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ABSTRACT

«This thesis reports (1) a plasma emission spectrosc.':opy study of an rf
magnetron discharge used to sputter-deposit PbTe in Ar and (ii) a photolu-
minescence (PL) spectroscopy study of epitaxial (100) CdTe layers sputter-
deposited onto (iOO) IKBr substrates. |

Previoﬁsly,' emission spectra had been measured for an rf mag-
netron discharge used to-.dep_c3§it CdTe in Ar. In this work, aVVStu-dy of
the discharge used to deposit PbTe. has been carried out to prepare for
co-deposition aﬁd/or sequential deposition c;f Cd'I:e and PbTe'in a mulgi-
gun magnetron system, using emission spectroscopy as a probe for process

control and analysis. The prihcip'al lines for Pb, Te, and Ar are identified;

almost all are neutral lines, while at the lowest pressures, just before ex- .
tinction, a number of Ar-ion lines are observed close to the target. The -

Pb, Te, and Ar line intensities, for both the nega.tivg glow and positive

column at pressures near 0.5 Pa; vary, with power (W) as W*, with n near

1.4 for Pb and Te,ﬁa.r;cl n = 0.4 for Ar. Thus, the Ar-normalized Pb and Te

+ ’ . . - - "
intensities vary approximately linearly with power, as does the deposition

rate. From this, together with an observed insensitivity of the value of n .

to the energy of the excited Pb and Te levels, it may be concluded that the
electron temperature is not sensitive to power, and that the Ar-normalized
intensity varies with power as the sputfered atom density.

L} . .
As the Ar gas pressure is varied, the electron temperature is not

constant so that Ar-normalized Pb intensities are not simply related to the



Pb densities. A;Jplic'aagn of a substrate bias voltage has a large effect on
the emission spectra which is not well understood. |
PL spectra were measured for sputter-deposited epitaxial .(IOOf
CdTe layers of varying thicknesses up to & ldum. The\layers were struc-
turally characterized by x-ray diffraction prior to PL studies. Thr’ee PL
emission bands at 0.80 eV, 1.00 eV, and 1.42 eV are observed. This is
the first observation of PL lines at 0.80 ¢V and 1.00 eV in epitaxial CdTe
layers. The 1.42 eV line has been- re-ported previously by many workers.
The spectrum, injet;tion level dependence, and temperature depehdence of
the 1.42 ¢V luminescence in our filins do nof differ greatly from the results
olf corresﬁonding measur’ement-s by other workers. The 0.80 eV line is ten--
tatively proposed to be a donog-acceptor transition while the 1.00 eV line
is proposed to be a transition from a band to a defect level or vice-versa.
From comparison of the I;L spectra of the films with those of seyeral single
_ crystall and polycrystalline CdTe bulk samples, the 1.42 eV band is corre-
lated to structural defects. Thé (.80 eV and 1.00 eV bands are"proposed

to originate due to deviation from stoichiometry.

v
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Chaptér 1

I\ _
Introduction

ta

1.1 Aim of the project

The wid(espread utilisatidn of opto-electronic effects in semiconductors in
such diverse apgl}ca.tions as photon detectors, viélicon displays, electrolumi-
nescent devices,Jsola.r cells, infrared devices and semiconductor lasers, and
the advent of optical communication and integrated optics has provided
the imipetus for intensive research and development in the field of materials
engineering.

Semiconductors are characterized by an electrical conductivity (as-
sociated with the motion of electrons or hbles or both) which on one hand
is considerably smaller than that of metals, and on the other hand, is much

larger than that of insulators. It is an insulator at absolute—zero. Its con-




ductivity increases with temperature, in contrast with the behaviour-of
metals. o . o |
Electrons in crystals are localized in energy bands [1,2,3] separated
by energy domains for which no electron energy states are allowed. The
topmost filled band is called the valence band (VB) and the next higher
band is called the conduction band (CB). The gap between the top of the
VB and the bottom of the CB is called forbidden gap and is characteris-
tic of the semiconductor. The.energy band diagram can be calculated by
various theoretical techniques [2,3]. There are two types of forbidden gaps:
direct and indirect. "In a direct-gap, the bottom of the CB and the top of
the. VB (in an E-k diagram) are at the same point in k space whereas in an
indirect gap semiconductor, the extrema-ate at different points in k space
{1]. We must distinguish two processes of conduction: (i) Intrinsic conduc-
tion in which equal numbers of el'ectrongin‘the“CB and holes in the VB‘- are
created by thermal excitation of electrons across the forbi'dden gap, and (ii}
extrinsic conduction, giving rise to n-type conduction in which electrons are
excited to the CB from donor levels or p-type conduction in whicﬁ holes
are produced by excitation of electrons from the V.B ‘to acceptor levels. In
a metal, the number of carriers is large and constant with temperature,
whereas in a semiconductor it is smaller and variable. This characteristic
suggests that in a semiconductor, the conductivity may be controlled.
Semiconductors with different bandgaps can be alloyed to synthe-
size new semiconductors with electrical and optical properties. tailored to
specific applications. Novel senﬁconducto£ structures such as superlattices

and variable composition alloys are examples of materials engineering. In

(S
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"ﬂpé.rticula,r, variable composition alloys such as Cd.Hg¢,_.Te have been suc-

cesfully utilised'to fabricate photon detectors with composition dependent

responses covering a wide spectral range. The concept of graded bandgap

" structures had been proposed many years earlier and has been revived more

- recently in relation to photovoltaic devices. The central theme of this con-

cept is to grow a semiconductor alloy with a spatfally varying composition

- along the thickness of the layer leading to a position dependent bandgap

which varies continuously and smoothly from a high value E,, at the bot-
tom to a low value E,; at the top or vice versa. .

Although graded bandgap structures have bee;l fabricated in the

past, mostly for photovoltaic applications [4,5], there has been no system-

atic study r* the properties of such structures, particularily on the effect of

. the composition and bandgap gradient on the structural, electrical, optical

and opto-electronic characteristics. Therefore, our group in the Chemical

Physics Section of the Division of Physics at the National Research Coun-

_cil has undertaken a systematic investigation of graded bandgap structures

_ based on the CdTe-PbTe semiconductor alloy system deposited by rf mag-

netron sputtering. CdTe and PbTe are very well lattice matched and it
should be possible to grow graded CdTe-PbTe structures without strain-
induced structural defects. This deposition process has been chosen for

several reasons, the most prominent ones being

e It is a relatively igexpensive technique.

¢ It is a clean, reproducible and well controlled process.



. There aré a large number of indgpendently controllable deposition pa-
rameters which facilitate the modification and control of layer growth,

properties, crystallinity, and composition.

o It offers the possibility of co-sputtering for growing alloys as well as

sequential sputtering for multilayer structures.

¢ CdTe and PbTe high purity targets are available.

The first step of this project consists of growing epitaxial single-crystal
CdTe and PbTe films. The former has received considerable attention due
to promising applications in optoelectronics, intégra._ted optics, and solar
cells whereas the latter is one of the basic infr"ixrgd detectors.

Epitaxial grox-vth of tﬁe films is one of the main goals of this project. .
The.films are stru_ctgrally characterized by means of electron microscopy
and diffraction, x-ray diffraction, and scanning electron microscopy and
electron channeling. The compositional analysis is done by energy dis-
persive x-ray analysis (EDX) and chemical analysis. ‘The effect of sput-
tering parameters, substrate quality and film thickness are investigated.
The electrical characterization of the films igcafried out by means of Hall
measurements, photoconductivi‘ty, and current-voltage characteristics mea-

( ~surements. From these measurements, carrier type, resistivity, carrier con-
centration and mobility are determined as a function of crystallinity, tem-
peratu::e, stoichiometry (doping), and composition (a.IIo.ying). The optical -
characterization involves reflectance and tra.nsmit‘tance measurements, Ra-

man spectrescopy, and photoluminescence. These measurements permit
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the determination of the refractive index, the optical band gap as well as
the defect and impurity levels in the gap.‘ Finally, emission spectroscopy of
the sputter discharge is carried out to study the emission lines of the species
present in the sputtering chamber as a function of the deposition parame-
ters. This would permit one to fine-tune the Cd/Pb ratio during deposition
of the alloy films. In previous publications, our group has reported [6,7)

the uniphase epitaxial growth of thin CdTe films on single-crystal KBr sub-

strates by planar rf magnetron sputtering in all the crysfallographic forms -

(cubic, hexagonal and tetragonal). References 3 and 4 are the first reports
of sputter deposited epitaxial CdTe lz;yers and the only observation of the
epitaxial growth of tetragonal CciTg._ by any form of deppsition. Epitax-
ial PbTe has never been obtained by spui:tering. Recently, our group has
succeeded in preparing epitaxial layers of PbTe on BaF; by .rf magnetron
sputtering [8].

This thesis reports the results of an investigation on the use of-plasma
emission spectroscopy for providing fundamental information on the com-
plex processes controlling the sputter djscharé;e used to deposit epitaxial

films of CdTe and PbTe and the results of optical characterization of epi-
taxial CdTe la.yeés by means of PL (photoluminescence) spectroscopy.

An outline of glow discharge sputtering and®the use of optical
spectroscopy for sputtering diagnostics, radiative recombinaticn processes
occurring in a semiconductor, and general properties of C"d:I‘e and PbTe
is presented in‘t.his ch‘apter. Chapter 2 describes the experimental proce-
dures and equipment used in this investigation. The two following chapters

contain experimental results and discussions. Chapter 3 deals with emis-

ot
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sion spectroscopy while chapter 4 is on photoluminescencg spectroscopy.

Finally, chapter 5 discussés the scope of future work.

1.2 Processes involved in sputtering

%

In this section we describe some of the processes involved in a discharge
by considering the sputtering process, the parameters that cont.rol the state
. of the glow dischﬁi‘ge as well as the deposition mechanisms. -
Sp'&ttering is a process where some energetic particles bombard a
target leading to the ejection of the sputtlered particles. This is ﬁsua.llyf-
~achieved in a glow discharge. A gas (in our case Argon) is injected in a
stainless sputtering chamber which is under vacuum and a glow discharge
is initiated by prov‘iding a high-voltage to the cathode.-- The detailed de-
scription of the apparatus is given in the next chapter. Fig. 1.1 shows a
schema,ti(: of the discharge. First, in front of the cathpde (target), one can
see a very weak luminous region called cethode dark space (cds). Next to it -
is a region of bright luminosity c;alle'd negative gloﬁ. In literature are also
mentioned the Faraday dark space and the positive glow region. However,
these regions occur only at very high pressures and large target/anode dis-
tances. - .
The negative glow is composed of the same number of ions and
clectrons, or, in other words, is neutral. Consequently, it is a true plasma

and no applied potential is dropped there. The potential appears across

o,
~.0

the cds and exhibits a linear increase with distance from the target.

6
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The electrons which are released from the target are accelerated by
the field next to it. These electrons suffer collisions with Ar-atoms. The

mean free path (mfp) is given by !

) 2 '
It = 0.025p%cm‘1 (1.1)

[

aug?
4

gas molecule in 42, which is 6.46.12 for Ar, and 0.025 is in 10~#Pa=1.3-3,

where p is the. pressure in Pascalé and is the cross-sectional area of the
The collision of an electron with an Ar atom can be elastic or inelastic. The
la.t‘ter case leads to the formation of an Ar ion and a new electron; bot1_1
electrons will be accelerated as far as the electric field is present ans'i undergo
more collisions. Because o-f this proliferation of electrons the discha.rge is
sustained. The distance L from the target to the edge of the cds is almost
equal to the average distance an elecﬁ'or'l travels from the target before its

first collision with an Ar atom. It is given by Aston's empirical relation [9]
A. B '

L=="14—= 1.2

p V7 L (2)

where J is the current density and A, B are constants whose values depend
on the target material and the gas. | | - '

Larsen et al. [10] used a Langmuir probe in order to determine the
shape of the dark space boundary near the edge of the target. It shows a
circular arc centered on the edge of the target. ‘

Two main groups of electrons enter the glow discharge: those created
near the cathode which are quite fast even if they suffer some collisions and
those created in the cds which do not carry as much energy as the former.

However, the latter have enough energy to excite the atoms present there.

8
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The fast ones however, penetrate farther and lose their energy iﬁ 'ionization
" as well as in excitation.

The ions at the edge of the cds are accelerated towards the target
because of the field and suffer collisions with Ar atoms as well. Thé mfp of
a gas A in a gas B is given by [11]- |
= VERNaoh 4 ws(3 o oa)(E + T} (13)
where V4, Np are the xzumber densities of the two molecules, m,, mg are

their masses and o4, op are their diameters. If A and B both represent

Argon (Ar) atoms, (1.3) is simplified to the following expression

-

Tt =227 Npop = 0.235pohem ™! (1.4)

where p is in pascals and ¢ in A. In our case however, A and B are
slightly different and represent both Ar ions and atoms. Moreover, there
is a possibility that a charge interchange occurs. Therefore, the ion lases
most of its energy and is again accelerated by the same field but from a
different starting point.

