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Abstract S
-
_ "
Studies were conducted on semiconductor doped filter glasses which have {’
] L4
been observed to exhibit third order optical non-linearity. This NLO behavior v
switches on and off in sub-picosecond times. However, the switching time, the
NLO coefficient and theloperating temperature are affected by the microstruc- -
ture of the precipitated CdS and CdSe semiconductors. Studies were conducted ‘ -
to examine the crystal microstructures developed in these filter glasses and 1 :'
* b
to correlate them with the optical properties of the semiconductors. There b Et‘
e Y v
3 appears to be a potential for an increase in NLO coefficient by a factor of 10 ] br:
u
to 1000 with the development of a suitable microstructure. Reshlts and impli- %-t
cations of the studies are presented. Studies on thin films of semiconducting é:;
-
«
. . . . L
CdS showed that microstructure can be controlled by suitable sputtering condi- a— ,:;
. F
] .. ﬁ
§,
1 tions. Strong exciton transitions were observed and have a high potential for :~
NLO behavior. Composite thin films of CdS semiconducting crystals confined in !.
: - “
: r
] a glass matrix were formed by co-evaporation. This is a novel method which ~er ;:
r:'
produces quantum-confined exciton behavior and promises very high NLO coeffi- :\
cients. However, the lack of suitable instrumentation due to a severe funding ]
cut in the third year has made impossible to measure the NLO coefficients of BN :{
A - \:.
! these films. . L bf
" o e :,-
Studies of the phase separation behavior of fluoride glasses were con- l
) tinued in the system: CdF,, LiF, Aify, PbF5. Two levels of phase separation C:
were observed, consisting of a large microstructure of isolated spheres 3-10 :i
>
um in diameter, and a very sma.. :r~'erconnected microstructure resulting from i
]
secondary phase separation. The ara..sis of phase compositions is expected to E}'
-'.:
yield new glass compositions w:*n .erv n:gh phase stability. A paper v
A
\ ‘(
' reporting these results has beer 4. e;'ey for publication by the Journal of -
. . : ’
the American Ceramic Society. ~r Y
o
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Abstract

Studies were conducted on semiconductor doped filter glasses which have
been observed to exhibit third order optical non-linearity. This NLO behavior
switches on and off in sub-picosecond times. However, the switching time, the
NLO coefficient and the operating temperature are affected by the microstruc-
ture of the precipitated CdS and CdSe semiconductors. Studies were conducted
to examine the crystal microstructures developed in these filter glasses and
to correlate them with the optical properties of the semiconductors. There
appears to be a potential for an increase in NLO coefficient by a factor of 10
to 1000 with the development of a suitable microstructure. Results and impli-
cations of the studies are presented. Studies on thin films of semiconducting
CdS showed that microstructure can be controlled by suitable sputtering condi-
tions. Strong exciton transitions were observed and have a high potential for
NLO behavior. Composite thin films of CdS semiconducting crystals confined in
a glass matrix were formed by co-evaporation. This is a novel method which
produces quantum-confined exciton behavior and promises very high NLO coeffi-
cients. However, the lack of suitable instrumentation due to a severe funding
cut in the third year has made impossible to measure the NLO coefficients of
these films.

| Studies of the phase separation behavior of fluoride glasses were con-
tinued in the system: CdF,, LiF, AlF3, PbF;. Two levels of phase separation
were observed, consisting of a large microstructure of isolated spheres 3-10

um in diameter, and a very small interconnected microstructure resulting from

"1

secondary phase separation. The analysis of phase compositions is expected to

>

yield new glass compositioné.with very high phase stability. A paper
reporting these results has been accepted for publication by the Journal of

the American Ceramic Society.
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Introduction

The research program has consisted of six tasks, arranged in such a way
that research is not conducted on all six tasks simultaneocusly but rather, it

flows from task to task as the research progresses.

Task [ - Investigations of Non-Linear Processes in Semiconductors

Task Il - Fundamental Studies of Sol-Gel Microengineering Processes for
Digital Optical Circuits

Task III - Device Physics Studies of Multiple Faced Fabryv-Perot Cavities

Task IV - Computer Simulation Studies of Systems Designs

Task V - Phase Instability Processes in Fluoride Glasses

Task VI - Investigation of Parameters for the Formation of Optical

Fibers from Sol-Gel Solutions

Tasks I and 11

Tasks I and Il have received the majority of our research effort in the
past three years. Under these tasks, we have conducted a study of the
mechanisms which lead to non-liiear optical behavior in 2-6 semiconductors,
which are currently the most promising NLO materials both in bulk form and in

thin film form. Results are reported below. Five papers are in preparation.

Tasks III and IV

Tasks III and IV on device design were conducted initially and were
completed as reported in the FY 85 report. We have designed Multiple-Face
Fabrv-Perot cavities for all optical logic operation. Further work in this
area requires the development of non-linear optical (NLO) materials. We have
prepared a pacent application which is awaiting a release for prior work from

the Office of Naval Research.
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Task V
Task V has been continued for three years, although the incremental
funding is usually available for only three months of each year. Our studies
'3 of the immiscibility phase instability in fluoride glasses have concentrated
on the system PbF,-CdF,-LiF-AlFy. We have measured the extent of phase-
o separation in several compositions. OQOur research has led us to show that this

system also exhibits secondary phase separation, and that crystallization

- results as a direct product of the phase separation process. Four publica-
by tions will result (two are in print, two are in preparation).

A

o Task VI

7, _—

Studies of conditions for drawing optical glass fibers from sol-gel

%: solutions were ended in 1985 with the identification of aging and solution
preparation conditions for optimum spinnability of fibers. This completed the

‘ scope of the program and no further work was conducted on this Task in the

g remainder of the contract.
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' Report of Results 3:
A
Ly
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) ®
v A. Foreword o
N,
o,
5
‘ ;Q The research covered by this grant extended over three years from October t:'
| - Ny
i f'. l.\
\ 1, 1984 to September 30, 1987. Six tasks as described in the Introduction i;
- ?
v were covered. The major goals were: N
" [ " .
N
o~
. (1) to investigate optical processes in 2-6 semiconductors which enhance el
- . . . NN
S optical non-linearity N
.- L
(2) to study the fabrication and microstructure properties of these NLO P
:: materials Y
b )
o
(3) to study phase-instabilities in fluoride glasses. gz"
o 1o
oy The contract was begun as the principal investigator, J. H. Simmons, g{.
b e
. joined the faculty at the University of Florida, and the research went through L
-" . :. :‘-
- a period of nucleation which consisted of setting up the optical testing o~
S
.h\.-
< laboratory and training new students. This was reflected in the first year A

i~
@

progress report.

%

i
F: The third year of the contract was conducted at a severely reduced R
: o
support level which had the effect of preventing measurements of non-linear S
K ®
- optical coefficients in the sample prepared due to a lack of an adequate laser A
)
SO
™
N source. The measurements could not be conducted at other laboratories due to :::
o s
e . . ) . oA
the highly specialized nature of the tests. A system is being assembled at \:x
.. o
KX Bellcore Research Laboratories, which will enable us to conduct the necessary N
~ 4
=~
‘ tests. ~a
s On the whole, however, this was a very successful research project. We :\
®
. developed two material systems which show great promise in non-linear optical s
LS S
P RS
® device applications and developed a novel parallel processing architecture for .3f‘
[
A . . . . . \ . o
LS non-linear optical logic operations. The parallel processing architecture is oy
®
L
ey 3 ooy
- o
*e
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s simple and takes advantage of the desirable characteristics of NLO devices to 32‘
.I produce massively parallel processing of data signals. -
* ~
The two new materials developed have shown strong exciton resonances and :}:
-™ ’.'.l
o . . . .
N quantum confinement effects. Both of these combine to yield non-linear f;i
- &, ]
SN
| ! optical behavior with a high coupling coefficient at room temperature. The -
|
2 - o
- first is a totally novel material made as a glass-CdS composite thin film. -
NN
j:- Recent measurements at Bellcore Laboratories have found this material to be :ﬁ}
~' \‘:-
the best current candidate for NLO applications. The second material is made M
=
o "x
g} up of specially treated commercial filter glasses. We have developed process )
- modifications which promise to yield similar materials with high NLO behavior. 56‘
& N
] \
v~ We expect to implement these processes in the fabrication of a new composite ;
! if this research is continued. During this project, we graduated one Ph.D. %
~ O
L) o
W -
and two M.S. students in the Department of Materials Science and Engineering. i;
N oo
ti The Ph.D. graduate is currently employed at Bellcore Research Labs, in Red PY
N
w
. Bank, N.J. with the Optical Devices Group. His group was so interested in the N
- o
- o ¥
- )
e research conducted under this contract, as reported below, that he will ﬁ:
N
A
. . . . . ; Fout
‘ continue working on this project, thus conducting the effective transfer of ,"
' technology from University to Industry which AFOSR encourages. Sif
-"~
o RS
- The research conducted under this grant has been reported in 12 journal e
R '_\‘_.:_
articles and over 25 oral presentations. The 12 journal articles are listed ‘
~ below:
o 1. "Non-Linear Optical Composite Materials, Using CdS," J. H. Simmons, E. M. -
- Clausen, Jr. and B. G. Potter, Jr.," Science of Ceramic Chemical A
- Processing, (3rd Ultrastructure Conference). ;'
. ~
o~ 2. "Quantum Size Effects in CdS-Glass Composites," B. G. Potter, Jr. and J. hd
H. simmons, submitted to Phys. Rev. B. gk
)
- 3. '"Resonance Raman in CdS and CdS,Se;_., Composites with Glass," B. G. :;:
Potter, Jr. and J. H. Simmons, in preparation for Optics Communications. ® i
j: 555
Lo .:,‘
- 4 o
l .
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10.

11.

12.

N
Aol .AJ.LI.A.,' N

"Band-Gap Structure Modifications from the Size Confinement of CdS and
CdSySej.y, Crystals in Glass," in preparation for the Journal of the
American Ceramic Society.

"Optical Properties of CdS Thin Films Prepared by RF Magnetron
Sputtering,"” E. M. Clausen, Jr. and J. H. Simmons, in preparation for the
Journal of the American Ceramic Society.

"Non-Linear Optical Properties of Co-Sputtered Semiconductor-Glass
Composites,'" E. M. Clausen, Jr. and J. H. Simmons, in preparation for
Applied Optics.

"Phase Separation in a ZrF,-ThF,-Based Glass," J. H. Simmons and C. J.
Simmons, Materials Science Forum 5, 265 (1985).

"Immiscibility and Crystallization in Heavy Metal Fluoride Glasses,'" O.
H. El1 Bayoumi, C. J. Simmons, M. J. Suscavage, E. M. Clausen, J. H.
simmons, Materials Science Forum 5, 263 (1985).

"Liquid-Liquid Immiscibility in Mixed ZrF,-ThF, Glass," C. J. Simmons and
J. H. Simmons, Journal of the American Ceramic Society 68, C-258 (1985).

"Phase Stability of CdF,-LiF-Al1F3-PbF, Glasses," 0. H. El Bayoumi, C. J.
Simmons, E. M. Clausen, Jr., M. J. Suscavage, J. H. simmons, accepted for
publication, Journal of the American Ceramic Society.

"Primary and Secondary Phase Separation in CdF,-UF-AlF3-PbF, Glasses,'" M.
S. Randall and J. H. Simmons, submitted to the Journal of the American
Ceramic Society.

"Phase-Separation Induced Crystallization in CdF,-LiF-A1F4-PbF, Glasses,"
M. S. Randall and J. H. Simmons, in preparation for the Journal of the
American Ceramic Society.

Tasks I and I -Optical Properties of 2-6 Semiconductor Materials for
Non-Linear Optical Behavior.

The research conducted in these two tasks culminated in a successful

achievement of the three-year goals.

At present CdS single crystals at 1.2°K have shown the best NLO charac-

teristics, but single crystal are not suitable for applications and the
temperature is too low. We have studied processes which will allow us to make
easily fabricated semiconductor-glass composites which can maintain the single

crystal properties and operate at room temperature. This work has great
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_ o~ promise, we now anderstand 'ne aler . v in Do esses alll T e Tt ’ M
.
o NN on new materiais ‘fabrication technigues.  ae Lace leforst Tatel Cat e
' '
f: semiconductor-g.ass Ccomposites nave a good  Nante o4 nleve les raloie N
o
f: -: properties. We now know how ' mod:ify Tne compositoooane T LA eve Cr-
N
> . . . e
h 1. Studies of Quantum Confinement in Semi. ondud® or- s.ass omp s, tes.
1
AT This work was divided into twoe parts:
~
R (a) Studies of the confinement effecr ana vs “rogin oo -4
s semiconductors.
-, -
. (b) Fabrication of new materia.s.
A
N . . .
SO This research in part (a) was completed at the end of *nis contract . he
N
-"\.
OEEN results are discussed below.
" r
3 [
n The second part of this research, part (b) was conducted using commer:
b
ARSI cially available glasses. Controlled heat-treatments showed that exc:*® n
" Y
s
-}: behavior could be developed over a wide range of energies, using jquantum-
-
E ! . - . . . . .
3. ‘- confinement effects and crystal stoichiometry variations. These materiais
e have exhibited a very large NLO coefficient with rapid on and off switching
’ rates. However, high power tests conducted at the University of Arizona
> N, revealed a low damage threshold which is associated with fabrication
e
\ﬁ conditions. It is the current consensus, between our laboratories and those
AN ..
~T
. of Drs. George Stegeman and Dr. Colin Seaton at the University of Ar:zona,
e that no glasses commercially available todav satisfv the requirements for NLO
b applications and that there is a great need for new fabrication efforts.
RN Our studies have shown the direction to follow in producing the new
n glass-crystal composites, and this approach will be implemented if this
7o
AT, . :
DN research is continued.
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. D s, e A T D trte researst s véeported ne.ow.  The research in part
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Tie Meas Lrements D ot ioa, nernavior  Dorne fiims, had to be postponed,
TedLse T e redartoono oo funiding Trne thnird vear.  we were not able to
;i lase Cre Laser needed Por o cests, and could find no other laboratorv with
l- 4le4udte Tdl Ll les, 1 wi..ingness to set up the proper tests. This lack of
'L 4. lata nas !rastrated our attempts at working toward a patent on this
~.roer o Dro ausen, wnoe pertormed his research on this work is presently at
- *te Reloo.re Researsrn Laboratories in Red Bank, N.J. and thev have consented
' Let g ose’ p oseme testing apparatus for preliminary non-linear opticail
Measurement <.
‘- T Lask L1 oand o
g Tre feveiopment ot parallel processing optical architecture and the
t mu.tipie-tace, crnss-point switches which form its elements was finished in
‘

the first vear ~f this project. Much of the background research was conducted

e
. . . B4
while the Principal Investigator was at the Naval Research Laboratory. The A
et
work was reported in detail in the first annual report and a patent applica- Sy
. tete
] . : o ) . .

tion has been prepared for submission through the University of Florida. We :g;,
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are presently awaiting cledarance from the Naval Research Laboratory before

submission.

LR P::J'

~ D. Task V - Phase Equilibria in Fluoride Glasses. Eﬁ;

> This research was funded on a supplementary funding basis from the RADC ;E:

’

! research laboratories at Hanscom AFB, MA. We had great difficulties with ™

- handling these funds, as they always arrived very close to the end of the

;i fiscal year. There was always much uncertainty about our being able to use

~ them. Therefore, proper planning of the research was difficult.

?E Nevertheless, Catherine J. Simmons and Michael S. Randall donated their i

:: time to the project, and we were able to meet all the goals, to the great satis- E

v faction of Dr. El Bayoumi from RADC. The research results are presented below. i_

2 i

- E. Task VI - Sol-Gel Processes for Continuous Fiber Drawing. ;;:

ii The research conducted in this task was alsc a supplementary project, :25;

' conducted in the first year, and completed in that year. The results were 525

i; included in an M.S. Thesis by Mr. R. S. Sheu and are described in the first :gt
o

annual report.

b9 Y
F. Detailed Description of Results. ?}:

~ T
. RSN
e Below are the texts for three theses which describe in detail the results Qs:
CU

‘n of the research conducted on Tasks I and II and Task V. A
= s
R 4
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s CHAPTER I N
INTRODUCTION 5:,
oy ,:
Optical Signal Processing o
" 2
{} With the very intense development of optical communications in he
(% ALY
-y
” recent years, the need for integrated optical systems for the )
o B
LY s
N 4 processing of optical signals has greatly increased. To take full "
~ advantage of the speed and information bandwidth available at optical “{
y -

frequencies, an all optical system is desired. All of today's systems

L4
Ay wr.‘-_z
¥ gt o

= operate by the high bandwidth transmission of optical signals in

optical fibers, followed by conversion to lower bandwidth electrical -
ii signals before any processing, such as amplification and multiplexing, l

h -

E :}: can take place. The limiting drift velocity of charge carriers in a EE'
> semiconductor and the capacitive coupling between adjacent elements ;E

N present the fundamental limit for processing speed in these systems. i.
>, . N
Also, the serial nature by which the electronic data must be iz‘

4 .

4 ;: manipulated presents another speed barrier. An alternate approach EE
- would utilize optical bistability and optical switching demonstrated in g.
o certain materials for all-optical modulation, detection and \i
:: multiplexing. Optical switching is achievable with materials which E?
) display a third order nonlinear susceptibility. A third order !;
% susceptibiiity leads to an intensity dependent index of refraction or EE;
L absorption. This nonlinear refractive index can exhibit onset and é;'
| decay on a very fast time scale, which makes it an attractive i‘
W R /
o 1 ]

:'\
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phenomenon for optical signal processing. With the proper material,
all optical operations could conceivably be carried out in a monolithic
thin film, which would act as a guiding medium with both active and
passive regions. An optical communications fiber could be coupled
directly to this thin film, thereby fully utilizing the speed and
bandwidth of the optical signal.

A complementary application of an integrated optics technology
which utilizes optical switching would be in the area of high speed
logic operations for the next generation of computers. Logic gate
operation has been demonstrated with several materials which exhibit a
nonlinear optical susceptibility and optical bistability. A few of
these gates have been shown to switch on a subnanosecond time frame,
which is competitive with present day high speed electronic systems.
The primary advantage of the optical gate is the possibility of
parallel processing on the fundamental logic cell level, which adds
tremendous speed advantages over electronic systems. Most optical
computer designs today are based on integrated optics, in which the
active regions consist of arrays of bistable devices arranged with a
high spatial density. A high density of gates is possible because
optical gates are not subject to capacitive coupling, thus making

possible massive parallel processing without the connection problems

encountered in today's electronic systems.

Nonlinear Optical Materials

A large number of architectures have been proposed for both

computer systems and multiplexing circuits based on optical switching.
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While this field has greatly advanced, there is, however, a very great

»
need for suitable materials and systems. Many materials exhibit a :,
third order nonlinear susceptibility,l but very few have the i

characteristics necessary for an integrated optics system. A few of
the semiconductors which have been investigated include InSb, GaAs, .
GaP, CdS, and CdTe. Most of these semiconductor materials which show
optical switching have been investigated in bulk form. Only the
multiple quantum well (MQW) structures made from gallium arsenide are
the notable exception and are made in thin film form.2 This material
is perhaps the most promising today for use in optical signal
processing systems, primarily because its nonlinearity occurs at the .
same wavelength as the semiconductor lasers which are currentlv E

.
available. For an integrated optical svstem this is an essential
consideration because most of the processes which produce the nonlinear
susceptibility require laser light of energy near the band gap of the
material.

Equally important considerations, however, include the value of
the nonlinear coefficient, the switching speed, and the abscrption
coefficient, since these values Jetermine how much power is required %o
switch the device, and how fast recoverv wiil be. Low power aperation
is essential for anyv liarge scale integration, aithough “he figure of

merit (FOM) most often quoted is given bv

FOM = - .0

Nt ey

o

where n- 1s the noniinear index, T s the switch-otff ¢ . me, and 1 T he .

absorption coefficient. Obviousiv the larger the ¥OM the more

» - - - - - L] Al - . - - - - - . .
e et e .
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attractive a system is. MQW gallium arsenide has an additional

o

‘\
g

advantage of room temperature operation, but suffers from a sliow r:
e -
.” ,-:
bl switch-off time and verv large absorption. There are other materia:s :\
3
[ ] which have been shown to exhibit a much larger nonlinear effect than i_
i re
MQW gailium arsenide. A material which has been demonstrated to exhibit j\
N
.. ‘;-_
- one of the .argest noniinear coefficients is cadmium sulfide (Cds).? -
e X
The large coefficient was obtained by saturating a bound exciton level »
s “x
r’ . o
N in the band gap.” The mechanism which leads to the large exciton e
N
, i ) ) . . . . . v
" saturation effect in CdS is central to this dissertation and will be :,
-~
¢ N
described in a subsequent section. However, only a verv few groups ]
R
. have looked at CdS, and no one has either investigated the bound e
.. ':..
exciton saturation mechanism in thin films or explored the possible e
S s
N
Ei app.ications in integrated optics. ']
. The most important consideration for any practical nonlinear "o
s 3
7 app.ication is the -emperature at which the nonlinear process N
>
‘: predominates. To the present dav the largest nonlinear coefficients are
oniv measured at verwy .ow temperatures. For example, the large
:- coefficient obtained by saturating the bound exciton level in CdS
. occurs at 2”7 K. Since the binding energyv of the bound exciton onlvy
correspends o a few millielectron volts, the state is thermally
annihi.ated at higher temperatures, and the large nonlinear effect
disappears.
A The electronic structure of the band gap, however, may be altered
) t2 permit access of exciton levels at higher temperatures bv o
v \.'-
controi.ing the phvsical size »f the material. The phenomenon bv which 1 d
) -
A
- : . \ . . ALY
- this occurs is known as quantum confinement. When the crvstal size of o
b \q:
-, ’
. R
o
o
N
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a material is on the order of the radius of the exciton state, new
boundary conditions can distort the translational motion of the
exciton, its binding energy and the individual orbits of the electron
and hole. At this size the electron and hole interactions with the
crystal surface begin to govern the electronic properties of the
semiconductor. Quantum confinement also occurs in the MQW structures
of GaAs; however the exciton is only confined in one direction. A much
stronger effect occurs when the confinement is in two or three

dimensions.

Thin Films

A study of CdS thin films was chosen for a number of reasons: l)' K
very few semiconductors which display a nonlinear susceptibility have
been tested in a thin film form, despite the potentially dominating ;
role in applications. 2) Cadmium sulfide displays one of the largest E
excitonic saturation effects, and thus the influence of film structure
due to deposition conditions or subsequent treatments could be
investigated. 3) Quantum confinement effects and their interaction with
the perturbation of the exciton absorption process are of great

interest to the future of nonlinear optical developments and

A R A Aty

applications. Cadmium sulfide promises to offer a means of studying
both the effects and their interplay with the development of the thin
filin structure. 4) Since the energies of the exciton states correspond

to wavelengths in the visible part of the spectrum, the experimental

.

optics for the measurement of these states is simplified, and many

- P

aa s

.

L2

A

oyt




,r

]

Ll

[

R

2,

v v s

Po'e',

6

investigative tools become available for following the underlying
processes.

The study of any thin film for this application should start with
examining the properties of the bulk material which contribute to the
specific origin for the nonlinear effect. In the case of CdS this
means looking at the electronic states of the material which lead to
the presence of excitons. These states have been thoroughly examined
for more than 30 vears and they are probably the best understood in
this material. Exciton states have been shown to occur in thin
epitaxial films, but no one has investigated the presence of these
states in polycrystalline thin films, nor have the effects of
preparation conditions on the excitonic transitions of a thin films

been investigated. The objective of this studv therefore is to

determine how exciton states would occur in polvervstalline thin films

of the material, how thev are affected bv structure and formation

conditions, and how size variations and grain boundarv structures might

affect their energy level structure.

A supplementary part of this study will investigate the
possibility of producing thin film structures consisting of a glass
matrix with small isolated crystals whose sizes matched those needed to
develop quantum confinement effects. The investigation will use
spectroscopic techniques to determine if quantum confinement effects
can be induced on the exciton states in the material. The objective is
to produce a thin film of semiconductor doped filter glass.

