrate was placed on the susceptor and the system pumped
down. The surface was then thermally etched to remove
oxides by heating the susceptor to 6850 =C and flowing Hz
tar HCZ1) through the reactor for a duration of S minutes.
The substrate was cooled down to the growth temperature
immediately after the thermal etch, and the growth run was
then begun.

A list of the samples grown in the present study is
given 1n table 1.1. Information concerning the choice of
precursars, as well as the growth temperature and reactant
flow rates (VI/IT ratio) used 1n each case is alsa
provided. All the samples, with the exception of samples 40
and 41, were grown by conventiocnal MOVFE on (100) GEaAs
substrates. Samples 40 and 41 were qgrown by the pulsed
technique (ALE), following the in-situ deposition of a GaAs
buffer layer (thichkness 0.5 microns!) on the (100) GaAs
substrate.

Samples 8, 9, and 10 were grown at temperatures of
<00, 250, and 3200 °C, respectively, with all remaining
parameters kept fiwed. This enabled a study of the effect
of the growth temperature on the cptoelectruonic quality of
the materi1al to be carried out.

The use of different sets of precursors i1n the growth
of samples 32, 24, and S0 allowed i1nformation about

precursor-related effects on material guality to be
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cbtained.

Changes associated with the use of the pulsed arowth
technique as opposed to the conventional MOVFE techmique
vere investigated by comparing the photoluminescence
spectra of samples 23 and 40.

Samples 40 and 41, which were grown under identical
conditions, were used to study the thickness dependence of

material quality.
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Table 1.1 Growth Parameters
Sample Precursors VI/I1 Ratio |Growth Temperature|Growth Rate |Epilayer Thickness
sccem's/minute °c microns/hour microns
Ar | H,Se |DEZ1-H,
8 |s0| 20 |6 (20°%)| 48 200 6 1
9 56 | 20 |6 (10°%)| 48 250 6 1
10 |50 20 |6 (a0 c)| 48 300 6 1
-- | H,se [DEZ2-H,
32 20 |10 10°q 110 300 6 2
-- {n,se oMz - H,
29 8.5 |10 20 °c)4 4 300 3 1.5
40 n.a. n.a. n.a 300 n.a. 0.8
41 n.a./ n.a n.a. 300 n.a. 0.4
-- |pEDSe| pMz - H,
50 unknown unknown 400 unknown unknown

.
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2. YPHOTOLUMINESCENCE

Luminescence refers to all de-excitation processes
whereby a crystal initially in an excited state undergues a
radiative transition to a lower energy state. The excited
state involvenr either the presence of electron—~hole pairs
or the occupation (by electrons (ar holes)) of i1nternal
excited states of defects. A variety of light emitting
transitions are possible in semiconductors. Intrinsic
radiative recombination processes invalve electron-haole
pairs and include band to band recombinaticon, the radiative
decay of excitons (and excitonic complexes - excitaon
molecules), and intraband transitions. The prescnce of
defects such as impurities, vacancies and compleves formed
from these two introduces the possibility of extransac
radiative transitions. In the case of transiticons 1nvolving
electron—-hole pairs, the defects act as recombination
centers. A free hnle may recombine with an electron bound
to a defect. A free electron may recombine with a hole
bound to a defect. An electron-hole pair bound teo a defect
can recombine (radiative decay of a bound excaiton).
Finally, a hale bocund to cne defect may recombine with an
electron bound to another defect. In certain cases, defects
(eqg. transition metals) may i1nteract with crystal fields.
The energy levels of the center may be split by this
interaction., Internal electronic transiticns between two

such levels can be accompanied by light emission. The
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radiative transitions can cccur with the simul taneous

emission or abscorption of phonons. Line broadening and

structure 1n emission bands can provide 1ndications of the
relative 1mportance of phonon assisted transitions.

Recombination can alternatively occur through
non-radiative channels. The energy released in the
transition may be transferred to another electron (Auger
process). It may be given up to the lattice phonons
(multi—phonon emission process). A continuum of energy
states across the bandgap wonly also lead to non-radiative
recambination. Sur faces and precipitates in the crystal may
generate this continuum of states [31]. The lifetime of the
exciced state 1s shaortened 1n the presence of non-radiative
de-excitation channels. The quantum efficiency of
luminescent processes 1s reduced as well (the quantum
efficiency 158 1 in the complete absence of non-radiative
mechanisms).

In photoluminescence, the necessary excited state, in
the form of electran—-heale pairs, is usually created by
exwcitation of electrons from the valence band to the
conduction band via absorption of photons having energies
greater than the minimum band gap enerqy. The absarption
process involves the interacticon of the electron and the
electromagnetic radiation. This interaction is treated as a

perturbation to the electronic Hamiltonian. The interaction

1a ewpressed as [32
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H' = Axp + A2 (2. 1)

where A is the vector potential operator and p is the
electron momentum operator. The second term 1n this
expression is neglected here. An analysis of the
perturbation problem leads to the following expressions for

the conservation of wavevector and enerqy:

Ke=kys + Kpnoson 5 Er(ke)=Es (k) + hwphovon (2.2)

Kphotan 15, in general, much smaller in value than L.
and k,, hence the above expressions are replaced, to good

appruximation, by the expressions

ke=k,=k , Ee(k)=E,; (k) + Puwpnosen (2.3)
Electronic transaitions involving only photon

absaorption (or emission) are lnown as dairect transations,
since the electron wavevector remains unchanged 1n going
from the 1n1ti1al state to the final state. Transitions 1n
which photon absorption (or emission) 1s accompanied by the
simultanecus absaorption (or emission) af a phonon of
wavevector g are known as 1ndirect transitions. Indirect
transiticons are second order pracesses and therefore have a

lower probabaility of cccurring than direct trans: tions.

The magnitude of the absorption coefficient far

phaotons having energles areater than the band gap energy
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depends on the nature of the band gap (direct or indirect).
The absorption coefficient is much larger in the case of
direct gap semiconductors. The absourption strength alsa
depends on whether the transition (valence to conduction
band) 1s allowed aor not. Electric dipole transitions, if
allowed, result in stronger absorption. ZnSe, as a
zincblende type crystal, has a direct gap. The band

structure in the vicinity of the energy gap 1s shown below.

conduction

band £.=2.822 &V ot 4°K [33]

m.= olom [33]
Ee m,= 0.bm [34]
m is the clectron mdss

Iy

l_; Valence
bands

wcijure 2.1 ¢ band structure of ZnSe near the r‘Poin\L (¥=(0,0,0)

The valence band wavefuncticons are p-like and the
conduction band wavefunctions are s—-like 1n ZnSe, hence the
electric dipaole transition 1s allaowed. Creation of
elec tron—hole pairs via absorption of above band gap light
15 thus very efficient 1n this materi1al. Excitation is
fuollowed by rapid thermalization of the electrons and
haoles. The electrons (holes) quickly lose excess kinetic
enerqQy throuagh collisions with other electrons (holes) and
the emission of accustic and optical phonons. A
quasi—equalibrium distribution of electrons and holes among
the exwistent energy levels 1s set up under continuocus

ewcitation. Excitation 1s balanced by luminescent and
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non-radiative recombination processes.

Van Roosebroeck and Shockley (see discussion in [311)
derived a theoretical expression relating the radiative
recembination rate to the absorption coefficient by
applying the principle of detairled balance and assuming
unit quantum efficiency. Absarption and emission spectra
are thus intimately related. Structure associated with a
particular transition (eq. free excitons) may be more
pronounced 1n absurpticon spectra. Transition enerqies
determined from an analysis of absorption spectra can
facilitate the 1dentification of structures cbserved 1n
photoluminescence spectra.

In the next few pages, the various radiative
transitions are ewplained 1n detail. The temperature
dependence of the photoluminescence spectra of ZnSe is also

discussed.

2.1)Evcitons

Free excitons are mobile electron-hole pairs. The
important exciton transition 1n direct gap materials such
as InSe is a direct transition i1nvolving the creation or
destruction of exczitons with wavevector =0, The exciton
eneray levels form a hydrogenic spectrum (E = Eq — const/n=
+ h2'2/ Maxcieon?! 1 spherical conduction and valence bands
are assumed. The transition probability associated with the

evxcited states of the exciton decreases as 1/n? relative to
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the ground state exciton transition preohability [35).
Exciton transitions involving direct transitions with the
simultanecus absorption or emission of g=0 LO phonons are
also possible. The transition probability is lower in this
case.

The free exciton transition in ZnSe has been cbserved
in several studies. Absorption spectra obtained from
transmission and reflectance measurements on bulk ZnSe
crystals contain structure which is associated with the
formation of K=0 ewcitons, that 1s, the creation of bound
electron—hole pairs via direct ( ki=ke, K=ke~ka=0 ) allowed
electronic transitions, at the gamma point (band gap——k=0)
[34]). Feflectance [361 and magnetoreflectance [37] spectra
af bulld ZnSe crystals also reveal structure attraibutable teo
free excitons. An analysis of free ewciton related
structure appearing 1n photoluminescence excitation spectra
of InSe [32]1 yielded a value of i9.0 + 0.5 meV far the free
evciton binding energy (transverse exciton — EaxT)h.
Luminescence peahs due o free evwciton recaombination have
besn observed 1n phutoluminescence spectra of both bulk
InSe crystals [38,39,40,41,421 and epitaxial InSe layers
grown by LFE [331 «(ZnSe substrates), MBE [43,44,45,461]
(haAs substrates), and MOVPE [11,47,48] (GaAs substrates).
Luminescence peals arisang from the recombination of free
eviituns with the simul taneocus emissicon of optical phonons
have been observed 1n some cases (LO replica -~ [33,40,471;

LO,2L0,TO, TO-LOD replicas — [(4217). Emission due to the
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radiative recombination of free excitons in the excited
state (n=2) has also been aocbserved [42,45). Results of a
study of luminescence reabsorption in ZnSe [40] i1ndicate
that polartiton effects are 1mportant in ZnSe. Folaritons
are quasi-particles which 1nclude the effect of
exciton—-photon couplaing. Two daistinct branches (upper and
lower polariton branches) having different
energy-wavevector dispersion relationships are formed when
the exciton-photon interaction 1s taken into account. Two
emission peaks, corresponding to UPE (higher enerqy of the
two) and LFB emission, have been observed in the
photoluminescence spectra of hHaAs [43]. Double-peaked
structures present 1n the excitonic eneragy region 1n
photoluminescence spectra of InSe have been similarly
ascribed to polariton emission [41,42,43,44],

Free exciton recombination 15 the dominant luminescent
transi1tion at low temperatures cnly i1n 1ntrinsic or
extremely pure semiconductors. lomiced i1mpurities present
in less pure materials create local fields which act to
Ttear! apart the evcitons. The free exciton transition 16
impoartant only 1f the temperature 1s sufficiently low such
that LT, exwciton binding enerqy. Excitons are broken up
when the thermal energy ewceeds the free ewciton binding
energy thus at higher temperatures, the electron-hole pairs
remain as 'free’ carviers in the conduction amd valence
bands. Luminescence resulting from the recombaination of the

interact:i ng unbound electron-hole pairs, that 1s, the band
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to band transition, is then dominant. Since free excitons
are mobile and therefore have kinetic energy, the radiative
decay of free excitons results 1n a luminescence band. In
InSe, the free exciton emission peak has a linewidth (FWHM)
of about 1-2 meV at 4 ©K [33,421.

Relatively pure semiconductors containing low
concentrations of 1mpuraties are characterized by a low
temperature photoluminescence spectrum i1n which the
dominant luminescent tranmsitions are those i1nvaolving the
radiative decay of excitons localized at donor or acceptor
impuraties. Emission lines arising from the decay of bound
ewclrtons are downshlfted 1n enerqy relative to the free
exciton emission peal by amounts equal to the binding (or
localization) energiles of the exciton to the particular
impurities 1n question. The linewidths (FWHM) of baund
exciton luminescence peaks are substantially reduced from
that observed fur the free exciton emission peak, since
lowwalization 1mplies that the ewciton has essentially no
binetic enerqgy. The limiting linewidth (FWHM) associated
with a bound ewciton transition 1n ZInSe 15 approwimately
0.2 meV [331. Impuraity braoadening effects present at higher
impuraty concentrations effectively increase this
lhinewidth. Randuom fluctuations i1n residual strain present
1in the crystal alsa act to increase the linewidth., In the
hetercepitawial growth of ZInSe on GaAs substrates, strain
effects arr1sing from lattice miomatch and difference 1n

thermal ewpansion coefficients act to greatly i1ncrease the




bound exciton emission linewidth.

The transition energies of the various donor bound
exciton (DBE) components (ground and excited states of the
complexes) were determined through a detailed analysis of
photocluminescence spectra of bulk ZInSe crystals grown from
the vapour phase [39]., Comparison of photoluminescnce
spectra of both undoped and lightly doped crystals made
possible the identification of the spectral features
associrated with the individual donors. The spectral lines
(transition enerqies) 1dentified for each donor i1ncluded
the around and excited state neutral donor bound ewciton
transitions (D?, X)), labelled Izo, lza;, Iz, etcetera, the
two~electron satellites (TES) associated with each of
these, and the emission line due to the radiative decay of
excitons bound to an ionized donor (D*,X). Two—-electron
transitions refer to bound exciton transitions which leave
the neutral donor 1n an excited state. These transitions
can occur with the bound exciton comples 1mitirally 1n ats
ground state or 1n any one of 1ts excited states. The
emission peal corresponding to a two—electron transition 1n
which the neutral donor 15 lJeft 1n the Ip state 1s
downshi fted 1n energy relative to the transition where the
neutral donco remains 1n the around state following the
bound ewci1ton transition by precisely the lc-2Zp donor
ewclitation energy. The 1s state 15 subject to chemical
shifts due to central-cell effects, thus, the ls-2p enerqgy

difference, and therefore the position of the two-electron
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satellite relative to the "main' peak, is dependent on the

chemical nature of the donor. The 1s-2p energy differences

can be determined for the i1ndividual donors provided the
reelevant luminescence peaks have been identi fied. An

estimate of the donor binding energies can then be obtained

using the formula [393]
Eszzp—E’.-"" 0- ZSEO (2-4)

where Es is the effective—-mass binding energy ( the Z2p
ef fectl ve~mass energy 15 1/4 of Eo). The 'theoretical?!

binding enerqy, Eo, 18 given by [33]
Ea=(m/me €, En (2.5

where E, 15 the hydrogenic binding energy, m is the
mass of the electren, and me and € are experaimentally
determined values of the electron effective mass and static
dielectric canstant, respectively. me. can be determined
from a measurement of the Zeeman splitting of the 2p
two-electron satellites 1n the presence of a magnetic
field., Donor binding energies were calculated as ocutlined
above., The dielectric constant was determined in an
independent study.