The collision diameter of Ar ions in Ar atoms is 84 [12] while the Ar

atom diameter is about 2.94. Consequently, and assuming that the density

of Ar* is very small cor_rQared to Ar, (1.4) becomes

{ArT) = (3.53p)"'em | (1.5)

As an illustration, at 3 Pa, the mfp of Ar* in Ar is about 0.9 mm.
As a result, Art ions suffer many collisions before reaching the target and

lose energy. Collision dynamics calculations [13] show that 45 % of the Ar™®

9
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recaching the target have.:enérgies less than 10 % of the applied voltage.

Davis and Vanderslice [13] measured the ?&‘gy spectrum of the
ions reaching the target in a glow discharge. Evén if they performed their
experiments at higher pressdres and lower voltages t‘ha.n in usual sputter-
ing, their results were consistent with the theory assuming that all the ions
. are generated at the edge of cds and that they lose their energy mainly
because of symmetric charge transfer. In other words, a collision between
an energetic ion and a neutral atom leads to an energehtic neutral and an
jon carrying only a thermal velocity.

The ivus produced at the edée of the cds strike the target and cause
a transfer of energy to the target atoms. This transfer of energy depends on
the geometry of the collision and the relative masses of the ions and target
atoms. The transfer of energy causes a collision casgadgin.the target. Some
of the target atoms escape and become sputtered atoms. The sputtering
yield S is defined as the number of atoms ejected per incident ion. It isa
very important parameter which depends on the energy spectrum, number
and nature of the ions as well as on the crystallographic direction and na-
ture of the target. Increasing the spuétt‘él:ing yield S (number of sputtered
ato.ms per incident ions) and the current density J (number of ions incident
per unit area of target) leads to high’a—épo'sition rates. To increase S means
to increase p or increase the mfp and thus to increase the average Art
energy at the target.

There are many types of particles ejected from the target: atoms,
dimers, trimers, their positive' and negative ions plus electrons. These par-

[}
ticles can be both in ground or excited state. However, excited atoms
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constitute only 1 % of the sputtered flux {14] and can be seen spectroscop- -

ically as they return to ground state by emitting phbtons. On the other
hand, ground state atoms can be seen by atomic absorption analysis. Kreye
[15] used this method in order to measure the sputtering yield and found
similar results as in excitation studies. It should be noted that some of the
incident ions may be reflected almost without losing their energy.

’i‘he sputtered particles (atoms and negative ions) travel from the
target to the substrate. The negative ions are first accelerated by the po-
tential across the cds and suffer some collisions similar to Ar* but in a

reversed direction. Then, in the negative glow, they are not accelerated

anymore, and lose their energy in collisions. However, these jons are very

f

few (less than 1 %).
“The neutrals of course are not accelerated during their trip to the an-

ode. Consequently, they lose their energy in successive collisions and have

about the same mfp as [(Ar). After each collision, a neutral atom retains

an energy which depends on the ratio of the masses of the sputtered atoms
and gas 1ons The therma.hzatmn energy is about 0:025 eV. An obvious
result 1s that all the sputtered atoms are thermalized before they reach the

substrate, as the inter-electrode distance is usually greater or equal to 5

cm. Moreover, optical emission measurements for a cylindrical sputtcnn&,

system showed that the diffusion equation controls the motion of the atoms
present in the negative glow. 'This result also supports the hypothesis that
the sputtered atoms are thermalized before reaching the substrate.

The measurem‘ents involved in determining the energies of sputtered

neutrals are not direct but consist of looking at the excited [16] or ionized

11-
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[17] species after sputtering. The position of the peak energy for the spec-
trum of the sf;uttered neutrals is less than 10 ¢V and depends on incident
ion energy. - s
On the other hand, Ar atoms carrexist in a metastable state (Ar~)
as a pesult of a collision with an electron which does not carry enough en- ’
~epgy to jonize it (15.7 eV). The metastable energies are 11.55 and 11.72
eV. Then, in a collision, this Argon atom (Ar") would transfer its energy
to a sputtered atom and would ionize it as most of the possible sputtered
_ species have ionization energies less than the Ar® energies. This is called
the Penning ionization. Using a mass spectrometer to sﬁmple ions reaching
the anode, Coburn and Kay [18,19,20,21] have examined ions formed by
Penning ionization of sputtered atoms and concluded that‘th.ese neutrals
consisted either of single atoms or dimers.
Finally, these are some residual gases which may be present in the
negative glow. Coburn a.nd'Ka.y [21] detected 2 x_mm.ber of species such as
H 0%, HyOF, ArH™* because of the presence of residual water vapour. Fur-
thermore, these ions are produced near the anode and could have an effect
on the film growth. In a.n rf discha{ge, for mstance, these ions may bom-
bard the anode because they have hig_her energies than in a dc discharge.
In the latter case, the anode is only a few volts negative in comparison to

the plasma, while for the rf discharge, the difference is usually greater [22].



1.3 RF sputtering

Let us suppose that an ac voltage is applied between two electrodes
of a sputtering system. At low frequencies, the discharge is si;r?t‘ched from
one el;ectrode to the other., Nevertheless, at frequencies exceeding 50 ICHz,
the discharge can be operail:ed at lower pressures. Indeed, the minimum
pressure decreases#vith increasing frequency. The minimum pressure in a
dc discharge depends on the need for sufficient ionization by tl;e electrons.
. _In the’rf case, we still have a dark space and the same voltage to
accelerate the electrons, Thus, this decrease in the minimumn pressure is
proof that the electrons gain energy from the rf field. Secondary electrons
from the electrodes -are still accelerated across the dark space and cause
ionization but less significantly than the rf driven electrons.

The mobility 01‘.J the electrons is much greater than the mobility of the
ions. Theréfore, the number of electrons reaching an electrode in half a cycle
when it is positive is greater than the r#umber of ions reaching it in the other
half cycle. This in turn results in the presence of a negative space charge in
front of the electrode. The potential across this space charge region causes
the Art to be acceierated to the electrodes with enough ener'gy to cause
spﬁttering. The ions do not respond to the rf field because of their much
greater mass, but respond.to the net dc levels.

To sputter the target and deposit on the substrate, one has to
create. an asymmetry. An easy way of doing this is by making the target

small compared to the other electrode by connecting it to the walls of the
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chambers. Since the number of electrons reaching each target is thé samé,
the current density is higher at the smaller electrode, hence, at the target.
Moreover, the target is essentially a capacitor in the circuit so that the dc
voltage is higher at the target than at the graun;l electrode. This assymetry
is then the cause1 of a larger dc dark space in front of the target. As in
the dc case, the Art are accelerated across this dark space and give rise
to sputtering at the targét. An oscilloscope between the target electrode
would display an rf waveform with a dc offset V.. The electron current
flowing to the target when positive is t;,qual to the ion current to the target
in the rest of the cycle. The much higher electron mobility leads the target

to the positive only for a small fraction of each cycle.

1.4 Planar magnetron sputtering

Magnetron systems attempt to trap electrons near the target so as to
increase their ionization efficiency. This is achieved with electric and mag-
néhic fields that are generally perpendicula.r..

The planar magnetron consists of a classic dc or f sputtering ar-
rangement (planar cathode surrounded by a dark space shield) with the
essential addition of permanent magnets behind the flat target face. The
planar magnetron principle is shown in fig. 1.1. The permanent magnets
create magnetic field lines which leave and enter the target plane around
an elongated track. The electric field is normal to the target and also to

the magnetic field as shown in the figure. As a result; the electrons, which
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are repelled by the target voltage and deflected by'the magnetic field, hop
around the track and create a high density plasma right above thé target,
:Only the electron motion is influenced by magnetic fields of the stren‘gt‘hs
used in sputtering sources in the magnetron mode.

Asan illhétration, the discharge current is greater than 5 A and the
effective ion current density is of the order of 20 mA/ecm? compared with 0.5
mA/em? for the de diode configuration. As a result of the higher current
density (which requires water cooling) and the lower operating pressures,
the planar magnetron displays much higher sputtering rates. The lower
operating pressures lead to purer films and confinement of the electrons at

the target eliminates uncontrolled substrate heating due to electron bom-

o
Tl

bardment as in’ non~magnetron sputtemng

However, the sputtering rate is not uniform: Indeed, the tfack may
be eroded completely through the target, while the remainder is practically
untouched. To improve this, one has to move the magnet assembly’ by

shifting the track to different positions on the target.

»

1.5 Film growth P :

Usually, the substrate is within the negative glow. The particles that
arrive on the substrate are of different kinds. There are gas atoms and ions,
electrons, sputteréd species from target and contaminants in their different
states including dimers and ions. These species are summarized in table

1.1.



- Species Neutral [ + | -
Sputtered atoms X XX
Sputt'efed molecules | X XX
Gas atoms X X
Gas molecules X [X
Residual gas molecules X X |
Hybrid molecules X
" High energy electrons X
Low energy electrons X

Table 1.1: Species present in a sputtering discharge

As far as film thickness is concerned, it is very important to know
the rate of deposition. This can be done by direct measurement using a
quartz crystal microbalance or a rate monitor. From the theoretical point
of view, thé computation of the deposition rate and the ﬁniﬂ:rmity of the
film requires the knowledge of the sputtering rate and of the solution of
the diffusion equation. However, this is a complex method.It should suffice
to know thaﬁ the geometrical arrangement of the anode and the substrate
play an important role in the deposition rate and uniformity of the film
since diffusion is the process which governs the transport of the sputtered’

madterial.

In many applications of thin film technology, it is very important to

obtain a steady substrate temperature in order to control the structure and

-
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composition of the ilm . The power dissipated in a glow discharge is of the
. -

order of 0.1 to 10.0 Wem™2. There is no doubt that a_part of this power

has a heating effect on the substrate which affects the film growth. The

high energy secondary electrons accelerated through the cathode fall cause

' ‘the initial temperature rise, while the equilibrium temperature depends on

i

the radiation from the target. However, if the target is well-cooled, the

heating at the substrate is mainly due to the high-energy electrons. In §

-sputteririg, Brodie et al. [22] found that high-energy electrons are the main

source of heating at the substrate.

The process governing the nucleation and growth of films sputtered
in a glow discharge is not well understood. There are several theories
for nucleation and growth. However the most common three dimensional

growth model consists of four stages{23]

—

L o . -

o Growth to an observable size (> 104) of the initial nuclei, which may -

contain a few-atoms [24]. It appears as a three-dimensional island

~

with a surface density of 1019 to 10'2em=2,

o Coalescence of these islands because of their further growth and close-

ness due to the migration of the atoms/rom the target.

¢ Formation of an interconnected network structure because of large

scale coalescence of the islands.

{

o Fill up of the empty channels in this network.
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The mobility of the adatoms on the surface is an impq'r;f:'ant coalescence
factor; a high surface mobility results in considerable éoalescence'. The
equilibrium of the growth conditions can be altered or does not even exist
if the diffusion rate is less than the arrival rate of atoms, if electrostatic
charges or adsorbed impurities are present or if the surface contains defects.

' A film remains attached to the subst}'ate as a result of two parameters
involved in the deposition process: stress and adhesion. Usually, sputtered
films are highiy stressed. The total stress is composed of the intrinsic stress
in the film and the thermal stress which is a consequence of the difference
in thermal expansion coefficient between the film and the substrate.

Four mechanisms have been considered by Chapman [25] in the
adhesion of thin films

‘e Simple interfacial adhesion due to Van der Waals forces.

e Interdiffusion between two materials since a graded junction apppears
between the substrate and the film {26] if two metals form solid solu-

tions.

o Formation of intermediate layers where the bonding is a result of
the presence of a co:ﬁpqund between the two materials or between
these materials and a residual gas in the system. As an illustration,
for metals deposited on oxide surfaces (e.g. glass), the adhesion is

proportional to the heat formation of the metal oxide.

o™

Mechanical adhesion where the roughness of the substrate surface

improves the bonding. '
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A’substrate ion sheath appears in front of the substrate if it is bia.;ed neg-
atively with respect to the plasma. Therefore, ioﬁs are accelerated across
this sheath and cause sputtering there depending on the ion energy. A nec-

‘essary condition to net deposition of material is that the substrate voltage
" be less negative than the target voltage. This method of substrate bom-
bardment cleans the film from adsorbed gases, so that one obtains higher
purity or lower resistivity in bias-sputter deposited films, better adhesion,
and the possibility of structural modification. Reviews of bias sputtering
have been given by Seeman [27] and Christensen (28].

On the other hand, if the sum of the plasma potential and the nega-
tive applied bias potential is_ greater thz;n a threshold energy, resl‘)utterinz.:,J
of deposited species occurs. However, the resputtering of the deposited tar-
cet atoms is less significant than the resputtering of the adsorbed gas. This

N
mechanism is consequently proposed to explain the decrease in resistivity

of bias sputtering films.