The process of quantum confinement has been and still is under

investigation in bulk semiconductor doped filter glasses, which have
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received considerable attention lately for nonlinear optics

application. These are crown base glasses which contain one or two
percent of CdS or mixtures of CdS and CdSe. It has been postulated
that the semiconductor crystals exist in the glass matrix as finely
dispersed microcrystallites, which are small enough to permit quantum
confinement effects to occur. This effect is still not well understood
and has not been clearly demonstrated. Many authors have observed
energy shifts that may be due to compositional effects rather than
microstructure size. However, it appears theoretically that with
sufficient confinement, the exciton state will be accessible at room

temperature.
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NI CHAPTER II

N THEORY OF NONLINEAR OPTICS
DI Nonlinear Optical Susceptibilitv

The nonlinear refractive index which is observed in certain

semiconductor materials is a result of an electronic polarization which

e
WY is induced by the interaction with a monochromatic radiation field.
by

i ~ The susceptibilities of the polarization determine the values of the

-

. A

experimentally measured optical properties. To understand the

~

.
o

. relationships between the susceptibilities and the coptical properties

P

we must first consider the electro-magnetic field, E, which is given by

AN S
h]

P
A . 2 .

P E(t) = E(w)e ™%t + ET(u)elwt | (2.1)
> pd

.

. o
> The resulting polarization has frequencv components at all multiplies cf

A +/-wx, but considering only those that occur at .

Cd K

v
e
vy

JL ) 9 Y
- P(w) = (DE() + (R + (OI[E1E(L) + ... (2.2)

NG
- .i
-

;? - The first term in the series, x(l) is the linear susceptibility and by
.

}: . using first order perturbation theory,5 the linear dispersion of the )
. refractive index below the band gap can be calculated. The higher {
N
~ ﬂ

il ]
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' order terms in the series are the nonlinear susceptibilities, and
‘ a -

) although their magnitudes are much smaller than the first term, under A
A . K.
S :
? - very high field intensities a number of different effects can be .

.t .
> ) <
I f observed. For non-centrosymmetric crystals (i.e. crystals without an
L .
: o inversion center), under appropriate conditions, the second order term -
J -

40 . . . - . . :

3 :; is manifested as two different effects. The first is a quadratic ;

- \.l

variation of the refractive index with applied vcltage, which is known
> & as the Kerr effect. The second is the generation of a second harmonic -
- !
’: X radiation field. Second harmonic generation is a very useful effect ~

N ;‘1 "
N for doubling the frequency of a laser beam. Both of these effects have
SIS many important applications; however, the primary interest of this :
- .\_ 1
: study is the effects which lead to the third order term x(3). One :

M iy *
1 consequence of the third order term is the generation of a third
o~
;o harmonic radiation field. For the current topic of this study, -
¥ 4 -
. .

- however, the manifestation of this term as a nonlinear refractive index g

o -
’ l is of primary interest. The relationship between the third order

: susceptibility and the nonlinear refractive index can be understcecd by -

.. first considering basic dielectric theory for the displacement cf a :

- <+ *

' . charge in response to an applied electric field:

- s - d
- :‘
- -
-.. . _:‘
" - _.‘
S D(w) = E(w) + 4mP(w) = e E(w) (2.3) Kk
t‘ 1
_ - :~ .:‘
I "
.‘ -
.o where D(w) is the frequency dependence of the displacement and € is the ﬂ
- : complex dielectric constant. The variable, ¢ can be defined as ]

% 3
W . d
D - N
. 4
.- o
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j‘ e=(n + 1%, 2 (2.4)

2w
- where ca/2w is the extinction coefficient. By combining these two
] equations a relation between the polarization and the index of

refraction can be written.

(n + ica )7°=1 + 41 P(w)/E(w) . (2.5)

(3]
£

The nonlinear susceptibility can be defined by expansion of the
refractive index in terms of the intensitv I, of the radiation inside

=4

~he sanc.e:”

Next we assume that the extinction coefficient is very small compared

- . . . - . L. o
tson Then bv using eguations 2.2 and 2.6 and expanding the terms, ~:*J
TN
.o
_..‘_-
PN
.::\ﬁ \
- - - AN
N 2 - 2 (1) (3),.,2 -
AT o=l - 2n,n,I + (n.I) = 1 4 am y + 4w [E1°. (2.7) N
Jo— - S,
\'_ .'_\
1
o
L
RO
TN
-.~‘-\-n‘
Finally we assume n» is much smaller than n: and bv comparing -*‘\H
- i - SN
- ~ -
P fon D -
coefficients of [E;~ and »
A
‘\‘.\‘-
e
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n% = 1 + 4m X( ) (2.8) ::J-'
.-:' - ,
. YA
.:' and '\’
] 1\'1
Fe)
2m X(B) Ly
= 2
. ™2 - (2:9) o
e 1 o
~ S
) There are essentially four electronic processes which can produce "
. ’
D a reactive nonlinear susceptibility in semiconductors. These are known N2
i .
. . )
as 1) the induced free-carrier plasma, 2) the dynamic Burstein-Moss o~
~

[\
“x
Py

g

7 effect, 3) the direct saturation of interband excitations, and 4) the

.
»

- saturation of exciton absorption.5 0f these 1 and 2 are the most

". .

. .
o commonly studied, 3 occurs in most direct band gap semiconductors, and i;
ﬁ 4 is the most promising for high speed operations. All four processes ;.
can occur in some materials. The most dominating process which is l;
ia observed depends somewhat on the material, but mostly on the particular ét
l: experimental setup and measurement temperature. As shown in Table |, ;;
g different processes result in widely different values of the reported :?
s} nonlinear index and saturation intensity. &l
) The four processes listed above basically describe how the S
transitions between different levels in a semiconductor and the ;F
saturation of those levels result in the observed nonlinear ?
. susceptibility. Depending on the band structure of a material and the R
“a particular wavelength of light used for the analysis, one of the four 521
" 9
processes will dominate. The one process that can occur in nearlv 25

every semiconductor, however, is the induced free-carrier piasma.

Assuming that photo induced transitions produce electron-hole pairs, ﬁ
4

A the number of these free carriers will be intensitv dependent. o
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I' Cepending on the recombination time tg, and the absorption coefficient ®
« L
o
1, -he steadv state densitv of free carriers will be given by e
. K
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Once these carriers are fcrmed, they are allowed to diffuse and form an

ectron-hole plasma. The plasma will respond to an applied electric

0

e -
LN
) o
) fie.d an¢ -he resulting undamped oscillations will produce a :,.__
AN
. pc.ar:zat:ion which can be related to the index of refraction thrcugh :.-:
( o
~ne iie.ectiric constant6 L
)
- ¢
2 .‘-‘. 0
2 4 n N e e
lq nt o= e - ). (2.11) -
% 2 T
T m & ’_\J_
.
e
. SN
‘- l_‘\.'.
.. '\-._
‘- 3v use 2f eguat:on .10, the ncnlinear refractive index for a plasma N
Ld
: o
Can he Wwritten as -’"_-",
: 'J‘_\.‘
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where n is the refractive index of the material without the plasma and

m* is the effective mass. The transient susceptibility is determined

by the time it takes for the free carriers to build up;7 however, this

This process will also occur at room

can be a very short time.

temperature. The disadvantage of this process for nonlinear optical

ARSI

o applications is that the effect is very small because there is no

coupling between the states, and therefore no resonance effects take

S . 4
SN place. The process also can suffer from a very slow recovery time

N »
Y J

. because the recombination time in certain semiconductors is on the j

- N

=\
" T

7

order of usec.

Another process that is based on an intensity dependent free

carrier concentration is the dynamic Burstien-Moss or blocking effect.

Again a steady state density of charge carriers is given by equation

2.10; however, the origin of the absorption is not considered

At low temperatures the carriers are assumed to thermalize

explicitly.

by a phonon scattering process so that they fill the bottom of the

. conduction band. The top of the valance band becomes empty and the

shift of the effective band gap to higher energy becomes intensity

dependent. In association with this shift there must be an intensity

- dependent contribution to the refractive index.® This is because the kS

LA

. filled conduction band effectively blocks absorptive transitions, and ,

the blocked transitions no longer contribute to polarization and

TS

N refraction. Also, some type of unspecified coupling takes place ~

between excited states, so that the effect is enhanced somewhat. The

EAEREAEAE S

nonlinear refractive index for this process is given by

M

)

v
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n, (BM) = < ( P2 N - (2.13)
3n h w h (w, - w) I

where N is the free carrier density given by equation 2.10, P is a
momentum matrix element, and wg is the effective band gap. For
nonlinear optical applications the advantage of this process is that
the occupied states are closer to resonance so that a larger ng
results. There also is the possibility that this process can occur at
energies below the bana gap, as saturation of excited carriers can be
produced not by direct optical absorption, but by scattering from other
excited states.® The one disadvantage of the process that is similar
to the induced plasma process is that the interband relaxations
required for decay of the state can be very slow. In some materials a
faster decay process can occur by scattering to intraband transitions,
which effectively relaxes the system by transferring the population to
other states.®
Another mechanism for the nonlinearity observed in some materials
is by a direct interband saturation process. This process assumes that
the band structure in a direct gap semiconductor can be modeled as a
set of uncoupled two level systems which are homogeneously broadened by
a dephasing time T;. Homogeneous broadening means that the individual
transitions are indistinguishable. The T,-Lorentzian broadening
results in absorption below the band gap and excitation into the T,-
broadened '"band-tail" is assumed to be responsible for the nonlinear
refraction.® At some high level of intensity the two level system

should become saturated, and associated with this saturation is a

e M g s e . . . .
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b}

nonlinear contribution to the refractive index. The nonlinear index

of refraction for this process is expressed by

4 2
nZ(S) - - 1 ( e P ) T n %
h3 hw TZ 15 n2 c
# - o}
C2m ) 7 Gl

where t is the relaxation time, and c is the speed of light. The
advantage of this process for nonlinear applications is that the
effective nonlinear refractive index is inversely proportional to the
band gap energy, so for small band gap materials this process leads to
a very large effect. As indicated above, the broadening results in an
effect which occurs below the band gap energy, so absorption losses are
reduced. The disadvantage of utilizing this process is the same as for
the other two processes; in some materials there is no fast mechanism
for decay of the excited state.

The final process that will lead to an electronic nonlinear
refractive index in certain semiconductors is the saturation of bound
exciton levels. These particular defect states are characterized bv a
verv narrow transition linewidth, which is comparable to atomic
resonances. A bound exciton is an associated electron-hole pair that
is bound to an impurity site. The oscillator strength of the bcund
exciton, which is related to the polarizabilityv, 1s extremelv large in

L n addition, there

comparison to oscillator strengths of molecules.
is a very high densitv of oscillators, which contributes to a verw

large nonlinear effect.

The absorption transition of the hcund exciton
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is modeled as a saturable two level svstem, inhomogeneocus.iy broadened
by a T, dephasing time. The transition linewidth is inhomogeneous.v
broadened because excitons bound at different locations see different
environments.® An inhomogenecusly broadened svstem is described as a
distribution of groups or classes of transitions, and within each class
the transitions are assumed to be identical (homogeneously broadened).
The saturation of the inhomogeneously broadened svstem does not depend
on the homogeneous lineshape function, but rather on the linewidth of

1

these '"homogeneous packets’.8 This means that the saturation intensity

is inverselv dependent upon the dephasing time T-» as shown byv

2 o]
2 - A
I = 2 nm n h o Au (2.15)
S el
&7
where Av = (m Tz)'1 (2.16}

and 3 is the ratio of the radiative lifetime to the spontaneous decav
time, which is usuallv taken as equal to one. In semiconductor svstems
the dephasing time is on the order of 0.1 psec,“ which means that very
low saturation intensities are required to saturate bound exc:i:ton
transitions. The importance of the saturaticn intensity will be
described in a following section; however, a small value indicates that
the no:nlinear refractive index is verv large, as the twec are .nverse.wv
proportional (see equation 2.25). As shown in Tablie 1, in CdS a
saturation intensitvy as small as 26 W/cm® has been measured, which

-2 o
corresponds to nn value of 1.3 X 107~ em=/W. 17 This is the .argest n-
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' value ever reported. Additional advantages of bound exciton saturation
are that the state decays by a radiative transition and the lifetime is
on the order of 500 psec. This would make for a very fast, low power

] switch. Also, since the excitons are bound to defect sites, there are

no carrier diffusion problems, which in the other three processes tend

A

K to wash out the effect. The one primary disadvantage of utilizing this

P

u"

process is that the strongest exciton resonance occurs at 2° K. As the ®

2‘ s
s temperature is increased, the transition broadens, thereby requiring a g
P

~

o

o larger saturation intensitv and hence a smaller ny is observed. In ;:
> N
L P . . . . . . . - 0

addition, since the exciton binding energy is only a few millielectron »

(.

-

- volts, the state is thermally annihilated at higher temperatures. -
, RS
As previously described the process of quantum confinement could -

. <.
. RN

!i be used to access exciton levels at higher temperatures if the physical ®
.h',‘.\
‘ . ) Y

- size of the material could be made small encugh. Multiple quantum well e
- 'f.
: structures produce quantum confinement in one direction because the Qﬁ
N

l, structure is made up of alternating layers in which the layers act as ®
infinite potential wells and the layer thickness is smaller than the s

-;: exciton radius. Although the exciton is not confined in the other two 34
./‘..

. directions, the effect is strong enough that ronlinearity can be ®
T observed at room temperature. The effect would be larger if N
oI
W confinement was made in the other two directions. f;:
. BON
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Optical Bistability »

The primary means for measuring nonlinearity in materials is A

r
through an internal feedback device known as a Fabry-Perot
interferometer. The saturation intensity of such a system is the
intensity at which the gain of the feedback saturates. This is the
point at which optical bistability occurs, and from the saturation
intensity and the interferometer parameters the nonlinear index of
refraction can be determined.

The Fabry-Perot consists of a cavity formed by two plane parallel,
highly reflecting mirrors. The transmission of monchromatic light
through the device is determined by the optical path length of the
cavity. If the cavity is not tuned to the wavelength of the light,
then a transmission of = 1 7 results. When the optic~' path length is
exactly equal to an integer number of wavelengths, then a resonance
effect occurs and the output intensity from the device reaches nearly
100 7 of the input intensity. A diagram of this process is shown in
Figure 1. The optical path length is determined by the physical length
d, times the refractive index n of the material within the cavity. The

condition for rescnance therefore is given by

2nd=ma2x (2.17)

where m is the integer order number.
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When the cavity does not satisfy the above requirement, then a
linear relationship will exist between the incident and transmitted
intensity. If a material with a nonlinear refractive index is placed
in the cavity, then a positive feedback loop will occur where the
refractive index and the light intensity become mutually reinforcing.
As the incident intensity is increased, a change in refractive index
occurs which brings the device closer to resonance, which further
increases the intensity inside the cavity, which further changes the
index, etc. This continues until a saturation intensity is reached, at
which point a phase shift to resonance occurs within the cavity and the
transmitted intensity suddenly increases.

The ratio of the incident intensity to the transmitted intensity‘

as a function of the phase shift & is given by the Airy function A(8)

.
L BN

A
b O
A

P

¢
f‘{‘r‘ 7.
YAYSY
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AL
e
l"i.‘ 'sl

= A(®) (2.18)

where :
A(®) = ! (2.19)

2
1 + F sin“(s8/2)

and F is related to the reflectivities of the mirrors R by .
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Figure 2a displays how the relative transmitted intensity and the
sharpness of the transition is related to the reflectivities and
finesse of the cavity. As the reflectivity of the mirrors is
decreased, the finesse is decreased and the transition at the critical
phase shift broadens. When the reflectivities and the finesse of the
cavity are large, then the transitions are sharp. For these
conditions, the transmitted image from a diffuse source through the
Fabry-Perot will appear as a series of sharp concentric rings, as shown
in Figure 2b.

For a nonlinear Fabry-Perot, however, the Airy function must be

slightly modified to account for the nonlinear index by

ale)y, = L (2.21)

2
1 +F sin“( < Ieff - 8)

where T is a constant describing the nonlinear refraction,lo and Ig¢g

is the effective mean intensity within the cavity. The total Fabry-

Perot fractional transmission can be written aslo

2
1= (1-RITC1-a) . Ae)

~
[39)
(%)
[£S]
~—

NL

(1-R(1-4a))°
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where the intensity absorption per pass A is given by

A=1-ed (2.23)

and a is the absorption coefficient. A second equation can be written

which is parametric in I f¢ for the Fabry-Perot transmission: !0
ad (1-R)C1-4a) Logs
T = : (2.24)
A (1 -RC1-4)) IO

The condition for optical bistability can be determined by
simultaneously solving equations 2.22 and 2.24. A graphical solution
of these equations which shows the criterion for optical bistability is
shown in Figure 3.

The critical intensity I, for the onset of bistability is given by
the intensity I, which gives more than one intersection with the line
and curve. This is the intensity at which the saturation of the
feedback occurs. Once this saturation is achieved, it is found that if
the input intensity is reduced, the output intensitv does not drop
until a finite decrease in the input nas occurred. In other words, a
hysteresis effect is observed. The switching between the two intensity
levels can be considered as a change in logic state. The nonlinear

Fabry-Perot interferometer therefore can be used as an optical logic
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gate. The great interest for logic gate applications is that the

4
[

-’_*-\
: : s . e
&\ switching between the two levels can occur on a subnanosecond time \:"
o N
- period in some materials. Sl
LA
| The saturation or critical intensity I, is found to be inversely
s ’
-
proportional to the nonlinear refractive index and is given by

. © B u

F: where

. 3n

- B = 2 (2 .26 )

and 4 is a figure of merit value for the cavity, relating “he

reflect:ivities of the “wo mirrors and the attenuat:con of lignt as

passes through the cavity. Eguation 2.23 ind:icates -hat for f:ixed
.- cavity sonditions, 1 osma.. sataration o intensity Iorresponds T oa large
nnlinear rafrgocive ndex The tmaL oindex Y orefraction Lsogiuen oo
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The value of n, is what actually determines the phase shift but as

t
indicated by equation 1.l, the figure of merit for nonlinear optical

applications also includes the switching times and the absorption

coefficient.
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CHAPTER III
BACKGROUND - BIBLIOGRAPHICAL REVIEW

Bulk Properties of Cadmium sulfide

Nearly all of the early work on cadmium sulfide was carried out on
single crystal platelets which were made by a chemical vapor phase
growth process. The natural crystal structure of cadmium sulfide is
hexagonal wurtzite, although single crystals of the cubic zincblende
structure have been fabricated. Within either of the two crystal
structures it is possible to have regions which are made up of the
alternate crystal structure. The transition from a hexagonal to a
cubic lattice or visa versa can occur through a well known twinning
mechanism,12 in which the twinned region is bound by stacking faults.
The twinned regions can be manifested during deformation of the crystal
or under particular growth conditions, although it is difficult to
differentiate these two sources when crystals are grown from the vapor
phase. In either case, the two crystal structures do not have a center
of symmetry or inversion, which leads to the unique properties of
noncentrosymmetric crystals such as piezoelectricity, pyroelectricity,
and third order optical susceptibility.

Another important physical property of CdS is the stoichiometry of
the crystal. Very little work has been done on the defect chemistry of
CdS; however, the work done on other II-VI semiconductors such as Zn;
and CdTe indicates that the range of nonstoichiometry at room

temperature is very small, e.g. 0.0l to 0.1 7.13 Early work bv Collins
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. which involved sulfur atmosphere heat treatments and electron ®
- -~
e
o ~
. bombardments, showed that sulfur vacancies were the predominant native o
-, S
- i
hd defect and that they acted as the recombination center responsible for ::
I
] the green edge emission associated with CdS luminescence.l4 Other
- ’-
o
studies which investigated impurity doping effects are described in a o
o
- ’
- following section on photoluminescence. "
. >
A detailed knowledge of the band gap structure of CdS has come ®
3 ¥
> from the extensive study of exciton states. Cadmium sulfide is found \:
ty
.: to be a direct gap semiconductor with a band gap equal to 2.59 eV at 0° }:
[ ‘J‘
" ~
K. The wurtzite lattice of the material is described by a p-like »
- valance band consisting of two gamma-7 states and one gamma-9 state, ;f
and a s-like conduction band made up of one gamma-9 state. A diagram {;
. N
li of the band extrema is shown in Figure 4. The three states in the L 3
" valance band are also known as the A, B, and C free exciton states. ,Qi
%
These intrinsic exciton states are modeled as Wannier excitons; ..e. -Qy
l. the electron and hole behave like a hydrogen atom. The orbital ®
. S
- h Y
o
movements of the electron and hole are determined by their effective t*:
g s in Fi A s
. masses within the band extreme. As shown in Figure 5, the solution for Nik
)
A
.. the wave function of this model results in a series of discrete ®
- o
' parabolic bands below E8 which merge into a continuum at higher N
’-
i' energies.15 Because of the unique band structure of this material :::
- -
there are a large number of possible exciton states. Any of the )
o o
. exciton energy levels (i.e. n=1,2,3, etc.) can be associated with the e
s
AN
R three primary states (A,B and C) in the valance band. In addition, any Sy
T a l\
one of these free excitons can be associated with an impurity center, o
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into a continuum at energies greater than Eg.

Energy diagram for Wannier excitons as a function of
exciton momentum K, showing "hydrogenic"
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forming a bound exciton complex, which will have a lower energy than
the corresponding ‘free exciton.

Of all the II-VI semiconductor materials, the exciton states in
bulk CdS have been studied the most and are perhaps the best
understood. Reflection, absorption, and luminescence studies dating
back to the mid-fifties have investigated the exciton states in this
material. Excitation of the states can be accomplished by either
electron bombardment or by photon absorption. When the emission is due
to the latter process it is known as photoluminescence and the results

reported for CdS are detailed below.

Photoluminescence of CdS

When CdS is excited by photons of energy greater than the band gap
the characteristic luminescence which results form the decay of excited
states is shown to consist of two primary emission bands. The first,
known as the ''green-edge emission" is due to the edge emission of
various states in the band gap, i.e. shallow donor-acceptor
recombinations. Studies of the edge emission of CdS were made by
Kroger as early as 1640.16 At a slightly higher energy, a band known
as the 'blue-edge emission" occurs and is due to emission from free and
bound exciton complexes.17 A typical low resolution spectrum
displaying these two bands is shown Figure 6, and a high resolution
spectrum of a portion of the blue band is shown in Figure 7. T.ue

intensity of the bands is dependent upon the polarization of the

incident light with respect to the c-axis of the crvstal.
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Low resolution photoluminescence spectrum of CdS single
crystal showing ''green-edge' emission due to band edge
recombinations and '"blue-edge' emission due to excitons.
Figure shows emissions are dependent upon the polarization
of the excitation source.
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Figure 7 High resolution photoluminescence spectrum of CdS single
crystal at 4.2° K, showing bound exciton peaks for
excitation perpendicular to the c-axis. Peaks labeled P
are observed with parallel excitation.!?
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The exciton states were first extensively studied and
characterized by Thomas and Hopfield.19 They have shown that within
the higher energy band a number of sharp luminescence lines occur which

correspond to transitions of both free excitons (A, B, and C) and

excitons bound to neutral donors or acceptors. A designation of I was

given to excitons which are bound to neutral acceptors and I; was given

to the excitons bound to neutral donors. These two peaks are labeled

in Figure 7. The distinctions between the various transitions were

made by using the Zeeman effect. When a strong magnetic field is

imposed on the sample, many of the luminescent lines split due to the

spin moments of the ground and excited states. From the group theory

of bound complexes,19 they were able to assign the transitions to the

different defect states.