A more recent study of DBRE transitions in InSe samples
graown by LFE 1nvalved the use of selective

photoluminescence (SFPL) and photoluminescence excitation
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(PLE) techniques [33]. A tunable dye laser is required in
these experiments, In the first technique,
phaotoluminescence spectra are obtained for different
excitation frequencies. Fesonant excitation of certain
transitions is possible with the proper choice of 1ncident
photon energy. Separation of the enhanced transitions from
a background of overlapping luminescence peaks is
facilitated. Another advantage of this technique 1s that
contributions to spectral linewidths arising from
inhomogeneous broadening processes, 1ncluding bSroadening
due to inter—i1mpurity i1nteractiocns and broadening related
to strain effects, can be reduced considerably 1n
relatively pure crystals, hence line narrowing of the
enhanced transitions occurs. The linewidth 18 limted
ultimately by the laser linewidth. The technique is of
limited value 1n the study of doped material due ta the
intersite hoppaing of excitons following rescnant ewcitation
into a specific DRE state (nd10*'7 15 necessary to observe
resanantly ewcited TES 1n MOVFE ZInSe/Gabds [S0O1). An
analysis of resonantly excited TES yielded values for the
1s=2g,2p donar excitaticon energires which were 1n excellent
agreement with the values determined earlier by Mer:z et al
£391. TES associated with DBE transitions where the donor
remains i1n the 3s or 3Zp excited state followinag the
transition were alsa aobserved. The Ip and Sp donor enerqy
levels are not subject to shifts due to central-cell

effects, hence the experimentally determined Zp-3p binding
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enerqgy difference can be used to obtain the 'theoretical’

effective—-mass donor binding energy Eo. A more accurate
value nf Eo=ZE.06 £ 0.15 meV was acbtained by this methad.
The revised value of Eo was used to determine the donor
binding energies (as previously cutlined).

In the PLE technique, the intensity of an emission
line 15 momtored as the 1ncident photon enerqy 15 varied.
The plot of the detected line i1ntensity versus the
encitation energy contains maxima and minima corresponding
to excitation channels and absorption processes associated
with the momtored transition (eg. Iaze TES transiticn for
In donur momitored - FLE spectrum contained pealks at
Isoy Jawy T 2a and minima at transverse free exciton n=1,2,3
states). The bainding energy of the free exciton was
determined by the analysis of PLE spectra, as previously
menticned. The DBE transition energies, the donor
ev:citation energies, and the calculated donor bainding
energles obtained by Dean et al [33] are listed 1n tables
cet, 2.2, and I.3.

The 1dentification of donors present in
hetercepaitawial ZnBe/hGads epillayers via comparison of DBE
transi1tion energies with those cbtained from the study of
unstrained, pure crystals 1s not possible. The total enerqgy
range spanned by the principle DBE transitions for the
bnown donors vs 0.75 meV, whereas the JBE linewidth 1s 1
meV or greater i1n hetercepitaxial layers. Emphasis 1s thus

placed on TES as a means of 1dent: fying donars. The enerqy
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spread of the TES luminescence resulting from DBE
transitions 1n which the donor is left 1n the Ip excited
state is about 3.2 meV. The resclution of the TES 15 poor
in standard photoluminescence spectra obtairned using above
band gap exciting light, however, the TES asscaciated with
different donors can be resoclved with the use of the SPL
technique. This technique 15 therefare an i1mportant tool in
the study of hetercepitaxial ZnSe than films.

Little information concerning excitons bound to
neutral acceptors (labelled I, aor (A®,X)) 1s available, due
to the difficulties encountered in attempts to incorporate
impurities which form shallow acceptor energy levels,
Incorparation of these 1mpurities 1s invariably accompanied
by the introducticn of compensating venters. It 1s
extremely difficult to obtain p—-type ZInSe. Information
cancerning shallow acceptor states 1s generally obtained
through the analysis of donar-acceptor pair (DAFR)
lumnescence bands present 1n luw temperature
photoluminescence spectra of n—type ZnSe containming shalluw
acceptor ampurities. In a study of luminescence associlated
with shallaw aceeptaors 1n vapour grown InSe crystals [5113,
1t was proposed that an emission line observed i1n the baund
exciton Juminescence region resulted from the radiative
decay of excaitons bound to neutral L1 acceptoars. Evidence
supporting this assignment for the emission line 1ncluded a
correlatinn between the strenath of thic line and that of

DAF emission associated with L1 acceptors, the explanation



of the triplet structure of the line by a model which

describes the excited states of neutral azceptor bound

ewciton complexes, and an excitan lecaliration enerqy
consistent with that expected for the binding enerqy of
this acceptor (Haynes' rule Epx/Ea=0.1 [52]). Ancther
em1ssion line appearing at a slightly higher energy was
tentatively 1denti1fied as the emission due to radiative
decay of excitons bound to neutral Na acceptors. Identical
assignments for the two lines have been made i1n other
research papers [332,53,54]. An emission line due to the
radiative decay of excitons bound to neutral N acceptors
has been i1dentified i1n photoluminescence studies of N doped
ZnSe graown by LPE [55]1 (InSe substrates) and MOVFE L[S2, 58]
(zaAs substrates). The correlation in the intensity of this
emissicon line (and a DAP band) with the intraduction of N
into the system supports this identification. Two-hole
satellites of the bound exciton luminescence peaks,
invalving 28 and 35 acceptor excaited states, have been
ochserved 1n the case of N and L1 accepturs using the SPL
techmqque [051. The difference in the 15-25 excitation
energies fur the two acceptors 1ndicates that the binding
energy of the N acceptor 15 2.1 + 0.7 meV less than that of
Li. N conclusive evidence regarding bound enciton
luminescence assotlated with shallow P oor As acceptor
states ewists, although DAF emission involvaing F and
As—related shallow acceptors has been observed [S561]

(InSe/khaAs MRE growth). An emission line charactericzed by a
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transition energy which is lower than that for the decay of
excitons bound to the shallow acceptors discussed above may
be due to the the recombination »f excaitons bound to a
neutral acceptar [33,57). The emicsion line is assuciated
with Cu, posssibly along with Li and Na [581, or the
acceptor Cuza [57]1. The acceptor bound exciton transition
energies and acceptor binding energies are listed in tables
2.4 and 2.5.

DEBE or ABRE transitions i1nvolving the simultaneous
emission of one or more g=0 LO phonons are also possible,
albeit with progressively lower transition probabailities.
Since the coupling to phonons 18 stronger for deeper
levels, in this case, the acceptors, the LD phonon replicas
are more praminant 1n the case of ABE transitions,

The observation of DBE and ABE transitions requires
that the temperature be sufficiently law to allow the
capture of excitons by the donors or acceptors tie, kT2
exciton localization energyl.

A luminescence band having a zerc phonon peak energy
of approximately Z.60 eV at 4 °H is sometimes observed in
InSe grown by MOVFE. The band 1s btnown as the Y band. The
characteristics of this band, namely, the weal coupling to
phonons and & large linewidth (FWHM = 4 meV or more), are
explained with the help of a model proposed by Dean [53].
The model assumes that the emission 1s due to the localized
recombination of essitons at an etended defect, possibly a

small dislocation loop.
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A luminescence band whose pealk energy is downshifted
from the free exciton enerqy by an amount equal ta the
1s-25,.p shallow donor excitation energy has been
attributed to the radiative recombination of free excitons

which scatter inelastically at neutral donors [471].

2. 2)Donor~Acceptor Pair (DAP) Transitions

Low temperature photoluminescence spectra of
semiconductors caontaining both donor and acceptor
impurities (or complexes which form donor and acceptor
levels!) 1nclude luminescence bands associated with
electronic transitions between the excited and ground
states of donor-acceptor pair systems. The DAF transitions
became 1ncreasingly i1mportant and eventually dominate over
the excitonic transitions as the impurity concentration in
the material 15 1ncreased.

An analysis of the DAF system was carried out with the
assumption of simple coulomb interactions (reduced 1n
strength by the dielectric constant) between the various
particles 1n the system (1e. electron, hole, donor and
acceptor 1on cores). It was also assumed that the electron
and hole masses are given by their effective masses [60]. A
Heatler—-London approach, 1n which the two-particle
wavefunction describing the electron and hale 1s
approvamated by a product of donor and acceptor

wavefunstions, was used 1n caleulating the energy of the
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system. A transition from an excited state of the system
(electron 2n aone of the donor states, hole in one of the
acceptar states) to the around state ( electron tunnels to
acceptaor site and recaombines with the hole, leaving a
positively charged donor 1on core and a negatively charged
acceptor 1on core), results 1n the emission of a photon of

ener gy

hw=Ea - Eps = Eay + €2/ ¥Rpa + J 2.6)

where Ea is the band gap enerqgy, Ep: 1s the binding
enerqy of an electron in the i*" excited state of the
donor, Eay 1s the binding energy of a hole in the j¥h»
excited state of the acceptor, e 15 the electronic charge,
Fpa is the separation between the donor and acceptor, € 1s
the dielectric constant, and J 15 a caulomb 1ntearal
representing the cohesive enerqy nf the excited state oof
the pair system. The pairing 1n effect modifies the binding
energies of the donors and arceptors. The donor and
acceptor levels are shifted towards the respective band
edges. The 1nzlusion of the second order Van—der Waals
interaction 1n the above analysis 1ntroduces another enerqy
term 1n the above expressiaon (-e¥xadjustable cuonstant /e *[%
[6&11]), This term 1s not appreciable and 1s generally
neeglected. The use of the static dielectric constant 18
valid pravided that the peraind of the orbital electronic

motion 1s greater than the period of the polar lattyce
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modes [E0]. In general, the coulomb integral J 1s assumed
to be negligable in order to simplify the analysis of DAF
spectra.

The emission intensity of a DAF transition for & given
pair separation Fpe 15 determined bath by the number of
pairs N(Rpa) and the transition probability W(Rpal). A
random distribution of impuraities is assumed 1n corder to
simpli1fy the problem of determining N(Rpal. N(Eps) depends
on the crystal geometry and, in the case of compound
semiconductors, on the lattice sites which the donors and
acceptors accupy. In a type I configuration, the donors and
the acreptors cccupy equivalent substitutional sites, that
15, the sites correspuonding to erther those of the cation
or those of the anion crystal constituent (eg. donor Alza
and acceptor Lizn!. In a type II configuration, the donors
and acceptors occupy opposite latt--e sites (eq. donor Al za
and acueptar Na-D. N(Rpa) has been calculated for type 1
and type II configurations in cubic binary crystals [62].
The prababirlity W(Fpa) for an electron 1nitially bound to a
donor, 1n a state approximately described by the
wave function ‘Pb(?) = uco(-\:) F;(?) y te undergo a photon-assisted
quantum—-mecham cal tunneling to a final state where 1t is
bound to an acceptor a distanie Rpa away, 1n a state

descraibed by the wavefunotian ﬁ(?-mz%g?-ﬁ)a(?-m, 18

proporlional to the square of the dipole matrix element {alrlf)

Linting the 1mtial and final states [601]. UCF) 18 the

'y
priadic part of the BI ot wavefunction (hband theory). F(r)
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is the envelope function (effective-mass theory of shallow
impurities). The matrix element can be written as the
product of two terms, one of which 1s the averlap 1ntegral
of the envelope functions [E60]1. If Rpa 15 much greater than
the Bohr radii of the donor and acceptor states, the
overlap 1s significant only in the region of the
exponentially decreasing tails of the envelope functions.

The transition probability i1s then given by

N(F:DA)=A*exp(~F:pA/E:) 2.7)

where A and T are constants [E3]. The transition
probability increases with decreasing pair separation. The
number «f possible pairs, on the other hand, decreases as
FEpna decreases. The Rpa dependence af these two factors
ensures that the DAF emission band exhibits a mawimum 1n
intensity as a function of emission enerqy.

In standard phaotoluminescence, DAF transitions
generally i1nvolve the recombinaticon of donor elec:trons and
acceptor holes which are 1n their respective ground states
(this 18 true at low temperatures, where thermalication ta
the ground state 1s rapid), thus only the ground state
binding energies are used 1n the expressicon for the DAF
transition eneerqy aiven above. Since Fpa tales on discrete
values, a series of discrete lines 1s generated. The eneragy
spacing between adjarent lines i1ncreases as the paar

separatiocn decreases. Discrete pair lines have been
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observed 1n photoluminescence studies of ZInSe crystals
£28,511. Fair lines corresponding to smaller Fpa values are
more easily resolved, since the energy separatiocn between
the lines 15 greater, however, the emission associated with
close pairs 15 relatively weak because of the reduced
number of pairs ( N(FPpa) decreases with decreasing Fpa ).
High excitaticon densities are therefore required for the
observation of discrete pair lines. The excited pair state
may be split, as a result of strain associated with the
paar or spin—-spin interactions between the electron and
hale, 1nto closely spaced levels [61]1 which are thermally
populated at higher temperatures. Spectra must be obtained
at low temperatures (1.6 ©°F 1n study by Merz et al. [S11)
1f fine structure i1n the pair lines resulting from
transiticns from these levels 1s to be eliminated. The
samples must be relatively pure, so that the donors and
acceptors furm discrete levels rather than impurity bands.
Finally, the samples must be strain free, since
fluctuations 1n the band gap 1ntruoduce broadening effects.
The study of DAF emission bands, as well as their
wdenti1 fication as such, 15 facilitated by twao other
characteristic properties. The radiative lifetime of DAF
transiticons 1s 1nversely proportional to the transition
pruobabilaty, hence the lifetime of pairs 1ncreases with
1ncreasing parr separation Fpe. Lonsequently, time resol ved
DA opectra are charactericed by a shift of the DAF peal

intensity towards lower energies as the time elapsed
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following an excitation ! flash’' increases [S54]. The pair
distance dependence of the lifetime alsoc accounts for the
observed shift aof the DAF peak towards higher energy and
broadening of the band as the excirtation density is
increased [38]. Saturation of distant DAF transitions,
which have a longer lifetime than close pairs, is
respounsib.e for this behavior.