1.6 Optical emission from a glow discharge

Excitation is the cause of radiation from a gas discharge. An electron in
_the discharge can excite an atom provided that it can supply the necessary
energy between the electron levels. This excitatiord is.ih general due to

an inelastic electron collision. The cross-section ¢ for/a binary collision is
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defined as :

dN :

—c_it— = UNINQ‘E : (16)
where N;, N, are the concentrations of the coliiding particles of bhoth

species, T is their mean relative velocity, and % is the rate of produc-
tion of the altered state.
Three primary'ioniza,tion processes are involved in a glow discharge:

electron impact, ion impact and metastable-neutral interactions. These are

summarized for an Ar discharge as follows ; v
Ar 4 ¢ — Art 4+ 2¢ (1.7)
A; 4+ Art s 24rt 4 ¢ (1.8)
A+ Ar™ — Art $ Ar te (1.9)
' Arm - Ar — Art +e (1.10)

The first two processes require high energy electrons in contrast to
the third one. The metastable species Ar™ are created by elect'ron-_net;.'tra.l '
atom interactions where the metastable specie is a neutral atom in an-elec--
tronically excited state [29]. H.owever, the electron-neutral collision is the

dominant colliéior};ll process [30]. This will also be demonstrated in tlpis'
work.. - _
) » Emission spectroscopy is the most widely uséd technigte for glow
disql?.arge studies. It is based on the detection of emission from plasma
speciés from their excited electroni¢states. Often, the excitation occurs

as a result of a simple electron impact excitation. The advantage of this

method is that it requires little sophisticated equipment. Even the small

20



percentage of optical emission from a glow-discharge observable by eve pro-
vides useful, though non—qﬁantitative‘, diagnostic informa.tion.

In 1926, Von Hippel [31] observed the first emission spectra of sput-
tered atoms. Then, Stuart arid Wehner [32,33] showed that for low voltages,
the. sputtered'r;ttom ernission intensity was proportional to the sputtering
yield. Kreye [15,34] investigated the threshold sputteri‘ng,- énergies for single
crystal gold targets by means of emission spectroscopy.

Savatzky and Kay "35] used this method to monitor.the sputter-
ing yield over the energy range of 0.5-10 KeV for a polycrystalline copper
target. Greene and Whelam [36] investigated trace eléments as well as the

profile of the impurities in thin films. Spectroscopy of sputtering discharges

has been further developed by Greene and Sequeda-Osorio [37] to give spa-

tial resolution within the discharge.

Harshbarger et al [38] have recently used emission spectroscopy to

investigate reactive plasma etching, a technique which plays an important’

role in semiconductor technology for selective etching and pattern genera-
tion. ’ |

Assuming éxcitation due to inelastic electron collisions, the emission
intensity at any position x in the discharge corresponding tc the translation

i — 7 is related to the number density‘?f sputtered atoms N(z) by
I(z) = N(z)P{a)T0(\) (111)

where P;(z) is the probability of exciting an atom to state i, Ty is the

probability that the electron will déca.y back to state j through the ra-

diative transition of interest, and g(A) is the fraction of emitted photons
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corresponding to this transition which are collected. The total number of

excitation collisions per second per atom is given by

.
-

P,-(:z:)‘-:/-nc(.w:,v‘,)a,'m(v.,)'dvc : ) (1.12)

wimre n, is the electron population density and v, is the-electron velocity.
The equations (1.11) and (1.12) are obviously quite complicated re-
lationships. However, optical emission can be u:jed'fot ;gom;oriﬁg the dis-
charge by calibrating I fo;' standard sampleé under known discharge condi-
tions. Moreover, these equations can be simplified in some cases.and direct
relationships between | and N(x.) obtained, which can provide quaﬁtitativé‘ '

----- ‘- results.

E The emit.ting species, when identified, give qualitative information on
the change in plasma properties as a function of the discharge parameters.
Qur ;oncéfn in this work, for instance, is the powéf, pressure and sub-
strate bias dependence of the emission lines. However, the majority of the
species are in their ground state, and the relationship between the optical
emission intensities and the electronic‘ground state species concentrations
can be quite complicated. To overcome these complications, Coburn and

Chen [39] developed a technique called actinometry. This method relies on

estimating the ground state species X concentration from the ratios of the

) N Gpt'i"c_:ii._émissiou'intensity of interest to the emission intensity from an inert
gas A (the actinémetef).'This‘norma,lization corre;cts‘ any change in emis-
_slon intensities due to a change in excitation rate as a result of a change in -
energy distribution rather than species éoncentra.tioh.

‘Three major conditions need to be satisfled for the theory to be
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valid

o The excited species X and A must be produced Bv an electron impact

excitation of ground states.
o The excited states must decay exciusively by photon emission.

e The electron impact cross-section for X and A must have similar

thresholds and shapes as a function of electron energy.

In practice, although the conditions listed above are violated, actinom-
etry does hold over some range of plasma cqnditions. Cobum and Chen
[39] used optical emission spectroscopy for the study of reactive plasmas,
Their experiments were ca.rried out using'a CFy: 0p: Ar pl;),sma. The
_emission intensity ratio Ir(703.6nm)/14;(705.4nm) was used to monitor
ground state I atom concentration by means of actinometry. The authors
concluded that the ratio of intensities of the reactive particles to noble atom
emission can be used to monitor the relative conceniration of the reactive \
pa-rticl@::s as plesme parameters are varied.

-
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1.7 Radiative transitions in a semiconductor

In a semiconductor, if an electron occupying a higher.state than in equi-
librium{makes a transition to a vacant lower energy state, it may cmit the

energy difference between these two levels as an electromagnetic radiation.
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As a result, some kind of deviation from equilibrium is needed to create
such transitions. This is achieved by r—r;eans of exci‘té:fion. The lighﬁ emis-
sion is called luminescence. Moreover, if the excitation is a.c'complished by
optical absorption, this précess is then called photoluminescence.

Several excitation and recombination mechanisms are possible. .T\-Lese

are discussed below.

1.7.1 Exciton recombma’glon\'h\f\

CIfa semiconductof‘ is sufficiently pure, the electrons and holes form
excitons. The exciton may be considered as a neutral electron-hole pair
which is bound by a Coulombic i)otential and is free to migrate through
the lattice. It may be formed by exciting a valence electron to a state just -
below the conduction band by the absotption of a photon. The jonization

energy of such a system is [40]
E(n) = (—m;q¢* /22 &(0))(1/n?) - (113)

where q is the clectronic charge, and n is an integer greater or equal to one,
depending upon whether the exciton system is in the ground state or in an
excited state and €(0) is the static dielectric constant of the material. The

term my 1s the reduced mass given by
(1/m7) = (1/m7) + (1/m}) (1.14)

where m; and mj are, respectively, the electron and hole effective masses.

Hence, in a direct-gap semiconductor, the free exciton emission might con-
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sist of a series of narrow lines due to the recombination of the pair and y
starting at E, — E;(1), and occurring at E, — (1/n*)E;(1). However, the
intensity of the high order peaks decreases rapidly (as n-3) and is therefore

ciifﬁcult to observe.

In an indirect gap semiconductor, a phonon is emitted to conserve

the momentum. The energy of the emitted photon is, therefore,

hv = E; - E.(n)—mE, - (1.13)

where - E, is the phonon energy and m is the number of optical phonons

emitted per transition. Excitons may be bound to an impufity level in the

gap. These are called bound excitons. Their recombination results in the

emission of a photon at a lower energy than that of the free exciton.

1.7.2 Conduction band to Valence band transition
Excitons represent the lowest energy states of electron-hole pairs. How-
ever, if the temperature is such that AT > E_(n), or if the crystal is not
that pure and perfect, the excitons are more likely to break up and form
free carriers. This could be followed by a band to band radiative recombi-
nation.
Since the momentum is conserved in direct gap semiconductors, tran-
sitions occur for states having the same k-values. The lo'w-energy threshold
is therefore Av = E,. With increasing either the excitation rate or the

sample temperature, emission at higher photon energies occurs as deeper

I
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r;tates in the band become filled.

In an indirect-gap semiconductor, all the occupied ﬁpper s‘ta.tes'?:on-
nect to all the empty lower states. But the transition must be mediated by
an intermediate process. Phonon emission is the mlost. likely intermediate
process. An optical transition assisted by phonon emission occurs at lower
photon energy tl"ian the gap energy, hvmin = E; — E,,. Phonon absorption
results in a higher photon energy of at least E; + E,, which can be more

Teadily reabsorbed by the semiconductor. “

1.7.3 Transition between a band and an impurity level

Shallow transitions could occur by emitting a radiation in the far infrared.
However, a phonon emission process is more probable. Such a transition
neutralizes ionized donors or acceptors. As an illustration for the donor
case, the recombination consists of trapping an electron in an excited state
of the donor which then cascades to lower-lying states.

A deep transition consists of either a conduction band to acceptor |
transition or a donor to valence band transition. For a dire-ct transition, a
photon hy = E;~E; is emitted whereas for indirect transitions, it is phonen
. assisted and the energy of the emitted photon is hv = E, — E; — E,.

In most direct gap semiconductors, E, is greater than Ey because
the effective mass of the electron is smaller than that of the hole. Thus, a
conduction band to acceptor transition can be easily distinguished from a

donor to valence band transition. This is true unless E, ~ Ey in which case

1
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the conductivity of the'sern.iconducto-r and the emission intensity must be
correlated with the impurity concentration. In indirect gap semiconductors
however, donor states are associated with lthe lowest valley of .the conduc-
tion band and phonons assist such kind of transition.

Deep levels in the energy gap are formed as a result of the presence of
impurities with large ionization energies. Transitions between these states

and the band edge emits radiation at hv = E, — Ei.

-

1.7.4 Donor-Acceptor transitions

When both donor and acceptor impurities are present in a semiconductor,
Coulomb interaction between them medifies the binding eneréies {compared
to the isolated impurity case) such that the energy separating the paired

donor and acceptor states is

2

M:&—&*&+% -~ (1.16)

where E is the energy gap, E, is the acceptor binding energy, Eq is the
~ donor binding energy and e?/kr is the repulsive potential between the ion-

ized acceptor and donor at a distance r.

1~
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1.8 General properties of CdTe

CdTe is a direct gap semiconductor with the smallest energy gap at the
center of the Brillouin zone(T"). The optical gap is 1.49 eV at room temper-
ature. The zinc blende structure is the stable form for bulk single crystals
of CdTe at atmospheric pressure. This structure belongs to the cubic space
group F43m (T}) and consists of two interpenetrating face center cubic
lattices offset from one another by one fourth of a body diagonal. The best
value of the cubic lattice parameter at room temperature is 6.481.1 [41,42] .
This value is suB ject to change due to deviation from stoichiometry. T?.ble

1.2 summarizes the main properties of CdTe.

1.9 General 'properties.of PbTe

Pb’_fe is a IV-VI compound which belongs to the lead salt group and
crystallizes in the rock-salt crystal structure. The fundamental space lat-
tice (Bravais lattice) is face centered cubic. The customary lattice constant
ais the edge. distance between lead ions or between anions forming the unit
cube and is approximately 6.4603 :l There are four PbTe units in e.nch
unit cube of volume a®, and each ion has six héa.rest-neighbour ions of the
opposite kind, lgi:f'ing a coordination number of six. Its spacegroup is O}, or

(Fm3m).
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Table 1.2: General properties of CdTe and PbTe.



RER R " YRR SU —_
. et i = TR e T
- o —————— e

PbTe is a narrow gap semiconductor (E, = 0.31eV at room tém—
perature) with extrema of conduction and valence bands at the L points of
the Brillouin zone. Lead salt semiconductors are very interesting semicoﬁ- :
ductors. The temperature coefficient (dE,/dT) of their minimum gap E,
is positive. i\;Ioreover, their static dielectric constants are unusually large
when compared with values observed for other semiconductors. Table 1.2

sumnmarizes the most important properties of PbTe.
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Chapter 2 : 7

Apparatus and Experimental -

-

procedure

2.1 Sputtering apparatus

The sputtering appzir;ttus is shown schematically in fig. 2.1. The sput-
tering chamber (Materials research corporation 8667 model) provi‘des three
sputtering targets (1, 2 and 3) mounted 90 degrees apart on a 71 ¢m diam-

eter stainless steel top-plate. The targets consist of hot-pressesd 99.999 %

PbTe and CdTe discs, 0.6 cm thick and of 16.3 cm diamcter.. Substrates ar'?

placed on a large annular table which can be either rotated continuously or
stepped to discrete positions below the targets.

Four sputter modes are available: dc or rf conventional diode sput-
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tering and dc or rf high rate magnetron sputtering. All our films were grown,
in the rf, magnetron sputtering mode. By lbcating permanent magnets be-

hind the flat target face, a magnetic field is_generated that is orthogonal to

the normal electric field associated with the cathode. Also, substrates can

.
be heated or sputter etched prior to deposition and can be biased" during

deposition. In addition, our apparatus a.lso‘ﬁ-ovides

e Sequential deposition of up to.three layers of different materials.

¢ Simultaneous deposition or co-deposition of different materials,

(3

- Up to four individual stainless steel shutters are-provided. Each is in-
’ dividua.lly.positioned. Position indicators and position locks assure correct
. location.. The aim of these shutters is to prevent the sputtered species to
get to the suBstra.te when pre-sputtering. Also, it is used for sequential
deposition purposes in order to permit the deposition of each la:;rer at a
time.

| The austenitic (non—mqag_netic) stainless steel ,chan"*lber is & nomi-
nal 66 cm diameter by 25.4 cmehigh. The interior surface is polished to
minimize the effectivé surface urea. A 10 cm diameter viewport is provided
with disposable windows. Four V4 flanges provide two spare positions. The
annular water-cooled anode is 61 cm OD‘ by 10 cm ID. It is constructed of
aluminum and stainless steel. Rf‘and cooling lines are routed through a cen-
tre post and connect to the cathode inside a cdvity which is at atmospheric
pressure. The rf glenerator is an MRC model $3013 and its frequ'cncy is

13.56 MHz. Magnetron cathodes (ﬁg. 2.2) are constructed of stainless steel

’
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and copper with water ﬁow concentrated over areas of high power density.
This can be operated as diode cathodes by removing the magnets.