A later study by Henry, Faulkner, and Nassau showed for the first

.
= time donor-acceptor pair lines in the photoluminescence spectra of
cdS.29 These pair lines are narrowly spaced transitions which were
g observed in the green-edge emission band and correspond to closely
Ei spaced donor-acceptor pair-recombination bands. Again the confirmation
. of these lines was made by Zeeman experiments. The significance of the
CI study is that for the first time direct spectroscopic evidence for the
ﬂt existence of these states was made. This is important point because in
. the study by Thomas and Hopfield it was assumed that these states must
?; exist based on the Zeeman experiments, but they had no direct evidence,
] Henry, Nassua, and Shiever studied the impuritv doping of CdS and
S
| showed that Na and Li are the only shallow acceptors that can act as )
G substitutional impurities.21 These shallow acceptors give rise to the li'i
o )
e
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I, bound exciton that was described by Hopfield and Thomas. Usually
two Iy lines are observed, and by varying the doping level these
authors proved the lines to only be due to Na and Li. High purity
crystals grown in clean reactor tubes were found to only exhibit the

Il(Li) line. When Na was added a considerable broadening of the Il

line occurred, but as successive runs were made in the same tube, these
authors showed the Na line could be resolved. Doping with K, Rb, or

Cs, only resulted in a sharp Il(Li) line, and P was found to give a

complex shallow acceptor. The identity of the shallow donor level i
responsible for the I, bound exciton could not be determined; however,
the authors showed by donor-acceptor pair line splitting that the donor .
was not a native double donor such as a cadmium vacancy, or a sulfur

interstitial. The authors reasoned that the donor may be Na or Li

\\l-'\

interstitials because of the small size of these atoms, and when ﬁij:
e

crystals are heavily doped, they become highly compensated. t:i\
o

Unfortunately they were unable to prove the identity of the donor. '.;n
Later work by Henry and Nassau involved measuring the i;ég

N~

spectroscopic lifetimes of the two bound exciton complexes.22 Theyv :E&E“
were basing their work on another study by Thomas and Hopfield which -'..‘-
showed the measured oscillator strength of the bound excitons to be EEE;
:_\_.\

very large, which meant that the radiative decay of the weakly bound f:f:
OO

exciton would be very fast. Thomas and Hopfield determined an
oscillator strength of 9 +/-2 corresponding to a radiative lifetime of
0.4 +/-0.1 nsec.23 This oscillator strength is about 104 greater than
the strength of a free exciton.ll Henry and Nassau with their

experimental setup were able to measure a radiative lifetime for the I,

e e T e T T T e e S e S S e
- - e e e . P S e N N e, S T L L s S A -
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exciton to be 0.5+/-0.1 nsec. The verv fast decay time of this state

is what makes CdS so attractive for nonlinear optical application.

Resonant Raman Scattering in CdS

Further studies of exciton levels in CdS have involved the
measurement of multiple phonon scattering from exciton states. Leite,
Scott, and Damen found that the scattering of longitudinal optical (LO)
phonons was enhanced when the scattering-phonon frequency coincided

-
with that of excitons.-

4 They were able to show up to nine orders of
resonant Raman scattering occurring at frequencies shifted less than 17
from multiples of the 305 :m~! line (the first LO line). These authors
were not able to determine the identity of the exciton state (i.e. frée
or bound) which was acting as the intermediate state for the resonant
scattering in this study, butin a latter paper by Leite, Scott, and
Camen free excitons were proven to be the primary intermediate state. 2>
They also showed that bound excitons participated as intermediates byv
observing phonon sideband features on the photoluminescence of the
bound excitons. The I; exciton was found to be a stronger resonant
state compared to the I, bound exciton.

In a more recent paper bv Mas‘nshenko.61 the temperature dependence
of the LO and 2LO lines associated with the A exciton were
investigated. At 77° K the A-LO phonon predominates the emission, but
as the temperature is increased to 110° K, this line decreases and the
A-2L0 line increases. This increase in the 2LO line indicates that an

increase in the probability of a two-phonon process occurs at high

temperatures.
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- saturaticn, but rather bv the formation of an electron-hole plasma.

- High intensity laser puises of energies ‘ust above the band gap energy
were used to studv this effect. Bv measuring the temporal line shape

< of the rransmitzed laser pulse thev were able to determiue the
renorma.ization of the band gap due to the formation of an electron-

- noie piasma. Because this s a much smaller effect, intensities of 120
oy 2 . : . .

m xW/cm- were required %o produce a change in the transmitted pulse.
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Nonlinear Susceptibilityv of CdS

l'..l
b A AN

Even with the obvious advantages of using CdS for nonlinear

CANNG G
'

optical applications, verv few groups have investigated this material.

S

<
&'D 'I

The primary amount of work in this area on CdS has been carried out by

Dagenais.3"/"ll As would be expected from the large oscillator

RACIPI

strength of the bound exciton, a very large nonlinear refractive index

7

results when this level is saturated, and the decay time is very short. Y
7- B .
S
By use of a Fabry-Perot arrangement and a narrow bandpass tunable dve e
laser, Dagenais reported a cw saturation intensity for this level of Zy:L
._'-\'.
2 . . . . (AR

only 58 W/cm*, which corresponds to a nonlinear index of refraction of ®
‘ﬂ '} ®
- . ; o
1 X 107% cm?/W.3 1In a later publication, Dagenais and Sharfinl! report o
‘ , ALY
that by using a high finesse Fabrv-Perot, a saturation intensity of G
A
AN
only 26 W/em? is required, which for the experimental setup corresponds )

..

to a nonlinear refractive index of 2 X 1072 cm?/W. They also reported
a switch up and switch down time of one and two nanoseconds
respectively. These are the largest values of a nonlinear refractive
index ever to be reported.

Other work on CdS has been done bv Bohnert, Kalt, and

. P 7 I3 Y . . .
K;lngsnlrn.~6 They did not, however, studv nonlinearity by exciton
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l Cds Thin Films b
= <
PR ‘\-’
. Vacuum Deposition -~
Y -~
v A
“ .
S A great number of studies have investigated the thermal Qf
e
-
] evaporation of CdS for the deposition of thin films. Although all thin i
- R
' films for this study were deposited by RF-magnetron sputtering, some of :f
. ~
f’ the results of these investigations are relevant to the present work. Qa
e ’ J
" s
Many of the studies of thermal evaporation were undertaken to research »
- X
- the electrical properties of CdS thin films, although some optical -f
F -
>
»
- properties have been studied. The problem is that most of these r:
~ ,
. Y
t . . . . -
studies present results which both show differences from single crystal [
v results and also differ from each other.2’ The reasons for the &1
- ) SN
discrepancies are related to the difficulties in evaporating CdS, which ;{:

a_.
9 .

lead to problems with maintaining stoichiometry and crystal structure
in the deposited films. The difficulty in evaporating 7dS, as well as

other chalcogenide compounds, is that complete dissociation of the N

s
!: compound occurs during evaporation.28 If too high a temperature is E:
< ™
used, then the compound will dissociate incongruently and because Cd ﬁz'
Eg has a higher volatility than S, non-stoichiometric thin films result. {S
Source temperatures between 650° and 700° must be accurately controlled ‘j
) to avoid excess cadmium.28:29 Due to differences in the sticking EEJ
;’ coefficients of Cd and S, a non-stoichiometric thin film will also EE
o >
result if the an improper substrate temperature is used. Cock and ;
Eg Christy27 have found that if fused quartz substrates are used at 3&
o temperatures greater than 200° C, then non-uniform films result. In ES%
comparison, Wohlgemuth et al.29 have found that if the substrate is ;;.
g o
N
L] .-'

e e e e e e e e e s e e e
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cooled to LN, temperatures, then an amcrpnous film resi.”s wni o .5
rich.

The optical properties of CdS thin films are centra. - <n.s
study; however, the reported results for vacuum vapcr Zlepcsites =h:in
films are found to vary greatly. Most notably is the variat:on in ~hne
reported optical band gap and absorption coefficient, and “he
calculated index of refraction. Some of these differences can be
realized by examining Figure 8 and Figure 9 which show the refractive
index and absorption coefficient cbtained by several authors. -7
Referring to Figure 8 the results for single crystal CdS obtained bv
Cardona and Harbeke30 are given by curve a. Curve b is for
polycrystalline film deposited onto fused silica at 180° C bv Khawa‘a

and Tomlin.3l cCurve c corresponds to a polvcrvstalliine film alse

29

and curve 3 :s ¢

[#]
4 ]

deposited on silica at 180° C by Wohlgemuth et al.
an amorphous film deposited at LN- temperatures by wohigemuth et al.
The same authors correspond to the same curve .etters >f ~he reported
absorption coefficients shown in Figure 9. As shown in Figure * -ne
results by Khawaja and Tomlin show the closest resemplarce > singl.e
crystal results, while the Wohlgemuth et al. results snhcw a marked!
difference. In contrast, as shown in Figure 3, -he abs:rpt::n
coefficient of polycrystalline films deposited by wenlgemuth et i,
model single crystal results best. The highest jua.:"v Y._.ms .n ~rese
studies were deposited at high temperatures, a.thcug: . more ~e er-
study by Cook and Christy27 reperes similar res:.'s o oo
temperature depositions. 1% is obviaous tnat sarc e LT teren e

deposition technique resul® in a w:ile Jariat . o 1 ot -
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Variation of the absorption ccefficient reported by several

a
authors,"9
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s properties. This is probably due to differences in thin film
- microstructures, which in the above studies were only determined by X-
A
7 ray diffraction. No direct measurements (i.e. electron microscopy)
'! were used to examine thin films.
” Although some of the optical properties of evaporated thin films
~$; have been investigated, albeit there are differences in the results,
‘A
3 apparently very few studies have been made of the photoluminescence of
:ﬁ thin films produced by this technique. Christmann et al.32 describe
X evaporation deposited epitaxial CdS films which displayed both green
.
¢ and blue edge luminescence. This is one of the first studies to relate
Si both the morphology and composition of thin films to the observed
Ll
- photoluminescence. Thin films were deposited on cleaved surfaces of
Iﬁ SrF, at temperatures from 210° to 310° C. Variation of the
- supersaturation by controlling either the source temperature or the
a substrate temperature resulted in three basic morphclogies. At low
l; supersaturations, smooth CdS thin films were produced which only
displayed broad band green photoluminescence. By decreasing the
'ﬁ substrate temperature or increasing the source temperature, films were
‘. produced which displayed a structure with many hexagonal flat tops.
.
- These films showed green edge emissions and very low intensity blue
j; edge emissions. Finally, at very high supersaturations, films which
h displayed a morphology with many hexagonal pyvramids were found to show
B very intense blue edge, or bound exciton photcluminescence.
. Through cathodoluminescence and microprobe studies it was
{ determined that the hexagonai pyramids were cadmium rich, and thev d:d
;: not contribute to the luminescence. Only the areas adjacent to the
‘.
)

L Y L BV O S IR SRR ... - . . o R
‘-‘.‘ MBI I AP IR S B N S PR YR AT VA YA A - Y v PRV Y TR R T R R

‘{ ‘.V‘.
TN5ES A

P MM

s

l"

WL PPl RS
N ]
S e °

Y '; "."'. .'-,.'> l"
»
LA ': ‘l."t 5 %

.

v
vy
v %

’

N,
.. ln 'l
s

~ o,
'L

2

P AR A L
S p
) 0 IS e
§qﬁ¥\ ] :

e
W

S ..‘. v-

L)
S

NasNs
l.‘ ._t

AR A
SAL A A
\t:’c‘{(c’"s'

e ’.'."'-"I'V/."',". .
. - '-. “- /|" \'

PR

A
l' ‘,

R AL
L
B

‘v .

2P
& s

[4

~

£

g

. ’/ 'f .f.‘t":: <,

-

I
‘0t



$er)

L P

44

hexagonal pyramids were found to show bound exciton luminescence. The
pyramids were thought to have nucleated from Cd droplets, and as thev
grew, the adjacent areas were depleted of cadmium. The required donor
states for I, bound excitons were therefore provided by cadmium
vacancies. Other films were found to be uniformly slightly cadmium
rich, and it was thought that cadmium interstitials were responsible

for the broad band photoluminescence.

.
\i\
Humenberger et al.33 aiso reported thin films which displaved é}ﬁ

:\.';\

bound exciton luminescence. These films, however, were made bv a hot- ;:;:
ol

wall epitaxial technique, which is similar to the vapor phase technique

used to make bulk single crystal platelets. Films were deposited on

BaF, substrates. The surface morphology was found to be smooth with a

low density of hexagonal flat tops. No compositional data were given

for thin films; however, acceptor states were provided by indium doping

thin films during the deposition process. Free carrier concentraticns

as a result of the indium doping were measured to be on the order of

1017 to 1018 ¢p3.33 -

The above two studies are the first to show by photolum:inescence :E}?

the presence of exciton levels in thin films. Studies of severa. :-ner ."

thin film deposition techniques such as chemical bath, 3% >r sprav

pyroli51535 have reported photoluminescence, but none have shown

exciton emissions. To see these transitions, it is apparent that verw -.?,

hign quality thin films are required, and it is obvious that standar: j:zt

vacuum techniques or other technigues such as 'hose tes.rirted “ere ive ;iif

aot capable of producing thin films of fthe necessary legree a0 .’“

A depos:ition ftechnigue which permi®s gredater -~ nrr- . cor "o :
_;'"
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deposition process is RF sputtering, and several investigations of the

deposition of CdS by this technique are presented below.

RF Sputtering

Only recently has the deposition of CdS thin films by RF
sputtering been investigated to any great extent. One of the first
investigations was reported by Lagnado and Lichtensteiger.36 They
described some of the properties of CdS thin films produced by RF-diode
sputtering. A very strong preferred orientation of the CdS
cryvstallites was found to occur with the c-axis parallel to the
substrate plane. Electrical resistivity measurements at different
temperatures revealed two activation energies for conduction,
interpreted to show the activation of an unspecified trap beiow the
conduction band, although ne Jata on the chemical anaivs:is for
.mpurities was presenteqd.

Recent (v "ne rechn:jue >f RF-diode sputrering nas rece.ved

ron for proucing LS thin fiims Sor osolar el

herer inct o ns. The large pnot ocoomduct ooty of iS maxes " ar
Atrractive materia. for hath o so.ar ce ol and sensit oue phet cdetel o
1IDP L . Tat Lons A umber ot inwest ogations ocr e XEF o e ssourtctering o
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a function of sputtering power, pressure, substrate temperature and
substrate bias. Thin films were deposited onto fused silica
substrates. The first effect they describe is the dependence of the
deposition rate and resistivity on the pressure of gas used. A maximum
in the deposition rate and a minimum in resistivity occurred for a
sputtering pressure of 5 um (5 X 1073 torr). For higher pressures they
found the rate actuallv decreased, and the resistivity increased. The
decrease in Jdeposition rate at higher pressures was explained by a
backscattering mechanism which increases the probability that more
sputtered atoms will return to the target at higher pressures. The
minimum in resistivity at 5 um pressure was claimed to be a result of
the maximum depositiocn rate that occurred at this pressure. Although‘
ne direct proof was given, the authors claim the high deposition rate
lecreased "he number or concentration of impurities that were trapped
in ~he film.

The second effect Jdescribed in this early paper by Martil et al.38
was the Jdependence of thin film grain size on the substrate temperature
and substrate bias. The grain size was Jdetermined by SEM observations.
As wouli he expected, the grain size of films increased from 300 A to
;506 A as 'he substrate *emperature was increased from 90° C to 300° C.
The deposit:on rate accordinglv decreased as the temperature was
inoredsed. when *he substrate bias was increased to above -100 volts,

*re resu.ting *hin fiims were found to be amorphous. The temperature

ette T an e expLained Hv consitdering that with increasing
Tempeer 4t e o e Tot 4L stge YT a4 nuc.eus jacreases, o) the
A ' ettt tent oncreases and ) the sticking coefficient
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for a material decreases.28 The appearance of an amorphous structure
with high substrate bias was explained by the authors as a result of
structural damage that occurred due to ion bombardment (which was
increased by the high negative bias).

The second report published by Martil et al.39 further explored
the effects of substrate temperature and bias on the electrical
properties of CdS thin films. They found that the resistivity
increased from 10 to 108 Q cm as the temperature was increased from 60°
C to 250° C, which they claimed was due to a change in stoichiometry
(i.e. a loss of cadmium with increasing temperatures), although no
chemical analysis was presented to back up this claim. A minimum in
resistivity was also found with a substrate bias of -50 volts, or with
a floating substrate (which developed a self bias of -28 volts). This
effect was explained by the ion bombardment that results from these
bias voltages preferentially resputting oxygen and other impurities
from the growing film. Oxygen has been shown to be a acceptor-like
trapping center, located 0.9 eV below the conduction band. %2 Again no
chemical analysis was reported to prove that a decrease in oxygen
occurs. Also the variation in activation energy for conduction that

36 was not

occurs with temperature as seen by Lagnado and Lichtensteiger
explored by these authors.

The third publication by Martil et al.%0 reports the influence of
the above sputtering parameters on the optical properties of .1in
films. The structural changes which occur under different conditions

were also further explored. Increasing the substrate temperature

resulted in similar structural changes to those reported in the earlier
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study; the grain size varied between 500 A and 3000-4000 A as the
substrate temperature was increased from 60° to 300° C. This report,
however described the sputtering pressure dependence of the
crytstallinity. The sputtering pressure determines how much structural
damage occurs due to ion bombardment. At low pressures, bombardment is
enhanced by a large self-bias that develops on the substrate, and an
amorphous structure results as previously described. At higher
pressures, the crystallinity was also found to decrease, which was
explained by the authors as due to a porous structure that develops
from trapped gases.

Optical properties were found to be a function of both substrate
bias and sputtering pressure. A maximum in the optical band gap (2.36
eV) was found to occur for a floating substrate bias, whereas the
minimum in the band gap (2.30 eV) occurred for a -110 volt bias. The
band gap was found to increase with an increase in sputtering pressure
and became nearly constant for pressures above 10 um. The pressure
dependence of the refractive index however contradicts the pressure
dependence of the band gap. The index of refraction was found to be a
maximum with 5 um pressure, and it decreased with increasing pressure.
This was explained in terms of the porous structure which occurred at
higher pressures; however, if the refractive index is reduced at higher
sputtering pressures due to a more porous, less crystalline structure,
then the band gap energy should alsoc decrease. An increase in the
number of crystalline defects should cause tailing of the band gap,

which is seen as a decrease in the gap energy.29
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The latest investigation to be reported by Martil et al.4!

describes the effects of heat treatments on the electrical and optical

APEEESA 2 BARRNAK Iy

AN properties of sputtered films. Heat treatments were carried out under

’

1 Ho and Nj atmospheres at temperatures ranging from 100° C to 550° C and
for times ranging from 20 minutes to 5 hours. The primary effect on
the electrical properties was a two order of magnitude reduction in the
resistivity to 4 X 1072 Q cm for heat treatments at 200° C. Carrier
mobilities accordingly increased to 50 - 70 cm?/Vs for this treatment.
Higher temperatures were found to increase the resistivity and decrease
the mobility. The decrease in resistivity was explained by claiming
that oxygen desorption from the grain boundaries occurs at 200° C. As
previously described, oxygen is a trapping center which in this case
decreased the carrier concentration and simultanecusly increased the

41 No explanation was given for

scattering which reduces the mobility.
the increase in resistivity with increasing temperature, although it
could be due to a loss of cadmium.

The optical absorption edge was shown to become sharper and occur
at a higher energy for heat treatments at 200° C. Temperatures higher
than this were not reported to significantly alter the absorption edge;
however, treatments above 550° C produced an overall decrease in the

transmission. This was explained by a dissociation or reevaporation

process that occurred as a consequence of the higher temperatures. The

optical band gap was found to increase from 2.36 eV to 2.39 eV for
- treatments at 200° C, which was again explained in terms of oxvgen
desorption from the grain boundaries, although no chemical analysis was

g reported to prove this hypothesis.
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Semiconductor Doped Filter Glasses

Sharp cutoff filter glasses are silica based glasses which contain
a fine dispersion of semiconductor microcrystallites. The variation of
the sharp absorption edge position is achieved by either varying the
composition and or heat treatment schedule. Great interest has been
generated recently because it is thought by many authors that the
crystal size developed in these materials by thermal treatments is on
the size order for quantum confinement effects to occur. For glasses
containing a mixture of CdS and CdSe many authors have reported a blue
shift in the absorption band edge. In addition, a blue shift of the
high energy exciton photoluminescence peak has been interpreted in
terms of quantum confinement.

43,84 4n two publications on mixed crystal

Warnock and Awashalom
glass (those containing CdS ,7/Se 73) report that the glasses which
displayed smallest size distribution (average size = 94 A) exhibited
the largest shift in the exciton photoluminescence, and this
photoluminescence was shown to decay on a time scale of only 18 psec,
which is nearly two orders of magnitude faster than the lifetime
displayed by excitons in bulk material.%* The shifts in peak position
and fast lifetime were interpreted in terms of a quantum confinement
effects.

A very recent paper by Borrelli et al.%> has shown that the blue
shift in the photoluminescence displayed by this particular mixed
crystal glass is not due to confinement effects, but rather to

compositional effects. A careful study of the crvstal structure by X-

ray diffraction revealed that a change in the stoichiometry occurs
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during the heat treatments which develop the microcrystallites. It was

s

s

. . . .

postulated by these authors that more of the selenium remains in glass, :f\$
(s

- "

. . . . . - 45 Y
while sulfur is more easily incorporated in the crystallites.®” \j\:
N

Pl &

Therefore, at the lower temperatures which produce the smaller

LR ]

crystallites, the crystallites end up containing more sulfur, so the

optical properties of glasses containing these crystallites are blue

shifted tcward the optical properties of pure CdS. True gquantum

e

confinement effects were, however, shown to occur in a series of

s
A’

experimental glasses which contained either CdS or CdSe, but not both.
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CHAPTER IV
EXPERIMENTAL METHCD

Vacuum Deposition Svstem

Thin films for this study were made with a specially designed
vacuum system. A schematic of the deposition chamber is shown in
Figure 10, and a picture of the complete system is shown in Figure 1!.
The deposition chamber consists of a rectangularly shaped stainless
steel box which measures 12" X 18" X 13", This chamber was custom
built by MDC Vacuum Corp. (Haywood, CA.). Numerous ports and
feedthroughs on the chamber permit a wide variation of deposition
configurations. The vacuum pumping svstem utilizes a 330 1/sec
turbomolecular pump (Balzers, Hudson, NH), a molecular sieve trap (MDC
Vacuum Corp.), and a 300 1l/min two-stage mechanical pump (Sargent
Welch, Skokie, IL). With the molecular sieve trap activated, pressures
in the high 1073 torr range were possible using the mechanical pump
only. Pumpdown from atmosphere pressure to 1X107% torr could be
accomplished in 2 hours with use of the turbopump. Vacuum gauging was
performed with a Levbold Heraues (East Svracuse, NY) model CM 330
combined Penning discharge and thermocouple gauge controller.

Pressures for sputter deposition were controlled by using a
micrometer adjustable throttle vaive (Sputtered Films Inc. Santa
Barbara, CA.) and a mass flow meter/controller (Matheson Gas Products

Norcross, GA). High puritv argon gas (99.59957) was used as the
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Figure 10 Schematic diagram of sputter deposition chamber. Computer
. figure shown to indicate computer control of system.
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deposition controller, it was possible to monitor nearly every aspect
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the gun assembly. Most of the plasma is constrained to the area

»
e
..
-

immediately above the target, so a large reduction in substrate

e e B
’:*{5
oYX,

bombardment and substrate heating is realized. The substrate and

~
5
T

growing film, however, can still be bombarded by energetic neutral

particles, which has been shown to be a major cause of substrate

heating.é’ Still the heating is reduced and as will be pointed out in DR
the Results section (Chapter 5), a considerable difference in the as '@
RO
deposited film properties occurs with RF planar magnetron sputtering, §:~:
;-I'.'-"
compared to RF diode sputtering. :ﬁ}ﬁ

Thin Film Deposition

Prior to deposition of thin films, ail substrates were sudbiected
to a three phase cleaning prcocedure. The first phase of the process

water for 10 minutes. Af+-er this

i

was an ultrasonic bath in D

treatment the substrates were remcved from the water and rinsed with

isopropv. alcone. (IPA)D A second ultrasonic c.eaning was then carr.ed
:‘A-"'.
2ut for 10 minutes in IPA. The final phase of the cieaning procedure S
N
B
wds a .Y minute Treatment [n a vapor Jldegreaser, whioh emp.oved (:rA 3s 4'_:,-'_-
. .\I
-‘.-\-I

ifi

e so.venrt. ubstrates were s.ow.v¥ removed from the vapor, whiin

a.. wed the condensed vapor iroplets o evaporate. 1o Jheck for ‘;
oA
zlean.iness substrate. were examined hv edge i..uminat:on against a “f:
)

Diack dvackground. This permitted cbservation of anv contaminates on .o
the surface nf *he substrate in addit:on to anv smai. flaws in ~he f}ﬁ\
N
surface. DA
DR

To depos:t “hin films, substrates were mounted on a substrate ®
-]
holder and positioned in the depesition svstem immediate.v after .
2
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cleaning. The deposition svstem was pumped down to a pressure of < 1.
X 1070 torr before backfilling with the sputtering gas. The IC-6CQ0
was usually programmed for a fast ramp up to the desired power leve.l
and then a rate controlled presputter was initiated before the shutter
was opened. If a sputtering target was newlv installed, a presputter
burn-in of 30 minutes was carried out; otherwise the target was
presputtered for 5 minutes before exposing the substrate to the plasma.
The IC-6000 automaticallv controlled the deposition rate and thickness.
Depcsition rate was varied between 1 to 5 A/sec and films for optical
analysis were tvpicallyv made 1 um thick, although the film thickness

for other analysis was varied.