DAF recombination can cccur with the simultanecus
emission of phonons. The coupling of electrons to LO
phoncans is particularly strong 1n compound semiconductors,
hence a series of progressively less 1ntense LO phonon
replicas of the main DAP emission band 1s present in
photoluminescence spectra. DAF emission associated with
deep donor and/cr deep acceptor levels is
characteristically observed as & broad, featureless
emissiun band. This 1s a consequence of the strong
electron—phonun coupling assoclated with deep Jevels.

The DAFP emiesion bands observed i1n photoluminescem:e
spectra of InSe have been the subject of numerous studiecs.
The 1nvestigations have centered around the i1doenti fication
of the donors and acceptors involved 1n each case and the
determinaticn ~f their binding enerqgies.

Several shallow acceptor levels have been i1dentified
1in photoluminescente studies of DAF emissian 1n InSe. A
deetailed i1nvestigation of DAFP luminescence 1n vapour v own
InSe urystals doped with the shallow donars Al za, Géza, and

Inzn, and the acceptar L1 provided conclusive proof Lthat
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Liz~ 15 1ndeed a shallow acceptor [51]. Discrete pair lines
vere resolved 1n photaluminescence spectra of these doped
crystals. Analysis of the pair lines involves the
assignment of different pair separations Fpa to the lines
observed. The taslk 1s made possible by noting that since
the transition probability varies slowly with REpa, the
relative 1ntensities of adjacent lines depend only on the
number of pairs NtFpas). The assumpticn of a type I
configuraticon was necessary i1n order to cobtain a
respectable fit to the data. This indicated that the
acceptor owocoumred 7In sates. Enerqgy shifts in the pair lines
occurred upon doping with an 1sotope of Li, thus proving
that L1 accepturs were i1nvoelved. Extrapolatiocn of the fits
tee the DAF emission energy versus pair separation data to
Foa—=—1nfinity for the Al, hLa, and In doped samples yielded
values for EL tEp. Since Ep was known, Ea for Liz. could be
determined. DAF emission bands due to electronic
transitions between challow donors substaituting for Zn and
the shallow acceptor Liza are tnown as the 0 bands (cero
phonun peal. enerqQy - Z.692 eV [381). Discrete pair lines
have been observed only for this band. Time resaolved
spectra of DAF emission 1n ZnSe crystals arown by VFE and
ILFE werce obtained 1n another study [S4]. The acceptar
assuclated wich a DAF band, labelled the F band, was
1dentifred. Time resclved spectra provided a means of bath
1salating the 0 and F DAF Juminescence bands observed and

separating the DAF bands from the assuciated ' free to
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bound’ emission bands present at higher temperatures. The
DAFP bands become progressively narrower as the time elapsed
fallowing excitation 1ncreases. The DAF peals shift to
lower energy with increasing time elapsed. Nm such shift
occurs 1n the case of the free electron to bound hole
transition. The presence of two "free tu bound! bands
eliminated the possibility that the 0 and F DAF bands were
due to the same acceptor (and different danors). A
carrelation 1n the i1ntensities of the I: Na bound ewciton
emission line and a DAP emission band labelled the P band
indicated that Na (Naz.) was the shallow acceptor
associated with this band. The bindaing energy of the Na
acceptor was cbtained by comparison of the peak positions
of the F (tero phonon peak enerqy - L.680 eV [84]1) and O
bands. The SPL and PLE techniques have been used to measure
encited 1mpurity levels (acceptors and donors) and thus
confirm the i1dentaity of the acceptors i1nvolved in the P and
Q DAF emission bands [32]. A measurement of the excited
acreptor and donor states for ancother DA band, the B band
(zero phonon peak energy - 2.708 eV [3B1), indicated that
the acreptor was L1z~ and alsoc that the donor 1nvalved had
a binding energy close to that of the standard donors. The
concept of preferential pairing was suggested Lo explan
the higher peal enerqy of this band relative to that of the
@ band. A L1 associated donur, possibly Ligme, <ould
account for the ahserved characteristics of the F band

[34]1. DAF emicsion bands assoclated with the shallow
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acceptor Noe have been cobserved in N doped ZnSe [S5] (zero
phonon peak enerqy — 2.698 eV [85]1). SPL measurements were
used to obtain the 1S-0S ewcitation energy. Comparison of
this energy with that for Liz. yielded the binding eneray
for the N acceptor. A DAF luminescence band associated with
a shallow acceptor level 1s present 1n P doped ZInSe
crystals (cerc phonon peal enerqy - 2.728 eV [641) grown hy
LFE [54,651 and MEBE [3€1. The bainding eneray of the
acceptor level 1s estimated to be approximately 85 meV
[£4]. Fesonant ewcitation of the DAF luminescence i1n the P
doped LPE ZInSe confirms the presence of a new shallow
acceptor [97]1. Low temperature Faman spectra obtained faor a
ZnSe epilayer grown cn haAs by MOVPE cantain peaks
assoclated with the 15-25 hole excitation 1n a shallow
acceptor [66]1. Comparison with theoretical excitation
energy values i1ndicates that the acceptor 1s F. It 1s
unhknuown whether the shallow acceptor level 1s assaocilated
with substitutional F at a tetragonal site ( FPge = Ta
symmetry ) or a P-related complew., The intensity of a DAF
band (cero phonon peak energy - 2.705 eV [641) correlated
with the As doping level i1n As doped ZnSe grown by LFE
[64], 1ndicating the presence of a shallow acceptor level
assuclated with As. It 1s unknown whether the level 1s due
to ASge Or an As - related complew.

Studies of DAF emission bands associated with deep
azceptor levels have led to the 1denta ficaticon of the

impuritires or complewes that form these deep levels.
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Estimates of their binding enerqgies have also been
obtained. An emission band peaking at an enerqgy of 1.91 eV
at 2 °K has been cbserved 1n F doped InSe crystals grown
from the melt [E7]1. Optically detected magnetic resunance
(ODMR) studies of the band i1ndicated that 1t was due to a
DAP tramsition involving shallow donors and a deep accepto-
level. The deep level, which has a binding energy of
0.6-0.7 eV, corresponds to the center Fye. The symmetry of
the center, Ca., 1ndicates a Jahn-Teller distortiun of the
surrounding lattice. Electron spin resonance measurements
681 show that a similarly distorted center Asaee, whinch
also forms a deep acceptur level, 1s present 1n As doped
samples, however, the i1dentification of a luminescence band
assacrated with this level has not been possible [69]. A
broad luminescence band appearing i1n photoluminescence
spectra of Cu doped ZnSe 1s a DAF transition 1nvalvang
shallow donors and the deep acceptor Cuz. [S71. The peal
intensaty of the band owcurs at an enerqy of about 1.395 Y
at a temperature of S ¢ . The binding energy of this
acceptar 1s estimated to be about 0.65 eV. The ODMR
technique wes ured to determine the origin of a areen
emission band vhich sametimes appears 1n photoluminescence
spectra of InSe [70]. The results of the study showed that
the band, which peals at an energy of about 2,34 eV at 2
“k, was the result of DAF recombination i1nvolving challow
danors and & Cu complew center which acts as a deep

aceceptor. The results suggested that the complevw 18
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Cuzn~CUsme. A broad luminescence band observed in
photoluminescence spectra of ZInSe has been the subject of
several studies. The band peaks at an energy of about 2.0
eV at = .. Time-resclved photoluminescence spectra
indicate that the band results from a DAF transition
involving shallow donors and an acceptor having a binding
enerqy of 0.25 eV [711. ODMR studies show that the acceptor
18 the A-center, a complex which consists af a cinc vacancy
and an adjacent donor i1mpuraity [721. The emission band is
lnown as the sel f-activated emission. ODMR studies of
another band, which peaks at an enerqy of 1.7 eV at = <,
show that 1t 1s due to a DAF transition between shallow
donars and a zinc vacancy, Vza—, which acts as a deep
acceptur (721, Deep levels are strongly coupled to the
lattice, hence transitions i1nvolving deep acceptor levels

lead to characteristically broad, featureless luminescence

bands. The S band, which peals at an energy of
aprrovimately 2,852 eV at 4 @9k, 15 sometimes cuserved 1n
matorial grown by MOVRFE [591. LO phonon replicas of this
band are resolvable 1n some cases. The general shape of the
band suggests that 1t 1s due to a DAF transition i1nvolving
an umnidentt fied acceptor having a binding enerqy Ea=275% meV

£591.

2.3 Free to Bound Transitions

Fadiative recombination pruocesses whereby a free

70




electron in the conduction band recombines with a hole
bound to an acceptar (transition denoted by the symbal
(e,A®)) or a free hole 1n the valence band recombines with
an electron bound to a donor (transition denoted by the
symbol (D°,h)) are referred to as ! free to bound!
transitions. The transition rate associated with these
processes has been calculated for direct eneray gap
matevials containing shallow, non—overlapping i1mpuvaity
states [73]. The transition probability 15 k—-dependent and
is found to rapidly decrease as L (and therefoure the
kinetic energy of the free particle) 1nureases. The
decrease occurs at energies of the order of Ecua=Wme/mJIEp
and Ecw=(m,/m=1Ea for the donor to valence band and
conduction band to acceptor transitions, respectively. In
ZnSe, the transition probability 1s significant for a
greater energy range 1n the case of transitions ainvolving
the recombination of free electrons and bound holes (deeper
levels more localired 1n real space and therefore more

spread cut wn k spacel). The transition energies are

fiw=Ea—Ea (2.8 and

fiw=Ea-Ep (2.9
for the (e, A®) and (D?,h) transitions, respectively
[21]. The thermal linetic energy of the free particle has
been neglected. The free to bound luminescence peal s,

unli ke the DAF emission bands, do not shiit in energy as
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the excitation densﬁy is varied. Free tc bound transitions

may also occur with the simultanecus emission of =0 LO

phaonons,

Luminescence bands associated with the free to bound
transitions have been cbserved in ZnSe crystals.
Transitions 1nvolvaing the recombination of free electrons
and hales bound to shallow acceptors are impoartant in the
temperature range where significant donor 1onization occurs
and acceptors remain neutral. New bands asscciated with
transitions to different acceptors appear on the high
enerqgy side of the corvresponding DAF luminescence pealks.
Evidence of these transitions exists 1n the case of the @
band (3281, the P band [54]1, and the band involving N
acceptors [S521. The contrabution of the free to bound
transition to the luminescence is not discernable in the
case of transitions 1nvolving deep acceptors due to the
characteristic broadness of these bands and the small
enerqgy shift associated with the change from DAF to free
electron to bound hoele luminescence. The results of a study
of the temperature dependence of luminescence bands
apppearaing 1n the phaotoluminescence spectra of solution
arown ZnSe crystals 1ndicate that the transition i1nvolving
the recombinatiron of free haoles with electrons bound to
shal low donors makes a substantial contrsbution to the
luminescence at higher temperatures [411. A correlation in

the intensity of a near band edge luminescence peal.,
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present in room temperature photoluminescence spectra, with
the concentration of Cl1, a shallow donor, 1ncorporated into
inSe crystals grown by MBE, together with observations of
the enerqgy position of the peak, has led to the conclusion
that the emission is due to the recombination of free holes
and electrons bound to the shallow donor Clege [461. A
similar correlation in the intensity of the room
temperature near band edge photoluminescence with the Cl
doping level has been observed for epirtaxial ZnSe layers
grown by MOVFE [48]1. This lends further credence to the
above 1nterpretation of the origin of the near band edge

emission present at room temperature.