The sputtering chamber is pumped down using a roughing pump,
a Varian V80 turbo pump, an NRC-made liquid nitrogen trap and a CTI
CRYO-TORRS cryogenic pump. The latter provides fast, clean pumping
of all gases in the 1073 to 10-'° torr range. It operates on the principle
that gases can be condensed and held at extremely low vapour pressures,
achieving high speeds and throughruts. A Varian 843 vacaum ic;nization .
gauge reads the presures in the above range while a TI'iER.MOVAC T™
210 S reads higher pressures. A spectromass 100D (Spectrum Scientific
Ltd.), which is a small partial pressure analyser of the quadrupole type,
is used for residual gas analysis, vacuum 'problem solving, leak detection,
process control and many other similar applications. Ultra high purity Ar
15 used as the sputter gas. The gas ﬁow is controlled by an MKS electronic
mass flow controller énd the pressure during sputtering is read Ey an MKS

Baratron capacitance manometer.

2.2 * Deposition of CdTe and PbTe

The substrates (freshly cleaved (100) KBr for CdTe and freshly cleaved
and polished (111)*Baf for PbTe), as well as some chemically cleaned
glass slides were attached to the heater block using a dag or an In/ Ga
solution. The chamber was opened, and the substrates were loaded on the

etch platform. The chamber was then closed and pumped down 4o the
- -
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Figure 2.2: Schematic of a magnetron cathode.
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suitable vacuum (at least 4 X 10~7 torr for flm deposition), ;vh'ich often
required an overnight pumpdown ;\{ith heating of the substrates to the
desired ltemperatﬁre. . '

On the following day, the base pressure, :the'substrate‘tempei‘atu}e,
and- the RGA (residual gas analyser) trace were recorded. Then, Ar was
introduced and the pressure was adjusted to 3.5 mtorr or the desired value.
The flow-rate was generally kept between 80 and 100 SCCM. The next
step consisted of tg\rning on the power supply, adjusting the shutters for
the pre'-sputtering mode, selecting the various targets to be sputtered with
the individual select on/off knobs and tuning the netwoi_"k to the power
supply for minimum reflected power. - ' _“’.

Next, the high voltage section of the power supply v..vas turned on
and the power was increased tb the desired value. The glow start button
was pushed until a plasma was generated in the chamber. Finally, a ’E:Lne
tune, if hecessary, adjusted our parameters and set the reflected power
to its minimum. The target was first pre-sputtered for 10-15 minutes at
100 W for CdTe and 50 W for PbTe to clean the target surface while

| protecting tlié substrates ‘with a shutter. Then, the sht‘ltters are removed
and film deposition started at the desi;ed pfessure, powei‘, target voltage,
- and substrate bias by readjusting the tuning parameter, if necessary.
The film thickness was determined at the enci of the run by meaéuring
tl/u'/thickncss' of the film on a glass slide. A scratch was made on the glass;
,{‘\‘a.nd th_efhickness of the step was measured using a Dektak II-A stylus.
A{Iteruately, an Inficon quartz crystal thickness and rate monitor was used

. for in-situ thickness measurements during deposition, particularly when
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conducting emission spectroscopy studies.

2.3 Plasma emission spectroscopy

The arrangement for emission spectroscopy is shown schematically in
ﬁg. 2.3. Spectroscopy was carried out throlugh a large quartz side windéw
by means of a PT Analytical PSS5-100 computer-run spectrometer, which
scanned the range of 200-800 nm with a resolution of 0.1 nm. The grating

was blazed at 250 nm.
) To impfove the light-gathering capability of the apparattis for
measurements of intensity versus rf power, gas pressure, and bias voltage,
a large portion of the discharge was exposed directly to the monochroma-
tor using suitable masks. Emission intensities were determined near the
cathode by means of a vertical mask exposing a1l x 12 em portion.;of the
discharge just below the cathode. The discharge near the substrate wag
studied using a mask exposing a region 0.75 x 3 cm immediately above the
substrate. The rf power was determined, as'lis usual, between the rf supply
and the tuning circuit, while the total gas pressure was measured using the

capacitance manometer.
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Figure 2.3: Schematic of the emission spectroscopy arrangement.
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2.4 Structural éharacterizatio_n of CdTe

The films were' structurally characterized pfincipalljr by x-ray diffraction.
The Phillips x-ray diffractometer is provided with several units controlled
by a PW 1710 diffraction control unitj(ﬁg. 2.4). The PW 1710 provides

four major functions:

Control of the x-ray dij{rac’cometer.

Measurement and processing of X-ray intensities.

Control of peripherals such as VDU’s and/or computers.

o .Execution of commands and user-made programs.

.o

The system comprises two modules: The control module which houses the
electronics and the power module which houses the power supply circuifry:
Moreover, the PW 1710 has its own front panel mounted alphanumeric key-
board and display plus extra command keys and system status indicatofs.
~ In addition, it controls the PW 1820 vertical goniometer, the PW 1771

radiation shield as well as the PW 8203 A one line recorder.

First, a film was loaded by inserting it into a sample holder. The

generator was then set at a voltage of 33 KV and a current of 20 mA and
the shutter was opened. The first scan consisted of a preliminary search for
difiraction peaks at a quite high speed. Next, every single peak was more

carefully considered, by scanning at a low speed. This allowed us to choose
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Figure 2.4: Schematic diagram of the x-ray diffractometer.
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the proper scale for the final step.” A final scan was, therefore, performed
and the different peaks as a function of 28 were recorded on a chart paper. .
Diffraction of coherent radiation by the three-dimensional array of

atoms in a crystal is governed by Bragg’s law, which states that the incident

beam is reflected by a set of lattice planes (hkl) if
2dsinf = nA (2.1)

where d is the interplanar spacing, 4 is the angle between the incident (or
reflected) beam and the planes (hkl) and A the wavelength of the diffracted -
raciation. .

The X-ray technique is based on monochromatic radiation. The
~ main radiation source in our case was the copper Nay, Kay, and K3
radiation. However, a tungsten Loy and Lo, radiation was recognized to
(E;ll-lée the appearance of c'mé of the very weak peaks.The observed 2 8 values
con}e?ﬁonding to the c]jﬁ'erer_lt peaks in the recorded scan were compared
with the 2 8 values expected for different hkl planes for the substrate and
the film material from the known crystallographic structures and lattice

parameters. For cubic crystals,

d= a
(VR R+ )

where a is the lattice parameter.
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2.5 Photoluminescence spectros.copy
f

Photoluminescence studies were conduéted using a Fourier transform
spectrometer (FTS). The major components of qﬁr PL apl;ara.tus (fig. 2.5)
are: (i) a source {Ar ion laser) to excite the PL, (ii) a cryostat to cool the
sa.xhple, and (iii} a spectrometer to analyze thyPTj spect'rum. Thé Ar ion
(Ar?*) laser line was at 514.5 am (2.410 eV) and the nonlaser plasma emis-
sion was removed from the laser béam with a Brewster angle prism disperser
and a Schott BG 38 glass-filter. Without the laser prefilter, strong plasma
lines were observed via scattering in the 1.25-1.8 um range. Laser power
at the sample compartment was measured with an Eppley thermoinle ra-
diometer. Some of the samples were clampéd in vacuum on the cold finger
ofva Janis Supertran continuous flow cryostat with CaF} windows on the

. .toom-temperature shroud. The cryostat’s base sample temperature was
below 5 K, as verified from the temperature dependence of the PL of an
InP standard sample. Below 80 I, the measurement of temperature was
done with a germanium resistance thermometer. Other samples were glued
on the sample holder of a waritemp-type cryostat and immersed in liquid
helium at 4.2 K. —

Fourier transform spectroscopy (F'TS) is the dominant spectropho-
tometric téchnique in the infrared. This instrument is a form of Michelson
interferometer and its mode of o'peration is made clear in fig. 2.5. A beam
of mixed radiations from the source So traverses the sample Sa and is col-

limated. The parallel beam is directed at an angle of 45 degrees onto a
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Figure 2.5: Components of a Fourier transform photoluminescence appara-

tus.
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beamsplitter B. Part of the radiation is reflected and the remainder trans-
mitted: the transmitted part falls at normal incidence on a plane mirror,
capable of movement along a line perpendicular to its surface, and is re-

turned to be partially reflected by B and finally to form, with the help of a

condensing system, a reduced image of the entrance aperture on the detec- .

tor. That part of the original parallel beam reflected by the beamsplitter
falls at normal incidence on a fixed plane mirror, is returned to B and after

‘ transmission is also condensed onto the detector. Since the two parts &f
the original beam follow different paths, there is in gene;al, for a particular
wavelength A, a phase displacement between them equal to 2xz/)\, where
the path difference x and A are both measured in ¢cm. Replacing 1/A by
wavenumber ¢ (waves per cm), the phase difference becomes 27oz; when
x is zero (ZPD) all frequencies are in phase and the amplified and retéfiﬁed
signal from the detector is at 2 maximum. As the path difference is steadily
increased from zero by movement of the plane mirror, detector output falls

to a minimum and thereafter passes through a succession’ of maxima and

minima with a tendency for the fluctuations to diminish. The resulting

curve is known as an interferogram and it can be shown that a power spec-
trum can be derived from it by performing a Fourier transformation, and
for this purpose a high speed digital computer i¢ usually employed. If one
spectrum 1s obtained with the sample and another one without the sam-
ple, the ratio of the two spectra gives a transmittancegpectrum, similar to
that obtainable with any other spectrometer. Clearly, when using a digiﬁal
computer it is not possible to utilize every point of the intérferogra.m a.n:l

in practice the output from the detector is measured only at uniform incre-
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ments of path difference, Az, °
The interferometer has a number of advantages over the conventional
spectrometer. Most important, there is a large energy gain, particularly at

high resolution, since instead of passing radiation through a narrow slit, as

_in prism or grating spectrometer, quite a large circular entrance aperture

may be used, and this feature is very welcome at long wavelengths where
the energy from available sources is iox#. | 7
FT-IR spectrometers are routinely used for the measurement of
transmittance (7) and reflectance (p). More recently, other types of sam-
pling including photoacoustics, diffuse reflectance, photothermal ionization,
photoconductivity, Raman and PL have been combined with FTS. In our
investigation, the spectrometer used for analysing the PL was a Bomem
DA3.02 FT infrared spectrophotometer. The sample cryostat was centered
vertically at the normal absorbance focus position in the sample chamber
and the PL was collected, collimated, directed backwards through the inter-
ferometer, ﬁlter.éd, and focused on the detector and at the normal source
position. Thus, the PL arrangemeht required minimal modification to the
instrument. Spurious effects due to air absorptions c‘oincident in frequency
with the luminescence were avoided by evacuating the spectrometer to a
pressure o% 0.1 torr. FTS is relatively insensitive to the scattering and defo-
cusing of the incident laser and to the amplitude fluctuations in the emission
due to turbulence that occurs when the sample is surrounded with liquid
helium. In fact, FT instruments can tolerate a sample area several millime-
tres in diametér and maintain a resolution of 0.i meV or better. Also, the

: . L
FT process removes amplitude fluctuations because they are outside-the

45

-
S ]



~ FT filter bandwith.

The detector used was a North coast 817 S germanium PIN phdto—
diode. Its time constant limited the scanning speed of our interferometer
to a maximum of 0.05 cm/s. One probiem with this detector was its sen-
sitivity to charged particle events caused by cosmic rafs. At the output
qf the detector preamplifier, these events produced large spikes which were
rémoved electronically. The spectral results were checked with the noisier,
but wider band, InSb detector to be sure that no large features at lower
energy had heen overlooked. A Schott RG-850 glass filter in front of t-he.
detector removed the laser stray light from the collected radiation, Oth-
erwise, the FT spectrometer would have redistributed the exciting line’s
photon noise over the whole spectrum, thus swamping the luminescence.

Phc;[:oluminescence spectra of magnetron sputter deposited epita.xial
(100) CdTe ranging from 1.8 to 14 um grov"rn on freshly cleaved (100) KBr
substrate were recorded at 4.2 I{ and at an incident excitation power:of 100
mW. On some selected samples, detailed measurements of the tempera.tﬁre

. dependence (4.2-80 K) and the excitation power dependence (10-200 mW)

————

of the photoluminescence spectra were also carried out.
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Chapter 3

Emission spectroscopy results

and discussion

™~

3.1 Introduction

CdTe and PbTe are excellent candidates for potential use in alloy (be-

" cause of the wide difference in their bandgap) or multilayer structures (close
. 4+ .

match in lattice parameters). Our group has recently begun to explore the

magnetron discharge as a means of preparing such structures. It would,
R

.- — -—therefore;beparticilarily ﬁ_séfumfac‘ﬁvc—lki_scharge parameters as the cath-

ode ion current, the sputtered atom density, and the electron energy, which
have a large influence on the way films are deposited, could be related to

such system operating parameters as the gas pressure and power input.
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Emission spectroscopy, the study, of the spectral dependence of the inten-
. sity of light given off by:atoms exciled to emitting states by, for instance,
inclastic electron-neutral collisions, is one way in which the relationships
between system operating paran';eters_and discharge parameters inay be

explored and in turn correlated to compositional properties of the above

. structures.