Substrate materia.s

Several different tvpes of substrates were used to support thin
films, depending cn how the films were tc be analvzed. Standard
substrates for cptical analvsis were made of optical gualitv fused
silica, tvpicallv one inch square and | mm thick. These substrartes
were found to have verv few surface flaws and were essentiallw
transparent over the optical region in which films were anaivzed. The
low index of refraction (n=1.46) of these substrates was a.so necessar™
for measuring the refractive index of the film and for planar wavegu::e
measurements. Some films were also deposited on silica for TEM
analysis. Self-suppurcing TEM specimens were prepared by floating
these films off the silica with a 17 HF solution.

Other films for optical analysis were deposited onto single

crystal sapphire substrates. This was done to determine if the high
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[’ thermal conductivity of the sappnire wecuid aid in reducing heating ov
. the laser beam during low temperature Spectroscopic measurements.
::j
~. These substrates were of verw high gua.izv with nco dete:izable f.3aws and
] a verv smooth surtace finish. Some ICSAD f:ilms were deposited ontl
. sappnire substrates 2o aid in X-rav Zhemiza. ana. sis, since the
. sapphire had no X-rav L.ines which overlapped “he .ines in “hese f..ms.
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were also required for TEM analysis of COSAD films, since the HF

. sclutions normally used to lift CdS off silica slides would strongly s
., < '._
e attack these films. _Q,

Y
’ Substrate femperatures [ Y
o L

Severa. different substrate temperatures were used to investigate

. the effect of deposition temperature on thin film grain size. With
the LN~ feedthrough assembly that was described above, substrates could ®
; T
o , v . . ~
. be cooled to LN~ temperatures in about 20 minutes. For some A
N
. L . N o
e depcsitions a low temperature thermal contact paste was use to mount \’\:
l" \‘B
. od
L N . . . -
~he substrate in the holder, although most frequently, standard hold
. down clips were used. An Iron-Constantan thermocouple was initially
used to monitor the temperature of the substrate holder during a
l‘ depes:tion. To use a digital meter to measure the output from this
. thermochuple during a piasma deposition, an RC circuit had to be used
2> zeccup.e “ne RF s:igna. that was imposed on the DC thermocouple
. signd.. .he AT sircuit is essentially a low band pass filter. A
sonemat io figgram oI the circuit is shown in Figure 14. If this filter i
l\ n.
~ 7t .sel, 1 verw _arge R¥ signa. can be induced in the lead wires, -1:R
N
. ~T0 T oaLLL lestrow omost DA converters used in digital meters.
I"-I\
v L c RS
Torolercs.t.ng films an room temperature, the LN» feedthrough P
A-'_‘J:_:
insemt L0 .t out UN. Ln *ne reserveir! was used to hold substrates. o)
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68
about 10 minutes with this holder, although most depositions were made
at 200° C. The unique feature of this holder is that it permitted
outgassing of the substrates prior to deposition. This was done by

heating to 200° C for 30 minutes in high vacuum.

Deposition rates

A variation in deposition rates was also studied to determine its
effect on thin film properties. For pure films of CdS, rates from !
L/sec to 5 A/sec were used. These rates were monitored and controi.ed

bv the IC 6000 deposition controlier. Figure i3 shows a graph of -he

sputtering rate versus power densitv
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were set up to sputter deposit at a static rate of 3 A/sec. This is
the maximum rate that could be used with the glass target without
causing excessive heating. The circle over which the substrate was
rotated was eight inches in diameter, so with the three inch diameter
apertures used with the guns, the duty cycle was rather low, only 0.12
for each gun. With a rotation speed of 20 RPM, the resulting total
dynamic deposition rate is less than 1 A/sec. One possible way to
increase this rate would have been to reduce the rotation speed. This,
however, would also mean that the substrate would be spending more time
over areas which were not depositing film and were actuallv depositing
impurities.

The use >f the computer controlied stepping motor to rotate the
sanstrate nolder dacievidted the problem with the linear irive svsrem.
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NN
annealing COSAD films high purity compressed air was used with the same N \q
(] -, *.
s
furnace setup. Flow rates of 100 cc/m were typically used. NI
s
Temperature control was accomplished with a single setpoint temperature g?:f:‘
R
controller (Love Control Co.) which provided temperature control to +/-
Tt
o . N
1° C. Two thermocouples were used, one mounted outside the tube for NN
A,
L R . A
control and one positioned inside the tube adjacent to the sample. QNI
A A,
Heating rates of up to 35° C/min could be realized, and cooling rates L. .
A
Y
of 100° C/min could be obtained by sliding the muffle tube out of the A
A :u:
furnace hot zone. Temperatures for heat treating thin films ranged N
'.-"-."-
from 200° C to 700° C, with times ranging from 1 minute up to 5 hours. ~'V!&
.". DLy
-" PG
To reduce the amount of grain growth that would occur as a result RSN
. L 3
A
of high temperature heat treatments, some films were heated by a :{x~_ﬁ

technigue known as rapid thermal annealing. This process utilizes high
power juar%z lamps to rapidlv heat the sample. Because of the low

*herma. mdss "hat 1s achieved with this technigque, heating rates in

exoess b 5007 Tlosec are possibie. The samp.e s sandwiched bherween
Sw g osneet s bogranntite Whion 40t as Poduk bhedy o absorhers and help
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microstructure was made by electron microscopy. The various TEM
specimens that were described in a previous section were examined in a
JEOL 200 CX analytical microscope (Japanese Electrcon Optics Laboratory,
Boston, MA.). This instrument was used in both transmission (TEM) and
scanning transmission (STEM) modes to directly observe and measure the

ultra-fine structure of thin films. Selected area diffraction (SAD)

mode was used to conduct electron diffraction experiments for

determination of crystal structure and orientation. In the SAD mode it

5%

NS
g

was possible to obtain diffraction information from areas as small as 5

L"'
Ty

®
-

um. The line to line resolution observed in the TEM mode was 8 A.

2

Another technique used for determination of crystal orientation was
dark field imaging. By tilting the primary beam in the microscope, the

contrast that is observed in a dark field image is only due to those

& A

crystals or portions of crystals which are oriented for a specific

5y
Py -

.{‘,

Bragg reflection. Dark field imaging makes it possible to observe

\.
?{»\

preferred orientation in a thin film or any portion of a crystal that
: . ’ N v .

contains defects (such as microtwins).%? On the JEOL 200CX changing

trom broght freld ro da-k field was accomplished with a single switch.

T osrtuady tre topographical structure of thicker films a JEOL 15CY

STANNINg electran naarnscope was 1sed. Fiims which were made for

B odL anaLvsLs were frequent (7 examined with tnos instrument. The

Advant e Y TS teennque t e LS tiims was that no osamp.e

PTeLATAt L Wwas meared except for o osanplie moun, ing. The conductivity
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presence of gross defects in the film such as pinholes or cracks could
be obse;ved, as well as the fine grain structure of certain films. The
major disadvantage with this microscope, however, was a limiting
resolution of about 300 A which made it difficult to observe the grain
size of as-deposited thin films.

X-ray diffraction was another technique used to measure the
crystal structure and orientation of thin films. An APD 3720 computer-
controlled diffractometer (Phillips Co.) was used to carry out
diffraction experiments. Typically, diffraction was measured from two-
theta values ranging from 15° to 90° with a angular step of 0.05°. Use
of the computer to store X-ray diffraction spectra on disk greatly
facilitated the determination of the change in crystal structure with
heat treatments. Changes in peak positions and intensities could be
readily determined, and by making high resolution scans (0.02°/step)
over certain peaks it was possible to calculate the grain size and film
strain using certain utility programs available in the computer svstem.
Again, no sample preparation was necessary for this technique as

diffraction from 1 um films supported on silica substrates was readilv

observed.

Chemical Analvsis

Initially, Znergy Dispersive Spectroscopy (EDS) was usec to
measure the stoichiometrv of thin films during both SEM and STEM
observations; however, it was found to give resilts that were not
quantitative. Particularly in the SEM, it was found that the results

were verv dependent on sample geometrv with respect to the detector. A
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technique know as X-ray secondary fluorescence was used instead to

T
Y
"l.‘

\(\
ALY
l’v"-, '1,'! )

4 %

~ measure the stoichiometry of nearly every thin film that was made. The

&
*a
}.

particular instrument used for these measurements utilized a silver X-

hY
4

2

!! ray tube to produce the primary X-ray beam. Tube voltages of 50 kV
were used with a current of 30 mA. One of four different secondary
- targets could be selected to generate the X-rays that were used to

analyze the sample. The advantage of this technique is that the

[ o]
-
)
o background radiation from the X-ray tube (bremsstrahlung) is totally
;: removed and only the very narrow X-ray line corresponding to the
-

secondary target reaches the sample which results in a great reduction
:j of the background counts. The particular geometry of this system

limits the radiation to only one polarization which further reduces the

o

-~

background count.%0 Detection levels for most transition metals was =

0.1 ppm. Beam size incident on the sample is 1 cm in diameter and

ANY

penetration depth is only a few microns which makes this technique

ideally suited for measuring thin films supported by substrates. The

.. X-ravs emitted from the sample are analyzed by EDS with this system;

.

'.v

- however, due -0 the above arr-angements, a much more quantitative

?. deternination could be made when the results were compared to a 5
standa-d reference. o~

. T

- ‘ . . . . . = .-'

- The standard used, in this case, to determine the stoichiometryv of :r:a

. thin films was a piece of target material. The stoichiometry of the

. target was verified by a wet chemical technique and e.ectron probe

N microanalysis (EPMA) (JEOL 730 Superprobe). For soiution analvsis a

portion of the target was dissolved in nitric acid and then this

solution was diluted a given amount. The amount of Cd and S in -
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solution was determined by using an induction coupled plasma (ICP)
spectrometer (Allied Analytical Systems, Waltham, MA). By comparing
these amounts to those in standard solutions the stoichiometry was
determined. For EPMA the stoichiometry of the target material was

Sl The ratio

determined by use of standards and a ZAF or ¢pz prcgram.
of the integrated peak intensities for Cd and S in the target was then
determined by X-ray fluorescence. The ratio obtained from thin films
was compared directly to this ratio to quantitatively determine the
stoichiometry.

Film thickness could be readily determined with this technique by
measuring the intensity of the silicon K-alpha peak that was emitted by
the substrate through the film. The intensity of this line is

exponentially attenuated by the thickness of material that it passes

through and can be related by the following equation:
I =1, exp @t (2.1)

where I, is the intensity from a bare substrate and t Is the film
~hickness. From equation 2.1 a linear relationship between z function

of the intensitv, F(1), and t can be obtained bv~>
Fil)=- log, ! (2.2)
glo ———— . - -
The intensitv from three different films of known thickness (verifie.

bv profilometrv) were measured and hv piotting FU 1) versus t, a master

curve was generated. The thickres: 5% an imknown film could fthen bhe

found bv soiving *he above equa’ion tor FUT) using the intens:tv fron
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the unknown. The x-coordinate on the curve for the unknown F(I) would
give the thickness. Film thickness of up to 3 um could accurately be
determined with this technique. Changes in density or loss of material
as a result of heat treatment could also be monitored with this
technique.

Several other analytical techniques were used to analyze the
composition of thin films. In each case the results for thin films
were compared to the results obtained from target material. The
different techniques were used to both acquire information, which the
specific technique is most suited for, and to cross-check the
composition of thin films. Auger electron spectroscopy (AES Perkin-
Elmer, Norwalk, CT) gave the least quantitative determination of the"
absolute composition, but the technique was very quantitative for
determining differences between samples. X-ray photoelectron
spectroscopy (XPS Kratos,UK) gave semi-quantitative results and also
showed how the surface of thin films were altered bv heat treatment, a

result which was not detected with any other technique.

Optical Measurements

Bv far the most extensive measurements mede on thin films were
optical measurements. The availabilitv of several spectromerters,
monochromaters, lasers, and optical hardware greatlv facilitated these
measurements. The UV-VIS spectrcphotome*-r used for manv measurements
was a Perkin-Elmer Lambda 9 (Norwalk, CT). Photoluminescence was
measured with both a Princeton Appliied Research Optical Multichanne:

Analvzer {Princeton, NJ), and an Instruments SA Raman spectrometer
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l (Metuchen, NJ). A variety of lasers were used for different -.'6
> pre
. experiments, although most photoluminescence experiments were made with .-::.(
~ o
A a Spectra-Physics model 2025 Argon Ion laser (Mountain View, CA). Many :::
i
LA
[ ] measurements were made at both rcom temperature and at temperatures
) down to 9° K. Low temperatures were obtained with an Air Products {:3"
(Allentown, PA) closed-cycle helium cold finger and digital temperature e
P
controller. Experiments carried out with these instruments will be .
2 %
LY
N extensively detailed in the following sections. SN
.:,_
- "~
. Ay
;’. '.\. g
Index of Refraction ®
P '::‘-
. A very unique technique for measuring the dispersion or index of !
o e
refraction as a function of wavelength was used on thin films. g
] -
‘ Normally the index of refraction of a material is related to the ®
- percent of transmitted light by the well known equation: :-_*'.:_
' (1 - R)? exp (-at) .
s T = (16 l) T
' 1 - R= exp (-2at) o
Ny
where the reflzction, R, is given by (n - 1)2/(r +1)2. The situation AN
- wen)
is much more complicated, however, for a thin film supported on a .
o
'_:' substrate with a different refractive index. The reflecticn that
occurs 4t the film/substrate interface must be dea.t with as well as
o the reflections that occur at the other interfaces. This leads to a
'_:: more complicated expression:
' T - (I - Ry) (1 - Ra) (1 - Ry} exp (-at) (4.2)
(1 - RaRy) {1 - [ RyR2 + RyRy (1 - Ro)= ] exp (-lat) }
v
N
4
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where Rl’ Ry, and R3 are the reflectivities of the air-film, film-
substrate, and substrate-air interfaces, respectively.16 The values of
the R1, R2, and R3 are given by the same equation stated above with the
refractive indices of the three materials (air, film, and substrate)
substituted for n, respectively. Even if the value of the absorption
coefficient is known, the transmission must be measured to 0.57 to get
a 17 accuracy in the refractive index,52 which is experimentally very
difficult to do unless a specially designed spectrometer is used.

When the refractive index of the film is significantly different
from that of the substrate (as the case with CdS on silica) a very
strong wavelength dependent interference effect occurs. The effect can
be explained by examining Figure 16. When the incident light beam
passes through the thin film and encounters the interface it will be
reflected due to the differences in refractive indices. Depending on
the thickness and the refractive index of the film (the product of
these two values determines the optical path length) the reflected rav
will either constructively or destructively combine with the incident
beam. This is the same process that occurs in a Fabry-Perot
interferometer described previocus.y. However, instead of changing the
physical distance of the cavity to change the optical path length,
resonance is achieved by scanning the wavelength of incident light. In
terms of the total trarsmission that is neasured, a series of
interference fringes is observed, whic. varv with wavelength. These
fringes are known as fringes of equal chromatic order (FECO), ard the
wavelengths at which maxima and minima in transmission occur is given

by the same equation used for resonance conditions in a Fabry-Perot
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Figure 16 Interference effects at thin film. substrate, and a:ir
interfaces.
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each order number by an amount &m. This increase produces

the FECO spectra shown in Figure 17b. Again, tangent curves

are drawn and the tangent points to the interference spectrum are

determined.

The difference in the pairs of tangency points are then
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used in an iterative calculation to determine the values of A, B, x and
n.

The problems associated with this technique involve precise
placement of the sample at the focal point of the beam and accurate
rotation of the sample about the axis which passes through the focal
point. These problems were addressed by using a micrometer adjustable
Xx-positioner and a micro-rotation stage, which are shown placed in the
Lambda 9 spectrophotometer in Figure 18. Normal incidence to the film
was determined by rotation of the stage a few degrees on either side of
the initial zero and observing the shift in position of a given
interference fringe. The true zero point was taken as the position
which produced the midpoint between the two shifts. The focal point'of
the beam was then determined by observing the peak value of a given
fringe as the sample holder was moved with the positioner.

The most difficult part of this technique (except for writing the
iteration program for the analysis) was the manual determination of the
value of the tangency points from the FECO spectra. The wavelength of
the tangent point must be known to a precision of 0.1 nm to obtain an
accuracy of three decimal places in the refractive index. Wavelengths
can be measured with the spectrometer to this precision, but this
precision could not be obtained by manual measurement of the tangent
point from the printout of the spectra.

The problem was alleviated t, interfacing the Lambda 9 to an IBM
AT computer. Use of the computer greatly facilitated all aspects of

using the spectrometer as spectra could be stored on disk and

A A A N AN AL O A A A N AL ACAT AT AN '-‘-4-':-;.-':'

¢

u g
e
5%

e
P

27
et
A
<

T

e
it

VANASAS
LIS
‘\,“l .‘sf..r'. .":." 5-',
”5".;'5 AR

NN
P ,'
Th a2y
. . ‘e .
R B N i
PR

'y Tt e s

‘.' . -

. ., . e" .
o

:l .l,

PN s -
{'. I "'J 1 J'r.‘l
L '1/"
L

L DR

™
-,

.i
N
"

-
-
-
e
™,
>



e

2
-

7
-Ls

>
83 LS
™, .l*
L] .,
:" N
- \".
=

.
"
L)

NN

o)
) o
e ~
» eyl
. &
> -~

)

)

"- "\
- »

- ~ S (
~ s
A
L
> )
. “ud
A :\
.
.
- i
l~‘ » I.
V'. l\‘
..\ '
J" ——————
-

- -
s v
& "
- '-'.

~- -
K v

g 3
\

: E)

-

o
'I" ‘...
o o
~ -

: N

h =
. ]

- L]
o
g Ny
S ~
- ‘w0
) by
2 S
- Figure 18 Photograph of micro-positioner stage 1_..:d for acquiring -~
; FECO spectrum, shown mounted in Lambda 9 spectrophotometer. ?_ '

.‘ ]
y-"
e
)

_\‘J'
o
et
3
o]
o

ol

(r’

RS oA LAl - - OO
Mm‘iﬂ f,h"L"-.“‘-f...‘JL.:A_l




Y, |

Ye'r

Ve '\.

[~ £

,
.

S

Y N

.‘. Ll

~r T,
L4,

84

manipulated later. The BASIC program used to remotely program, run,
and accumulate data from the Lambda 9 is listed in Appendix A.

For the determination of the refractive index a particular
software package available with the AT was found to be very useful.
This software called is Asyst (McMillain Software Co.) and it is a very
powerful mathematical analysis program. To determine the refractive
index, the numbers representing the FECO spectra were imported into
Asvst and stored in a two dimensional array. Using a very short
program, the array was plotted, and the equations for the curves
tangent to the maximum and minimum were fit. Next, arrays were
generated to represent each of the tangent curves. Asyst could then be
used to very easily determine the points where the three arrays
intersected, with an accuracy of 0.17%7. The intersection points were
stored in a fourth array. This process was repeated for a 30°
incidence spectra. The very long iterative BASIC program that was
originally used to calculate the dispersion equation could be shortened
considerably with utility functions available in Asvst. In fact, by
manipulating the numbers as arrays, the calculation was much simpler
and much faster.

Even though the above process produced an accurate result, a
second technique, ellipsometry, was used to verify these results.
Ellipsometry is based on the change in polarization of a light beam
when it is reflected from a su..ace. Generally a plane polarized light
beam is made incident on the surface of a material at an angle of 45°.

The resulting reflected beam is elliptically polarized and from the
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analysis of this polarization the optical constants of the material can
be determined.

The problems associated with this technique mostly originated from
the actual instrument. The computer-controlled Gaertner ellipsometer
(Chicago, IL) is the industry standard; however, the unit available for
use in this study was a manual model which greatly reduces the capacity
for quantitative analysis. The problem does not so much have to do
with manually setting the polarizer and analyzer, but rather in reading
the analog scale to determine the node points. This was a special
problem on this unit because the meter was nonlinear; the highest
sensitivity was between a reading of 2 an 3 on a scale of 1 to 5. In
addition, the gain for the photocell had to be manually adjusted as ;
node point was found. The gain was also nonlinear and there was a flat
spot at one end of the range. These two problems contributed to
difficulties in reproducing the results; however, the greatest problem
with the analysis had to do with the computer program used to calculate
the values of n and t from psi and delta. Supplied by Gaertner, this
program did not actually calculate the values of psi and delta, but
instead it looked up the values in a table, based on the values of the
two pairs of angles that were inputed. From the table values of psi
and delta the program then calculated the refractive index and
thickness by an iterative technique. One difficulty with the program
occurred if the particular combination of angles inputed were outside
values in the table. The program would hang up and the only solution
was to boot the program out. This actually happened a surprisingly

large number of times, even when similar samples were analyzed. To
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alleviate the problems with this program, a graphical method was
developed to calculate the refractive index and thickness from the set
of angles measured with the ellipsometer. A brief description of this

method is given in Appendix B.

UV-VIS Absorption

Measurement of the fundamental optical absorption edge in
semiconductors permits direct determination of the nature of the band
gap. Optical absorption properties of thin films were measured over a

variety of temperatures with the Lambtda 9 spectrophotometer operating

in one of several modes. In the transmission mode a linear, zero to :{;
1007 scale was used, which was useful measuring FECO spectra. A more -
-.-’
“
useful mode for measuring the band edge, however, was to plot the .
\:_\
transmitted light in terms of absorbance. Because the absorbance scale ot
N
is the natural logarithm of reciprocal transmission, features of the NN
N
s
band gap absorption above the band edge could be studied. In the ‘
% -
‘A
transmission mode unless the scale was expanded these features would o
appear indistinct, because transmission above the band gap was Py
typically less than 17 with the thickness of films usually studied. In i
the absorbance mode this 17 transmission would correspond to a value of fb
4.6 on a possible absorbance scale of 6.0. Another advantage of using s
the abscrbance scale is that the spectra obtained qualitatively 6
reflected the shape of the * -ue absorption curve. As explained earlier ':;
L
-\ -
in this chapter, the transmission spectrum that is measured of a thin ’:f
e
: . . . . ~
film on a substrate is the result of a complicated combination of the ®
. T
reflections which occur at the various interfaces. The transmission, L{‘
-
e
®
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P i@
!! however, is exponentially proportional to the absorption coefficient, ®
A.-f‘
> ) which is why absorbance spectra approximate absorption spectra. The T
o

»

v
et

o two terms will therefore be used interchangeably when describing

i

] spectra.
The band gap energy was taken as the point where the slope of the
absorption curve was a maximum.>* One unique feature of the Lambda 9

was that it allowed anywhere from the first to fourth derivative of a

P
5% spectra to be taken. The maximum of the first derivative of the
e absorption edge was taken as the band gap energy. A calculation to
" verify these results will be described in Chapter V. Basically, it
E% evolves solving equation 4.2 for a wusing the absorbance spectra, and E\\
‘ then plotting a? verses energy. A direct band gap material will give a S:E
v

straight line for this plot, and the extrapolation of the line to a? = .
., 0 gives the optical band gap of the material.>% E
; The temperature dependence of the band gap energy was measured by L(

cooling the sample with the cold finger. The sample was mounted in a

.,

.\‘,‘
ring sample holder which would then be attached to the end of the cold o
- e
- finger. A radiation shield was then positioned around the cold finger ;aj
\'\J'-
~
w, and a vacuum insulation collar with fused quartz windows was then slid ™Y
o 23
v P
~ over the entire assembly. A vacuum of less than 1 micron pressure was r:.
.‘:\.
;} then obtained in a few minutes by pumping the svstem with a Balzer's 70 N
& o~
1/sec turbomolecular pump. Once this vacuum was obtained in the ®
2
- o ‘e
f: collar, cooling of the sample to 9° K could .: accomplished in less :
. than 1 hour, although most measurements were made after 2 hours of :
cooling. Any intermediate temperature between 9° K and 250° K could ®
. achieved with the digital temperature controller and heater assembly. i-'
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N
N
1 * ot
<, 2
o
O
N N L Y D T TP S R A T e e et et e A A e e
T e e T e e S e T N N T N N TN




| SRRSO S AR S At i D0 LA LA ARV 4t " Al ™S, R N A T Y v v v . o oy oy vy

~
X
’ 88
!i The cold finger assembly was mounted on a height-adjustable rack system
- so that once a sample was cooled to low temperatures the cold finger
:; assembly could be moved so that measurements on different equipment
such as the OMA and Raman spectrometers could be accomplished.
: All aspects of the measurements with the Lambda 9 were greatly
:E enhanced by interface to the AT computer. Spectra were stored as ASCII
2
files which later could be imported into a LOTUS worksheet (Lotus
i; Development Co., Cambridge, MA) for manipulation and plotting. The
W BASIC program listed in Appendix A would accumulate spectra in the form
r of a long column of numbers, each number representing the absorption or
ar transmission at a given data point. The data interval was based on the

slit width used for the analysis. The slit defines the bandpass that

determines the resolution to which features can be resolved. Usually a

data interval of one-third the slit width was used for the analysis.