2. 4)Temperature Dependence of the Photoluminescence

Spectra of ZnSe Crystals

The contributions of the various transitions outlined
above to the photoluminescence spectrum of ZnSe crystals
depend on the sample temperature. Studies of the
electroluminescence spectra of
metal-insulator—semiconductor (MIS) ZInSe diodes over the
temperature range 20-290 °F [74] and photoluminescence
spectra of bulk ZnSe crystals over the temperature range
$=-230 9k [41]1 1ndircate the temperature ranges over which
specific transitions may be observed. Quenching of certain
emission bands and the appearance of new bands was obsorved

as the sample temperature was i1ncreased. The conclusions of
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these two studies are presented below.
The electroluminescence spectra [74] contain a DAF

emission band associated with transitions i1nvolving shallow
danurs and acceptors. The band 14 observed up to a
temperature of about 55 °H. The correspaonding free electron
to bound hole, or (e-A®), luminescence band is present at
20 @ and gradually i1ncreases 11 intensity relative to the
DAF band. The free to bound emission (e-A®) 1s completely
quenched at temperatures above 110 9, A similar behaviar
for these two bands was reported 1n the photoluml nescence
study [411. The emission resulting from the radiative decay
2 f excitons bound ta neutral donoers was found to contraibute
to the electroluminescence up to a temperature of about 70
" (741, The same emissian was resoclved up to a temperature
of about 90 <. 1n the photoluminescence spectra [41] before
1t merged with a lower energy band labelled A’. The free
evziton emission was resclved 1n electroluminescence
spectra up to & ltemperature of 85 < before 1t merged with
A luwer energy band, labelled E., which appears at a
temperature of 80 < [74]1. The lower polariton emission was
resolved i1n photoluminescence spectra up to a temperature
of 90 2k [4t1]. This emissican merged with the A' band abaove
this temperature. The upper polariton emission was resclved
up toe a temperatuwre of about 130 9. It subsequently merged
with the A' band [41]. The A’ and Ea. bands persist up to
raom temperature. Two separate interpretations for the

origin of this band are presented. The response of the room
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temperature Ea band to changes in excitation density led to
the conclusion that the band is associated with the
recombination of free excitons after interaction waith free
electrons [741. The observed posation of the A' emissicon
band relative to the ewperimentally determined free excitun
energy is consistent with the interpretation that the
emigsicn results from the radiative recombination of free
haoles and electrons bound to shallow donors [411],
Correlations 1n the i1ntensity of the near band edge
emission present in room temperature spectra with the donor
cancentration support the latter interpretation [461. It 1s
possible that both transitions contribute to the abserved

emission.
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TABLE_ 2.1 : (D>, X) TRANSITION AND LOCALIZATION ENERGIES

DONOFR I2o TRANSITION ENERGY LOCALIZATION ENERGY

e S B e mEVY
Al 2.7978 4.9 [33]
Cl 2.7977 S.0  [33]
Ga 2.7975 5.2 [33]
In 2.7372 5.5 [331]
F 2.7971 5.6 (331

TABLE 2.2 : (Dr,X) TRANSITION AND LOCALIZATION ENERGIES

DONOR Im TRANSITION ENERGY LOCALIZATION ENERGY
e N ey
cl #.7966 £.1 33

2.7364 6.2 [33
2. 7960 €.7 [33
In 2.7945 8.2 [33]
2.7941 8.6 [33

——— . S . o U " " > - B S S (e et S S T S S S i o i S Sl B Mk S A Y S M o e el S A S s e P e e oot e e e

TABLE 2.3 : DONOFE_EXCITATION AND_IONIZATION ENEFGIES

DONOR EXCITATION ENERGIES IONIZATION ENEFGY
1s~2¢5 Ils—-2p En
————eeeAmeVY eV (meY)
Al 18.8 193.1 25.6 [33]
Cl 19.4 19.7 2600 337
Ga 20,2 20.7 27.2 [33]
In 20,9 21.7 28.2 (231
F - 22.3 28.8 [3Z2]



TABLE 2.4 : (A®,X) TRANSITION AND LOCALIZATION ENERGIES

- —— o - 2 by e S S s S e e D e s e S e sy

o4
LY
ACCEFTOR I, TRANSITION ENERGY LOCALIZATION ENERGY
e SN KmeVY
Na 2.7931 9.6 [33]
L1 2.7922 10.5 £33)
N 2.7918 10.9 [55)
unknown Z.7830 19.7 £32]
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TABLE 2.5 _: ACLEPTOR EXCITATION AND IONIZATION ENERGIES

ACCEFTOF EXCITATION ENERGIES IONIZATION ENERGY

18-28  1S-2ZF Ea
e e LGV (VY AmeV)
Na 37.6 83.1 128 [S31]
Li 82.6 72.9 114 [S23]
N - - 111 £55]
P _ - 85 [64)
As _— - 110 [64]
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CHAPTER

PHOTOLUMINESCENCE ~ EXPERIMENTAL SETUP
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2. JFHOTOLUMINESLENCE -EXFERIMENTAL SETUF

A brief descripticn of the ewperimental setup used for
the phaotoluminescence measurements 1s presented below. A
schematic of the setup 1s shown 1n figure 3.1.

The photoluminescensce excitation source 18 a Spectra
Physics 171 trypton 1on laser., The continuous wave autput an
the ultraviclet cons:sts of several lines i1n the wavelength
range 337.4--356.4 nanometers. The i1ntensity f the 100 mlW
cutput 15 attenuated thirough ultraviolat neutral density
filters. The laser beam 1s direcited through & quart:s
focussing lens by & beam steering instrument and a mirvror
held 1n an ~djustablz cptical mount. The aluminum coated
mirrcrs are highly reflecting 1n the ultraviolet
tapprovimately 0% reflectence). The arientation of the
mirrcrs 16 comnirollied by micrometer ag)justments. %he laser
beam 15 fooussed onto the sample sur face. Thé
photzluminescence 1s collected by an astigmatic lens with a
low F number and focussed on the spectrometer entrance slit
with an F/3 apt:cal lens matched tao the F number of the
spestrometer. The photaluminescence 1s spectrally analyted
using & Jabin—-Yvon HI ZE double manochromator equioped with
holographis gratings of 1 meter focal length. Optimum
effizien:v of the spectrometer 13 achieved 1n the range
QL720-12500 cm~*. The four electronically controlled slits
1N the spectromester are i1ndependently adjiustable. The
rescluticon cbtalined using a 200 micron si1t width 1s 2 cm— 2.

The ex1t slit 1s coupled to a coonled GaAss Hamamatsu REEES
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figure 3.1 : Fhotoluminescence setup. The laser beam 1s
directed through a gquarts lens (QL) by a beam steering
instrument (BS) and a mirror M,. Neutral density filters
(ND) attenuate the beam 1ntensity. The photulumines:cence
passes through a collecting lens (CL) and 138 directed
through an F/8 lens onto the spectrometer slit S, by a
dielectric coated mirvrar (DM). The light 1s diffracted by
the holographic gratings (HG). The phaotomultiplier (FM)
si1gnal passes through a preamplifier (F) and a
discriminator (D). The electronic pulses are sent to a data

conversion unit 1nterfaced to a PC compatible computer.
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photomultiplier tube. The electrical pulses generated by the
detector pass through & preamplifier—~discraiminator unit. The
gi1scriminmatlor select- only those pulses winich are of
sufficient amplitude. The rate at which pulses are generated
1 directly proporiranal to the 1ntensity of the light
incident on bhe detocotor. The pulses are sent to a data
conversson unit interf{aced to a PU compatible computer. The
computer recurds the samble temperatur ¢, the decoctur signal
intensity, and the spectrometer position an a hard dist. The
computer also controls the specirometer position. The user
inputs the desired values of the sample time, scanning

FEsLidt1on, anNGC foANNING ranGe.

m
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4. JRESULTS AND ANALYSIS

Photoluminescence spectra of thin epitaxial ZnSe films
deposited on GaAs subctrates provide valuable i1nformation
about the optoelectronic quality of the materiral grown, the
types of i1mpurities and complexes present, the
concentrations of these 1mpurities and complexes, and the
strain present i1n the epilayer as a result of the i1nherent
mismatches in the lattice constants and the thermal
expansion coefficients of the substrate and epilayer
materials.

Photoluminescence spectra have been obtained at
temperatures of 300 ©K, 77 ©, and Z-16 °K for several InSe
epilayers qrown by MOVFE or ALE. The spectra are used to
characterize the thin films.

The growth temperature, Ta, 15 an i1mportant parameter
in MOVPE. A comparison of the 200 ° photoluminescence
spectra of a series of ZInSe thin films grown at different
Ta'’s, with all remaining parameters lept constant, reveals
an important dependence of optoelectronic quality on thas
arcwth parameter.

The photoluminescence spectra of thin films arown
using different precursors, specifically, DEZ a5 opposed to
DMZ, and HzoSe as opposed to DEDSe, differ sianmificantly.
These differences i1ndicate that precursor purity 15 an
important factor 1n the growth of haigh purity ZInSe

epitarial layers. Contaminants present i1n a precursor may
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be 1ncorporated into the material. The presence of specific
impuraities or i1mpurity-related complexes induces radical
changes 1n photoluminescence spectra.

Variations 1n the photoluminescence spectra of ZnSe
films of different thicknesses reveal strain-related
changes 1n the band gap which are consistent with the
conclusions drawn 1n previocus studies. Comparison of
photoluminescence spectra of two samples qrown by ALE

reveals a thichness dependence of crystal quality and

purity.

Differences in the photoluminescence spectra of ZnSe
thin films grown on Bads substrates (by MOVFE) and GaAs
epi1layers (by ALE) indicate an i1mproved epilayer quality
and purity 1n the latter case.

The 77 < near band edge (NBE) photoluminescence of a
pure, relatively strain-free ZnSe epilayer 1s shown to
result fruom contributions of several luminescent
transitions.

The presentation and analysis of the photoluminescence
data 1s divided i1nto four secticons. The 300 °K spectra form
the subject of sectiron 3.1, The 77 ©°K data 1s presented,
along with a discussion, 1n section 4.2. An analysis of the
low temperature (I-16 <t') data is presented in section 4.3.
Several high resclution spectra of the near band edge
emission, obtained at about 77 ¢, are presented and
analyred 1n section 4.4, Table 4.1 serves to summarize

1mportant photoluminescence results and facilitates a
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comparison of the features of the various spectra.

4,1)300 K Photoluminescence Spectra

An important criterion 1n determining the
cptoelectronic quality of ZInSe crystals is the value of the
ratio R between the near band edge (NBE) and deep
level —related luminescence intensities of the room
temper ature photoluminescence. The NBE emission is less
favoured on the basis of the thermal stability of the
electronic states associated with these two emission bands
[531. The ratic R 15 a measwre af the deqree of
compensation of donors by deep centers. High R values are
indicative of supericr <(doped or undoped) material. The
intensity of the NBE emission, which, at room temperature,
is due to the radiative recombination of free haoles with
electrons bound to donors [41,46,481 depends on the
concentrataon of donor 1mpurities and the dearee of
compensation. The peal enerqgy of the room temper ature NDE
emission 1s approsamately .69 eV for all room temperature
spectra recorded i1n this study. The broadness of the band
is attributable to the hole hinetic eneragy, phbhonon
broadening, and the Stark effect due to 1cmared ympurities
fd411. The deep center-related luminescence bands result
from the recombination of free electrons and holes beound €
deep acceptors, specifically, A-centers. An 1ncrease 1n

both the NEE and deep emission, for a fixed value of P,
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implies an increase in the concentrations of donors and

deep acceptors. The ratio R and the intensity of the NBE

and deep emission bands thus provide information concerning

the extent of compensation and
crystals under investigation.
The growth temperature is
MOVPE. In order to investigate
aptoelectronic quality of ZnSe

photoluminescence spectra wvere

the purity of the ZnSe

an important parameter in
the effect of Ta on the
epilayers, 300 <

recorded for three epilayers

arown at di fferent temperatures under otherwise equivalent

arowth conditions. Table 1.1 i
parameters used in the agrowth
(Ta=250°C), and 10 (Ta=300°C).

The spectra of samples 8,

ndicates the growth

of samples 8 (Ta=200°C), 9

9, and 10 are shown in

figures 4.1, 4.2, and 4.3, respectively. The incident power

density used in all three case
W/cm2,. Additional infermation,
sampling infarmation, and spec
in the figure captions. Direct
intensities for the three spec
between the peak intensities o
bands increases as the growth

7 values are 0.9, 6.2, and 11.
temper atures of 200, 250, and

peal intensity of the deep lum
decreases as Te lNcreases. KHel

covpled with slow surface diff

s was approximately 2.5
including incident power,

itrometer slat width 15 listed
comparison of emission

tra 15 possible. Tne ratio F
f the NBE and deep emission

temperature 1s increased. The

2 for material grown at

300 °, respectively. The

1nescence progressively

atively high growth rates,

usicn at low Tea's, are



evpected to result in higher densities of dislocations and
hence higher concentrations of vacancies and
vacancy-related complexes (such as A-centers) in material
agrown at low temperatures. A decrease in the concentration
of A-centers may account for the reduction in the peak
intensity of deep luminescence as Ta is increased from 200
ta 250 °C. The simul taneous enhancement in the NBE emissicn
15 explained by an i1ncrease in the number of neutral donors
due to a reduction in the number of compensating A—-centers.
The reduction 1n both the NBE and deep emission peak
intensi1ties for sample 10 relative to sample 9 (see figures
4.2 and 4.3) suggests that sample 10 contains fewer donors
and A-centers than sample 9 and is therefore of higher
purity. The B value 15 also higher for sample 10 and
indicates a lower degree of compensation by deep A—-centers.
Foom temperature photoluminescence spectra have been
chbtained for a number wf ZInSe epilayers grown at a
temperature of 200 @, The precursors used in the growth of
these than films included a DEZ source different from the
one used in the growth of samples 8, 9, and 10, or
alternatively, a DMZ source. The non-metal source, HsSe,
was identical to the one used previously in the growth of
samples 8, 9, and 10. The incident power density used to
record these spectra was 2.9 W/aem=, unless stated
ot herwise. Domparicson of the intensities of emission bands
for the sperctra presented below 1s valid. Comparison of

liminescence intensities witih thase of figures 4.1, 4.2,
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and 4.2 is not poassible, however, since the incident power
used and spectrometer slit widths differed from those used
in recording these three spectra.