In two recent papers 43,44] an emission spectroscopy study has been
made of an rf magnetron discharge used to sputter-deposit CdTe in Ar. In
such a discharge one may write the intensity of, for instance, a Cd line-as

Ic(; = I\Pc,i X IVCd X Ncd (31)

where Ny is a constant, Ngy is the local @sity of Cd atoms, and ngq
is the probability of excitipg a Cd atom to the emitting state. Itisa
function of the energy distribution of the electrons and the cross-section
for excitation of a Cd atom from its ground state to the emitting state in
question and is equa.iqto P; of equation 1.12. It was found that at normal
sputtering pressures (p ~ 1 Pa) the ratio nge/n.4, was insensitive to the rf
power, so that, the ratio Ipy/Ii, was propdi'tional to Ngg/Nar as the rf
power was varied. Thus, Cd intensities j.\}ere simply reiated to Cd densities.
On the other hand, when the gas pressure was varied, such a relationship
- was not obeyed. The relationship of the sputtered atom density to the Ar-
normalized intensity as the power is varied has also been observed by Pech
et al. [45] for a dc magnetron discharge.

In the present work, a study'is made of a discharge used to sputter

deposit PbTe in Ar so as to prepare for co-deposition or sequential deposi-
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tion of CdTe and PbTe in a multi-gun magnetron system, using emission
spectroscopy as a probe for process control and analysis. The principal
Pb and Te lines in the discharge are identified, and their dependence on
rf power determined over a wide range of pressures to look for a relation--
ship between the Pb atomic density and the Ar-normalized Pb intensities.
The pres'sm:e dependence of the principal lines is determined at constant
power. Finally, some prelimﬁ{‘a.ry studies are made of the variation of line_‘
intensities just above the substrate with bias voltage on the substrate, an
important film growth parameter.

The sputtering chamber and the emission spec*-ometer have been
previously descriiaed in chapter 2. It was found that when the rf power fed
to the cathode was increased past 100 W or so, the discharge occasionally -
changed from its normal configuration, a half-toroid positioned just inside
the outer ring of magnets {44], to an intensely luminous spot discharge
which moved over the target on a circle of 7 cm diameter with a peribd
of approximately a second. This circle was just within the outer ring of
magnets and centered on the region of the highest sputter removal rate.
This discharge resulted in fine near,¢ircular erosion channels in the cath-
ode. The likelihood for its occurrence increased with power, but was not
very sensitive to pressure. Since the sputter rate of 2 magnetron discharge
also increases with-power but is relatively insensitive to pressure and the
sputter —dépo_éiition rate of PbTe is unusually high in the present system,
apiproximately 12.5 A/sfat 50 W of power, we would tentatively attribute
the occurrence of this localised discharge to unusually high sputtered atom

fluxes near the target. This spot discharge was not studied in the present
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work, but, by forcing us to operate at relatively low levels, adversély af-
fected the accuracy of some of the results described below.

Emission intensities were determined near the cathode and near the
substrate as a function of rf power and pressure by means of vertical masks
as described earlier in chabter 2. The power dependence of the deposition
rate was measured using a quartz thickness monitor.-

- The resolving power of the spectrometer, 0.1 nm, was such that a
dozen or so Pb [ lines could be discerned. Those at 261.4, 280.2, 283.3,
| - 363.8, 368.3, and 405.8 nm were particularly strong. As in the case of the
CdTe discharge; Te I lines at 214.3, 225.9, and 238.6 nm were resol@d but
were relatively weak and broad; in this paper, the attention will focus on

the Pb lines. A number of strong Ar I lines could readily be observed.

3.2 Results

" The dependence of the main Pb, Te and Ar emission lines intensities
on rf power was determined both near the cathode and near the anode,
placed 5 cm below the cathode, at gas pressures of 0.068 Pé.',. 0.33 Pa, and
5.3 Pa. Some data representative of intensities measured near the target
are given in figures 3.1 and 3.2. The emission intensities of the sputtered
species vary superlinearly with power, while the Ar intensities vary sﬁblin—
early with power. This was also observed with the CdTe discharge (figs.

3.3, 3.4). This behaviour is to be attributed to the fact that the sputtered

atom density increases with power, while the Ar pressure does not. Fig-
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ures 3.1 and 3.2, which are log-log plot3, indicate t1.1a;t the data are well
represented By-I o W™, The staight lines drawn through the data satisfy
this relationship, with n determined by a least mean sqga.resl deviation fit,
Values for n were determined for five lines of both Pb aﬁd Ar near the
cathode and near the substrate at the three pressures mentioned above and
are gwen in table 3.1. ‘ *
At the lowest pressures and near the cathode a nulmber of new
lines_,&p.pegred at wavelengths between 450 and 475 nm. Their emergence
“with increasing pressure is shown by the spectra of figs. 3.5 and 3.6 which
una.rﬁ&igiously identiﬁedl.them as Ar* lines [46). Their power dependence at
0.07 Pa was very similar to that of the neutral Ar lines (fig. 3.1; table 3.1).
These Ar* lines were not observed near the substrate at low gas pressures.
All these observations also apply to the CdTe discharge, except that the
power dependence of the Ar* lines was not examined for that discharge.
The intensities of the main Pb, Te, and Ar emission lines near

the target were measured while the gas pressure was varied at a constant
rf power levei of 30 W (ﬁgs 3.7, 3.8). The sputtered species intensities are
relatively 1nsensx'me to pressure for pressures below 0.5 Pa, and increase
more rapidly with pressure at higher pressures. The pressure dependence
of the Ar lines is quite different. "Again, the Ar* intensities decrease rapidly
with increasiné pressure.

The data of fig. 3.7 are similar to the data obtained for the CdTe
discharge (fig. 3.9), in thatl.I( ) curves change slope near 0.5 Pa, at which
pressure the electron-neutral collision frequency is near the rf frequency

[47]if collective effects may be ignored. These curves differ from the CdTe
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Figure 3.1: The power dependence of some Pb, Ar, and Ar* emission

intensities at a gas pressure of 0.068 Pa.
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Figure 3.2: The power dependence of intense Pb and Ar lines at a pressure

of 5.3 Pa.
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intensity

Figure 3.3: The intensity of strong Cd and Te atomic lines for the negative

glow, in relative units, as a function of rf power. The pressure was 0.5 Pa.
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Figure-3.4: The intensity of some Ar and Xe atomic lines for the negative

glow as a function of rf power; the total pressure was 0.5 Pa.
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curves in that there is less line-to-line variatiop, even among the Te lines,
‘which are common to the two cases. The Ar curves do not show the down-
turn at high pressures observed in the CdTe discharge (fig. 3.10), possibly

because the present data were obtained on a new target which had not as

vet been eroded.

The intensities were also measured.as a function of gas pressure

while the rf power was adjusted so as to kfep the target self-bias voltage
Vsp constant. For Vsg = —90V", which at rhost pressures corresponds to rf

power levels near 50 W, the intensities for the sputtered species were less

- sensitive to gas pressure than for constant power conditions, except for a

sharp drop in intensity at low pressures, just above extinction, where Vsg
rises sharply with pressure [44,46]. There, the power had to be reduced to
keep Vsp constant, with a consequent drop in intensities.

The deposition rate was determined as a function of rf power be-
tween 40 W and 125 W for various gas pressures. If also was found to vary
as W", with n & 1 and-increasing only slightly with pressure as the latter
increased by nearly two orders of r.nagnitlude (table 3.1). )

Emission intensities near i:.he target and the substrate were also ex-
amined while a bias voltage was applied to the substrate. By adjusting the
total power and the tuning capaéitors between the two electrodes (target
a.nd substrate) and their common power source, the substrate self-bias volt-
age Vsg could be varied while keeping either the target power or the target
voltage Vsp constant. The results were rather complex and difficult to in-
terpret, so not all the data are shown here. Generally, the Ar intensities

increased faster with substrate bias than did the sputtered atom intensi-
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Figure 3.9: Intensities for some Cd and Te lines observed in the negative
glow as a function of the total gas pressufe. For the sake of clarity, data

points are not shown. The rf power level was 100 W.
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ties. In fig. 3.11 is shown some Pb and Ar intensities at the substrate as a
function of V55 at Vsg = —90V. Under these conditions, the Ar intensities
increased much faster than those of Pb the chﬁ'erence is appro‘clmatelv a
factor of three. No evidence for Ar+ lines was observed, even at the highest
substrate voltages. The variation of Ip, and I, with VS’-B near the target

was similar to that of fig. 3.11, except that the increase with Vsp was not

‘as marked.

3.3 Discussion

From eq. 3.1 applied to the present discharge it follows that

Ipy  KpyNpyyps
Ly KN4 Nana,

(3.2)

As stated in section 3.1, npy = fn(E)opy(E)dE. If the electron tem-
perature, which is a measure of the average electron kinetic energy in a

Maxwell-Boltzmann ,dfi‘s"t'ribution represented by n.(E), and hence npy/n.4,

are not sensitive to such a system operatmg parameter as the rf power or

ﬂ'ﬁ? pressure, then as that parameter varies the sputtered atom density Np;

is linearly related to the ratio Ip;,/I_.,,. It has been noted above that for .the.

CdTe discharge such a relationship was found to be valid for changes in tf

- power, but not for pressure changes.

Consider first the present data obtained for varying rf power levels.
It follows from table 3.1 that in both the negative glow and in the positive

column, at pressures as high as 0.5 Pa, the power dependence of the left-

.
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Figure 3.11: Some emission intensities near the substrate for varying

.-self-bias voltage on the substrate. The target self-bias voltage was -90 V,

and the gas pressure was 0.5 Pa. The power W required to achieve these

conditions is given normalised on its value at Vg = 0V (left axis).
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hand side of the above equation gﬁries dpproximétely linearly with power.
At the target, the peak of the energy distribution of the sputtered atoms is
insensitive to the energy of the ificident Ar jons and t6 the f p;xber Ié\_f_el.
At low pressures, traﬁsport of these atoms to the substfate will be by drift,
so that the 'power dependence- of pr will be equal‘to that of the sputter-
ing rate, which, a’g'aiﬁ frrm table 3.1; is close to linear. It follows that at
these ‘pressures the power dependencle of npy /1y will be relatively weak;
the clectron temperature is not sensitive to power.

M the pressure increases the sputtered atoms begin to collide more™
frequently with gas atoms, their initial energies are reéthd, and their move-
ment to the substrate becom_eg diffusive. A recent experi:ﬁental stu-dy of a
magnetron discharge [48] suggégﬁg that energy loss of the sputtered atoms
becomes serious at a distance of approximately 5 mean free paths. At 0.7
Pa, the‘ mean free path of Pb atoms in Ar is of the order of 1 cm, while the
) ta,rget' to substrate distance in the present apparatus is.5 cm, so that the
power dependénce of Np, may be app'roximated by that of the depositi‘on
rate at pressures up to 0.7 Pa, but nét at higher pressures. Indeed, table
3.1 shows that at 5 Pa the power dependence of the deposition rate is quite
different from that of Ip;/I4,. At this pressure the "transport of Pb ato:ﬁs
to the substrate will be diffusive, and the deposition rate is proportional
" not to Npy near the substrate,/};}rt-to the spatial gradient of this quantity.u
No conclusion can therefore be reached regafding the power dependence of
the electron temperature on rf power at these higher pressures, and Np,
need not be‘simply related to Ipy/I,,.

For the CdTe discharge further evidence for the validity of the
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actinometry approximation (N o 1. /IA,) as the power was va.ried was
obtained from a plot of n against the energy of the Cd emitting states,

which varied from 3.8 eV to 8.1 eV. It was found that n was 1nsen51twe

to this energy, which implied that the electron temperature was insensitive .

to power variations. In the present instance the variation in the energy of

the emitting states of Pb is rather less [49), from 4.37 eV (the lines at for
instance 283.3, 364.0 and 405.8 nm) to 5.7 eV (261.4 nm), so that such

P

arguments are not conclusive,

In the previous analysis of the CdTe discharge an observed near
square-root dependence of I, on W and a linear dependence of I, on
iV/VSB was shows to indicate that Ar atoms in this discharge at 0.5 Pa
are excited-to short-lived, emitting states by single electron-atom collisions.
The a.ssurnpt'f_ion_ of the predominance of such collisions is basic to eq: -3.2
above. _In the .present’ case, at both the 0.07 Pa and 0.5 Pa, n for I,
is less than 0.5 and plots of I, against W/Vsp are linear, so that the
same conclusﬁh is suggested. At 5 Pa, however,.n for I, as measured
near the substratg is close to unity (table 3.1) and plots of I, intensities
against W/Vsg are rio longer clearly linear. Thus, at these high' pressures
mgtgstable Ar ions may be influencing the optical properties of the dis-

charge. A'more detailed study of the spectra and sputtered atom transport

at such pressures is therefore required.