-
RE SR S

Slit widths from 4 nm down to 0.5 nm were used depending on the

l. required resolution. As the slit width is decreased, the signal to
noise ratio is also decreased. This means that the amount of time that
is spent at a given data point must be increased. Computer control of

the spectrophotometer was indispensible for making high resolution runs

- where very slow scan speeds were necessary.

Photoluminescence and Raman

']

Further investigaticny of the band structure of semiconductors can

be made by measurement of the emission bands or peaks produced by

«

photoluminescence and resonant Raman scattering. Measurement of these

emissions for this study were made with the two spectrometers described
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i above. The majority of the measurements, however, were made with the ‘_;
i optical multichannel analyzer (OMA) and a 0.33 meter Instruments SA :E’:_E
;?3 monochromater. Most measurements were made at low temperatures, using E;E;
" the cold finger to cool the sample. tf-::
- The detection system of the OMA spectrometer consisted of a linear :::'_:
silicon photodiode array which was 1024 elements wide with the diode ;\'-::
d o
o centers spaced every 25 um. Approximately 700 of the center diodes :‘::}
"-E. were intensified to increase their light conversion efficiency. The ‘.:_:j_-,
. diode array was connected to a multichannel analyzer and the array was :ESE'
<, "
;'.' scanned by the MCA to generate a spectra. Scan rates as fast as 16.6 :E’
j.;: msec/scan could be used, although to obtain a higher number of counts, 5.2}:;‘
scan rates of 500 msec were typically used. The computer system E?é"i
S
= controlling the MCA was setup to accumulate a number of scans so that “:}"
signal averaging could be used to reduce noise levels. Also, the dark
E-._j current or background noise could be automatically subtracted from a

spectrum. The diode array could be cooled to 5° C with a Peltier

‘D
<

cooler to further reduce the background noise level. With the

monochromater and grating combination the MCA window was about 20 nm.

This is the width of the spectra which was displayed on the screen.

C
s . -
o The grating in the monochrometer was rotated to change the wavelength Vo
" window. R
N e
The third meter monochromater was used with a 2400 lines/mm N
‘_'l""
e grating. The f-stop or light gathering c=nability of the monochromater RNhA
~e LS
; L
- LSS
was calculated with KA
- --\-
o
b K
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o ‘-"u M)
%
4-‘_- ‘U
:\-'- \
i’ IN‘:N-
g o
_\:\_',
ay

T T T N T AT T T AT AT N TN AT AT T
a2 ., ¥

o

o




4
F)

oy

’
L)
Pl

e

AR

)

A

o
»

(VRN
"

90
focal length

f-stop = (4.5)

grating size

where grating size is the linear dimension of the grating. With a 55
mm grating, the f-stop of the monochromater is £6. The reciprocal
linear dispersion (RLD) of a monochromater is a measure of its ability

to disperse light, and can be calculated by

RLD = ! x diL (4.6)

f de

where d6/dL is the angular dispersion (in rad/mm) and is approximately
equal to the number of grating lines per mm. The RLD for this
monochrometer was calculated to be 1.25 nm/mm. The bandpass or
resolution of a monochromater is usually calculated by multiplying this
number by the width of the slit used. With a linear diode array
detection system, however, the resolution is determined by the spacial
resolution of the array. Assuming that three diodes can resolve a
peak, which correspond to 75 um, the resolution of this system was 75
um X 1.25 nm/mm or 0.9 nm.

A schematic of the experimental setup is shown in Figure 19 and
photographs of the system are shown in Figure 20a and Figure 20b. An
f2 lens was used to focus emitted light into the spectrometer and a 100
mm focal length lens was used to focus the laser beam on the sample.
Typically a focused spot size of 50 um was used, so with an incident

power of 1 mW, the focused power density corresponds to 400 W/em?. As

v

L ¢

N O S I
RARANARN ’

:
LR

AL
PNy

".
"ll
)

'\:’ .‘l'. ’u"‘. '..-":":
idd L XA,

5 4,08

.SJ'

Rty
L

n

A A
o) ol al g

5

-, e a v e
A

) ",' "o’

ry i r’“,‘.'._

T o

'zl'v" .""I' -‘.‘l *y
WK NP2

i A4

[4
oy %%

L4
a

¢

- "/.. “r
.
'l'/‘

e Ny
AN ', ', ', '. ‘» ‘l
v . r r
g o

»
.

| RV
5 L I

. b 0



He cryogenic cooler
sampie chamber
Fused silica window

\

Laser iine fm\or /—_—\

/
!

Spectrometer/Detector
Ar laser N

beam —
(e}

|

/

Probe-forming lens

Collection lens

Y
To vacyum pume

|
i
1
|
Y
To optical muitichannei analyzer

Figure 19 Schematic diagram of experimental setup used for measuring
photoluminescence.
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I indicated in the schematic, the laser beam was passed through a -;f
variable neutral density filter and a sharp cutoff spike filter. The :Sﬁg
A
) variable density filter was used to adjust the power of the incident EEEEE;
laser beam before being focused on the sample. The spike filter was an LA
! indispensible item which was used to remove plasma lines from the laser
E beam. Plasma lines originate from the argon plasma that is used to
generate the laser beam. The lines are incocherent radiation, but theyv
E are very sharp transitions which can be mistaken as photoluminescent
transitions as they occur over the entire visible wavelength range. A
g given spike filter passes only a very narrow wavelength range of light : ®
s which corresponds to the laser line, therefore, a spike filter can only L:E:S:
) AT
be used with its designated laser line. These filters are rather E:?:S:
expensive so spike filters for only the 488 nm and 457 nm lines were \’a::{
e ¥
! available. The argon laser emits five other lines that occur at 514 ;tik;i
‘ nm, 496 nm, 476 nm, 465 nm, and 454 nm. Plasma lines were removed from ;\3:2-
' the other laser lines by using a spatial filter. This filter consists e
simply of a grating and it works by diffracting the laser line at a
g different angle from the plasma lines. The spacial filter only works
{ if a high number grating is used or if the laser beam can travel
4 several feet before being focused.
: To verify that the OMA was not missing any features of the
f photoluminescence, spectra were measured with the Instruments SA Raman
spectrometer. Tt  spectrometer utilized a double pass one meter f}x;
monochromater with a photon counting photomultiplier tube and a digital Aji?;
| discriminator. Photographs of the experimental setup are shown in ]
|
| Figures 2la and 21b. A simple lens system consisting of two plano-
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il convex lenses was used to focus the light emitted from the sample into

the monochromater. Other than this difference, the setup was the same
as the OMA. With 1800 lines/mm gratings the RLD of the monochromater

was calculated to be 0.24 nm/mm. The width of the four slits used in

- this instrument determine the resolution, so with the smallest ::;
.:‘ practical slit of 10 um, a resolution of 0.024 nm could be realized. ESE
- ~T
) The small linear dimension of the gratings (125 mm) with respect to the %:}
E; long local length however, reduced the light gathering capability to an :;g

.
Ly
Ld

v
27

f8. This turned out to be a very serious limitation for using the

b : ':_'
v, ‘.I "l

h)
? "

spectrometer to measure photoluminescence, as integration times of up

%
r.

v L
.I 5

PR i {

to 5 sec per data point were required. A typical run was made using

AR
(AL S

S

slit widths of 100 um, which gave nearly four times the resolution of

AL N NN

vy

the OMA, and data was collected every 0.05 nm for 2 sec. For a 20 nm

@
5

g

window this meant that a single scan would take 15 minutes. At least

R
b

¢
vt

-
s,

three scans were required to reduce noise levels by signal averaging,

v

which meant that for only one wavelength window, 45 minutes were

b

required to acquire data. To make the accumulation of data easier, the

SRR Al
Py

AR AR

N Z-158 computer was interfaced to the spectrometer controller, and is

"’s
w7
b
'.’1":'/-'

hY

shown in Figure 21b. The BASIC program to run the spectrometer was so
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. long however, that it had to be compiled to reduce running time.

l. l' “ "l.’l .".
A

LY
te
‘.

vy \'A'

.
-

M ]
2
L4

~a 2 r
ffﬁfiﬂa
e
5

-_v'!.




)
\"v
aa

o N
P PN
. @
~
R sl
a i
..'.,.'(
LA
:
KN
o
. A
N} -~
> Ne
CHAPTER V §!§~
! RESULTS AND DISCUSSION
-’: ’.r._\:'_
ROk
- Thin Film Physical Properties j
- The primary focus of the experimental results presented in this o
®
,{:_ section are on the variation of the microstructure, composition and .:.‘-\
“a 1\':":
electrical properties of thin films as a function of deposition _:
-~ A
;.‘f parameters and post deposition treatments. First the properties of as- »'_:.-1'
®
-, deposited thin films will be described and then the variation of ::'_"'_
-. '_'\:-
2 properties with different heat treatments will be reported. Finally, :‘::':
S . . L eiime i . o
i the various physical properties of COSAD thin films will be described.
The variations presented in this section will be correlated to optical
.’\
::: properties presented in a subsequent section.
o~ Microstructure Characterization _,,-:.,_
ey
C s . o)
e Transmission electron microscopy RSN
. SN
Room temperature depositions. A wide variety of microstructures AN
e
[ -~
were obtained by altering the substrate temperature during deposition. S
. The great majority of thin films made for this study, however, were
it deposited onto substrates held at room temperature. Several advantages
. were realized bv using this temperature: l)the deposition process was .
o BASAN
g RGN
} greatly simplified, 2)very high quality thin films could be produced, AR
“\-' and 3)optimum optical properties were obtained by heat treating films A
@
t deposited at this temperature. These heat treatments, however, ﬁ‘;_
“ R
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inevitably increased the grain size of the thin films from values
obtained with cooled or rocom temperature substrates.

The resulting microstructure of thin films depcsited at room
temperature is found to be independent of the substrate material. TEM
micrographs of three representative thin films are shown in Figures 22,
and 23. These micrographs show the structure of films 1000 & in
thickness that were deposited at 1 A/sec onto a carbon support film
(Figure 22), a silica slide (Figure 23a), and a NaCl substrate (Figure
23b). All three films display polygonal shaped grains with an average
grain size of 250 A. Many grains are highly faulted showing a defect
structure of microtwins and stacking faults. Due to the extremely
small size of these grains the microtwin orientation cannot be
determined. Another predominant feature displayed by the
microstructure of these thin films is the large number of Moire
fringes, indicated by the highly parallel lines with an average spacing
of 10 to 15 A. These patterns occur when two crystals overlap each
other with a specific orientation. When a large number are observed in
a polycrystalline film it is an indication that the grains of the film
have a preferred orientation, although the orientation cannot be
directly determined.

By performing diffraction experiments, the orientaticn could be
determined. The grains were found to be oriented with the basal plane
of the hexagonal lattice parallel to the substrate plane. This is
indicated by the strong cubic reflections observed in the selected area
diffraction pattern (SAD) shown in Figure 24a. In comparison to the

indexed schematic pattern shown in Figure 24b, many of the hexagonal
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a) silica glass slide;
\

TEM micrographs of thin films deposited onto alternate

substrates.
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reflections appear to be missing; however, upon close examination all
the spacings for hexagonal wurtzite can be found. The lines for these
spacings are too faint to show up in the SAD pattern reproduced here.
The orientation seen here is not dependent upon the substrate since
similar films were made on both amorphous and crystalline substrates.
These results are consistent with the early work on thermally
evaporated €dS.%® It is not clear why this specific orientation
results because the close packed plane (i.e. (0002) hexagonal plane) is
the slow growth plare. This means that the orientation is more closely
related to the nucleation rate of the thin film rather than the growth
rate, although this orientation was observed with all substrates
materials, deposition rates, and at all substrate temperatures.

The grain size seen here is smaller than the 500 A size reported
by Martil et al.38-41  Grain size determinations by SEM of the films
studied here do show a different size (see SEM section below) but,
another reason for the difference can be attributed to differences in
the sputtering technique used to produce the films studied here. As
previously described, planar magnetron sputtering results in a lower
film and substrate heating due to electron bombardment, therefore a
smaller grain size should result. Higher deposition rates were found
to increase the substrate temperature. However, even with a deposition
rate of 5 A/sec the substrate temperature was found to only increase to
.5° C. Analysis of Figure 25 shows that no significant increase in
grain size has resulted from the increased deposition rate; however,
the micrograph does indicate that many more microstructural defects are

present. The higher supersaturation of the vapor results in additions
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micrograph showing large number of defects; b)

carresponding SAD pattern.

Thin film deposited at high deposition rate.

Figure 25
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of atoms onto non-favorable positions, which increase the number of
defects during growth. Higher deposition rates should increase the
amount of stress induced in the film. Strain determinations by X-ray
line broadening measurements will be described in a following section.

Low temperature depositions. Although high quality thin films

could be produced at room temperature, some films were deposited onto
substrates cooled to LN, temperatures to determine if a grain size
small enough for quantum confinement could be produced. Wolgehmuth et
al.29 showed that evaporated material deposited at this temperature was
found to be amorphous as determined by X-ray diffraction. In that work
a high supersaturation was used to produce these films which may have
also contributed to the amorphous structure. A much lower depositioﬁ
rate was used in this study to help promote crystal growth, so that
combined with the low temperature, a very small grain size would
result. Figure 26a shows the micrograph of a film deposited at 3 A/sec
onto a carbon support film which was attached to a substrate cooled to
80° K. The "grain" structure that is observed is not due to individual
grains but rather to a columnar structure with low density areas
indicated by the low contrast between the columns. The SAD pattern
shown in Figure 26b indicates that the film is somewhat crystalline,
but highly faulted as evidenced by the width of the rings. The three
rings corresponding to the cubic reflections are still present
indicating that only the nearest neighbor spacing is present. No
hexagonal lines can be found in SAD patterns of these films.

An indication of how a film grows on a cooled substrate is shown

in Figure 27a. This section of a film increases in thickness from lef:
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to right. The film is supported by a carbon film. At the far left an
individual island structure is observed. The high magnification
micrograph shown in Figure 27b indicates that the islands are mostly
amorphous, with very small microcrystallites imbedded in the amorphous
matrix. The microcrystallites are characterized by the darker contrast
of approximately 80 A in size within the globular structures. The verv
fine mottled structure is the background amorphous structure of the
carbon support film. The SAD pattern included in the Figure shows that
only the nearest neighbor spacing is present, and the crvstal structure
is highly distorted. Referring back to Figure 27a, as the film
thickness increases to the right, the islands grow to form a columnar
structirre. The columns become fairly thick before they coalesce to
form a low density continuous films, indicated at the far left in the
Figure.

High temperature depositions. Other attempts to alter the

microstructure of thin films were made by deposition onto heated
substrates. Both room temperature and LN, deposited films reported
above display large numbers of crystallographic defects, which as
described in a later section, degrade the optical properties. Bv
depositing films onto substrates held at 200° C, microstructures with
fewer defects could be produced. A higher deposition temperature
should lead to fewer defects because the deposited atoms have more
energy to diffuse to more favorable positions. Temperatures above 200°
C, however, produced films which were very stronglyv bonded to the
substrate and hence could not be removed for examination. A

representative thin film deposited at 200° C which was ''floated-off'" a
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silica substrate and its corresponding SAD pattern are shown in Figures
28a and 28b. The absence of any contrast in many of the grains
indicates a highly ordered crystal structure. The grains are again
polvgonal in shape with an average size of 800 A. The SAD pattern
shows that the preferred orientation is still maintained, but several
of the other hexagonal reflections are now more predominant. Although
fewer crystallographic defects are observed in these films, the '"bulk"
structure was found to be very nonuniform. Variation in color of the
film across the substrate indicated a variation in composition and/or
thickness, which made these films unsuitable for optical studies. Films
deposited at temperatures greater than 200° C were found to be even
more nonuniform. The nonuniformities result from nonuniform thermal
contact because silica substrates are such poor conductors of heat.
Thermal contact paste was not used due to concerns about contamination
from the paste. The nonuniformities encountered at high deposition
temperatures will be detailed more thoroughly in a following section on
the scanning electron microscopy of thin films.

Heat treated thin films. Once the optical properties of as-

deposited thin films were determined, it became apparent that to obtain
optimum optical properties some type of thermal treatment had to be
conducted on the films to remove the defect structure produced bv the
deposition process. However, due to difficulties with the increased
bonding strength of thin films to substrates as a result of even mild
heat treatments, very few TEM micrographs were obtained. The primarv
technique used for observing the microstructure of heat treated thin

films was by SEM, and the results are presented in the following
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section. The TEM micrographs that were obtained of a heat treated film
are shown in Figures 29a and 29b, and the SAD pattern for this film is
shown in Figure 30. A film with an original thickness of 1000 A was
deposited on a NaCl substrate and then heat treated to 650° C for 4
minutes. By dissolving the substrate the film was captured on a TEM
carrier grid. The micrographs in Figure 29 show the film to be very
porous with an interconnected grain network. This high porosity
results when a large amount of grain growth occurs in a very thin film
because there simply is not enough material to produce a continuous
structure. The grains within the network display an average size of
2000 A and many dislocations, stacking faults and bend contours are
indicated by the variation in contrast observed within grains. Thesé
defects might be intrinsic or they may have occurred when the film was
"floated-off" the substrate. It is interesting to note that very few
if any microtwins can be observed in this structure. This result
indicates further that these defects are growth related. The SAD
pattern shown in Figure 30 displays a single crystal pattern with a
basal plane zone axis, which means that the preferred orientation
observed in as-deposited films is maintained after heat treatment,
although this orientation may have been enhanced somewhat because the

film was heated on a crystalline substrate.

Scanning electron microscopv

As-deposited thin films. The microstructure of thin films was

determined by SEM for several reasons. As explained above, most heat

treated thin films could not be removed from their substrates for TEM
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examination. Alsc, films of useful thickness for optical studies were
much too thick for TEM. Finallv, no specimen preparation was required
to examine the films, other than mounting the substrate with film on a
specimen holder. This afforded the ability to examine any type of film
regardless of thickness or treatment. The limited resolution of the
SEM, initially, was a problem, especially for as-deposited thin films
with very small grain size. However, optimization of the technique
vielded high magnification SEM micrographs (86,000X with 400 A
resolution).

The typical low magnification structure seen in 1.0 um thick films
deposited at room temperature is shown in Figure 3la. The micrograph
shows these films to be of very high quality with very few large
defects such as pin holes or cracks. A high magnification micrograph
typical of these films are shown in Figure 31b. By making line
intercept measurements on Figure 31lb, and assuming that the change in
contrast from point to point is due to a grain boundary, an average
grain size of 480 A is measured. Although this number is onlv
approximate, this size is nearly twice that measured by TEM
observations and is slightly less than the size observed by Martil et
al. The difference in size between TEM and SEM observations of the
films studied here is greater than the difference in magnification
calibration between the two instruments, therefore the difference is
most likely due to the fact that the grain size observed at the surface
of a thin film is not the same as that observed in the interior. Alsc,
because the SEM micrographs were obtained near the resclution limit of

the microscope, there is considerable distortion of the image. The one
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conclusion derived from SEM micrographs that cannot be readily ®
3 Rt
. determined by TEM relates to the lack of flatness on the surface of bt
4 N
~ ~
- these films, on this size scale. This may be the result of columnar :Ea
LEAN
i 4
. growth on a very fine scale.
o
The columnar structure observed by TEM in thin films deposited at
e
A LN, temperatures is not readily seen by SEM, as shown in Figure 32.
- The size of the structure observed in this 1.0 um film is greater than
™ Y,
ot the grain size observed by SEM of room temperature deposited films, '::
h‘t
:{ albeit this is a much lower resolution micrograph so the size may be ::jg
o -_.-'.'.,
distorted. Bv referring back to Figure 26 one can see that the width L
-&“
o . . . N
N of the columns is approximately 500 A. The size measured here is g
’, '.f:'f
. . P’l{
. approximately 800 A, which is similar to the differences between the :.;:.-
of
) l‘-
' grain size measured by TEM and SEM on room temperature deposited films. o
‘\'-..
S From Figure 32 it is not possible to determine that a semi-amorphous N
lN .
.". . 3 . . . . .
columnar structure is present in this thicker film, which is one
! drawback of using SEM for microstructure determinations.
Other capabilities of the SEM, however, make the observation of
other physical properties possible. The nonuniformities seen in films
deposited at temperatures greater than 200° C are greatlv enhanced byv
’ imaging backscattered electrons frem the fiilm. The energyv of
backscattered electrons is dependent upon composition, so the contrast
observed in the micrograph of Figure 33 is related to the compositicnal
. nonuniformities of a film deposited at 300° C. These results correlate
L . 2=
. well with those reported bv Cook and Christy,-’ who found that

deposition above 200" C vielded poor qualiity thin films. The lLarge
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SEM micrograph of thin film deposited at LN
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differences in sticking coefficients of cadmium and sulf.r at n:igh
temperatures is responsible for this result.

Heat treated thin films. Furnace heat treatments simi.ar %2 Those

carried out by Martil et al.%l were used to studv the grain growth of
thin films, in addition to heat treatments by rapid thermal annealing.
Optimum film properties were obtained by furnace heat treating to 200°
C for 5 hours, or to 650° C for 4 minutes. Typical microstructures
obtained of 8000 A thick films subjected to these heat treatments are
shown in Figures 34a and 34b. The grains appear isotropic with an
average size (determined by a line intercept method) of 2850 A for the
500° C treatment and 3000 A for the 650° C treatment. These grain
sizes are similar to the size observed in the porous network displayéd
in the TEM micrograph of a very thin film heated to these temperatures
(Figure 28). Thermal shock, mismatch of the film and substrate
expansion coefficients, or excessive grain growth could be responsible
for the cracking of films which is sometimes observed when films are
subjected to fast furnace heating rates. This cracking is shown in
Figure 35.

From other heat treatments at 200 and 350° C for times of 5 hours,
it was found that the grain size exhibited two regions of growth. This
is shown in Figure 36, which is a plot of average grain size versus
reciprocal temperature, for constant time. The two regions of growth
exhibited in the plot are a classical indication that two different
mechanisms are responsible for grain growth in these films. At low
temperatures the grain growth is slow with a nearly constant rate.

This is an indication that grain growth occurs only by grain boundary
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Figure 35

Low magnification SEM micrograph of thin film shown
Figure 34a.
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diffusion, which is a low energy process. At higher temperatures,
enhanced diffusion of impurities at the grain boundaries results in a
large increase in grain growth. Grain growth is therefore controlled
by the activation energy for impurity diffusion. The curve appears to
flatten out at the highest temperatures, which is possibly due to two
effects. First, since the film is of a finite thickness, there must be
a limit on the maximum size of the grains. Generally the largest grain
size obtainable should correspond to the thickness of the film, but
when a film is in contact with a substrate, this constraint will depend
upon the interface energy between the film and substrate. The more
likely effect, however, is due to a loss of material at higher
temperatures. Thin films were found to totally evaporate at 800° C in
a very short time, even though the sublimation temperature of bulk CdS
is 925° C. At 650° C for long times a loss of material was also found
to occur which would disrupt the grain growth process.

Although some of the optical properties were optimized by heat
treatments to 650° C, the larger grains and cracking of these films
increased the amount of light scattering. Rapid thermal annealing
(RTA) permitted high temperature treatments for very short times, which
resulted in very little grain growth and no cracking of the film.
Figure 37 shows a high magnification micrograph of a film that received
an RTA treatment at 650° C for 30 sec. The film displavs an average
grain size of only 900 &, which is considerably smaller than the size

obtained by furnace heat treatments to this temperature. Since this

film was subjected to a very large thermal stress, it appears that the
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cracking seen in the furnace heat treated films is a result of the

large and rapid grain growth that occurs.