The 300 °K photoluminescence spectrum of sample 32,
which was grown using & DEZ source (see table 1.1), 18
shown in figure 4.4, The R value 18 9.0, hence the deqree
of compensation is slightly higher relative to that of
sample 10. The NRE and deep emission (peak encerqgy 2.12 eW)
bands are quite 1ntense. The NBE emission was observed when
an excitation power density as low as 250 mW/cm® was used,
however, the ratic R decreased to a value of 4.8 at this
power density (High power densities result 1n an enhaonced
NEE emission intensity, hence a more rigorous test of
optoelectronic quality, as determined by the ratio E,
requires the use of low power densities [75]). Sample 32
was the only sample having a luminescence intensity
sufficiently high to permit the recarding of a 300 °F
photoluminescence spectrum using an ancident power density
of anly 250 mW/cm®=. The high luminescence 1ntensity
sugaests that sample 32 has a high concentration of donor
impurities and A—centers. Low temperature spectra provide
further evidence that the concentration of donors is hiagh
in this sample (large Iz linewirdth - see table 4.1). High
concentrations of donor impurities could lead to a higher
concentration of A-centers (these centers are comprised, 1n
part, of donor impurities), and subsequerntly, an 1ncreased

deep emissicon band i1ntensity.
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The 300 ©K photoluminescence spectrum of an epilayer
arown using the precursor DMZ (see table 1.1), sample 29,
15 shown in figure 4,.9. The ratic R 1s about 6.0, hence the
degree of compensation 1s higher for this sample than for
samples 32 and 10. The NBE and deep emission (peak energy
Z.188 eV) bands are much less intense than those of sample
32. This suqgests that sample 23 contains far fewer donors
and A-centers than sample 322, however, spectra recorded at
77 °H reveal that, unlike sample 32, sample 29 contains an
additional, shallower compensating center which is
aptically inactive at room temperature. The nature of this
acceptor center 1s discussed later. The degree of
compensation 15 cansequently greater than that implied by
the raom temperature photoluminescence, and thus the donor
concentration 1s higher than that expected on the basis of
the intensity of the NEE emission at 300 “K. Further
avidente that this 15 1ndeed the case is provided by the
low temperature (4 <) photoluminescence.

The 200 < photoluminescence of a InSe epilayer grawn
by a novel technique in which the DMZ and HxSe sources are
introduced at separate times, so that the growth is
essentirally by ALE, is shown in figure 4.6 (sample 40).
Frior to the growth of the ZnSe thin film, a thin GaAs
epi1layer was deposited 1n-situ by conventional MOVFE, using
the precursors TMa and AsHa. The value of R ig 5.3, The
deagree of compensation by deep acceptors 1 thus greater

for this sample than for samples 32 and 10. The deep
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emission is very weak in comparison to that observed for

sample 32, as is the NBE emission. This suggests that
sample 40 has a low concentration of donors and A-centers.
An increase in the power excitatinn density C(and the
incident power) led to an enhancement in the NEE emission
peak intensity, as expected [75], however the intensity of
the deep emission remained essentially unchanged (see
figure 4.6a). The virtual absence aof deep emissicon, which
indicates a low concentration of A-centers, may be due to
an improvement in crystal quality resulting from the use of
low growth rates. Two-dimensional stepwise growth is
favoured when growing on a haAs epirlayer and may alsa
account for the improved crystal quality. Low temperature
gspectra provide conclusive evidence that the donor
concentration is 1ndeed much lower for sample 40 than for
sample 32. A photoluminescence spectrum of sample 40,
recorded at 77 ©, reveals the presence of an additional
shall ower compensating center identical to the one found in
sample 9. The arigan of this center i1s discussed later.
Figure 4.7 shows the 300 °K photoluminescence spectrum
of sample 41. This sample was grown 1n the same fashion as
sample 40. The sample thickness is 0.4 mcrons (see table
1.1%., The ratic F 18 1.2, thus the degree of compensation
is higher than for samples 32, 29, 10, and 40. Comparison
of the peal intensities of the NEBE and deep emission (peal
energy Z.14 eV) bands with those observed for sample OO

suggests that sample 41 has substantially lower
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concentraticons of donors and deep A-centers, however, such
a comparison may not be appropriate, since the samples are
of different thicknesses. X-ray diffraction measurements
indicate that hetercepitaxial ZnSe thin films (thickness
less thamn 0.15 microns) are coherently strained as a result
af the two-dimensiconal compressive stress present due to
the 0,277 lattice mismatch (at room temperature) between
InSe and GaAs [45,76,771. Relaxation of this strain via the
fermation of lattice imperfections, specifically, misfit
dislocations, cccurs for thicknesses greater than 0.185
microns. The lattice strain is fully relaxed when the film
thiclness reaches approaximately 1 micron. Epilayers thicker
than 1 micron are under a two-dimensional tensile
(dilatative) stress due to the larger thermal espansion
coefficient of ZnSe compared to that of GaAs. The magnitude
of this stress depends on the grawth temperature used. The
thermal strain 15 smaller in magnitude compared to the
strain assotiated with the lattice mismateh [21. The
dislowations act as sinks for varicus defects such as
impurities and vacancies, among others. Samples thinner
than 1 micron thus have A higher density aof disloacations
than samples thicker than 1 micron. The difference in
dislocation densities implies differences 1n the
concentrations of ampuraities, vacancies and related
centers, and other defects. Fhotoluminescence spectra are
sensttive to changes 1n the concentrations and types of

defects present, and will therefore differ in the two
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cases. The concentration of non-radiative recombination

centers is expected to be higher in material having a high

i

density of disloccaticons. The photoluminescence intensity
depends on the number of non-radiative recombination
centers present. Low temperature spectra presented later on
show that the donor concentration in sample 41 may be
comparable to that 1n sample 32, hence the large reduction
in room temperature luminescence i1ntensity for sample 41
relative to sample 322 may be due to a 1ncreased
cancentration of non-radiative recombination centeres i1n the
former.,

It must be pointed ocut that the discussion and
conclusions reached in this section, although consistent
with the results of low temperature data, i1invalve the
assumpticn that non-radiative recombination 1s, 1n general,
negligable in the case of thichk (greater than 0.8 micron)
samples, This assumption is 1mplicitly made in many
photoluminescence studies of ZInSe. The extent to whach
non—radiative recombination affects the photoluminescoen:e
efficiency in the samples studied here 1s unknown, hence
the statements made 1n this section do not necessarily
accurately describe the actual situaticon. Non-radiative
recombination effects may wn some (ur all) cases account
for the observed differences in the photoluminescence
gpectra of the various samples. A literature search to
uncover experimental studies done on non-radiative

recombination 1n ZnSe was uncsuccessful . In any ase, the
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techniques used to study non-radiative recombination

require experimental equipment which was not accessible.

4.2177 <K Photoluminescence Spectra

A lowering of the sample temperature leads to an
enhancement of transitians invoalving relatively shallow
levels and ewcaiton—-related emission. New emission bands may
appear, while the intensities of others may be
substantially 1ncreased. Spectral featurese present 1n low
temperature photoluminescence spectra provide information
about 1mpuraties and complexes which are optically 1nactive
at room temperature. 77 *H photoluminescence spectra were
recorded for samples 10, 32, 29, 40, 41, and 50. The
features of these spectra are discussed below. High
resolution scans of the NBE emission were also obtained.
These spectra are presented and analyred later 1n this
chapter.

Comparison of the 77 ©F photoluminescence spectra of
the above mentioned samples reveals important di fferences
in the types of compensating centers present and the degree
of cumpensaticon 1n each case. The presence of a particular
center correlates with the type of precursor used thus the
appearance of a new emission band 1s directly linked to the
presence of a contaminant in the precursor. Comparaiscon of
absolute 1intensities 15 valid 1n some cases (1ncident power

and power densities must be rhe same?). A NBE emission peak
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centered at an energy of about 2.73 eV was observed in all
spectra. Several transitions contribute to this
luminescence, as discussed later.

The 7% <« photoluminescence of sample 10 1s shown 1n
fiqure 4.8. The excitation power density used was i1dentical
to that used in obtaining the 300 °K gpectrum. The ratio F
at 75 °K is €0.5. The large increase over the room
temperature R value of 1.2 is essentirally due to a sharp
increase in the NBE emission intensity, as ewpected [73].
The low intensity of the deep emission (1t saturates at
high power densities) indicates a low concentration of
A—-centers 1n this sample.

Figure 4.9 shows the 72 ©H photoluminescence o f sample
32. The spectrum was recorded using an excatation power
density of approximately 250 mW/cm®. The brecad emiss:on
band pealing at an enerqy of about 2.132 eV 1s due to the
recombination of free electrons with holes bound to
A—centers., The ratio R is 6.3. The use of an ewcitation
power density similar to the one used 1n reccovrding the room
temperature spectrum of sample 32 yrelded a spectrum with
an R value of about 130,

The 72 ©t phoatoluminescence spectrum of sample 29 15
shown 1n figure 4.10. The ewcitation power density used was
250 mW/cm=2. An i1ntense, braoaad luminescenne band pealing at
an enerqgy of approximately .21 eV is the dominant emission
band at this temperature. The peal enerqgy of the band

coampares favourably with that of a green emission band




previcusly studied using the ODMRE technique (see chapter 2
- section 2.2), hence the emission is attributed to the
radi1ative recaombination of free electrons with holes found
at neutral Cu-~complex (Cuzm—CuUsne?) acceptors. The peak
enerqy for a similar transition involving A-centers,
chserved as a luminescenc2 band peaking at an energy of
2.18 eV at room temperature (see figure 4.95), decreases as
the temperature is lowered [711 therefore this transition
is excluded as a possible source of this emissicn band. The
shoulder present on the low energy side of the Cu-green
em1ss10n band 1s due to the emissicon associated with the
A-center. The Cu-complex center acts as an additional
compensating center. Its presence accounts for the weak NBE
emi1ssiaun aobserved at room temperature, as previocusly
menticned.

The absence of the Cu—green emission in the 77 ©K
spectra of samples grown using DEZ sources (samples 10 and
32 and the fart that the same HxSe source was used in the
growth of samples 10O, 32, I3, 40, and 41, 1mply that Cu 1s
present as a contaminant 1n the DMZ source. The reaction to
ferm DMZ 2nvolves the use of a In/Cu couple, therefore the
DMZ source 1s lihkely to contain Cu as a contaminant [781.

Figure 4.11 18 the 79 ©°V photoluminescence of sample
40 abtained using an ewcitation power density of 290
mW/cm*, The broad emission band peaking at an enerqy of
about 2.76 eV, completely absent at room temperature (see

figure 4.6a), is also attributed to the transition
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involving the Cu-complex acceptor center. DMZ was used in
the growth of this thin film. The R value at 77 °k is
substantially higher for this sample than for sample 29,
hence the degree of compensation is lower for sample 40,
Furthermoare, the peak intensities of both the NBE and
Cu-green emissicon bands are substantially lower for sample
40. The weak intensities are indicative of low impuraity
concentrations. Low temperature spectra presented later
suppart this conclusion. As pointed cut earlaier, slow
growth rates and growth on epilayars of GaAs are ewpected
ta result in improved crystal quality and purer material.
The change in R value reflects a change i1n the
incorporation rate of various 1mpuraties. The reaction
mechanisms leading to crystal growth may differ when
growing by ALE as apposed to standard MOVFE. A change in
reaction mechanism could affect incorporation rates of the
different types of 1mpurities and may explain the change 1n
F (incorporation rates of donors and Cu vary depending on
the growth technique used).

The 82 <K photoluminescence spectrum of sample 41 is
shown 1n figure 4.12. The i1ncident power density used was
250 mW/cem=, In addition Lo the NBE emission, a brcoad
luminescence band peaking at an energy of 2.039 eV 1s
observed., The deep emission peal 1s downshifted relative Lo
1ts position at room temperature (see fiqure $.7). As
mentioned previously, this behavior 18 characteristic of

the emission asswciated with A-centers, hence the emission



16 attributed to radiative transitions invalving A-centers.
Emission on the high energy side of the deep emission band
15 due to the free to bowd transitian involving the
Cu-complex acceptor level menticned above. Sample 41 is
expected to have a higher density of dislocations than
sample 40 since the strain relaxation process is incomplete
when the sample thaickness is less than approximately 1
micron. The tendency to form a particular complex may
depend on the dislocation densaty and is a plausible
explanation for the observed di fferences in the relative
intensities of the deep and Cu—complex emission bands when
comparing the spectra of samples 40 and 41. The overall
reduction in lumnescence 1ntensities of sample 41 relative
to those of samples 32 and 29 is presumably due to an
1ncrease 1n the number of non-radiative centers 1n this
firust sample, which has a higher density of dislocations
(the strain 1s not yet fully relieved).

Figure 4.13 shows the 737 < photoluminescence of
sample 50, grown by the conventional MOVFE technigue using
DEZ and DEDSe as reactants. An excitation power density of
1.20 W/em? was used i1n recording the spectrum. In addition
to the N2E emission, four other luminescence bands are
ubserved. The dominant emission band peaking at an eneraqy
of Z.24 eV 1s presumably the Cu—green band, judging from
tts pusition. A tarl an the low enerqy side of this band is
due to luminescence associlated with A—centers. A

luminescence band centered at an energy of 2.49 eV has been

99




%$

?

¢

observed in material grown by MOVFE using DMZ and DMSe [19)]
and the standard precursors (22,591, and in material grown
by MBE [79]. This band, known as the S band, is believed to
be due to a free to bound transition (DAP transition at low
temperatures?) anvolving an unidentified acceptor [59]. The
luminescence band peaking at an erergy of about 2.53 eV is
identified as the Y barcd. The Y band, thought to arise from
the recombination of excitons at an ewtended defect,
perhaps a dislocation lcop [53], is frequently observed in
material grown by MOVPE [19,22,029,501., The arigin of the
emssion lying between the NBE emission and the Y band is

discussed later in this chapter.

4.3)Low Temperature (Z-16 ©k) FPhotoluminescence

Spectra

Fhotoluminescence spectra recorded at low temperatures
exhibit luminescence peaks associated with ewniton-related
transiticng and DAFP transitions. The relative intensities
of the bound and free excituon lumines-ence peaks provide an
indication of the purity of the material. The types of
bound ewciton peaks present (Ia, 1.) reveal what types of
impurities (donor, acceptor) the material contains. Ohallow
acceptor impurities, 1f present, can be 1dentified through
an analysis of the DAF emission bands. Linewidths of the
bound exciton peabs provide information about nrystal

quality Cinhomogenecus strain broadening assoariated with
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dislacations) and impurity concentration (1nhomogeneous
Stark effect broadening). Low temperature spectra have been
uwhtained for samples 29, 3, 40, and 41. An analysis of the
various spectral features appearing in the spectra is
presented bel ow.