Consider now the pressure dependence of the emission intensities and
the ratio npy/n4-. For reasons given above, one may expect that the ratio
of Npy to the sputtering rate will be insensitive to pressure for pressurcs

from 0.07 Pa to 0.5 Pa. The latter was found to change by only 10% or so
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over this pressure range, so Np; may be taken to be pressure independent.
The pressure dependencies of both I py and I, are not line sensitive (fig. -
. 3.7, 3.8); inserting typic;al values of these quantitigs into equation (3.2), one
finds 7py/n4r to increase by a factor of approximately four as the pressure
. mcrea.ses frorn 0.07 Pa to 0.5 Pa. Since 7 is an 1ntegral of the product of
the clectron energy distribution and the relevant cross-section, this implies
a decrease in electron temperature as the pressure increases. Additional
evidence for such behaviour is provided by the sharp decrease in the ratio
of Ar* intensities to neutral Ar intensities as the pressure is increased (fig.
3.8). Thué, nps/Nar is pressure sensitive and the pressure dependence of
Npy differs from that of I, pof Lir. |
In the previous CdTe studies, a correspondmg conclusion was “
reached based in part onthe large line-to-line variations in the pressure
dependengles of Ic4 and Ir.. Such a variation is not observed with- Ips and
Ir. in the pre'senp case. This must be due in pazt to thg smaller range of
Pb excited state energies which has been noted above.

Finally, we turn to the intensities observed for varying substrate
self-bias voltage Vis. As a rule, when films are grown for varying Vj;, a
phenomenological approach is used, in that a series of films is grown for
varying ratios of ¥y to target voltage Vi, and relationships are sought be-.
tween this ratio and the properties of the film deposited. Little is known
about the intrinsic parameters of that portion of the discharge adjacent to
the substrate and their effect on film growth.

Fig. 3.‘11 ir;dicates that for constant V3 and 0.5 Pa, the Ar inten.sities

rise much faster with V}; than do the Pb intensities, This would appear
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to indicate that the electron temperature near the substrate increases with .

substrate power, which is quite different from the behaviour observed at
thi$ pressure with power applied only to the magnetron target. Such a
shift-of the electron distribution to higher energies would increase the Ar+

density and thus influence film growth, which is quite sensitive to the bom-

- bardment of such ions.

These spectra are however difficult to interpret. It has been men-
tioned that also near the target, the Pb intensities were observed to increase
with V,. Energetic electrons will be produced near the substrate, and, not
being confined by a magnetic field, will excite Pb atoms and produce Ar

ions in the negative glow. The latter will influence the sputi:er removal rate

even though V,; is kept constant. Both effects $hould increase I Py, 50 that,

again, one would conclude the observed increase of I4,/Ip, with V), signals
a rise in electron temperature. ’

| The complexity of this situation and the importance of V), to film
growth call for a more detailed study: In such work, the power applied to
the target substrate should be monitored separately, resputtering at the
substrate should be accounted for, and the use of more direct probes for

the atomic densities and the election temperatures should be considered.

3.4 Summary y

An rf magnetron discharge used to sputter deposit PbTe in Ar has been

studied using emission spectroscopy. A number of intense Pb I and Ar I
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lines are identified, and their dependence on rf power and gas pressure de-

termined.

. From-pressrures near 0.07 1_3a, which is close to the.extinction pres-
sure, up to 5.3 Pa, the stronger Pb and Ar line intensities, both near the
target and near the substrate, vary with rf power (W) as W™. The values
of n are not line sensitive,&and, in averaged form, are given iln table 3.1.

The deposition rate at these pressures also varies as W™, For pres-

®sures up to and including 0.5 Pa, which'is a common sputtering pressure,

it follows from an identification of the power dependence of this rate with
t

that of the sputtered atom density N ;:b that the latter is given by the ratio
Ipy/Iar. Thus, the electron temperature is independent of rf power at these
preséures. For higher pressures, the Pb atoms become strongly scattered
by the Ar atoms, and their transport becomes diffusive; no conclusions on
the dependence of the electron temperature on rf power can be reached.
It is seen from the dependence of I, on W and on W/ Vs that below
* 0.5 Pa the excitation of Ar atoms occurs by single electron-Ar scattering
events. At higher pressures, the influence of metastable Ar atoms could not

be ruled out,

From the pressure dependencies of the Pb emission intensities and of

the deposition rate, it is deduced that the electron temperature is pressure
sensitive, so that Vpy Is not proportional to Ipy/I4 while the pressure is
varied.

The Pb and Ar line intensities near the substrate were determined
for constant target'self-bias voltage and increasiilg substrate vcltage. The

Ar intensities were observed to increase much faster than the Pb intensities

-..]i_ .
O:



(fig. 3.11). This suggests that near the substrate, the electron cnergies and
hence the number of Ar ions bombarding the substrate are very sensitive to

the substrate voltage, but further work is required to study this important

matter.
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‘Chapterd

Phdtoluminesc >nce
spectroscopy of epitaxial CdTe |

ﬁlnis

4.1 Photoluminescence in CdTe

Photoluminescence measurements (referred to as PL in this thesis) in
II-VI compounds [50] can provide valuable information éoncerning the type
and distribution of defects and impurities in a erystal and, hence, can be an
important indicator: of crystal quality. However, the interpretation of PL
data in the II-VI compounds is not straightforward because of the variety

of defects introduced by deviation from stoichiometry and their interaction

-
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with one another and with fbreign atoms. In order ‘to interpret the PL

spectra we will first mention briefly the salient characteristics of the various

ra.dxa.twe transitions in CdTe described in sectxon 1.7»

1.

to

Band to band transition: For CdTe, the band to bancl'lihe broadens
and shifts to lower energy with increasing temperature {51].In con-
trast, the peak position shifts to higher energies as the; excitation
intensity increases. This is due to the fact that states deeper in the

band become filled, permitting emission at bigher photon energies
[40]. ‘

Exciton transitions: Since the extiton binding energy is much smaller -

than the band gap, the temperature dependence of the exciton emis-
sion follows the tempera.turé dependence of the band gap [52] With
increasing temperature, excitons are difficult to observe by conven-
tional measurements because of phonon broadening and screening by

an increased free carrier density and lattice defects [52].

Donor-acceptor (D-A) transition [52]: (i) The emission line shifts to
higher energies as the excitation intensity increases because of the

saturation of the long-distance pairs with higher r values [33], the
- <1

_energy transition between an acceptor level and a donor level being

given by eq. 1.16. (ii) Appreciable narrowing of the emission band
occurs with increasing intensity. (iii) The band shifts towards higher
energies as the donor concentration increases. (iv) The band intensity

rapidly decreases as the temperature increases (from 25 to 35 K). (v)
n : .
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A shift of the peak to higher energies occurs over the same temper-
ature range as in (iv). This shift can be quite small for direct-gap
semiconductors and for undoped materials. '

However, conditions (ii) and (v) are not always fulfilled for D-

A transitions. Kaminskii and Pokrovskii [54] examined this effect
...-.__'—u_

for double-doped Si. They noted that the form of the femperature
dependence of kv depends on whether E, and Ej are comparable
or are widely different. Thus for Si:Sb,B where (E;)sy = 36meV,
.(.EQ)B = 44meV, the D-A spectral peaks narrowed and shifted to
lower energy between 4.2 K and 30 K: In contrast, a broadening and
shift to ﬁigher energy occurred between 4.2 K and 37 K for Si:Sb,Ga
where (E,)ge = 63meV. -

. Conduction band-acceptor (C.B.-A) or donor-valence band (D-V.B.)
transition: Some of the above characteristics, 3(ii) and 3(iv) for in-
stance, are common with a C.B.-A or a D-V.B. transition. .For exam-
ple, a shift of the line to higher energies is observed for these transi-
tions as the excitation is increased, driving the quasi-fermi level for
electrons deeper in the C.B., and the quasi-fermi level for holes deeper
~ in the V.B. [40]. For a band to defect level transition, the peak posi-
tion should fgllow almost the same trend é.s}he band gap. However,
at finite temperatures, emission-peak energy variation for a C.B.-A
t;;r;sition in GaAs as the temperature increases differs slightly from
the band-gap variation determined by Sturge [55]. Also, the peak
should broadén with increasing excitation intensity for a band to de-
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fect center transition because of the effect on the quasi-fermi levels

for holes or for electrons.

¥

In this chapter, we present the results of the photoluminescence spec-
troscopy studies on a series of epitaxial rf 'magnétron si)utter-deposited.
CdTe layers of varying t}ﬁéknes:;es (up to 14 um) grown on freshly cleaved
(100) KBr substrates in the deposition system described in chapter 2. These -
set of CdTe samples were grown at a substrate temperature of 325 degrees
Celtius, an Ar pressure of 3.5 mtorr and an rf power of 50 W. No bias
substrate was applied. The growth rate under the above conditions was =
5.5 A/s. |

Photoluminescence spectroscopy was carried out in the system de-
scribed in section 2.5. On selected samples, detailed measurements of the
temperature and excitation intensity dependence of the ;L spectra were
performed. For comparison, the PL spectra were also recorded for a CdTe
bulk single cry.stal from II-VI Inc., a bulk polycrystalline CdTe wafer from

II-VI Inc., a piece of the hot-pressed CdTe sputtering target, and a bulk
single crystal CdTe wafer from Cominco.

L
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4.2 Results |

4.2.1 Structural properties of CdTe

Only the (200), (400) and (600) reflections were observed in the x-
ray diffractometer scan of the CdTe layers, which indicated that the films
had the sanié orientation as the (100) KBr substrate. Large area electron
channeling patterns observed in the scanning electron microscope [56] con-
- firmed the films to be monocrystalline over the entire area. A t\ypical X-ray
diffractometer scan for a’ CdTe layer is shown in fig. 4.1. Shown in the
figure are the (200) and (400) reflections for the CdTe layer as well as the
IXBr substrate. It shkould be noted that }vhile the C UKoy and gltxa; peaks
for the (400) plane‘are well resolved for KBr, they are ndt for_the C§Te
layer. The peak width is generally used as an indicator of crystal structural
quality. To compare the crystfgie quality of the CdTe layers-as a function
of thickness, we used a computer fitting program to deconvolute the CdTe
(400) peak as & sum of ty;ro Gaussians. The criterion is to minimize the
sumn of the squares of the errors. Two Gaussia.n.curves were obtained from
this deconvolution as illustrated in fig. 4.2 for émnple HM?29, These curves
are due to the diffraction of the KNay and Ka, radiation By the (400)®CdTe
plane aXd were quite broad. Fig. 4.3 shows the FWHM (full width at half
maximum) of the (400} I{a, line (as determined from the ﬁttin;g program)
as a function of the CdTe layer thickness. The FWHM valt.x"e decreased

exponentiglly with increasing thickness. , : -
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Figure 4.1: X-ray diffractometer scan of (200) and (400) reflections for ™™

- (100)-oriented CdTe films grown on (100)-oriented KBr substrates. The

corresponding reflections from the IXBr substrate are also shown for com-

parison,
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reflection for CdTe sputter-deposited layers.
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4.2.2. PL speltra

PL spectra recorded at 4.2 K and at a laser excitation power of 10‘0 mW
were pretty much the same for the different film satY:es. A typical spectra
is b

own in fig. 4.4. The ,eésentia.l features are two broad bands centered at

[57F However, this is the first time that a band centered at 1.0 eV has been
re;pofte
the 0.8-1.2 eV range is a very recent study on chemically etthed bulk single
‘V‘Erygta.l CdTe [58]. A fine structure was seen on the.rllj‘.ﬁo 6V broad band
for two of out samples (HM32 and HM27). For HM32 these peaks were
located at O.Sl, 0.84, 0.86, 0.88, 0.90, 0.92, 0.94, 0.96,:0.98, 1.00, 1.03, 1.05,
1.07, and. 1.09 eV whereas for HM27 these peaks wer;c;:.'t 0.89, 0.92, 0.95,
0.97, ::d 1.00 eV. These peaks were power and temperature incieiaendent.
-No band edge péa:k nor excitonic peak were seen in the sputter-deposited

films. ) ] _
PL spectra for a CdTe bulk single crystal from II-VI Inc., a bulk

polycrystalline CdTe wafer from I1-VI Inc., a piece of the hot-pregged CdTe

pitaxial CdTe layers. The only other report of PL bands in’

—

sputtering target, and a bﬁlk.single crystal CdTe wafer from Cominco are

shown in figs. 4.5-4.8. For all these samples, the band edge peak at 1.59 eV
and excitonic pea.l‘cs at 1.52, 1.54, 1.553, 1.57, and 1.59 eV were observed and
were quite strong. The 1.42 eV peak was observed for the polycrystalline
CdTe sam‘iale and the hot-pressed CdTe‘spuf.tering target, but not for the
single c?ystal samples from II-VI Inc. and Cominco. No band'in the 0.7-1.2

eV range was observed.

&

80

T S e L e e

PRSI Y



Pl INT.Ca.u.)