X-rav diffraction experiments

Diffraction spectra. Although SEM observations gave an indication

of microstructure morphology of thicker films, the technique did not
provide any crystal structure information. To determine the
crystallography of thicker films X-ray diffraction (XRD) was used. The
computer controlled diffractometer used for these measurements greatly
facilitated the determination of microstructure changes with heat
treatment, as well as permitting quantitative analysis of X-ray
spectra. Programs for calculating diffraction peak line broadening due
to strain and size effects and for calculating precision lattice
constants were available with this system.

The diffraction spectra obtained from films 8000 & thick,
deposited at three different temperatures are displayed in Figure 38
and the diffraction spectra obtained after heat treating these films
are shown in Figure 39. Many of the features observed in SAD patterns
are evident in these X-ray diffraction patterns. The broad band peak
centered at = 20° in all patterns is due to amorphous scattering from
the substrate.

In Figure 38a, of a film deposited at LN, temperatures, the
amorphous peak is much more intense and the intensity of the (0002)
peak is considerably reduced. This supports the results obtained from
TEM analysis that the structure of these films is highly disordered,

but there is some indication of crystallinity. After heat treatment,
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Figure 39a shows the amorphous peak to be greatly reduced and
crystallization has taken place with the strong cubic preferred
orientation.

Figure 38b shows that films deposited at room temperature exhibit
a strong cubic preferred orientation which is shown by diffraction at
(0001) where 1=2,4,6. The other hexagonal lines seen in SAD patterns
are not as readily observable in this pattern, particularly the other
two lines which are closely spaced to the (0002) peak. Those two lines
were clearly resolved in SAD patterns, but appear to be totally absent
here. This shows how much more sensitive electron diffraction is to
the local crystal structure. When this film is heat treated, the
preferred orientation is maintained as shown in Figure 39b. All
diffraction peaks become much narrower and more intense, as an
indication of grain growth. Figure 39c indicates that when this film
is heat treated to an even higher temperature, the orientation is
maintained, but the intensity of other hexagonal diffraction lines is
increased.

The most predominant hexagonal lines are seen in the XRD pattern
obtained from a film deposited at 300° C, shown in Figure 38c. Again a
preferred orientation is indicated, but other hexagonal lines are shown
to occur in a different ratio to the cubic lines, which indicates there
is another orientation present. This second orientation was not
observed in the TEM analysis because the film examined was deposited at

200° C. It appears this orientation only occurs at higher

temperatures.
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Strain determinations. Residual strain in thin films can be

manifested as both a shift and a broadening of X-ray diffraction lines.
However, broadening of X-rav lines due to strain will onlv occur if a
nonuniform microstrain is present (usually due to plastic deformation).
Broadening usually is a result of a very small grain size. Digital
manipulation of the diffraction data permitted determination of peak
broadening due to nonuniform strain and grain size effects by use >f an
utility program available in the APD computer. The computer progran,
however, does not calculate the uniform strain which would produce a
shift in peak positions. Residual uniform strain was determined byv
comparing the position of the (0006) diffraction line in thin films to
the position observed in a powdered sample of CdS. By differentiating
Bragg's law, the change in lattice rarameter due to a uniform strain
was calculated from the shift observed in the peak positions.62
Figure 40a shows a comparison of the broadening and peak position seen
in films deposited at two different rates and the line width and
position which results when these films are fully annealed. The tick
mark shows the position of the (0006) line of the powdered sampie. The
calculated uniform strain which would produce the observed line shifts
and the effective mean nonuniform strain and effective mean grain size
that would produce the broadening are listed in Table 2. Also shown
are the values which would cause the broadening if only grain size
effects were present.

Thin films were considered to be uniformly strained, therefore the

results calculated by the APD program for nonuniform strain are not

The grain size effects listed in the last column

considered relevant.
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Figure 40

b)

Analysis of X-ray diffraction spectra. a) (0006) X-ray
diffraction peak of two as-deposited and one furnace heat
treated thin films showing position shift and broadening
due to strain and grain size effects; b} plot of c-axis
lattice parameter versus Nelson-Riley function for
precision lattice determination.
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TABLE 2

o .:"‘-.\..". XN

Calculated strain and size effects which would produce the
X-ray line shifts and broadening observed in diffraction patterns

.
e
N
S
e
Effective Calculated Size *
Nonuniform Effective Unifor@ Effects Efi
Sample Mean Strain! Mean Sizel Strain<“ Only }{}
% A YA A T
R
.3
ASDP 1 A/sec 0.189 1148.7 0.16 252.7
ASDP 5 A/sec 0.179 1983.6 0.39 284.3 o
FHT 650 C 0.041 2528.0 0.08 1005.2 %:
RTA 650 C 0.122 837.8 0.12 332.6 -

W B T 3
L
[ Ay
14

*
NN

Key: ASDP - as-deposited; FHT - furnace heat treated;
RTA - rapid thermal anneal. Heat treated films were deposited at
1 A/sec

~»
~
RS
~

»
-
.
"

lcalculated with utility program available in APD computer. Mean
values are given which would combine to cause the observed broadening.

2Calculated from shift in X-ray line position.

3calculated with utility program available in APD computer. Values of
grain size which would produce the observed broadening.
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'. of the Table do, however, correlate closely to grain size observed by 22
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TEM for as-deposited thin films. The shift of the higher rate film to f\f:
: AN
" . "
3 a smaller two-theta value indicates the presence of a tensile stress. ; e
, L _ OGN
] Higher stress levels in higher rate films may be due to growth related .
’ defects and the inclusion of impurities. The higher stress level in Iy
ﬁj these films causes the film to exfoliate within several hours after e
. exposure to the atmosphere. Figure 4la shows an optical micrograph of ) ‘
:J . Y,
“ a film exhibiting the onset of this exfoliation, and Figure 41b T
A
f ..
NON
o displays the appearance of a film after several days of exposure. The Q;}
t. NI
appearance of the exfoliation shown in Figure 4la is characteristic of
:- a tensile stress. Exposure to atmosphere leads to the absorption of 'jtig
LA ’:..":-
water on the film surface, which apparently increases the stress to a NS
o NN
l_ value large enough to cause the film to break away from the substrate. P
RO
- Some type of stress related corrosion process mav also contribute to }:}:
> D it}
" AR
’- « . . . I3 ¥ '-l ﬂ
- this result. Lower deposition rate films were found to be stable with e
N
L -)
’l exposure to the atmosphere indefinitely, so X-ray line shift due to ®
uniform strain was expected to be less. ﬁf{f
- AR
- Precision lattice constant. A calculation of the precision 'Eﬂ;i
. ROASA
RN
. lattice constant of heat treated thin films was made from the positions o
. .'_x‘:‘:
of diffraction peaks measured from thin films. Due tc the strong ;;ﬂu
. . . . By
R preferred orientation only the c-axis lattice constant could be e
-'_' . [ “
- '.. ’-
determined and because small two-theta values had to be used, the ®
. - .
- DA
. . . AN
. calculated lattice parameter was plotted versus the Nels. -Riley ;aﬁx
- (SN
g
| N
" function.%3 The plot shown in Figure 40b indicates an extrapolated A
N R
’ lattice parameter of c,=6.707 A, which is 0.097 less than the JCPDS
- card file value of 6.713 A.63
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Compositional Analvsis

Stoichiometrv determination of target material

The first parameter needed to establish the composition
stoichiometry of thin films was the composition of the target material
from which films were made. Once this composition was determined, the
target material could be used as a standard for all other analytical
techniques. Both inducticon coupled plasma (ICP) and electren probe
microanalysis (EPMA) were used to determine the stoichiometry of the
target material. These two techniques are by far the most quantitative
because the results are determined by comparison to known standards.
Additional measurements were made by standardless techniques which rely
on sensitivity factors for quantitative analysis, such as: X-ray
photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES).
The manufacturer of the target material claimed the composition to be
slightly sulfur rich, but as can be seen Table 3, both ICP and EPMA
data indicate the target material to be slightly cadmium rich, although
the variation is within a few standard deviations of each other. 1In
either case the results indicate the target material to be
stoichiometric to 0.50 7, which for the other analytical techniques
used to measure thin films, is an acceptable variation. XPS gives a
result that is very close to the excepted value; however, AES shows a
very large difference from the other results which demeonstrates that
the technique is not useful for determining absolute . ncentrations,

but as described below, the technique is very sensitive for determining

differences between samples.
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TABLE 3 WA
; o
> Concentrations in atomic percent of cadmium and sulfur
.. found in target material

-
’ Analytical
Technique Cd concentration S concentration

ICp 50.66 +/- 0.09 49.04 +/- 0..2
n EPMA 50.33 +/- 0.2l 49.67 +/- 0.21

T XPS 51 49

AES 60.7 39.3
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The results for the four different analvtical techniques used for
determining the composition of thin films are listed in Table 4. The
absolute values of the sulfur and cadmium concentrations are shown to
vary greatly between different techniques; however, the difference
between as-deposited and heat treated thin films is nearlv the same in
each case, except for the XPS results. Films that were heat treated to
650° C were used because of their use for optical properties studies.
They were also found to show the greatest difference. The discrepancy
in the XPS results for heat treated thin films and the impiicat:ons of
the results of the other techniques will be discussed below. The
primary indication of these results, however, is that as-deposited thin
films contain = 27 excess sulfur and once thev are heat treated, this
excess increases to = 47. As indicated by the precision lattice
parameter described above, the unit cell of heat treated thin films is
very close to the ideal structure of CdS, so verv little of this excess
sulfur is interstitial, or very few cadmium vacancies are present.

This means that the sulfur must be a second phase.

Analvtical techniques

Use of electron probe micrcanalysis (EPMA) for determining the
composition of thin films was first thought tc be the best method and
most quantitative, for the same reasons stated above. Not even
qualitative results, however, could be obtained. ..e standard ZAF or
wozAO programs used to calculate composition consistently gave results

of less than 100 weight percent for the composition of thin films.

Even a thin film program which relies on some approximations, Jdid not
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~ TABLE 4
-
. Comparison of results from different analytical techniques 7l
- used to determine the composition of thin films -
fal ot
®
: s
N As Deposited Heat Treated i:;.{‘.
i Analytical Atomic % Atomic 7
i Technique Cd S Cd S ST
: e
- EDS 47.7 52.3 46.8 53.2 -
XRF 446 5.4 43.1 56.9 S
§ XPS 50.6 49.4 70.9 29.1 o
. a3
-\'_,..
37.3(47.6) 62.7(52.4) 35.7(46.0) 64.3(54.0) A
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produce a reasonable result. It could not be determined if there was a

=
‘
e

problem with the software or the instrument. Even if EPMA results ey
2 NN
S . . oS
’s could have been obtained it would have been impractical to analyze :3:\
BAYAY
N,
) \
every film produced and every heat treatment studied. o
i X-ray fluorescence was originally considered to be the best
:: technique for the general analysis of thin film composition for several
reasons: l)the intensities of the X-ray fluorescence lines should be
=
»

directly proportional to the amount of material present in the thin
film, 2)high peak intensities gave a large signal to noise ratio, 3)no
sample preparation was necessary and analysis was quick (typically 15

minutes), 4)film thickness could be readily determined and 5)the

results were found to be very reproducible. Different films that were
flE deposited under exactly in the same conditions and heat treated exactly
the same way were found to give nearly the same peak intensities for

2 the cadmium and sulfur lines. An example of this reproducibility is
l. shown in Figure 42 which shows peak intensity and integrated peak

intensity ratios for several identical samples. A problem with the

."‘_.

T technique occurs if a linear correlation factor is used to calibrate

. the XRF spectra obtained from thin films: the amount of sulfur appears

Y

L4

o to be too high, when compared to the other techniques. The correlation

N factor is based on the ratio of the intensities of the cadmium and

l\'

sulfur lines obtained from the target material, assuming a

7:' stoichiometric composition for the target. One - ssible explanation

‘ for the high value is that a matrix effect that alters the ratio of the -

b X-ray lines measured for the target material may not occur in a thin "
<A

. oA

0 e \l \.

s "‘:\':.
R
\ﬂs

. N

P )

- e
?{“;,

.

a" .I

AN
“

o
by

CRE TR Yol A U T S S T ) [ LY - - - - - - . -, . gte .
A AN B e N N T e e e e e S e N S e M N N N N T T S Y T s
. '’ 0 3 ) N A N R N b



Y
-
«
a ~
J
3
137 o
Y
\
™
N
n Ly
- S
[ )
v .
" b
R
’ !
= -1
A
ta
¥
] N
< 2
I -
A v .
n\ / -
H w
r /TN
P~ v
'l o :
L] g 3
- 8
N
- - AN
"l
N Y
AN
rL/ N 4 A
LN L’lb
. F1-8.7 F2-8.4 F3—0.3 F4—0.4 F3-8.9 F8-8Q F7-7.5 F8-10 F9-8.0 F10-8.0
FILM NUMBER
7_7] PEAK INTENSITY [N INTEGRATED AREA
<
Figure 42 X-ray fluorescence sulfur to cadmium peak ratios for
g several identical thin films. .
4 ::" :-
. K
L .
X
b ~ -
R :
N ~
S S N A N L N A A A N T R TN A A ) NN R R AR S R I A AT T AT
ALY 50N S A R R e S SIS SR e e A L S




Y

e
-

138
film, which would lead to an incorrect correlation factor and incorrect
estimation of the composition of thin films.

The reproducibility obtained by XRF could not be accomplished by
energy dispersive spectroscopy (EDS) obtained during SEM observations.
This was primarily due to the inability to measure the specimen current
of the electron beam used to generate secondary electrons for imaging
and X-rays for composition analysis. Widely different intensity values
were often obtained from the same sample when measured at different
times. This problem was alleviated to some degree by mounting a piece
of target material on each sample mount so that the intensities of the
X-ray lines obtained from thin films could be normalized to a standard.
A hole was drilled in the sample mounts so that the surface of the
target material would be level with the substrates and geometric
differences would be reduced. Again, a correlation factor was used to
calculate the composition of thin films based on the intensities of the
X-ray lines measured from the target material. The matrix effect that
might occur in XRF would be less pronounced in EDS, because the
electron penetration depth that generates X-rays is much less than the
X-ray line that produces the secondary fluorescence in XRF.

The absolute values of the composition obtained by Auger electron
spectroscopy (AES) are considered to be reasonable since the accuracy
of the technique is limited to +/-307% when published values of the
sensitivity factors are used. >’ However, sin.e very similar values for
the composition of the target material were obtained, a very simple
correction factor can be applied to the sensitivity factors to give the

correct results. The corrected concentrations are given in parenthesis
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in Table 4, and they show comparable results to the other techniques.
Typical AES spectra obtained from target material and heat treated thin
films are shown in Figure 43a and 43b. The shape of the peaks are
qualitatively the same, although the heat treated spectrum has been
shifted to higher energy due to a charging effect. The difference
between the ratios of the Cd peak-to-peak distance to the sulfur peak-
to-peak distance gives a quantitative indication of the difference in
the concentration of cadmium in the two samples. AES should be very
quantitative for measuring the differences between similar samples, so
the values obtained most likely represent the true difference, although
this technique does not indicate how the sulfur exists in the
structure.

To attempt to determine the chemical state of the sulfur, X-ray
photoelectron spectroscopy (XPS) was used. This technique is very
sensitive to changes in the binding energy of core electrons, which
reflects changes in the local chemical environment.>8 The presence of
significant concentrations of free sulfur, would either shift the
sulfur lines, split, or broaden them. A high resolution scan of the
sulfur 2p transition for an as-deposited (ASDP) and a furnace heat
treated (FHT) thin film are shown in Figure 44. Both films were
deposited at room temperature and at a rate of 1 A/sec. Very little
shift is observed and no significant broadening is seen. The position
of the 2p transition for free sulfur would be at a binding enecgy of
165 eV. The only unique feature is the two shake-up peaks, labeled SU

and both of these show very little shift in energy. The satellite peak

labeled SAT is an artifact peak and has no meaning.
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As indicated in Table 4, there is significant differences between ®
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as-deposited and heat treated thin films. The concentration a{::r:
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calculations in XPS are based on quantification factors and on LR
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! integrated peak intensities. Since the factors are constants, the
result presented in Table 4 indicate that the integrated area of the

cadmium peak has nearly doubled in heat treated films as compared to as
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deposited. A high resolution scan of the cadmium 3p5 and 3p3
transitions is shown in Figure 45. Surprisingly there is a significant

shift in the peak position in addition to a broadening. By comparison
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to published XPS spectra on cadmium compoundss9 this shift could
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possibly correspond to cadmium bonded to oxygen. The survev scans

displayed in Figure 46 and Figure 47 exhibit oxygen ls peaks in both

<

films and the peak appears to be more intense in the heat treated film ‘

Qv "

(compare the height of the O ls peak to the Cd 3p3 peak). Figure 48a

v e
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displays a high resolution scan of the oxvgen peak and Figure 48b shows
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the same scan after a one minute sputter etch, which removes ®
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approximately 100 A. The large reduction in the intensity of this peak et
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4 after sputtering is an indication that a thin oxidized surface laver is SN
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present. Unfortunately, a high resolution scan of the Cd 3d peaks was ®
iaded
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not acquired after the sputter etch to determine if the shift in the p};b&ﬂ
I
peak position is due to the oxidized surface layer. Analysis was t:}::::
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performed on a second XPS instrument (Perkin-Elmer) which was equipped

o

with a sputter gun. The results for a L._t treated film before and

after a one minute sputter etch are shown in Figure 49. Several
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nearly twice as wide as the peaks seen in Figure 45. Second, the peaks
are shifted to lower binding energy and third, a very definite doublet
peak is observed. The first two differences may be due to charging
efrects. Charging was not observed in the Kratos spectrum (Figure 45)
because a low energy electron flood gun was used to compensate the
build-up of static charge.58 The clear resolution of a doublet that
was not resolved in Figure 45 is, however, an anomalous result. Also,
unexpectedly, the Cd peaks have shifted in the opposite direction after
the sputter etch. This may be due to preferential sputtering of the
sulfur, so that more metallic cadmium is present. It may also be due
to a change in grounding potential, which would effect the static
charge built-up on the sample.

Apparently XPS is not sensitive enough to determine if the small
amount of excess sulfur present in thin films exists as a distributed
second phase. The final technique that was used to determine this
distribution is X-ray mapping. Although this type of X-ray analysis by
EPMA would have been the most quantitative, the probe size used in the
EPMA is not small enough to spatially resolve the grain boundaries of
thin films, which is where the sulfur is most likely to exist. By
using EDS X-ray mapping with the SEM, high spatial resolution could be
obtained. Simultaneous maps of sulfur and cadmium were acquired at a
magnification of 20,000X, which represented about 150 grains. A low
energy electron beam of 10KV was .sed to reduce to volume of material
sampled and a high density 256 x 256 image, with 8 bit resolution, and
a 200 msec dwell time was used to generate the X-rav maps. Even at

this high magnification, if the cadmium and sulfur were evenly
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.. distributed, an image with very little contrast should result. The “
i area sampled is displayed in Figure 50, which is a digitized SEM image. b
~ The contrast that is observed is due to the grain boundaries of the é
’ surface grains and can be compared to the contrast observed in a normal 4
-
- SEM micrograph, shown in Figure 39. Figure Sla shows that the cadmium ;
F} map has a low even contrast, but the sulfur map shown in Figure 51b is i
]
highly mottled, indicating an uneven distribution of sulfur. This
.::
PR indicates that the sulfur is distributed as a second phase, at the
-\ grain boundaries.

:; Co-Sputter Alternating Deposition

Microstructure
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The purpose of making COSAD films was to produce a two phase

-

structure, in which very small crystallites of CdS are embedded in a

LR LA
EEhEN
[

glass matrix. The intent of this phase of the research was to

AL
L}

.
.
. T .
-, v
T

determine if a structure could be produced in a thin film with small

semiconductor microcrystallites isolated in a dielectric matrix with

NN

:f the crystals small enough for quantum confinement. Thin films made by

YA N

M
"
Al LR Y i)

COSAD were therefore primarily analyzed by transmission electron

Y
o
-

.
>
.

5; - microscopy, since the required size of the crystallites was less than
» ’:-

;* o 100 A. By changing the ratio of deposited CdS to glass different

g A

!' structures could be produced. The most stable films were those made

. (S ~

::- - with a small ratio of CdS to glass, while films .wade with equal ratios
»": :

}} . were found to phase separate during examination in the TEM. An example
SN

%. of the two extremes of the variation that could be produced will be

v

r . described here.
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Digitized image from scanning electron microscepe,
secondary electron image.

Figure 50
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COSAD films with equal proportions of semiconductor and glass were

Lk

il
LR

the first to be produced. These films will be referred to as COSADI.

Ca .
'i A representative film which was deposited onto a carbon support film is ig
!- shown in Figure 52a. The structure appears very indistinct and appears P
.- to be amorphous, but the SAD pattern shown in Figure 52b indicates E:-.:'f
;' there is some crystallinity in the structure. If the electron beam is E;a
condensed on this type of film, the structure is found to phase ;j{
" .
% 7
:; separate very quickly, as displayed in Figure 53a. The SAD pattern in “ﬂ
N 53b shows that a significant amount of crystallization has occurred and b
. the pattern indicates a hexagonal CdS non-oriented crystal structure. g;
;; If this type of film is furnace heat treated a significant change ::
. in microstructure also occurs. Heat treating to 500° C results in :{
ﬁ total phase separation and the growth of spherical shaped CdS ;;:
- crystallites, with an average size of 300 A. This structure is shown ;Ei
Ny NS
g in Figure 54. By heating this type of film to 650° C, these ié\
‘. crystallites are found to grow and form a fairly evenly dispersed i)
" =
bimodal size distribution microstructure, which is shown in Figure 55a. kz
.'/ -
{: The average size of the larger spherical crystals is 700 & and the ;:
>
e smaller crystallites have an average size of 200 A. The SAD pattern ?T
s for this structure is shown in Figure 55b. All the reflections for EE
“a
:j hexagonal CdS are present, in addition to some reflections for an gt

unidentified phase. Because these reflections are so closely spaced in

M

- the pattern, it was not possible to determine their source by dark f
W field imaging. A typical dark field image obtained from the inner most }}i

diffraction rings is shown in Figure 56. The bright crystals in the

a'a a4

- image are those which are properly oriented for diffraction and as can e
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a) as-deposited on

b) corresponding SAD pattern.

TEM micrograph of COSAD! thin f. m.

carbon support film;

Figure 52
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be seen, crystals of both size distribution are 1lit up. The dark field
image also shows that several of the large crystals are twinned,
indicated by the change in contrast within a crystal. Another
abnormality exhibited by the higher temperature heat treated films was
the additional appearance of large faceted shaped crystals, shown in
Figure 57. The crystallographic identity of these crystals could not
be determined; however, they were only found in certain areas of the
film, and they may correspond to some type of contamination.

COSAD films which were made by controlling the alternating
deposition process with a computer controlled stepping motor could be
produced with very low ratios of CdS in the glass. Alternating layers
of material could be produced by stopping the substrate over a source
for a given amount of time. This permitted the deposition of several
monolayers in each pass. Ratios which resulted in about 57 CdS
dispersed in the glass (designated COSAD2) resulted in structures such
as the one displayed in Figure 58a. The extremely fine dark structure
in the micrograph is most likely due to CdS microcrystallites; however,
the accompanying SAD pattern (Figure 58b) indicates the structure to be
amorphous. When the electron beam is condensed on this type of film a
phase separation is shown to occur, but as exhibited in Figure 5%9a it
grows to a smaller size than shown in Figure 53a. The accompanying SAD
pattern in Figure 59b also indicates that the structure is still
amorphous.

When this type of film is heat treated to 650° C, two different
structures result. First, large semi-faceted shaped crystals are

exhibited as shown in Figure 60a. Although a single crystal
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rograph of COSAD2 thin film.
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b) SAD pattern showing both single crystal

pattern from large crystals and diffuse pattern from thin

film.

TEM micrograph of COSAD2 thin film.
crystals;

Figure 60
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diffraction pattern could be obtained from these crystals (shown in
Figure 60b), they could not be identified. Again these large crystals
were found to be unevenly distributed on the film and therefore
considered to be due to contamination. At very high magnification, the
second structure of these films can be observed. Very small spherical
microcrystallites, of 50 A approximate size are shown in Figure 61.
Only a very diffuse diffraction pattern shown in Figure 60b could be
obtained, so it is difficult to identify the microcrystallites as CdS,
although the pattern does resemble the pattern of the semi-amorphous
LN2 film described above. A large number of these microcrystallites is
seen, so a stronger pattern should result. This particular film,
however, is relatively thick (= 3000 A), so it only appears there aré
many microcrystallites. The pattern is diffuse because the glass
matrix has a much larger volume fraction compared to the

microcrystallites.