The excitonic photoluminescence of sample 40, recorded
at a temperature of 7 K, is shown in fiqure 4.14. The
excitation power density used was appraximately ZS0 mW/cm=.
The daminant luminescence peal positioned at an enerqgy of
2.7980 + 0.0002 &V is the (D¢, X), or I=2, transition. The
peak at Z.8027 + 00,0002 eV is the free exciton emission.
The energy di fference between these two peaks, 4.7 £ 0.4
mev, is the loacalication energy. Compariscon with the
localization energies listed 1n table 2.1 suggests that the
dominant donor aimpurity is Al. If the uncertainty in the
measured value 1& taken 1nto account, however, it 1s seen
that C1 and/or Ga donors may also contrabute to the I
emissuion. The SFL technique must be enployed in order to
determine unambiguously which donors contrabute to the Iz
emssian. The precursors are probably the sources of these
impurities. The linewidth (FWHM) of the I. peak is
apprusimately 1.9 meV. This width is comparable to that
obhserved for material grown by MOVFE [I28,591 and MEE
£80,811. Tt should be nixted that the linewidth depends on
the epilayer thichness [2,82]1, since the dislocation
density, and hence the strain-related and impurity-related

by cadening, changes with changing thichkness. The intense
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free exciton emission is an indication that the material is

of high purity. The relatively narrow linewidth of the I
peak is also characteristic of high purity material
containing a low number of dislocations. The tail appearing
on the low energy side of the Iz peak is due to le, or
(D*,X), and I,, or (A°,X), emission (see tables 2.2 and

<e ). Luminescence in the range Z.77-2.79 eV is due to TES
transitions associated with the Ix transition and the
radiative decay of free excitons with the simultanecus
emission of an LO phonon.

Of particular interest isc the fact that a shoulder
appears on the high energy side of the free exciton peal.
Reflectance [451 and photoluminescence [0, 831 measurements
of heterwvepitaxial ZnSe films of different thicknesses
reveal important changes associated with the presence of
two~dimensional stress. In epilayers suffering
two-dimensional stress, the fourfold degenerate Ja, =
valence band is split i1nto two doubly degenerate bands, the
heavy hale [hhl band - my= x3/2, and the light hole LIh]
band -~ my= #1/2. The twa bands are shi fted 1n eneray
relative to the conduction band by amounts which depend on
the magnitude and nature tcampressive or tensile) of the
stress, which in turn depends on the epilayer thiclhbness. In
epilayers suffering compressive stress thicl ness less than
I micrond, the hh band lies closest to the conduction band.
The effective bandagap eneray (conduction band to hh band)

is greater tharm that of unstrained material. In epilayers

102



.

under tensile stress (thickness greater than 1 micron), the
lh band lies closest ta the conduction band. The effective
energy gap (caonducticon band to lh band) 1s less than that
of unstrained material. The free exciton emission in
stressed layers consists of two components corresponding to
the light hole and heavy hole exciton transitions. The high
enerqgy component 16 less intense than the low energy
component since accupation of the lower energy hole levels
is favoured at low temperatures. Likewise, the Iz emission
ig split into two companents. The cbsence of an additional
higher enerqay Tz component in the photoluminescence
spectrum of sample 40 rules out the possibility that the
hiagh enerqgy shoulder on the free exciton peak is the higher
enerqy stress-split free excaiton transition. The free
exciton and 1. peak energies are identical ta those
observed 1n strain-free InSe (table 2.1 lists Iz transition
enerqgiles ; EaxT = 2.8007 eV 1n strain-free InSe [331),
hence the residual strain in the epirlayer 1s negligable and
the energy dgap 15 precisely the bulk value (conducticon band
to fourfold degenerate valence band). X-ray diffraction
measurements [84]1 show that epilayers are strain-—-free at a
thictness of approximately Q.9 microns., Sample 40 is 0.8
mecrans thick and 18 therefore ewpected to be strain—free.
It 176 concluded, on the basis of the above observations,
that the hig energy shoulder at Z.8040 4 00,0002 eV is the
upper polarston branch (UFER) emission. The peal at 2.8007

eV 15 the lower polariton branch (LFB) emission and oscurs
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at the transverse free exciton energy (Eax™) [49],

Figure 4.15 shows the 7 °H photoluminescence of sample
40 1n the DAF (shallow acceptor) region. The ewcaitation
power density used in recording the spectrum was 8 W/ uom=.
No DAP emission bands are observed, hence the concentration
of shallow acceptor impurities is very low. The observed
luminescence is the high ererqy tail of the DAF emission
associated with the Cu—complexw acceptor center (Cu-green
band).

The 16 K photoluminescence of sample 32, recorded
using an excitation power density of 2,5 W/om=, 15 shown in
figures «¢,16, 4.17 and 4.18. The first of these three
figures shows the emission associated with excitomic, as
vell as DAF (shallow acceptor), transitirons. The dominant
peak at Z.7357 + 0O.0006 eV 1s the (D9, X?), or Iz,
transi1tion. Since the epilayer thickness is 2 microns, the
layer is under two—dimensional tensile stress. The
effective bandgap 1¢£ laower than that of strain—free
material, therefoure the Tz tranmsition 1s downshi fted in
enerqy relative to the Iz transitron enerqgy 1n strain—free
material. The Tz transition is due to the radiative decay
of light hole excatuns bound to neutral donors (Iz'™). DAF
emission 15 completely absent, hence the material contains
very few shallow acceptor impurities. The structure
appearing on the low energy side of I, 1s exciton-related
emssicn. A high resolution scan of the estitonlc emlsslan

15 shown in figure 4.17. The shoulder on the high encrgy
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side of the l» peal is due to the radiative decay of heavy
hole excitons bound to neutral donors (IzY"), This
transition increases 1n 1ntensity relative to the Iatn
transiticon as the temperature increases [83]1. The splitting
between the two I transitions is about 1.5 meV, in
agreement with the splitting observed for a O micron thick
epilayer [8321.

The recombination of free excitons alsa contributes to
the shaulder. Free exciton emission is relatively strong at
this temperature, since the (D, X) emission is gradually
quenched as the temperature increases.

The SA emission, shown 1n figure 4.18, peaks at an
enerqy of 2.06 eV, At this temperature, the emission
carresponds to a DARP transition involving the A-center. The
emissiaon is extremely wealk in compariscon to the Ia
emssion. The R value 1s approximately 230

Figure 4.19 shows the 6% exciton-related emission.
The spectrum was recorded using an excitation power density
of about 120 mW/cocm®®. The linewidth (FWHM) of the I. peat,
centered at I.7930 + 0,0002 eV, is approximately 3.5 meV.
Samlar linewidths have been observed 1n material grown by
MOVFE [£11,30,82]1. The larae linewidth is due in part to the
inhomogeneocus Stark effect broadening associrated with high
concentrations of donor ampurities. Inhomogenecus strain
broadening associated with dislocations also contributes to
this linewidth. The 122" transition 1s not resclved, partly

because of the large linewidth, but also because the
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transition is less favoured at low temperatures. The large
I2 linewidth prevents the resolution of the free exciton
emissicn. I, emission is quite weak, as expected (no DAR
emissicn observed)., The Ia transitions may contribute to
the luminescence.

The intense NBE emission at room temperature (uee
figure 4.4) is characteristic of material containing a hagh
cancentration of donor impurities [46,48]. The T linewidth
is therefore thought to result 1n larqge part from the
inhomogeneous Starlk effect broadening, since this is
consistent with the strong NBE emission observed at 300 9,

The ewiton-related photoluminescence, recorded at a
temperature of 2 ©H, 1s shown 1n figure 4.20. The i1ncident
power density used was 120 mW/cm® in the range 2I0700-22500
cm™t and 3.8 W/cm® an the range Z2S500-21750 cm—'. The peak
at Z.7759% £ 0.0002 eV is downshifted i1n energy with respect
to the Ix*" peal centered at 2.7930 £ 0.0002 2V by an
amount equal to 19.1 2 0.9 meV. This energy displacement
compares favourably with the 1s-Ip donor ewcitation enerqgy
for Al (see table 2.3), hence the emission at 2.7759 eV 1s
due to TES (two—electron satellite) transitions assocliated
with the principal Tz luminescence. Shoulders appearing on
the high and low energy sides of the TES peal correcpond tao
donar excitation energres of 18.6 £ 0.4 meV (Al @ le~lo)
and 17.8 £ 0.4 meV (1 : 1s-2p), respectively. If the
uncertainty 1n these displacement energires 1s talen into

accaunt, 1t 185 seen that three donors, namely Al, L1, and
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Ga, may contribute to the Iz luminescence and the
associated TES emission. The DEZ precursor is presumably
the source of these impurities. The S5PL technique must bhe
empl oyed in order to vesolve the individual TES
transiticons. The Ix"" transition, the associated TES
transitions, and the heavy hole free exciton transition are
ewpected to be gquite weak in intensity at this low
temperature., It is assumed in the analysis which follows
that the dominant donor is Al. The results are unchanged a2 f
it 15 assumed that Cl or Ga is the dominant impurity
because of the uncertainties in the measured pealk energies.
In strain—~free InSe, the I,** transition enerqy is Z.79776
I 0.00010 eV (see table 2.1), The I."* transition 1n sample
32 18 downshifted with respect to the strain-free
transition energy by an amount 2.8 + 0.3 meV as a
consequence of the reducticon in the effective band gap due
to the presence of two-dimensional tensile stress. The

strain-shi fted Eax¥ (or FE) peak energy is thus

EaxT(sample 32) EaxT(strain—free) - 0.0028 eV
= 2.8027 - 0.0028 eV

= 22,7339 £ 00,0004 V.

The 1 LO phonon replica of the free exciton emission

peak wccurs at an energy of
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EaxT—1 LO = me"(sample 32) - Ewvo PRonon C ke )

2.7993 - 0.0316 [66]1 eV

it

= 2,.76832 + 0.0006 eV.

The peak centered at an energy of 2.7688 £ 0.0002 eV
is therefore due to the radiative decay of free exwcitons
with the simultanecus emissicon of an LO phonon (FEy o).
The origin of the peak at Z.7836 £ 0.0002 eV 15 uncertain.
The I.9**e transition energy (see table 2.4 1 I,9%=,
acceptor 15 unbnnwn?l, taking 1nto account the strain
induced downshift, is approvwimately Z2.7802 V. The
radiative decay of free excitons which scatter
inelastically at neutral donors, leaving them 1n an excited
state, corresponds to an emission energy ranging from
2.7811 eV (Al 1s-2g) to 2.779°2 eV (a lo-Ip) (see table

o2

e 8wt S m

Free evwcataon recombination follawing 1nelastic
scattering at other free exncitons corvesponds to a
transition energy of 2.7857 eV (FE 1s-Is ewcitation enerqy
ig 14,2 meV [3321. Some cor all of these transitions
contribute to this luminescence pealk.

Figure 4.21 again chows the 0 9 ewciton-related
photoltumnescence. The excirtation power density used was 80
mW/cm® 1n the range J2I2700-22500 cm—t, 2.3 W/cm® an the

range JIS00-22300 cm—t, and 8 W/om® in the range
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22300~-21750 em~3. In addition to the luminescence peaks
previously 1dentified, a peak at 2.73€5 £ 0.000Z eV is

wbserved., The 2 LLO phonon replica of the free exciton

emission peak occurs at an enerqy of

mer“:’ L0 = Ea,,("'(sample 32) - .?.El_o BPMONGM Gk mO )

2.7367 £ 0.0008 eV.

This peal 1s therefore due to the radiative decay of
free excitons with the simultanecus emission of two LO
phonons (FEz~io?. The 2 °¥ photoluminescence in the DAFP
(shallow acceptor) emission region 1s shown in figure 4.22.
No DAF emission 1s observed even at this low temperature
and high ewcitation demsity (about 8 W/cm=),., It 1s evident
that the materi1al contains virtually no shallow acceptor
impuraties,

The photoluminescence of sample 29, recorded at a
temperature of 7 Pk, 15 shown 1n figures 4.23 and 4.24, An
1ncident power densaty of 2850 mW/ocnm® was used in obtaining
the spectra. The dominant peak ain the ewciton emission
regron (figure 4.23) occcurs at an energy of I.7957 £ 0. 0004
eV. It cworresponds to the 1a™ transition, since the
epirlayer 185 1.5 microns thich and 15 therefore under

two-dimensiaonal tensile stress. A shoulder appearing on the
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high enerqgy side of this peak 18 due to the free exciton
trangition. The Ix"" transition may alsa contribute to the
shoulder. The linewidth (FWHM) of the Iax peak is
approximately 4.3 meV. The linewidth results frum strain
and impurity-related inhomogenecus broadening. This crystal
therefore contains many dislocations and a high
concentration of impurities. Two poorly resalved peaks at
2.770 and 2.777 eV are due to the recombination of free
excitouns with the simultaneous emission of an LO phonon
(FEswLo? and TES emission, respectively. The I, and la
transitions may coantribute to the luminescence on the low
energy side of the I peak.

The photoluminescence i1n the DAFP (shallow acceptor)
emission regicon 1s shown in figure 4,24, Luminescence 1n
the low enerqy part of the scan is the high energy tail of
the Cu-green lumi-nescence band, The peak at 2.741 eV 19
presumably DAF emission (see chapter I - section 2.2). The
acceptor 1nvalved 1s prabably P, since Faman spectra of
material grown using the same precursors 1ndicate the
presence of this acceptor [66]1. An LO phaonon veplica of the
principal peal 1s also ochserved. Another peal occurring at
an energy of 2,685 eV is the DAF emissiun assoclated with
the impurity Na, judaging from i1ts position (see chapter 2
section 2.2, The 1ntensity of these bands 1s estremely
lew, hence few acceptors are present.

The poor crystal quality and puraity of this sample,

which was grown using the same precurcors as those used in
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the growth of sample 40, is an indication that slow growth
rates and growth on a GaAs epilayer as opposed to a GaAs
substrate are required in order to obtain crystalline thin
film- having a high dearee of perfection.