0.00

Energy neV

Figure 4.4: PL spectra at 4.2 K for a (100) oriented CdTe epilayer (HM32).
The laser power was 100 mW, v
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However, after meclia.ﬁically polishing the bulk samples and

recording their PL spectra, a broad band in the 0.7-1.2 eV range emergjd
~ in addition to the peaks at 1.42 eV and the band edge peaks for all the

samples. Fig. 4.9 is a PL spectra for the single-crystal from II-VI Ine.
after polishing,. '

The 1. 00 eV peak was deconvoluted using ?c\oniputer least-square

fitting program. We ended up with two Gausszans at 0.80 ¢V and 1.00 eV.
For the lines at 0.80, 1.00, and 1.42 eV, the peak p\cns;t'io/e the height, and
the FWHM were determined (directly from the computer plot for the peak
at 1.42 eV and from the fitting program for the peaks at 0.80 eV and 1.00
eV). The experimental error on-the peak position was 4 meV whxle it was
double that for the FWﬁJI The FWHM of the 1.42 eV band agreed well
with the FWHM reported in the literature [51]: o -#

\ !

4.2.3 Variation of PL with thickness

The th£ee peak intensities were plotted against film thickness and were
fa.ndomly scattered. Thé same conclusion was reached regarding the peak
_position. Hox(rever, as shown i.n fig. 4.10, the FWHM of the 1.42 eV line
decreased with t‘h'ickness in a manner similar to that of the FWHM of the
(400) x-ray diffraction peak. Both FWHM were plotted against each‘othcr

and the result is shown in fig. 4.11.



1000.00 I I S N I 1 '
i A
s
3
é‘.
. bt
2 " -
&L o
- ) /,i ‘—\
{
. ) f |
| | LU
0.00 | [P 1 1 | ,ANJ“TJJ A
- 800 1400 '
Energy meV '

R
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II-VI Inc.. The laser power was 100 mW.
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4.2.4 Variation of PL with laser power

[}
/

The excitation’ iﬁténsity dependence of t;‘hé PL spectra was studied for
sample HM32. The laser power was varied up to 200 an, virlﬁl_e the film was
held at liqﬁid_heliilm temperature. The general shape of the spectra did not
change with incident power. As shown in fig. 4.12, the péak height of the
1.42 eV line-had-z linear variation with power.'wherea.s the two other lines
had a sublinear del;endence on power (I o< W), The three lintes shifted
slightly to higher energies with increasing laser power (gg 4.13). However,
their FWHM did not show any appreciable shift (g 4.14) although the

1.00 eV and 0.80 eV ‘Ii'nes showed a tendency to décrease with power within

4

the experimental errgr, '

“ A
 4.2.5 . Variation of PL with temperature
The temperature dependence of the PL §pehtra for the same sample
(HM32) was measured from liquid helium temperature up to 80 K at a
constant laser power of 100 W. The peak intensity of the 1.00 eV and 1.42
eV lines decreased appreciably over this temperature range (fig. 4..15). For
) the 0.80 eV band, a slight dec.:rease was noticed at higher temperatures.

The peak pdsition of the 0.8 eV line increased to higher energies with

£ i

increasing temperature (fig. 4.16). In cor.trast, no shift was observed within
the experimental error for the other lines, although a trend towards lower

energies was observed for the 1.42eV peak. The FWHM increased steadily

90



Peak height {a.u.)

1001
104 T
L]
-
1-—1
1™
‘0.1

"~ CdTe

Sample HM32

T T

Power (mw)

-

100

—T

\
Legend
0 1.4 eV pegk
© e 106V pagk_
a 0.81aV paak
" 1000

Figure 4.12: Injection level dependence of the PL band emission intensities
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for CdTe (sample HM32) at 4.2 K.
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for the 0.8 eV peak, decrea.sed for the 1.0 eV peak and remained‘ constant

for the 1.42 eV peak (fig. 4.17). It should be noted that in this part, the

‘ “experimental point at 4.2 K was taken from the power dependence run, A

.
larger error is therefore expected for this poiat as a result of the slightly

different experimental conditions. Fig. 4.18 is a graph of the peak height

' L]
of the 1.0 eV line versus the peak height of the 0.8 eV line for different

powers and temperatures. °

!

4.3 Discussion

A decrease of the FWHM of the x-ray diffraction peak with increasing
thickness similar to fiz. 4.3 has been observed by other workers for het-
eroepitaxial growth for both CdTe [59] as well as other semiconductors [60;.
This behaviour is attributed to the presence of defects at the substrate/layer

interface (due to lattice mismatch) whogse density decreases towards the sur-

face of the growing filmh. Hence, thicker films havd a much lower density

. of defects at the surface and consequently exhibit better crystal quality as }

evidenced by a narrower FWHM of the x-ray diffraction peaks.

The photolumciggscence spectra of CdTe is quite complicated. Firsl;,,
numerous defect centers have been reported whose origin is still contro-
versial. As an illustration, D. Verity et al. [61] from deep level transient
spectroscopy (DLTS) studies observed nine different electron traps between
0.22 and 0.89 eV in two of ftheir thin film samples. Takebe et al. [62] have

tabulated the levels that have been reported by various workers using dif-
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ferent experimental techniques. Pbotolﬁzﬁix}escence is even more complex
to understand for such a semiconductor for two reasons: (i) the absolute
values of defect levels or theu' concentrations cannot be obtained and (i)
non—rachatwe centers cannot be detected
The presence of such a huge nymber of defect levels is a result of
the open zinc blende structure of CdTe which can lodge 1nterst1t1a1 atoms.
As a matterof fact, a high concentration of native defects for zinc blende
_ structures is more probable for II-VI compounds tha.n for I1I-V ones be-
* cause of the significant IODIC./COIlt\rlbuthII in their bonding (CdTe is 72 %
ionic). The nature of the binding has a large effect on the electrical and
- optical properties of ‘a. maj;ria-l. Ionic bonding requires alternating posi-
tive and negative charges shereas covalent bonding requires a tetrahedral
relationship between the atoms. Moreover, the atomic spa.cmg in CdTe i is
larger than for any other tetrahedral structures whlle its, cohesive strength
is smaller. Correspondingly, the concentration of vacancies is la.rger and
the energy of _vac;ancy formation smaller. ~
"The 1.42 eV banél, termed the defect band, has been obse;'ved by-
many workers (61,57,63,64,65). It is thought to arise due to the presence
of structural defects in the samples which give rise to levels in the gap.
Some authors have suggested that this band is a D-A transition [63,66,67]
'wlﬂle others [68,69] have l;roposed a C.B.-A transition to account for this
emission. ' .
The ratio of the band edge peak to the defect peak at 142 eV is

usuaily taken as a measure of crystal quality. The absence of the 1.42 eV

band for the single crystal samples confirms their high quality. For the

-
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same reason, the presenc_e. of the 1.42 eV peak is expected for the polycrys-
talline and the hot-pressed bulk samples. For our ﬁlr;xs, the absence of a
band edge peak and the presence of the 1.42 eV peak suggests that they
are of a poorer quality than evexLL the bulk polycrystalline and hot-pressed

_samples. However, this inference is erroneous for reasons discussed later in

connection with the presence of the 0.8 and 1.0 eV bands. The similarity

in the sample thickness dependence of the FWHM of the 1.42 eV band

- "~ (fig. 4.10) and the thickness variation of the FWHM of the (400) diffrac-
- tion peak (fig. 4.3) and the strong correlation between the two FWHM

values (fig. 4.11) confirms that the origin of the 1.42 ¢V PL band is defect
related. This hypothesis is further reinforced by the observation of the 1.42
eV band in the singie crystal bulk sample after mechanical polishing (fig.
4.9) which induces surface damage and creates l:sﬁructural defects at the
surface. Leopold et al. [70] have also observed a correlation between the

intensity of a defect-related PL band at 1.474 €V and the x-ray diffraction

peak widths.for (100) and (111) oriented MBE (molecular beam epitaxy) |

grown CdTe layers on GaAs. As

From fig. 4.13, it appears that the 1.42 eV band is injection level
depéndent and rioves towards higher energy with increasing injection level.
Other workers (51] have observed a similar behaviour. Peak shifts with
excitation level as large as the one noticed for the 1.42 eV band is taken to
suggest that this emission band is caused by donorlacfceptor pair recombipd-
tion {71). inrg(; peak shifts have been oBserved in ZnSe. (18 meV/decagde),
and strongfy compensated GaAs (15 meV/decade). However, the FWHM
of this band did not seem to be affected by the excitation intensity (fig.

e
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Lt
]



Y

4.14) and any variation did not exceed the experimex.:lta.l error. Norris [51]
observed a broadening of 3 meV with excitation intensity which is belo:v
the resolution of our set- ~up. '

The decrease in lurninescence intensity (ﬁg 4.13) W1th 1ncrea.s1ng

temperature can be e*cpla.med in terms of thermally activated d1ffus1on to
non-radiative centers [64]. This behaviour is common to both D-A and
C.B.-A tran51t1ons The 1.42 eV band broadens (fig. 4.17) w1th mcreasmg
temperature A trend towards lower ehergy for the peak p051t10n is ob-
.se_srved with i mc;ea.smg température although it is within the experimental
error (fig. 4.16).- However, the peak position of the 1.42 eV band does.not
‘track the peak position of the edge emission band with increasing temper-
ature; instead it shifts with temperature at a lesser rate. Similar results
have been reported by Noris [51] From the above, it is clear tha.t. an unam-
biguous identification for the type of transit;on responsible for the 1.42 eV
emission in our samples is not possible at this stage. Measurements such
as deep level transient spectroscopy and/or photoconductivify studies are
necggsary to resoix:e this question.

The PL bands at 1.0 and O.S.éf have not been reportéd before

- except recently by Sobiesierski et al. [58] on bulk CdTe. Other workers
[72] have observed a deep level located étt 0.746 eV by means of PL on
MBE grown CdTe. It was observed in both the best quality CdTe grown at
high substrate temperatures as well as in the CdTe grown at low substrate
temperatures. This suggests tl}at the deep level responsible for, the 0.746
eV band is not defect related. In some of the bulk material samples, for

instance the polycrystalline sample (fiz. 4.6) and the hot-pre;ssed target
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(fig. 4.7), the PL spectra showed a band at 1.42 eV but did not show any
evidence of bands at lower eneggies. This too clearly indit;ates that the lev-
els which are responsible for the 1.42 eV emission and the 0.8 and 1.0 eV
emissions do not share a common origin. Further evidence for this picture
is the observation that while the FWHM of the 1.42 eV peak decreased
' wit.h increasing thickness of the film no such beha.viour was 6bserved for
the two other peaks. From fig. 4.18, the 0.8 and the 1.0 eV bands are
clearly related which,suggests that they have the same origin. A possible
" explanation is that the 1.42 eV peak is due. to structural defects whereas
.the 1.0 €V and the 0.8 eV llines are due to levels in the gap which resglt*fr.om
deviation from stoichiometry. Deviation from stoichiometry at the surface
resulting’ from mechanical polishing could also explain the appearance of
the 0.8 eV and 1.0 _eV bands_ in the PL spectra of the single crystal and
polycr;sta.]line bulk samples after polishing. Sobiesierski et al. [58] have
also shown for chemically etched bulk CdTe that the'bands.at 6.875 eV and

1.125 €V observed by them result from deviation from stoichiometry.

\Thg same sublinear power dependence of the 0.8 and 1.0 eV emission

line intensities suggests that these tra.nsitioz}s have a common final state
which is saturating. This level must be a deep level, probably the one
usually seen in the 0.6-0.7 eV range and which has been attributed to a
second doubly charged acceptor complex as a re§'17.11*. of Cd vacancies (VZ7)
[62,73,74,45,76]). These levels lying close to the midgap are very important

e .
recombination centers which reduce considerably the near band-gap radia-
)

tive transition or ¢ven quench it. In most cases, recombination through

imperfection dominates for low-carrier densities, and direct recombination
: - _
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becomes important only for high-carrier densities.
For the 0.8 eV band, conditions 3(i) to 3(v) seem to be ;'ulﬁlled

(figs. 4.13-4.16)._ A narrowing of the enlission line is observed with increas-
ing,; excitation intensity but is not appreciable. Also, a slight shift towards
lower energies is noticed only when the temperature exceeds 50 K. This
band is teﬁtatively proposed as being a donor-acceptor transition involving
two widely different activation energies E, and E,;. For the 1.0 eV band,
conditions for a C.B.-A or D-V.B. transition are fulfilled e,;;cegt_tha.t the
emission band becomes narrower with increasing laser ir;tensity. It should
be noted that in this part of the investigation any conclusion for small peak
shifts would be erroneous because the error is larger than that for the 1. 42
eV band (e*cpenmenta.l error plus ﬁttmg error). - 4

The fine structure at 1.00 &V seen on two of our samples (HM32 and
HMZ2T7) could be a priori either an interference pdttern or phonon replicas.
We first thought of the latter because the energy c.liﬁ'erexice between any
two successive peaks was 21.36 meV for HM32 and was power and temper-
ature independent, a behaviour e*cpec’ced for phonon rephcas - Moreover,
21 meV corresponds to LO-phonons in CdTe. Further, optlcal constants..
are relatively independent of temperature in CdTe. In a lxkcma.nner Wro
should be nearly constant with tempera.ture by the Lydda.n—Sachs Teller
relation [57].

However, this hypothesis was ruled out because (i) the peak position
of these lines did not shift to higher energies when the excitation power was
varied up to 200 mW, (ii) the peak positions did not Sj:lif‘.‘- to lower energy

with increasing temperature and (iii) the peaks were located at 29.18 meV
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negligible for thé other termis).

intervals for HM27.