Composition

Very little compositional analysis was carried out on COSALD films,
primarily because most of the films made were for TEM analysis, and
therefore were too thin for quantitative analysis. The composition of
a few of the phase separated particles discussed above however, were
letermined tv EDS while imaging the film in the STEM mode of the JEOL
-»5 .« electron microscope. ihe particles were found to contaia

i:mim and sulfur, but the intensity levels for these two peaks were
= " ger an accurate determination of the stoichiometry. This

vr . iiarv true of the particles displayed in Figure 61. A
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Figure 61 High magnification TEM micrograph of heat treated COSAD2
thin film showing fine (ispersion of microcrystallites.

Lo

RN N A PR ™ T o T e e . - e T
, ey \\-.,\.'-. S i T N N N I G R

o
i



M

4
- ':"v

P, O .l.‘

|

P |
o

5y
B

LN

Tk
._:;2::
165 \"N
typical EDS X-ray spectrum obtained while operating the JEOL 200 CX in G
the STEM mode is shown in Figure 62. This spectrum was acquired from
the film displayed in Figure 61 and it shows that the particles are
CdS. Except for silicon, the other constituents of the glass matrix
(e.g. Ca and K) could not be determined with this technique because of
their low concentration and the thickness of the film. The copper peak
originates from the TEM support grid.
The compositions of thicker films made for optical analysis were
determined by XRF. One difficulty encountered in using this technique
was that the potassium Ka line overlapped the cadmium LB line, so the ol
amount of potassium could only be roughly determined. For COSAD films f'
deposited on silica substrates the total amount of silicon also could ;
not be determined, due to fluorescence of the substrate. The relative ;:
amounts of cadmium and sulfur, however, could be determined and it was -
found that peak intensity ratios very close to those of as deposited
pure CdS films were obtained with COSAD films with both high and low ®
amounts of CdS. A few COSAD films were deposited on single crystal Eﬁi
sapphire to determine the composition separately from that of the Eé
.;;
substrate. ®
Thin Film Optical Properties :ii
Now that the phys:ical properties of thin films have teen fullw ;ﬁ
described, the resuits tha® ire central to this dissertation will be i;
prusented in *this sectisn. These results describe how the changes in ;E
.'T\
mrorestractare groduced Hvovarious treatments atfect the optical °
properties.  v-visihie ahsorptioan, photoluminescence, and resonant
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Raman scattering were utilized at both room temperature and low
temperatures to fully characterize the optical properties of thin

films.

Absorption Spectra

UV-VIS absorption was used in this study to establish the
relationship between thin film processing conditions and their effect
on the band structure of the material. The main emphasis of this study
as stated before, was to produce a thin film with the same optical
properties as those of bulk single crystal material. From the
measurement of absorption spectra, it was possible to determine the
presence of band defects such as band tailing, to determine the
temperature dependence of the band gap energy and at low temperatures,
to observe exciton transitions.

By examining the shape of the absorption edge, a qualitative
measure of the band gap structure could be determined. At energies
below the absorption edge, the sharpness of the transition from low
absorption to the edge gives an indication of the amount of band
tailing. Only transitions which conserve momentum are allowed,
therefore, for a direct band gap semiconductor, only k equals zero
excitations occur without phonon scattering. When a great manv
crystallographic defects are present in a material, then the band
structure will not te we.. defined. The presence of defects permits
transitions at other values of k to be quantum mechanically possible,

which in the absorption spectra is manifested as a tailing of *he

absorption edge at low energies.
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Room temperature UV-VIS absorption
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The position of the room temperature band gap absorption edge that

I
a2

)

h)
LA A A

was measured for as-deposited thin films was found to vary slightly

’ y

with film thickness and deposition rate, but mostly with substrate

Jo

deposition temperature. Films ranged in color from straw vellow to

(S
R

dark orange to nearly black, as the deposition temperature was varied

(9L
v

from 300° C to LN,. Typical spectra of films deposited at 300° C, room
temperature, and LN, using an absorbance scale are shown in Figure 63.
The variation in absorbance spectra with film thickness is shown in
Figure 64. As previously described, absorbance spectra show features
above the band gap with more detail than transmission spectra. By
taking the maximum slope of the absorbance, an approximate value of ﬁhe
band gap absorption edge is given and as can be seen in Figure 63, this
position for the three curves varies considerably. A listing of the
absorption edges determined by this technique for different deposition
conditions is given in Table 5. From the Table, the maximum slope
position for films deposited under the same conditions, but with
different thicknesses varies only slightly and as shown in Figure 64
the shape of the absorbance curves is similar. In contrast, the shape
and position of the three spectrum in Figure 63 of similar thickness
films depos:ted at different temperatures is altered consiierablv. The
film depositad at 300° C shows very flat absorpticn above the band edge
indicacing a well developed band gap, but the position of tne edge is
considerably shifted to longer +avelengths which is characteristic of a
composition change. Also, because of the inhomogeneitv of these films

there is a reduction in transmission at long wavelengths due to
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TABLE 5

Band Edge Position for Several Different Films
Determined by Maximum Slope Method

[} {,.
b
‘ Sample Maximum Slope Position Energy
- (nm) (ev)
;-
ASDP 1 A/sec
= t = 0.5 um 507.8 2.442
< t = 0.75 um 508.9 2.437
t = 1.0 um 509.8 2.432 (2.44)1
ii (2.37)2
ASDP 3 A/sec 508.5 2.439
5 ASDP 5 &/sec 501.7 2.472
4
ASDP LN, 496.5 2.497
!1 ASDP 300° C 523.1 2.370
FHT 500° C 505.1 2.455 (2.46)§
- 5 hr. 2.45)<

Ipetermined by maximum s_ope of absorption curve (Figure 79a)
2Determined bv intercept method (Figure 79b)

Note: All films measured were approximately 1.0 um thick unless
other wise stated.
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scattering losses. For the LN, deposited film, a large amount of band
tailing is indicated by the higher absorbance below the band edge and
higher absorbance above the band edge indicates the presence of
uncompensated defects. The overall transmission of this film is
reduced because of the presence of excess cadmium, which is the reason
for the dark color of these films. Excess cadmium is also most likely
responsible for the high absorbance above the band gap. A close
relationship between the number of defects observed by TEM and the
amount of band tailing is observed in these films. Band tailing is an
indication of the structure of the band gap and the presence of band
gap defects, which appear to be directly dependent on the number of
crystallographic defects.

The band tailing-crystal defect relationship is further indicated
when the absorbance of films heat treated to different temperatures is
measured. The lower heat treatment temperatures at 200° and 350° C
shown in Figure 65 do not indicate much of a change in the amount of
band tailing; however, the heat treatment to 500° C has reduced nearly
all band tailing, which reveals a distinct absorption band below the
band edge. This is an interesting result, because this is the
temperature at which grain growth was shown to drastically increase.
Examination of Figure 65 also shows that the higher temperature heat
treatment results in a slight shift of the absorption edge to higher
vnergy. This might be related to the slight change in composition tha
occurs at the higher heat treatment temperature.

Because there is such a strong rr.lationship between band tailing

and crystal structure, examining the onset of absorption in thin films
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is a useful technique for evaluating the results of different heat
treatments. Figure 66 shows the total absorbance curve and Figure 67
shows an expanded abscissa scale for heat treatments of 650° C 30 sec,
650° C 4 min, and 500° C 5 hours. Figure 66 shows a structural change
between RTA and the 500° C 5 hour heat treatment in the band tail and
all three curves show two sub-edge features, both as shoulders above
the sharp rise in absorption. Figure 67 indicates that furnace heat
treating to 650° C for 4 minutes results in nearly the same low energy
band structure as the heat treatment at 500° C for 5 hours. A rapid
thermal anneal (RTA) film displays the same curve shape at high values
of absorbance, but as indicated in Figure 67, there still is some band

tailing present.

Low temperature UV-VIS absorption

At sufficiently low temperatures, many features of the absorpticn
spectrum appear more clearly and can be related to the band structure
in these films. Spectra were be obtained at temperatures down to 3° K
by cooling a sample with the closed loop helium refrigerator. With a
decrease in temperature several changes in the absorbance curve are
observed. First the band edge shifts to higher energy, both due to a
change in the lattice parameter and to the tempera:ure dependence of
the band energy. A plot of the band gap energy as a function of
temperature is displayed in Figure 71b.

Second, the amount of band tailing is shown to significantly
decrease in heat treated films; however, the decrease is not as

predominant in as-deposited thin films. The indirect transitions which
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Figure 66
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are responsible for most of the band tailing are phonon assisted

g
'{" Al

<
o

transitions and with the lowering of the temperature, these transitions

are no longer possible. Band tailing is not completely reduced in the

WT
) afi
N

as-deposited thin films because there are other defect states present

/
ll’
[

in the band gap (created by the crystallographic defects) which do not

N Y D
A

require phonon scattering for transitions.

The most significant change in the absorbance spectra at low

temperature is shown to occur in films heat treated at high 2\
temperatures. The appearance of several sharp absorption bands which él
correspond to exciton transitions are observed. Figure 68a displays ?h“,-
these bands and other changes in the absorbance spectra of a 1.0 um E;E;E%
A,
‘ thick film, deposited at 1 A/sec, that was heat treated to 650° C for 4 ;SE&%}
A

minutes. Shown in Figure 68b is the absorbance spectrum from a 10 um

XX
2

R A A )

thick single crystal platelet of CdS, measured under the same

RS

conditions as the thin film. The platelet was oriented with the c-axis

e“r s

[N A )
* \. "I)

perpendicular to the incident beam. Above the band edge, the two sharp

y

4
L)

kA
) 4
"

A
S

2, &,
.

peaks observed in the thin film spectrum appear similar to the platelet

spectrum, but the features are more pronounced in the thin film

iy
5

S

spectrum. Also, the entire curve for the thin film is shifted to lower o
ST

A \':

energy. The similarities of these band edge features, however, do %}Nf\}
1A RS

L LY

R HANL

indicate the presence of exciton states in the polycrystalline thin :;::j-

NGRS

SN N

films.

Furthe proof is afforded by plotting the absorption peaks on an
energy scale, as shown in Figure 69a. The spectrum obtained in this
study can be directly compared to reflection spectrum of a bulk single

crystal CdS shown in Figure 69b. A comparison of the peak energies is
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Figure 68 Variation of absorbance spectra with temperature. a)
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i listed in Table 6. The absolute values of the peak energies are
o slightly different, but the energy difference between the A, B and C
:H levels is nearly the same in both spectra. The difference in absolute
] values may be attributed to the same source which produces the
. difference in the absorption band edge, displayed in Figure 68b. The
3: peaks are much sharper in the reflection spectra because the technique
- is very sensitive to changes in reflectivity and also because the
"
Sk reflection spectrum was taken at 4.2° K. The broader peaks ohserved
ks here may be due to temperature broadening, as well as orientational
¥ broadening in the polycrystalline films.
ii: The observation of exciton absorption peaks was made in all films
: heat treated to above 500° C. With the large grain growth that occurs
)
. with high temperature furnace heat treatments, it is not surprising
= that exciton levels should occur in a polycrystalline thin film,
s
- because even with a grain size of 3000 A, the band gap should be well
! established. An interesting result however, is indicated by Figure 70
j which shows exciton levels to be present in a RTA film in which the
-;: grain size is only 900 A. The absorption peaks are less intense and
. slightly shifted, but they are definitely present. This indicates that
- large grain growth is not required to produce polycrystalline thin
;i films which display exciton levels. What is needed is only the
" annealing of certain defects.
%: Another interesting observation is the variation of the exciton
- peaks with temperature. Figure 7la shows that only a slight shift and
! decrease in intensity occurs when the temperature is increased to 40°
o K, but at 100° K the A exciton peak has become a shoulder, the B and C
A
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TABLE 6

Comparison of Exciton Reflection and Absorption
Peak positions

Peak Position
Exciton CdS Platelet

Energy
Delta

Peak Position
CdS Thin Film

Energy
Delta

A 2.555
B 2.570

C 2.630

Note: All energy values given in electron volts, eV.
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i excitons peaks have broadened considerably. The disappearance of the A
. exciton peak at 100° K is consistent with the calculated binding
;* energies of excitons, as the A exciton has a binding energy of 8 meV,l9
! which corresponds to 92° K. Above this temperature a sharp transition
" should not be possible and we see that the peak broadens into a
:S shoulder. It is interesting to note, however, that even at 300° K, as
= shown in Figure 68, an exciton-like shoulder is still present. Figure N
"f‘: 71a also shows the temperature dependence of the band edge, and a plot :_“::
S
,:":; of this variation as a function of temperature is shown in Figure 71b. :E‘E
< In the Bibliographic Review chapter (Chapter III), the description ‘.‘-,‘,
" of the exciton states in CdS characterized the states in terms of f\:'z
. crystallographic orientation and therefore their obsgrvaticn is :;_.::;}
n dependent on crystal orientation with respect to the polarization of ‘:!‘\
N
o the probe beam. The fact that the grains in the films studied here E'-E:;:
-~ T
have a strong preferred orientation is one reason why all three :‘E:
! excitons are observed. In CdS single crystal platelets, all three ’k.‘L
.. excitons are observed when the E-field is perpendicular to the c-axis, ::,.
‘i but only the B and C excitons are observed with the E-field parallel to ’-\::_
T the c-axis. Although a circularly polarized beam is used in the Lambda .'j
= 9, the beam is correctly oriented at any one point on the film because -
'.i'_: the orientation of the grains can be considered to be circular about
B the c-axis pole. TEM and X-ray diffraction results indicate that many - )
grains are oriented with the basal plane of the unit cell parallel to -:
the film and substrate plane, so one direction vector of the unit cell f‘
{ is perpendicular to the film plane. The other two direction vectors r
.:-f: which fully describe the unit cell and crystal orientation are randomly :
. :
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S
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u oriented, but should be rotated about the c-axis direction vector. It

is therefore highly probable that a grain will have the proper
v orientation to the circularly polarized beam and all three exciton

’ transitions should be measured.

Index of refraction

Fringes of equal chromatic order. Measurement of fringes of equal

" chromatic order (FECO) was a very useful technique for determining the
D dispersion of the refractive index at wavelengths longer than the

absorption edge. Unfortunately, equation 4.4 which was used to model

e

the dispersion could not be used to calculate the refractive index at

the absorption edge or at shorter wavelengths. This is because the

equation over-estimates the large change in absorption coefficient that
takes place near the band edge. As shown in Figure 9 (Chapter III) the
refractive index for bulk CdS is found to peak at the absorption edge
[_ and then decrease at shorter wavelengths. The problem with equation
4.4 is that it indicates that the refractive index converges to
. infinity at short wavelengths. This is shown graphically in Figure 72a
and 72b, which are plots of equation 4.4, using the coefficients
obtained from the FECO spectra of two different films. Figure 72b
}’ shows the calculated dispersion near the absorption edge. The Figures
show that the curves converge at long wavelengths and give nearly the
,i ..ne value for the long wavelength limit of the refractive index.
However, even at a wavelength 100 nm longer than the absorption edge,
the refractive index is overestimated. Table 7 is a listing of the

> refractive index calculated at different wavelengths using equation 4.4
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f »

and the coefficients obtained from FECO spectra of several films. The * “25%1

‘@

refractive index was calculated at a wavelength of 632 nm for

s 9
Fa s
5o

Ll N o
rLL LSS

4 comparison to the value of refractive index obtained by ellipsometry,

.l
Iy 1'. 4
L]

listed in the last column of the Table. Table 7 shows that the FECO
method for determining refractive is only valid at long wavelengths.

Ellipsometrv measurements. By using the graphical method

described in Appendix B to determine the refractive index from the

o
. . S

polarization angles measured with the eilipsometer, very accurate AR
R
-"' “' .b
results could be obtained. These results are useful for quantitative .njx;x
v “~

BT
-\. l\ h\

comparison of different films, unfortunately this comparison could only

be made at one wavelength; i.e. 632 nm, the wavelength of the HeNe

Qﬁﬁ}.

laser used with the ellipsometer. Table 7 shows there is a significant
change in refractive index when a thin film is heat treated. This
should be expected because the density of the film changes
considerably, particulary from high temperature heat treatments. The
results show that ellipsometry is sensitive to the slight differences
in microstructure of thin films deposited at different rates. In
addition to these advantages, the technique is also very useful for
refractive index and thickness determinations on very thin films, which
cannot be measured with the FECO technique.

Absorption coefficient. A very close approximation to the

wavelength dependence of the absorption coefficient can be made by
taking the absorbance spectra and applying a few simple relationships.

First, the extended equation for the transmission of light through a e

P
..,.A.
e

thin film supported on a substrate (equation 4.2, Chapter III) which
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takes into account the reflections that take place within the film and

the resulting interference can be written as

-a t
T = A e (5.1)
1 -8B e-2 at
where
-1
A=(1-R)(1-R) (1-Ry (1-RRy)
and
B=(RR, +RR, ) (1-R, )
12 173 2 )
Equation 5.1 can be simplified and written as
T = A (5.2)
Lt L ge@ t
and the inverse is given by
L= et Bt (5.3)
T A A

If the absorption coefficient a is assumed to be very large (¢ = 10%)
then the second term in equation 5.3 is essentially zero. Since the
absorbance is defined as the natural logarithm of inverse transmission,

then the absorption coefficient can be calculated from the absorbance

spectra by applying
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ABSORBANCE + 1n A ) (5.4)
t

The term ln A represents the losses due to reflection interference and
the value can be determined from the absorbance spectra of different
thickness films, such as Figure 64, or a close approximation can be
made by using the value of absorbance below the band edge, such as the
value at 580 nm in Figure 64. The absorption coefficient spectra as a
function of energy obtained by this calculation is shown in Figure 73a
for both an as-deposited film and a heat treated film. The value of
the optical band gap is given by either the maximum in slope of this
curve, or by plotting the square of a and extrapolating the linear
portion of the curve to the intersection of the x-axis. The value of
the x-axis intercept is the band gap energy. This plot is shown in
Figure 73b for the same two films and a listing of other films and a
comparison of the different techniques for calculating the band gap is
presented in Table 5.

The above Figures and Table when compared to the data presented in
the Bibliographical Review chapter show that the thin films produced in
this study exhibit similar results to single crystal properties. This
is another indication of the high quality of films which can be
produced by the deposition process and subsequent heat treatments that
were used in this study.

Photoluminescence and Raman Spectroscopv

Photoluminescence offers a complementary analysis to absorption

measurements. While the optical transitions involve similar states,
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they are not subject to the same selection rules. For direct band gap
semiconductors, radiative recombinations generally occur near k=0.
Just as all the different defect states in the band gap lead to
discrete lines, or bands, or tailing in absorption spectra, they can
also lead to photoluminescence spectra which are indicative of these
defects. As described earlier, the defect states that are of the
greatest interest to this study are the exciton states and
photoluminescence is an excellent technique for studying their
occurrence and behavior.

Use of the optical multichannel analyzer (OMA) and the Raman
spectrometers permitted a wide variation in the resolution and spectral
window over which the photoluminescence and Raman scattering of thin
films could be measured. For analysis of certain thin films which
displayed very low intensity, wide band photoluminescence, the OMA
could be used with a very low dispersion grating (152 lines/mm). While
giving very poor spectral resolution this arrangement still permitted
detection of very low light levels. To measure high intensity, narrow
bandwidth peaks, the low dispersion grating was replaced with a very
high dispersion 2400 lines/mm grating. As explained in the
Experimental Method chapter (Chapter IV) this grating permitted a
bandpass resolution of 0.5 nm, but a spectral window of only 20 nm. To
assure calibration and permit an even higher bandpass resolution, the
Raman spectrometer was used. By controlling the slit widths of the

monochromater, resolutions down to 0.05 nm could be obtained.
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Photoluminescence spectra 5 )

As-deposited thin films. Thin films which were deposited at room o :;
"
temperature were found to only give very low intensity, broad band e
L
photoluminescence. The defect structure of the band gap that led to

the band tailing observed in the absorbance spectra of these films is

also responsible for the low intensity observed in these measurements.

These defects states provide non-radiative processes for the relaxation

X A IR
s A
}l'].", A

7

'’
(4

.
s
N

of excited states, so that the photoluminescence spectra have very low

s,

1'12‘1

LYY
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intensities. Because there are many different states with slightly

Y
r el
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different positions in the band gap, a broadening of the luminescence
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b
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also occurs. A typical spectrum of films deposited at low rates,

'
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obtained at room temperature with the OMA and the low resolution

L7
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w
%
o
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grating is shown in Figure 74. This is an expanded intensity scale so

o
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the signal to noise ratio is low. The sharp peak at 457 nm is the p
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laser line used to excite the sample. Usually, the three different
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s
»

-
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broad bands observed in this spectrum would occur in all films
deposited at room temperature, but the intensity of the different bands

would vary. For example, the higher intensity band centerea at 535 nm

was found to be of much lower intensity in films deposited at higher

L] . :
~ L
." .
» -

rates and it was totally absent in films deposited at S A/sec. The

> e
o
-

LA
.

energy of the 535 nm band corresponds to direct transitions in the band

B

. ¥

gap and is the ''green-edge'" emission that was discussed in the
Bibliographical Review chapter (Chapter III). The radiative
transitions from conduction to valance band or from shallow donor to
shallow acceptor impurity levels are characterized by this emission.

The two low intensity broad bands centered at 670 nm and 750 nm are
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optical multichannel analyzer (OMA).
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associated with deep impurity level luminescence. The relative
intensities of these two bands could be altered with slight changes in
the geometry of the detection system. The width of these bands made it
difficult to center the grating so that the diode array was evenly
illuminated. This is one example of problems associated with a linear
diode array detection system. If the array is not evenly illuminated
the relative intensities displayed in the emission spectra will not be
proportional.

Films deposited at LN, temperatures only displayed the longer
wavelength bands and at an even lower intensity level. The green edge
emission is not observed in these films because the band structure is
not well defined, due to the large number of crystallographic defectg.
The long wavelength bands are observed because deep level traps do not
need a well established band gap to cause radiative transitions. They
can be likened to impurity color centers, which are associated with a
single impurity atom, or in this case with a vacancy or interstitial
atom associated with an impurity. The identity of this impurity is
unknown, but some authors have reasoned that it could be a halogen atom
such as chlorine.33,3%

Heat treated thin films. A very significant change in the

photoluminescence of thin films occurs in films which are heat treated
at high temperatures, even for relatively short times. The intensitv
of the green edge emission increases cver 5x for the same excitation
intensity and the peak position shifts to a higher energv. The
relative intensity of an as-deposited thin film and a film heat treated

to 500° C for 30 minutes are shown in Figure 75 and the relative peak
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positions are shown in Figure 76. Both of these changes occur because
the band gap is better defined after the annealing heat treatment.

With this change in band structure, the band edges are sharper, which

', - "\"&"."fﬁ‘ ha v" .‘. 'l. \. ..}A ‘;) - \ ‘

shifts the energy and increases the probability of a radiative

.\'%
"

transition. Figure 75 also shows that the intensity of the laser line

.

e oy

has increased significantly, which is most likely due to an increase in

scattering of the laser line.

X .
'1“

All films which were heat treated to high temperatures displaved a

5%

high intensity edge emission peak and the peak position was found to be

nearly the same. One difficulty with determining peak position,

B
. oL

however, was that absorption of the laser line would cause enough

N
P I

heating of the film to shift the position of the peak to lower energv.

« 0 ome
LA A T T

A graph of the shift in peak position with incident laser power is

- .