The exciton—-related photoluminescence of sample 41 is
shown in fiqure 4.25. The spectrum was recorded at a
temperature of & ®K using an excitation power density of
250 mW/cm®. The peak situated at 2.7983 + 0.0002 eV is the
It transition., The transition enerqgy is slightly higher
than the strain-free value (see table 2.1), since for the
epilayer thickness of 0.4 microns, the strain relaxation
process 1s not fully completed and the layer is under a
twa—dimensiconal compressive stress [45,76,841. The higher
enerqy I=** transition is expected to lie quite close in
enerqy to the dominant Ix™" transaition and is not resolved
due to the large Iz linewidth. Its contribution to the
luminescence 1s presumably small at this low temperature. A
partially resalved peah positioned at an enerqgy of 2.8030 %
0. 0002 eV 1s rcaused by the recaombination of free ewcitons
(FE)», The I lacalization energy 15 4.7 + 0.4 meV. This
value 185 1n reasonable agreement with the localization
energres listed in table 2.1 and confirms the assignment
arven to the peaks. The partially resolved peak at 2.7938 +
Q.0000 eV corresponds to a localization enerqgy of 9.0 % 0.4
meV. Comparison withh the Jocaliztation energies listed in
table 2.4 1ndicates that this emission 1s due to the I,

transition at Na avceptaoars. The precursors are pogsible
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scources of this impurity. The linewidth (FWHM) of the 1s

pealk is about 3.7 meV. The linewidth results from strain

broadening assaoriated with dislocations and Starl effect
broadening. The extent to which ei1ther of these two effects
desminates over the other is uncertain. The strain
relaxation process which occurs at this thickness results
in the generation of dislocations. The dislocations, in
turn, act as i1mpurity sinks. The large linewidth is
consistent with the high density of dislocations and high
impurity concentration expected for samples of this

thickness [B82].

4.4)77 “K Near BRand Edge Emission

The NBE photoluminescence spectra have been obtained
for several samples. It is found that the emission is due
to several transitions. The transiticns i1nval ved are
identi1fied through an analysis of the spectra.

The NEE photoluminescence of sample 40, recorded at
temperatures «f 82 ©k and 73 °K, 1s shown in figures 4.26
and 4.27, respectively. The excitation power densitie:s used
were 8 W/ cm? (figure 4.26) and 1.25 W/em2 (figure 4.27).
The spectral features appearing in the two spectra are
essentially identical. The peals 1n figure 4.26 are
downshi fted 1n energy relative to the peal positions 1n
figure 4.7 because of the decrease 1n the energy gap with

increasing temperature. The analysis which follows refers
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to pealk positions in figure 4.26, since the uncertainty in
the peal positions 1s smaller for this spectrum. The peak
situated at 2.79232 £ 0.0002 eV is the free exciton emission
(FEY. The energy separation between the peak appearing at
an enerqgy of 2.7878 £ 0.0002 eV and the free exciton peak
16 5.5 # 0.4 meV. The separation enerqy is approximately
equal to the localication enerqy for excitons bound to
neutral donors (see table 2.1), hence the peak at Z.7878 eV
15 due to the Iz transition. A second peak positioned at an
energy of 2.785% £ 0.0002 eV corresponds to the radiative
recombirnation of free holes with electrons bound to donor

impurities. The donor binding enerqgy is ocbtained using the

evpression (equatiacn .9 i1n chapter 2

(D=, h) Ea - Ep
(DD'h-) = Eaux’ + FEbtndtng ®oneray Eo
2.7859 = 2.7933 + 0.0190 ~ Ep eV
ED = .:.'614 t (:)-'3 mevn
The calculated value is in close agreement with the
values listed 1n table 2.3, and provaides confirmation that
the above assignment 1s 1ndeed correct. The donor may be

Al, Tl, or Ba. The broad lumnescence peal appearing on the

low enerqgy side of the dominant luminescence bands is
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presumably due ¢t TES transitions, free excitan
recombination with the simultaneocus emission of an LO
phonon, and possibly the I,9*®® transition, although this
lagt transition was nat present in the 7 °©K

photolum nescence.

In reported studies of photoluminescence of ZnSe films
arown on GaAs, the 77 °K NBE emission is attributed to
either the (D°,h) or a free exciton-related (FE-electran
inelastic scattering) transition. The emission is observed
as a single-peaked luminescence band [17,21,22,231. The
data shown in figures 4.26 and 4.27 indicates that three
transitions contribute to the NEBE emission at thas
temperature. A similar conclusion was reached in a
photoluminescence study of bulk ZInSe (see section 2.4)
[41]. No such conclusion has been presented in the
literature for hetercepitavial ZInSe thin films.

Figure 4.28 shows the 75 © NBE photoluminescence of
sample 10. The spectrum was recorded using an ewcitation
pawer density of 2.5 W/em®. The dominant peal positioned at
an energy aof 2.786 eV 1s attrivuted to the Iz and (D2, h)
transitions. The shoulder on the high energy side of the
peal: is the free exciton emission. The emission 15 poorly
resclved due tm the relatively large linewidth of the
dominant emission band.

The NBE emission of samples 32, 29, and 41 consists of
a single broad luminesrence band. The large linewidth

prevents the resclution of the 1ndividual transitions
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ohserved in the case of sample 40.
The NEE photoluminescence of sample 50, recorded at 72

o, is shown 1n figure 4.2%9. The 1ncident power density

o
used was 4 W/eom=, In addition tao the NBE emission at 2.788
eV, other luminescence bands are observed. The peak
appearing at 2.95945 £ 0.0006 eV is the Y band. A series of
progressively weaker peaks, the first of which is located
at an energy of 2.7022 4 0.0006 eV, 1s due to the radiative
recombination of free electrons and holes bound to shallow
acceptors with the simultanesus emission of 0, 1, and 2 LO
phonons. If the free exciton emission enerqgy (FE = Eax7) is
taken to be I.7960 4 0.0002 eV (see fiqure 94.27), the
acceptcr binding enerqgy 1s obtained using the expression

o~

(equation 2.8 in chapter 2

EGXT + FEblndinq oneray EA

(e,A®)

D.7960 4+ 00,0130 - Ea @V

ay 8

it

D702

Ea = 112.8 ¢+ 1.3 meV,

The calculated acceptor binding energy is in
reasonable agreement with the L1 acceptor binding enerqgy
listed 2 table 2.5. The enerqgy separation between the
praniipal transition and the 1| LO phonon replica situated

at L6690 12 0.0006 eV 18 32.6 + 1.2 meV, while the

separation between the 1 LO phonaon replica and the 2 L0
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phonon replica positioned at an energy of 2.6388 + 0.000€F
eV is 30.8 £ 1.2 meV. The calculated LO phonon energies are
in reasonable agreement with the LO phonon energy of 31.4

meV at 90 °K [(85].
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Table 4.1 3 Summary of the Features of the Photoluminescence Spectra of Heteroepitaxial «nSe Thin Films

R values at 300°K were obtained using an incident power density of 2.5 W/cm*.
R values at 77°K were obtained using the following incident power densities 3 sample 10 - 2.5 W/em*,
samples 32,29,40,41 = 250 m¥/cm*, sample 50 - 1.25 W/cm™,

Sample 7 °K Photoluminescence 77 °K Photoluminescence 300°k Thotolunincscence
DAP |Free (A,X) KDyX) [FwHM of |Deep (e,X) |Near Band Edge (NBE) |Ratio|Deep NBE {Ratio
Exciton|or I, [orI, [I,Peak |Emissicn Free (oo x) [(D3n) R |Emission R
Bands Exciton|or I, Bands
eV eV eV eV meV eV eV | eV eV _eV eV eV |
8 not obtained not obtained i.90 2.69] 0.5
9 not obtained not obtained 2.09 2,691 6.2
FE partly resolved, _— T
10 not obtained none none |main peak at 2.79 eV | 60.5| 2.13 2.691 11.2
Inot re- _ not resolved,
32 |none |solved | none 3.5 2.13 ncne | one peak at 2,79 eV 6.3] 2.12 2.691 9.0
2.741 not re- ot re- 2.31 not resolved, i}
29 2.685|:olved IZolved 4.3 2.18 none |one peak at 2.79 eV 0.8§ 2.18 2.69] 6.0
very very T
40 |none [2.8027 | weak 1.9 2.26 none [|2.7960 |2.7911 (2,7892 3.1| weak 2.69| 5.3
no very |not resolved,
41 |scan [2.8030 [2.7938 |2.7983% 3.7 2.09 weak Jlone peak at 2.79 eV 1.7]| 2.14 2.69] 1.2
2.24
50 not obtained 2,49  R.7022 Inot resolved, 1.0| not obtained
2.59 one peak at 2.79 eV ]

The photoluminescence spectra are uncorrected for photomultiplier response. The sensitivity is reduced
by approximately 20 % at 650 nm relative to that at 450 nnm.
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figure 4.1 :
incident power - 25 mW
2.5 W/em

power density

scan range 22400=15000 cm’

energy sampling - 5 cm’'
sample time - 1 sec

slit width 100 microns

Emission Bands :

NBE ==~ The near band edge emission peaks at an energy of
approximately 2.69 eV,

A == The emission band centered at 1.90 eV corresponds to
a free to bound transition involving the A=center

(deep acceptor).
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figure 4.3
incident power - 25 mW
power density - 2.5 W/en'

22500=15000 cm '

scan range

energy sampling = 5 cm'

sample time - 1 sec

slit width - 100 microns

Emission Bands 3

NBE ~= The near band edge emission peaks at an energy of
2.69 eV,

A == The emission band centered at 2.13 eV corresponds to
a free to bound transition involving the A=center

(deep acceptor).
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figure 4.4 ;
incident power = 12.5 mW

power density 2.5 W/en*

23000=-14000 cm'

scan range
energy sampling - 25 cm'
sample time « 1 sec

slit width 200 microns

Emission Bands i

NBE == The near band edge emission peaks at an energy of
2.69 eV,

A == The emission band centered at 2,12 eV corresponds to
a free to bound transition involving the A-center

(deep acceptor),
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figure 4.5

incident power - 12,5 mWw

power density - 2.5 W/cm’

scan range - 23000-14000 cnm*

energy sampling - 25 cm'

sample time - 3 sec

slit width = 200 microns

Emission Bands 3

NBE ~- The near band edge emission peaks at an energy of
2.69 ev,

A == The emission band centered at 2.18 eV corresponds to
a free to bound transition involving the A-center

(deep acceptor).
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figure 4,6

incident power = 12.5 mW

pover density = 2.5 W/em®

scan range = 23002=14000 cm'

energy sampling - 25 cm’

sample time - 3 sec

slit width = 200 microns

Emission Bands 3

NBE == The near band edge emission peaks at an enexrgy of
2.69 eV,
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figure 4.6a 3
incident power - 40 mW

power density = 8 W/cm*

scan range - 23000=14000 cm’
energy sampling - 25 cm'
sample time = 3 sec

slit width 200 microns

Emissicn Bands
NBE == The near band edge emission peaks at an energy of
2.69 ev,
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Figure 4. Ba
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figure 4.7
incident power = 12,5 mW

power density 2.5 W/cem*

scan range - 23000-14000 cnm'
energy sampling - 25 cm’

sample time - 3 sec

slit width « 200 microns

Emission Bands 3

NBE == The near band edge emission peaks at an energy of
2.69 eV.

A == The emission band centered at 2.1l4 eV corresponds to
a free to bound transition involving the A-center

(deep acceptor).
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figure 4.8 :

incident power =~ 12.5 mWw

power density - 2,5 W/cm'
23000-14000 cm™'

scan range

energy sampling - 25 em'

sample time -~ 2 sec

slit width = 200 microns

Emission Bands :

NBE =~ The near band edge emission peaks at an energy of
2,79 eV,
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T = 75 K
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figure 4.9 :

incident power = 1.25 mW

power density 250 mW/cm*

séan range 23000=-14000 cm
energy sampling - 25 cm’

sample time - 2 sec

slit width 200 microns

Emission Bands :

NBE =~ The near band edge emission peaks at an energy of
2,79 eV,

SA == The self-activated (SA) emission peaks at an energy
of 2.13 eV. The emission is due to (e,A°) and DAP

transitions involving the A=center (deep acceptor).

Ve’
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figure 4.10 ;
incident power = 1.25 mW
power density - 250 mW/cm*

scan range = 23000=14000 cm’
energy sampling - 25 cm’

sample time - 2 sec

slit width = 200 microus

Emission Bands :
NBE == The near band edge emission peaks at an energy of
2,79 eV,
Cu=GREEN == The copper-green (Cu=GREEN) emission peaks at
an energy of 2.31 eV. The emission is due to
(e,A°) and DAP transitions involving a
Cu-complex acceptor.
SA == The self-activated (SA) emission peaks at an energy
of 2.18 eV. The emission is due to (e,A°) and DAP

transitions involving the A-center (deep acceptor).

141




INTENSITY <102 counts/sec)

SAMPLE 29

T =73 K

1 -

Cu-GREEN

NBE

T

t
1.8
WAVENUMBER (10*

cm

-1

)

I

2

2.2

Figure 4,10

142



figure 4.11 s
incident power - 1.25 mW

power density = 250 mW/cm*

scan range 23000=-14000 ca’
energy sampling - 25 cm’
sample time - 2 sec

slit width 200 microns

Emission bands :
NBE == The near band edge emission peaks at an energy of
2.79 eV,
Cu=GREEN == The copper—green emission peaks at an energy of
2.26 eV, The emission is due to (e,A°) and DAP

transitions involving a Cu=-complex acceptor.
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figure 4.12 ;

incident power - 1.25 mW

power density = 250 mW/cm®

scan range = 23000-14000 cn'

energy sampling - 25 cm’

sample time - 2 sec

slit width = 200 microns

Emission Bands :

NBE =~ The near band edge emission peaks at an energy of
2.79 eV,

SA == The self-activated emission peaks at an energy of
2.09 eV. The emission is due to (e,A°) and DAP

transitions involving the A=center.
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figure 4.13
incident power - 12.5 mW
power density = 1.25 W/cm®

.\

23000-14000 cm

scan range

25 cm'

energy sampling

sample time - 2 sec

slit width = 200 microns

Emission Bands :

NBE ~= The near band edge emission peaks at an energy of
2.79 ev.