The interference equation is o

ArAa
= o,

(4.1)

. where A; and Az are the wavelengths of two suc@si‘ve peaks. A\ » the

difference between them, n the -refractivéAin\glex'and d the"'thickne'ss of the
film. We found nd = 29.62um for HM39. (for which d = 9.92um) and
nd = 21.36um for HM27 (for which d = 7.25um). This suggests that
n = 2.99 for HM32 and n = 2.95 for HM27. The small difference between

the two values is of course due to the errors introduced by the thickness

_measurement, the errors on the wavelengths and mainly the error on AM; 2

(the error on AN, was expected to be about 10% swhile it is relatively

' -

-

\

’

oy L]

4.4 Conclusion

From the PL study on spuccer-depdsiced CdTe films reported in this
thesis, three bands are observed at 0.80, 1.00, and 1.42 V. This is the first

time that the 0.80 and 1.00 eV lines have been seen in epitaxial layers.

\ .
- From a systerMic study of the injection level dependence and temperature
p :

dependence of these lines, the former is attributed to a band to defect level
transition whereas the latter is tentatively attributed to a donor-acceptor

transition. These bands seem to quench band to-band and excitonic peaks
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.
which are therefore not observed in our fitms. The 0.8 and 1.0 eV bands are
tentatively attributed to levels resulting fiom deviét"ibg from stoichiometry

“while the origin of the 1.42 eV emission is confirmed to be due to structural

- defects.



Chapter 5
Scope of future work

From the present work on emission spectroscopy- of PbTe sputter dis-
charge in Ar a.1'1d previous work by our group on a CdTe sputter discharge in
Ar, 1t has been shown that the sputtered atom density Npy (Ne, Noy) and,
hence, the rate of deposition, is proportional to Ipy/Tar (I7e/Lar, Joa/ Lar)

as the rf power is varied at pressures ~ 0.5 Pa which is a typical sput-

tering'—preseurc.Q@g_result, emission spectroscopy can be utilized .as a

non-invasive probe for monitoring deposition rate and for process control

~at the above mentioned pressure. However, the substrate bias dependence
of ‘the emission lines was rather difficult to interpret. "The complexity and
the importance of the substrate bias voltage to film growth call for a more
detailed study. In such work, the power applied to the target substrate
should be monitored separately, resputtering at the substrate should be

accounted for, and the use of more direct probes for the atoniic densities
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and electron temperatures should be considered.

* Plasma emission spectroscopy studies should be extended to a*multi- _

target dischafge such as in the case of CdTe and PbTe co-sputtering which

. Is being used presently by our group tp deposit Cd.Pb,_.Te alloy films.

Such studies are needed to evaluate emission spec'froscopy as an in-situ
probe-for compositional ahalysié of the alloy films. ‘

With reference to photoluminescence studies on CdTe, our attempts

to understand the mechanism responsible for the 1.42 eV line were incon-

clusive because the measured injection level dependence and temperature

dependence did not clearly indicate whether the transition originated from

a band state or was from a doﬁor E%’é’éEébtor state. Complementary mea-

- surements such as DLTS (deep level transient spectroscopy) and. photo-

conductivity measurements are needed to locate the levels present in the

-gap and unmﬁbiguously determine the levels associated with the different

transitions of 1.42 eV, 1.00 eV, and 0.80 eV.

-
A .
-~

It

107



Bibliography__

[1] C. Kittel, Introduction to Solid Siate Physics, Wiley, New York (1967).
(2] 'R. A. Smith, Semiconductors, University press, Cambridge (1961).

(3] A. J. Dekker, S;:lid State Physics, Prentice hall, New Jersey (1963).
[4] P. Emtage, J. Appl. Phys. 33, 1950 (1962). |

[5] J..M. Borrego, S. K. Ghandi, and D. A. Page, Proc. 17th IEEE Photo-

voltaic Specialists Conference, Kissimmee (1984), IEEE Pr}ess{l%é),l

p. 223.

(6] S. R. Das; K. Rajan, P. van der Meer, and J. G. Cook, Can. J. Phys.
63, 864 (1987).

(7] S. R. Das, K. Rajan, and J. G. Cook, paper presented at the 1{th Int.
Conf. on Mettallurgical Coatings, San Diego, CA, 1087.

(8] S. R. Das, W. Boland, and J. G. Cook, to be presented at the Int.

Conf. Metallurgical CWan Diego, CA, April (1989).

108

T el
. ah :v,!ﬂ
"i'.'.?‘



[9] F. W. Aston, Proc. Roy. Sec. A 79, 80 (1907).
| , —

[10] W. R. Larsen, C. W. Wilmsenand, and P. W. Chan, J. Appl. Phys.
44, 2133 (1973).

[11] E. W. McDa.hiel, "Collision Phenomena in ionized gases”, J. Wiley,
New York (1964). ’

[1‘2] W. D. Westwood, "AVS short course on sputtering”, Bell-Northern
Research Ottawa, Canada, K1Y 4H7T. .

~ [13] W. D. Davis and T. A. Vanderslice, Phys. Rev. 131, 219 (1963).

[14] J. M. Schroeer, R. N. Rhodin, and R. C. Bradley, Surf. Sci. 34, 571
(1973). | “

[15] W. C. Kreye, J. Appl. Phys. 35, 3575 (1964). /

t

[16] R. V..Stuart and G. K. Wehnér, J. App_l. Phys. 33, 1.819 (1964).
(17} G. K. Cowell ax;ld H. P. Smith, J. Appl. Phys. 43; 412 (1972).
[18] J. \'N. Coburn, Rev. Sei. Inst. 41, 1219 (1970).

(19] J. W. Coburn and E Kay, z;ippl. Phys. Lett.. 18, 435 (1971).

(20] J. W. Coburn and E. Kay, J. Vac. Sei Technol, 8, 738 (1971).

_[21] J. W. Coburn and E. Kay, Solid. 5t. Tech. 12, 49 (1971).

- .
(22] L Brodie_, L. T. Lamont, and D. O. Myers, J. Vac. Sci. Technol. 6, 124
(1969). ﬁ

-109



o= TR e

(23] K. L. Chopra, Thin film phenomena, McGraw 'Hill, New York, 1969.
[24} B. Lewis and D. S. Campbell, J. Vac. Sci. Technal. 4, 209 (1967).
[25] B. N. Chapman, J. Vac. Sci. Technol. 11, 106 (1974).

+

[26] B. Swarcop and 1. Adler, J. Vac: Sci. Technol. 11, 503 (1973).

..—[27] J. M. Seeman, Vacuum 17,129 (1967).

[28] O. Christensen, Solid St. Technol. 13, 12 (1970).,

[29] J. W. Coburn and E. Kay, J. A:?/Phy;’. 13, 1554 (1974).

[30] A. L Morozov and S. V. Lebed y Reviews of Plasme Physics 8 (Con-

sultant Bureau, New York, 1980), p. 301.
31] A. V. Hippél, Ann. Phys. (Leipz) éo 672 (1926).
[32] R. V Stuart and G. K. Wehner, Phys Rev. Lett. 4, 409 (1960).
[33] R. V. Stuart and G. K. Wehner, J. Appl. Phys. 33, 2345 (1962).
[34] C. Kreye, J. Appl. Phys. 34, 2897 (1963).
[35] E. Sawatzky and E. Kay, Rev. Sci. Instrum. 37, 1324 (1066).
[36] J. E. Green-e and J. M. Whelan, J. Appl. Phys. 44, 2509 (1973).

[37] J. E. Greene and F. Sequeda—Osono, J. Vac. §eci. Technol. 10, 114-1
(1973). 3

[38] W. R. Harshbarger, R. A. Porter, T. A. Miller, and P. Norton, Appl.
Spectrosc. 31, 201 (1977).

110

- J':'.!



LY

[39] J. W. Coburn and M. Chen, J. Appl. Phys. 51, 3134 (1980).

[40] J. L. Pankove, Optical processes in sefniconductors, Dover, New York
(1975).

(41] W.D. Lawson, S. Nlelsen, and A. S. Young, Solid State Phys -Electron.
Telecommun. Proc. Int. Conf. 2, 830 (1960). '

[42] M. G. Williams, R. D. Tomlinson, and M. J. Hampshire, Solid State
Commun, 7, 1831 (1969). L -

[43] J. G. Cook and S. R. Das, J. Appl. Phys. 65, 1846 (1989).

[44] J. G. Cook and S. R. Das, Chemtronics 3, 166 (1988). . ...

[45] T. Peéh J. P. Charberie, and A. Ricard, in Proceedings of the § éme

Colloquc international sur les Plasmas et la pulvérisation C’athadzque

(Soc. Frang. du Vide, Paris, 1987), p. 224.

[46] A. R. Striganov and N. S. Sventitskii, Tables of Spectral Lines of Neu-
tral and Jonized Atoms, (IFI/Plenum, N.Y.1968).

[47] S. Maniv, J. Appl. Phys. 63, 1022 (1988).

[48] L. T. Ball, I S. Falconer, D. R. McKenzie, and J. \/I Smelt, J. Appl
Phys. 59, 720 (1986).

]

[49] W. F. Meggers, C. H. Cordiss, and B.F. Scribner, Tables of Spectral-
Line Intensities, Part I(NBS monograph 32(I), U.S. Gov. Washington,
1961.

111



50] R. E. Halsted in Physics and chemistry of II-VI compounds, edited by - _
" M. Aven and J. S. Prener (North-Holland, Amsterdam, 1967), p.385; d

D. Curie and J. S. Prener, ibid, p. 435. L
[51] C. B. Noris, J. Appl. Phys. 51, 6342 (1980).

[52] Semiconductors and Semimetals (Edited by R. K. Willardson and A.
-G Beer), vol.8. Academic press, New York (1‘972).

(53] K. Maeda, . Phys. Chem. Solzds 26, 595 (1960)

o e T

[54] A. S. Kaminskii and Y. E. Pokrovskii, Soviet. Phys. Semicond: 3, 1496
(1970).

[55] M. D. Sturge, Phys. Rev. 129, 768 (1962). . o

[56] S. R. Das and J. G. Cook, Thin solid films 163, 409 (1988).

[57] K. Zanio, Semiconductors and Semimetals (Edited by R. K. Willardson
and A. C. Beer), vol. 13. Academic Press, New York (1978).

'[58] Z. Sobiesierski, I. M. Dharmadassa, and R. H. Williams, Appl. Phy.s.
Lett. 53, 2623 (1988).

[59] G. R. Woolhouse, T. J. Magee, H. A. Kawayoshi, C. S. H. Leung, and
R. D. Ormond, J. Vec. Sci. Technol. A 3, 83 (1985).

[60] T. Sudersena Rao, C. Halpin, J. B. Webb, J. P. Noad, and K. Rajan,’
Thin solid films 163, 399 (1988).

112



[61] D. Verity, F. J. Bryant, C. G. Scott, and D. Shaw; Journal of Crystal
Growth 59, 234 (1982).

(62] T. Takebe, T. Hirata , J. Saraie, é.ncl H. Matsunami, J. Phys. Chem

Solids 43, 5 (1982).
\

. [63] N. Matsumara, T. Ohshima, J. Saraje, and Y. Yodogawa, Journal of
*crystal gmwiﬁ 71, 361 (1985). I

[64] B. J. Feldman, J. L. Boone, and T. Van Doren Appl. Phys. Lett. 38,
703 (1981).

[65] N. C. Giles-Taylor, R. N. Bicknell, D. K. Blanks, T. H. Myers, and J.
F. Schetzina, J. Vac. Sci. Technol. A 3, 76 (1985).

(66] K. Sugiyama, Thin Sokid Films 115, 97 (1984). | .

¥

[67] J. E. Espmosa. J. M. Gracia, H. Navarro, A. Zehe, and R. Triboulet,
Journal of luminescence 28, 163 (1983). - .

[68] F. J. Bryant and D. H. J. Totterdel, Phys. Status Solidi AlO K75
(1972).

[69] N. V. Agrinskaya, E. N, Arhdéh, and O. A. Matveev, Sov. Phys.
Semicond. 5, T67 (1971).

70] D. J. Leopold, J. M. Ballingall, and M. L. Wroge, Appl. Phys. Leit.
49, 1473 (1956).

e

(71] K. Kaneko and M. Ayabe, J. Appl. Phys. 51, 6337 (1980).

113 ' . S



~ [72] H.-X. Han, B. J. Feldman, M. L. Wroge, D. J. Leopold, and J. M.

'r

Ballingall, J. Appl.' Phys. 61, 2670 (1987).

' [73] C. Scharager, J. C. Muller, R. Stuck, and P. Siffer, Phys. Status Solidi

(a) 31, 247 (1975).

[74] A. M. Mancini, C. Manfredotti, C. de Blasi, G. Micoccio, and A.
~ Tepore, Rev, Phys. Appl. 12, 255 (1977). —~ "

[75] C. Canali, M.-A. Nicolet, and J. M. Mayer, Solid St. Electron. 18, 871
(1975). 2 |

- M'[T/ﬁI_’B'.?R'abin, H. Tabatabai, and P-Siffert, Phys. Status Solidi (a) 49, 577

(1978).

« 114