Y == The origin of the Y band, centered at 2.59 eV, is
uncertain, It may be due to the recombination of
excitons at en extended defect.

S == The S band, positioned at an energy of 2.49 eV, is
due to (e,A°) and DAP transitions involving an

unknown acceptor,
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figure 4.14

incident power = 1.25 mW

power density = 250 mW/em’
22700-22200 cm’

scan range -
energy sampling - 2 cm'
sample time - 2 sec

slit width 200 microns

Emission Bands :

I, == The luminescence peak positioned at an energy of
2,7380 eV is the I,, or (D°,X), transition.

LPB ~ The peak at 2.8027 eV is the lower polariton branch
(LPB) emission and occurs at the transverse free
exciton energy (E[).

UPB = The shoulder at 2.8040 eV is the upper polariton

branch (UPB) emission,
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figure 4.15

incident power « 40 mW

power density - 8 W/em*
22000-21000 cn’

scan range -
energy sampling - 5 cm'
sample time = 1 sec

slit width = 200 microns

Emission Bands :
No DAP emission associated with the presence of shallow

acceptors is observed.
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figure 4.16
incident power = 12,5 mW

power density = 2.5 W/cm*

scan range - 22700=21000 cm'
energy sampling = 5 cm®
sample time = 1 sec

slit width 200 microns

Emission Bands :

I, == The luminescence peak positioned at an energy of
2.7957 eV is the I, or (D°,X), transition.

No DAY emission associated with the presence of shallow

acceptors is observed,
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Tigure 4.17
incident power = 12,5 mW

pover density = 2.5 W/em'

scan range - 22700=-22200 cni'
energy sampling - 2 cm’
sample time - 2 sec

slit width 200 microns

Emission Bands

L 1)

I, == The luminescence peak positioned at an enexrgy of
2.7957 eV is the I%, or (D°,X), transition.

B «= Two transitions contribute to the B emission,
observed as a shoulder on the high energy side of
principal I, peak : 1) the radiative decay of free
excitons and 2) the I)" transition associated with

heavy hole excitons.
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figure 4,18 :
incident power - 12.5 mW

power density 2,5 W/em*

19000=16000 cm’'

scan mée

energy sampling = 10 cn'

sample time = 1 sec

slit width - 200 microns

Emission Bands

SA == The self-activated emission peaks at an energy of
2,06 eV, The emission is due to a DAP transition

involving the A=center.
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figure 4.19 ;

incident power = 0.6 mW

power density = 120 mW/cm®

scan range - 22700=-22200 cm™
energy sampling - 2 cn'

sample time - 1 sec

slit width 200 microns

Emission Bands 1
I, =- The luminescence peak positioned at an energy of
2.7950 eV is the I',", or (D%, X), transition associated

with light hole excitons.
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figure 4.20

scan range = 22700-22500 22500-21750 cm'
incident power - 0.6 19 mi
power density = izo ——Qi—é 3800 rw/cm*
energy sampling - 2 2 cm’
sample time -1 1l sec
slit width - 200 200 microns

Emission Bands :

I, == The luminescence peak positioned at an energy of
2.7950 eV is the I;_k, or (0%X), transition associated
with light hole excitons.,

C == The origin of the C band, centered at 2.7836 eV, is
uncertain. Three transitions contribute to the
emission : 1) the I or (A°,X) transition, 2) the
radiative decay of free excitons which scatter
inelastically at neutral donors, and 3) free exciton
recombination following inelastic scattering at other
free excitons,

TES = The two=-electron satellite transitions associated with
the principal I;_h luninescence result in the peak
-centered at 2,7759 eV.

FE, ,z The peak at 2.7688 eV is due to the radiative decay of
free excitons with the simultaneous emission of an

10 phonon.
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figure 4,21 :

scan range - 22700=  22500- 22300~

22500 22300 21750 °©"

incident power - 0.8 25 80 nw
power density - 80-*32L2500%1%%8000 mu/cm?
energy sampling- 2 2 2 cm’
sample time -2 2 2 sec
slit width - 200 200 200 microns

Emission Bands

Il.-

C ==

TES =

2-L0

The luminescence peak positioned at an energy of
2,7950 eV is the IV, or (D°,X), transition associated
with light hole excitons,

See caption for figure 4.20,

The two=-electron satzllite transitions associated with
the principal I‘Jh luminescence result in the peak
centered at 2.7759 eV,

The peak at 2.7688 eV is due to the radiative decay of
free excitons with the simultaneous emission of an

10 phonon.

The peak at 2.7365 eV is due to the radiative decay of
free excitons with the simultaneous emission of two

ID- phonons,

it
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figure 4,22 3
incident power = 80 mW

power density = 8 W/em*

scan range - 22200=-21000 cm
energy sampling - 5 cm’'
sample time - 1 sec

slit width 200 microns

Emission Bands :

FE, 3 The peak at 2.7365 eV is due to the radiative decay of
free excitons with the simultaneous emission of two
10 phonons.

No DAP emission associated with the presence of shallow

acceptors is observed.

165



INTENSITY (102 counts/sec)

c4mHNHVk7tS<Sl<)\(l(}S))S}?!k(L;}L%{<<<f\e

SAMPLE 32

T=2K

T

ficure 4.22
166

2.2
WAVENUMBER ¢10* em™ 1




figure 4.23

incident power - 1.25 nWw

power density =~ 250 mW/cm’

scan range

22700=-22200 cm™'

energy sampling - 3 cm’

sa.mpie time - 1 sec

s1lit width = 200 microns

Emission Bands :

Il.—

TES -

The luminescence peak situated at 2.7957 eV is the I‘I‘,
or (D%,X), transition associated with light hole
excitons,

Two transitions contribute to the B emission, observed
as a shoulder on the high energy side of the principal
IM peak : 1) the radiative decay of free excitons and
2) the I‘Qh transition associated with heavy hole
excitons,

The peak centered at an enexrgy of 2.777 eV is due to
two=electron satellite transitions associated with the
prinecipal I;E‘ luminescence,

The peak at 2.770 eV is due to the radiative decay of
free excitons- with the simultaneous emission of an

10 phonon.
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figure 4,24
incident power = 1.25 mW

power density - 250 mW/cm*

scan range - 22200=20000 cn'
energy sampling - 5 cm'
sample time = 1 sec

slit width 200 microns

Emission Bands

W, == The W, band, centered at 2,741 eV, is the principal
(zero phonons emitted) DAP transition associated with
the shallow acceptor P.

W, == The W, band, centered at 2.709 eV, is the DAP
transition (P acceptor) with the simultaneous emission
of an LO phonon.

P, == The P, band, centered at 2.685 eV, is the principal

DAP transition associated with the shallow acceptor Na
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figure 4.25 :
incident power = 1.25 mW

power density 250 mW/cm*

scan range - 2270022200 cn'
energy sampling - 2 cm’

sample time - 1 sec

slit width « 200 microns

Emission Bands :

FE == The peak positioned at an energy of 2.803C eV is due
to the radiative decay of free excitoms.

I, == The luminescence peak positioned at an energy of
2.7983 eV is the IY% or (D°,X), transition associated
with heavy hole excitons.

I, == The peak positioned at an energy of 2.7938 eV is the

I,, or (A°,X), transition.
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figure 4,26
incident power - 40 nW

power density - 8 ¥/em’

scan range - 23000-22000 cm”
energy sampling = 2 cm’
sample time - 2 sec

slit width 200 microns

Emission Bands :
FE == The peak positioned at an energy of 2.7933 eV is due
to the radiative decay of free excitons.
I, -~ The luminescence peak situated at 2.7878 eV is due
to the I,, or (D°,X), transition.
(D°,h) = The peak positioned at an energy of 2.7859 eV
corresponds to the radiative recombination of
free holes with electrons bound to neutral donors.
D = Several transitions contribute to the D emission band
appearing on the low energy side cf the free to bound
transition : 1) TES transitions, 2) free exciton
recombination with the simultaneous emission of an

10 phonon, and 3) the I'*ftransition.

Szt

173




INTENSITY (16° counts/sec)

| -\ |l:0!b| IR S R
OAD) I
SAMPLE 40
T =82 K
14
FE
0 - Mll;lw.-.el-- T - T | —— T
2.2 2.22 2.24 2.26 2.28
WAVENUMBER (10% em™ 1
o

figure 4.26

174



figure 4.27 :
incident power = 12.5 mW
power density = 1.25 W/cm*
scan range - 23000=21500 cni'
energy sampling - 5 cm’
sample time - 2 sec
slit width - 200 microns
Emission Bands :
FE == The peak positioned at an energy of 2.7960 eV is due
to the radiative decay of free excitonms.
I, == The luminescence peak situated at 2.7911 eV is the
I,, or (D°,X), transition.
(D°,h) = The peak positioned at an energy of 2.7892 eV
corresponds to the radiative recombination of
free holes with electrons bound to neutral donors.
D e~ Several transitions contribute to the D emission band
appearing on the low energy side of the free to bound
transition : 1) TES transitions, 2) free exciton
recombination with the simultaneous emission of an

10 phonon, and 3) the I, %transition.
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figure 4.28
incident power = 12.5 mW

pover density = 2.5 W/em*

scan range - 23000~-21500 cm’'
energy sampling - 5 cm'
sample time - 2 sec

slit width 200 microns

Emission Bands :

FE == The shoulder on the high energy side of the dominant
I, peak is due to the radiative decay of free
excitons,

I, and {D°,h) = The peak positicned at an energy of

2.786 eV is due to two transitions : 1) the
I, transition and 2) the free to bound, or

(p°,h), transition.
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figure 4.29 :

slit width

incident power = 40 mW

pover density - 4 W/cm?

scan range - 23000-20500 cm'
energy sampling - 5 cm’
sample time - 2 sec

200 microns

H Emission Bands

t NBE == The near band edge emission peaks at an energy of

Qo

2.79 eV,

The peak positioned at an enexgy of 2.7022 eV is a
free to bound transition, (e,A’), involving the
acceptor Li.

The peak situated at 2.66%6 eV is the 1 L0 phonon
replica of the Q, peak.

The peak situated at 2.6388 eV is the 2 1O phonon

replica of the Q, peak.

- The origin of the Y band, centered at 2.5945 eV, is

uncertain, It may be due to the recombination of

excitons at an extended defect.

s, @l
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5, JCONCLUSION

ZnSe heteroepitaxial thin films were grown by conventional
YOVPE and a novel pulsed technique developed here. Material was
grown using the precursors DEZ, IMZ, H,Se, and DEDSe, Films were
deposited at temperatures ranging from 200 - 400 °C, The
photoluminescence technique was utilized to characterize the
epilayers,

A comparison of the 300 °K photoluminescence spectra of films
grown at temperatures of 200 °C (sample 8), 250 °C (sample 9), and
30 9C (sample 10) by conventional MOVPE shows an improvement in
ortoelectronic quality with increasing T,.

The 300 % and 2-16 °K photoluminescence spectra of sample 32,
which was grown by conventional MOVPE using DEZ and H,;Se, show that
the material contains a high concentration of shallow donor impurities,
as indicated by the intense near band edge (NBE) emission at room
temperature and the large {(D°,X) linewidth at 2 °K. The downshift
in the energy position of the I, peak is consistent with a decrease
in the effective bandgap expected for a sample of this thickness. The
decrease in the bandgap is a consequence of the fact that epilayers
thicker than 1 micron are undexr a two-dimensional tensile stress as
a result of differences in the thermal expansion coefficients of
<nSe and GaAs.

The 7?7 °K photoluminescence of sample 29, which was grown by
conventional MOVFE using the precursors IMZ and H,Se, reveals the
presence of a Cu~-complex center which acts as a compensating

acceptor. The IMZ reactant is the source of the Cu impurity.
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Sample 40 was grown by a novel pulsed technique, The reactants
used were IMZ and H,Se. Comparison of the 77 °K photoluminescence
of samples 40 and 29 reveals a substantial reduction in the
impurity concentration for the former. The (D°X) linewidth at
? ®°K is comparable to that observed for material grown by MOVPE
[25,59] and MBE [80,81] . The 7 °K photoluminescence.of sample 40
shows evidence of polariton emission. The intense free exciton
emission and narrow I, linewidth are characteristic of high purity
material having a low density of dislocations. The improved
optoelectronic quality is linked to the slow growth rates
characteristic of the pulsed technique and a change in reaction
mechanisms when using this technique.

77 °K and 6 °K photoluminescence spectra obtained for sample 41,
vhich was grown by the pulsed technique using IMZ and H,Se, reveal
the presence of a high concentration of shallow donor impurities
and compensating A=centers. Relaxation of strain arising from the
inherent lattice mismatch occurs at the sample thickness of 0.4
nicrons. The relaxation process results in the generation of
dislocations which, in turn, act as impurity sinks.

The 77 °K photoluninescence of sample 50, which was grown by
conventional MOVPE using the reactants IMZ and DEDSe, indicates the
presence of the shallow acceptor Li. The source of this impurity
is the metal=-organic DEDSe.

The 77 °K photoluminescence of sample 40 shows that three
transitions contribute to the NBE emission at this temperature, The
transitions include the (D?,X) transition, the radiative decay of

free excitons, and finally, the radiative recombination of free
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holes with electrons bound to donors, or (D°,h). These features of
the 77 °K NBE emission have not been reported in the literature on
the ZnSe/GaAs systenm,
It is planned, in the near future, to grow thin (less than 0.15
microns) coherently strained ZnSe epilayers using the pulsed technique. |
Electrical and optical measurements show evidence for electron
accunulation on the ZnSe side of the interface [86] . Photoluminescence
measurements of the thin films will provide additional informmation

about the band offset at the interface.
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