- _u
L
s e

displayed in Figure 77. At very low powers only a small shift occurs,

but at higher incident powers the shift is significant. At even higher

incident powers the focussed laser beam would cause vaporization of the

A S

thin film. Very low incident laser powers were therefore used to study o

the room temperature photoluminescence of thin films, although low

power excitation reduced the intensity of the emission. i
The problem with power dependent peak shift was reduced :{
considerably by cooling the thin film with the cold finger and {ﬁ
acquiring photoluminescence spectra at low temperature. As with UV- ”
visib® spectroscopy, several significant changes in thin film -
photoluminescence are observed when the film is cooled to 9° K. First, ::
S

the green edge emission band increases in intensity and shifts to a r
higher energy corresponding to the increase in band gap energy with "
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decrease in temperature. Second, the peak position becomes less >
sensitive to incident power levels, i.e. no shift occurs unless very ::
ALY
'I
high powers are used. Finally, the most significant change which &
7
corresponds to the exciton absorption peaks seen in the UV-visible Le
-'-‘
spectra, is the appearance of the '"blue-edge" emission peak. Because ':f‘,\
.'\{‘\ .
L I. f
. . : . . . RN
of the narrow bandwidth of this peak the high resolution grating had to "\f:f‘
A
- -\ h\
be used in the OMA monochromater. A typical photoluminescence spectrum T ;
of the blue edge emission exhibited by a thin film which also displaved Q}f:_:
it
AT
S
4 the measurable absorption peaks is shown in Figure 78 and a composite :{::;}
AT
S
o . S
spectra showing the relative intensities of the two emission bands is s
®
PR
shown in Figure 79. The sharp peak at 492.3 nm in Figure 78 N
N
EASAS
corresponds to one of the exciton transitions, although it is not clear x{\jn:
_:.'.‘.':.'
which one. The first two absorption peaks in the absorbance spectrum 1."
SN N
separated ¥ 3 nm should exhibit two photoluminescence peaks, but only :{}{:}
T
one can be seen here. The photoluminescence spectrum obtained from the ?:ftfﬂ
NCS O
RSN
same single crystcl platelet used in the absorption measurements -~
(Figure 68b) is shown in Figure 80, compared with the blue edge
emission measured in the film described above. The platelet displavs
both the I; and I, bound exciton peaks and as can be seen, the
1 transitions are much sharper and shifted to energies higher than the iy
photoluminescence exhibited by the thin film. The shift in position is ;
identical to that seen in the absorption edge displaved in Figure 67b.
The thape of the thin film photoluminescence is similar to the
platelet; the high energy side is steeper. The peak width of the thin .
film emission is nearly five times wider. In other work on both on
S .
bulk single crystal CdS and CdS epitaxial thin films, exciton 1:
e
R,
R,
';’._;._'.. ‘_..:’..--._-'."'._-.._"_._-..\",._ RS ,;._-'\_' ._'_\-_._-_._-..'-_._-{._-..'-"\-..."._-f._-.._-_.;- 'A-"-,'-,"~.‘-".'-'-"~\.'-'.'--.‘-' AT T AT A T T ;J‘
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Figure 78 High resolution CMA spectrum of heat treated thin film at
9°K, showing exciton photolurinescence.
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transitions were exhibited by very sharp emission bands, althcugn these ;

measurements were made at lower temperatures. The measurements of L
v, ;?:
yﬁ single crystal platelets made here show that the exciton emissions are ::{i
L :I _'_-r
just as sharp at 9° K. This rules out the possibility that the e

-~
»

emissions measured from thin films are temperature broadened. One

o

’ -\ -

- possible reason for the observed broadening may be orientational tf}'

- L o/
- T N

-0 P
- . . « I3 Te N

broadening or the presence of grain boundaries. All materials which RACS

- ®
g have displayed sharp exciton photoluminescence have been essentially btyy
s
single crystals. The impurity centers near grain boundaries which :\:

~ e
* "L ‘-
- excitons are bound to may vary in energy slightly from those impurity ORI,
‘. centers within the interior of grains. This might produce the DA
N oS
- . . . . : v
broadening of the exciton photoluminescence observed in polycrystalline e

. O
3 thin films. A

The photoluminescence spectra displayed here exhibits another

difference from the absorbance spectra. The three absorbance bands

were characterized as free exciton transitions, based on their position

R

and shape. The blue edge emission exhibited by thin films, however, is

LV

more characteristic of bound exciton transitions. As previously

.

TN

explained, these are excitons which are bound to impurity sites.
‘. Usually the impurity is a neutral acceptor or neutral donor, which give
rise to an I, or an I, bound exciton, respectively. It is certainly
. reasonable to expect that these types of impurity centers exist in the
S thin films studied here. Sulfur interstitial atoms or cadmium vacancy
atoms could act as donor impurity sites, which correlates well with the

single peak exhibited in the blue-edge emission of thin films.

However, compared to the single crystal platelet photoluminescence, the

B S S
Az -\ "' 1\ .\ n.. l\ -.‘ -.‘ . ®
SataCaatalaXarasal.:
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blue-edge emission is certainly broad enough for both bound excitons to

i be present. The bound exciton is a much stronger transition, so it
h
\j should be easier to detect in photoluminescence measurements. The free
~

J

exciton emission may be too low in intensity to detect. For absorpticn

measurements the cross section of the free exciton is much larger than
the bound exciton, because it does not have the same momentum

constraints as the bound exciton. Therefore, the absorption spectra of

E; free excitons should be broad and the bound exciton should exhibit a
o sharp absorption band. Estimations show that the UV-VIS

s; spectrophotometer may not have a high enough resolution to observe the
g bound exciton absorption peaks. Photoluminescence on the other hand
< does not have the same momentum constraints, therefore the emissions
Dy will have different characteristics. Since the bound exciton has both

a higher oscillator strength and more efficient radiative conversion,
bound excitons should be more predominant in photoluminescence spectra.
The blue edge emission displays a temperature dependence similar

to optical absorption. This is shown in Figure 81. As the temperature

o is increased, the photoluminescence peak shifts to longer wavelengths
- (lower energy) and decreases in intensity. As with the UV-visible

Ej spectra, the peak is still present at 40° K, but at 100° K it becomes
. indistinct. The Figure also shows that with an increase in temperature
- the intensity of the green edge emission peak decreases. The decrease
i: occurs because as the temperature is increased, more phonons become

e

available to cause non-radiative transitions.

"' .".
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Raman_ spectroscopyv

The photoluminescence measurements described above were conducted
by exciting the films with a laser beam of energy much greater than the
band gap. Excited states which are generated must first drop to a
lower energy corresponding to either an impurity level, or an exciton
level by way of a non-radiative transition before a radiative
transition can occur. When a excitation energy is used that is very
close in energy to the excited state, the energy can be absorbed and
then scattered by a phonon state. The scattering by the phonon results
in the re-emission of the light at a different frequency. Because the
excitation energy is very close to the excited state level, a resonance
effect takes place and an enhancement of the scattering results. This
process is called resonant Raman scattering and in thin films it was
found to be a very pronounced effect when a laser energy near the
energy of the exciton level was used to excite the film. Resonant
Raman scattering by the longitudinal optical (LO) phonon of the 488 nm
laser line would result in a series of equally spaced peaks that were
shifted = 300 cm™! from the laser line. These peaks were very intense
and could be measured with either the OMA or Raman spectrometers. A
typical spectrum of the first two LO phonon peaks which was acquired
with the OMA and plotted in terms of Raman shift from the laser line is
shown in Figure 82. This spectra was acquired with similar scan
parameters .ad laser intensity as photoluminescence spectra, but the
intensity of the 1LO phonon is much greater than any photoluminescence
peak. The temperature dependence of this emission is shown in Figure

83. A similar low temperature spectrum obtained with the Raman
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Ii spectrometer and plotted in wavenumbers is displayed in Figure 84. The R
L]
same laser power was used to excite the sample, but as can be seen a
.\ . N .
-: much lower intensity is measured. This indicates how much lower the

light gathering ability of the Raman is compared to the OMA. The
- spectra however, also show that the resonant Raman effect is strong.
Laser powers for normal Raman spectroscopy typical are in the range of

a few watts. Even with this high power the Raman scattered peaks are

-
i\ vervy low in intensity. The laser power used to excite the samples
Pl

measured in this study was only one milliwatt! The high intensity of
- the 1LO peak is due to a strong interaction with the exciton state.
., This is further proof of the existence of exciton levels in the
.:_.
- polycrvstalline thin films.

COSAD Optical Properties

The microstructure analysis described in the physical properties
section nas indicated that it is possible to produce structures with

finelv dispersed CdS crvstallites in a glass matrix thin film. The

’
(Y

- important question about these structures is whether quantum

.u
W

confinement occurs, which would be indicated by a shift in the optical

' [
ﬁ absorption edge to higher energies. Unfortunatelv, a shift could alsc }EK
S e
’\':'.
. be produced by a change in composition. Since COSADl films were made §?3q
.\ -._ . 4
- with a high CdS content, which once heat treated, leads toc structures i‘:ﬂ
®
- too laree for quantum confinement, it would be expected that anv shift ;:i\
- BN
in the band edge would be due to compositicnal effects. On the other ::::‘
e
‘ hand COSADZ films should exhibit a shift due to quantum confinement, e )

because of the small particle size displaved in these fiims.
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A typical absorbance spectrum of an as-deposited COSAD!l film is
shown in Figure 85. The high absorption tail at short wavelengths is
due to the glass matrix. This type of absorption is an indication of a
nonstoichiometric oxygen content and has been shown to occur in other
glasses which were sputter deposited with an argon plasma.60 The
spectrum of the as-deposited COSAD film shown in the Figure exhibits no
appearance of a band edge, which is inconsistent with the
microstructural analysis that indicated a semi-crystalline structure.
Also shown in Figure 85 is the absorbance spectrum of a COSADl tupe
film heat treated to 650° C in an air atmosphere. This spectrum, at
first, certainly appears to be the result of quantum confinement; the
band edge has shifted to 460 nm (2.70 eV) and the exciton shoulder is
more pronounced. Microstructure analysis on this type of film however,
indicated a crystallite size much too large for quantum confinement,
which means that this shift in band edge energy is most likely a
crystal composition effect. Further proof that this is a chemical
shift is shown in Figure 86 which displavs the spectrum of a COSAD1
type film heat treated in an argon atmosphere. The band edge shift is
less and the exciton shoulder is less pronounced.

It is probably not correct to call the feature on the absorption
edge an exciton shoulder, as the shape of this feature does not change
considerably as the temperature is decreased. In pure films of CdS the
room temperature shoulder resolved into two sharp absorption bands at
low temperatures. As shown in Figure 87 the shoulder does not

appreciably change shape at 9° X and there is only a small shift in the

band edge.
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A much different absorbance spectrum is displaved by the COSAD2
tvpe films. Shown in Figure 88 are the spectra of both an as-deposited
and a heat treated thin film. Unlike COSADl films this type of film
shows the appearance of a band edge which is shifted to a very high
energy, even in the non-heat treated state. This is an interesting
result, because although the microstructure of this type of film is
very small, it appeared to be amorphous. Heat treatment to 600° C in
an argon atmosphere produced only a small change in the edge position,
but it was still shifted to a higher energy than COSADl films. The
large shift in band energy must be related to a confinement process.
Another interesting result is indicated by the absorbance scale, which
is an order of magnitude less than the scale used to measure COSADI
films. This is an indication that there is considerablv less CdS in
the structure of COSAD2 films.

Unfortunatelv no photoluminescence spectra could be obtained from
either tvpe of COSAD film. This may be due to a dilution effect, due
to both a low CdS concentration in these films and a small thickness.
Also, because the band edge was shifted to such a high energyv in the

COSADZ films it was not possible to excite the sample, even when using

the highest energv argon laser line.
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Room temperature absorbance spectrum of COSAD2 thin film.
As-deposited (ASDP) and after furnace heat treatment at
650° C for ten minutes (FHT).
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’ CHAPTER VI A
f::- CONCLUSIONS
=
1. RF magnetron sputtering of cadmium sulfide has proven to be a
. valuable deposition technique for producing high optical quality thin
o films. The as-deposited thin film structure can be controlled by a
o
>
‘ . .
- variation of the deposition rate and substrate temperature. Unique
N structures can be produced by deposition onto substrates held at LN»
w
temperatures. A low density columnar structure is produced in which e
. AN
- . . . NN
o small microcrystallites are embedded in a semi-amorphous matrix. ARSAN
- MY
.‘:\"~
- Electron diffraction experiments indicate that the microcrystallites ASE
M LS
l are highly faulted, which leads to a degradation of the optical “ .
N
o properties. The crystallographic defects provide defect states in the \:'{-
Ay
band gap which are indicated by the large amount of band tailing \v:‘:
[N}
. observed in optical absorption spectra. Optical properties are further -..
. degraded by the presence of excess cadmium. The large number defects :.\,-:.\_
N .
= ‘o
w responsible for band tailing provide non-radiative transitions so that R
CNT A
. band edge photoluminescence is not observed in these films. ,{:-
ke O N
.y ~ N
; . . . . . s
2. High density fine grained polycryvstalline films result when o
v :':"\
o sputtered material is deposited onto substrates held at room rg:
2 ol
) temperatures. Many of the grains appear to be faulted, with the -._
- ‘-\-
. RS
S presence of stacking faults and microtwins. The number of faults N
~ increases with the deposition rate, therefore the faults are related to RO
the growth rate of the thin film. Electron and X-ray diffracticn r.
218
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experiments indicate the film has a very strong preferred orientation,
with the basal plane parallel to the substrate plane. It is not clear
if this orientation is nucleation or growth controlled. The close-
packed plane is the slow growth direction, which would indicate the
preferred orientation is controclled by nucleation. This same
orientation, however, was observed over a substrate temperature range
of nearly 500° K and with various substrate materials. It is unusual
that a nucleation controlled process would extend over such a large
temperature range, although with this material the nucleation range may
be very wide. A combined effect may actually control the process if
the crystallites can be modeled as thin disks. Once the initial
orientation is nucleated, only a small step in the z-direction could
cause a large increase in growth in the lateral direction. X-ray line
shifts indicate films deposited at high rates contain large residual
tensile stresses, which leads to their exfoliation when exposed to the
atmosphere. Optical absorption spectra indicate some band tailing to
be present in rocm temperature deposited films, which is related to the
crystallographic defects that are present. The band structure in these
films is defined well enough so that band edge photoluminescence is
exhibited; however, the large number of defects present in the band gap
leads to a decrease in the photoluminescence vield.
3. When CdS is deposited onto substrates held at high temperatures a
reduction in the number of crystallographic defects is cbserved. With
higher substrate temperatures, adsorbed atoms have more energy to move

around and find favorable positions with which to bond. The preferred

orientation is still maintained, however, other hexagonal orientations
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I! can be observed because other growth planes may become active at >
W
higher temperatures. With the decrease in the number of Fﬁ{
-
") ot
v 1 . o . He%
y( crystallographic defects, band tailing is reduced indicating a better :: ’
\"'n V
-
" defined band gap; however, a shift in the absorption edge is observed. -~
. The shift is due to a change in composition, as these films are found
o to be nonstoichiometric. A higher sulfur content in these films occurs
because the sticking coefficient of cadmium is reduced at higher
- NG
N substrate temperatures. Due to large nonuniformities in the Ty
) 73
- composition across the film area a degradation in the optical ﬁnj
N :J':‘.r
L properties at wavelengths longer than the band edge occurs. ';'
N
- 4. To produce the highest quality thin films for optical applications S
> NN
a post deposition heat treatment must be instituted to remove defects :}:,
Loy
N N
i created by the deposition and growth processes. Heat treatments of ;
"-\' -.
A
. less than 500° C cause a small change in grain size which appears to be ft#Q
..: LN
i linear with the increase in heat treatment temperature. Low ﬂ:i:
TN
ﬁ temperature treatments also lead to a small change in the optical .
’ properties. Band tailing is still present and photoluminescence yield f
, '. M
o is still low. With heat treatments to 500° C and above, a dramatic o
>
. v
increase in grain size occurs. Higher temperatures may provide the
§
o< activation energy required for impurity assited diffusion at the grain
v boundaries. Associated with this grain growth is a reduction in the
b
8
amount of band tailing and a large increase in the photoluminescence
K yield. These results are due to a removal of crystallographic defects :
with grain growth, which are related to defects in the band gap. Sxt
l-. -.~--\‘
P 5. For the first time absorption bands and photoluminescence )
2%
- associated with exciton states have been cbserved in polycrystalline ;{fﬁ
'- "
4"_' s
N
AT
‘ .
. STl
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thin films. Associated with the changes in microstructure that occur
upon heat treatment to high temperatures is the appearance of exciton
levels. These levels appear as sharp absorption bands or as low
intensity blue edge photoluminescence. There is, however, considerable
broadening of the blue edge photoluminescence associated with the
exciton levels. The shape of the emission peak is similar to that
observed in single crystal platelets; however, it is = 5 times wider.
This broadening may be due to orientation effects or the presence of
grain boundaries which provide different environments for the
annihilation of excitons to produce the photoluminescence.
6. Heat treating films by rapid thermal anneal (RTA) produces films
which also exhibit exciton levels. The grain size of these films is
three times smaller than furnace annealed thin films, which indicates
that for excitons to be present in sputter deposited thin films, only
the annealing of certain defects is required, not large grain growth.
The actual defects which must be removed are not known, but they must
be those associated with band tailing, as the appearance of exciton
levels is coincident with the removal of band tailing. From TEM
micrographs of unheat treated films, these defects most likely are the
stacking faults associated with microtwins.
7. Thin films were found to be nonstoichiometric, particularly after
high temperature heat treatments where the sulfur content was found to
increase to approximately 47%. The increase in sulfur is obviously due
tc a loss of cadmium, which has a much higher vapor pressure than

sulfur at the heat treatment temperature. Only a small portion of the

excess sulfur may exist interstitially, as the indication from other
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l! chalcogenide compounds is that this type of defect would be limited to ®
' kﬁg.
, less than 17%. Calculations show that if all the excess sulfur were RN
\': :_'.n-
7 . . . Yy
- present at the grain boundaries as a thin layer, then this amount of :;:‘
g
- v }
S
" sulfur would be six to seven monolayers, which corresponds to a grain
boundary layer = 14 A thick. For an average grain size of 3000 A, this N
. is not an unreascnable thickness for grain boundaries. The uneven
contrast observed in X-ray maps of sulfur in heat treated films "
=X v
< IS,
it indicates that there is an uneven distribution of sulfur and therefore ad?
roe)
o
‘. it may exist as small pockets, instead of a thin evenly distributed ;\:
'r." -‘:J‘
"
second phase. The presents of this second phase does not effect the ®
TN
optical properties significantly, but it may be responsible for the :u:-
v
. -.1.’
large resistivity observed in high temperature heat treated thin films. :n:
A
RS
! 8. The limited study on COSAD films indicates that it is possible to K )
~ produce a structure where very fine particles of a semiconductor are R
) embedded in a glass matrix. By variation of the amount of CdS that is :E?:’
lﬁ co-deposited a wide variation in the structure of the film can be ®
g S
E N
accomplished. High amounts of CdS produce a film which readily phase N
N
. \“r‘~
.. separates during examination in the TEM. When this type of film is :}3:
N
heat treated to high temperatures a very distinct two phase structure ®
row
results where the CdS is dispersed as a bimodal distribution of &“ﬁ:
spherical particles. The larger particles have an average size of 300 {:f‘
- T
&, and the smaller particles are sized at 200 L. When very low
-i: concentrations of CdS are co-deposited, then a structure which does not
. phase separate results. After heat treatment, very small particles of
e
less than 70 A result.
L
L
>
v
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9. Shift of the absorption edge in COSAD films appears to be mostlv a
chemical shift and not due to quantum confinement. Heat treatments to
the same temperatures and times, but in different atmospheres result in
different shifts of the band edge. Heat treatments in an oxidizing
atmosphere produced a larger shift in the band edge than heat
treatments in an inert atmosphere. This could be due to the formation
of cadmium oxide, which has a larger band gap energy than cadmium
sulfide. The large shift of the band edge, however, cannot be entireiy
due to the formation of an oxide, as the edge observed in films treated
in inert atmospheres is still considerably shifted from the energy of
pure CdS. There may be other unknown chemical effects or some
confinement process occurring. Another possible reason for the shift
could be due to surface states, which would be enhanced by the large
difference in dielectric constant at the interface and by the large
stress created by the high curvature of the spherical particles.
10. The broad shoulder on the top of the absorption edge, which
appears similar to the room temperature exciton shoulder observed in
pure films of CdS is of unknown origin in COSAD films. The shoulder
does not change shape with decreases in temperature, although there
still could be considerable orientational broadening even at low
temperatures. Unfortunately no photoluminescence was observed in COSAD
films primarily due to a dilution effect, arising from the thickness of
the films and the relatively small amount to CdS. Photoluminescence

would have indicated the presence of excitons.
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CHAPTER VI
FUTURE WORK

There are several aspects of cadmium sulfide and COSAD thin films
which require further study and investigation.

Obviously, the first study is to make a nonlinear optical
measurement to determine if the exciton states in the pure films of CdS$
can be saturated to produce an effect that is comparable to the large
nonlinear refractive index observed in single crystal platelets. Since
the films are of high enough optical quality to act as thin film Fabry-
Perot interferometers, a very simple intensity saturation experiment
could be conducted.!0 The only difficulty in this experiment is the
need for a high resolution tunable dye laser which can be operated in
the wavelength region of 488 nm, the wavelength required for exciton

saturation.® A shorter wavelength, high speed pulsed laser could also

\ be used to measure the nonlinear absorption, (due to a free carrier
b
g . . ol
plasma) by measuring the temporal waveform of a transmitted pulse."6
I If this pulsed laser could be used with the dye laser, the change in St
S
SR AN
S
the waveform as the laser is tuned near the exciton level would provide :ﬁixf
[ NN
valuable information. Finally, if a nonlinear intensity saturation was NALON
A
; observed, then a pump-probe experiment could be carried out to {5:\;‘
AL S A
r
determine the switching speed of the thin film Fabry-Perot.11 ;,:ﬁ},
\‘:-J:-..“‘
Further work on the stoichiometry as a function of heat treatment ?35}7:_

atmosphere should be carried out to determine the influence of sulfur

224
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concentration on the band structure. Heat treatments in equilibrium
sulfur or cadmium atmospheres may produce stoichiometric thin films.

It would be interesting to know if the electrical conductivity and

photoluminescence change when the excess sulfur is removed. Other post
deposition treatments which should be further investigated are heat

reatments by RTA, to determine if very small, defect free crvstals
could be produced in a thin rilm.

A large research effort should be directed towards further

investigations of COSAD thin films, since these films appear quite

2
(l Ls
:
My

promising for quantum confinement devices. Studies of the deposition

(S

A S

conditions and heat treatment schedules on the microstructure .-

o

development in these films could provide both a parallel confirmation

of the effects observed in bulk filter glasses and permit a further

e
.."-.-‘-,‘
YO VY

understanding of the confinement processes that take place in these

Pl S
SN

Pl

“~
materials. Photoluminescence studies of thicker films would positively <7
A

'».
[
l,
‘.4?-‘ 4'..{

identify a confinement process, by correlation of the blue shift with
particle size. If well characterize COSAD thin films could be
produced, nonlinear optical measurements are easily made because these
films on the proper substrate should act as low loss planar waveguides.
When prisms are used to couple light into and out of thin film
waveguide, the angle at which the light couples is dependent upon the
refractive index of the film. The nonlinearity of these films could be
determined by measuring a power dependent coupling angle. If these
experiments proved successful, then the next step would be either to

attempt logic gate experiments by utilizing small scale integration, or
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-~
examine a different semiconductor to determine if a confinement process
.

could be induced.
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APPENDIX A
BASIC PROGRAM USED FOR EXTERNAL CONTROL OF LAMBDA 9

w

L'
o
W

PR

o

v
| ]
o

‘..l

1000 REM LAMBDA 9 CCMMUNICATIONS PROGRAM

1010 REM VER. UVVIS6.BAS

1015 REM WRITE COMMAND USED TO OUTPUT DATA TO FILE NAME *.PRN o

1020 REM FOR ASYST PROGRAM INPUT AND LOTUS WORKSHEET N

1030 CLEAR:CLOSE:KEY OFF:CLS -

1040 DIM X(3000)

1045 REM ARRAY MUST 3E LARGE ENOUGH TO ACCOMMODATE ENTIRE SCAN e

1050 INPUT "TRANSMISSION OR ABSORBANCE SCAN T/A '';ANSS$ ks

1060 IF ANS$="T" THEN 1070 ELSE 1080

1070 SB=0:PRINT "TRANSMISSION SCAN'":GOTO 1090

1080 SB=5:PRINT "ABSORBANCE SCAN"

1090 INPUT "SELECT ABSCISSA MAX ";AH

1100 INPUT "SELECT AB3SCISSA MIN ';AL

1110 INPUT "SELECT SCAN SPEED ";SS

1120 INPUT '"SELECT LCATA INTERVAL ';DI .~

1130 INPUT '"SELECT RESPONSE ';FR NS

1140 INPUT "“SELECT SLIT WIDTH ';SL

1150 SL=SL*100:REM CCNVERT SLIT SETTING

1160 REM CALCULATE NUMBER OF DATA POINTS

1170 XPTS=(AK-AL)/DI

1180 INPUT "SELECT NORMAL (1) OR EXTENDED RANGE (2) ";RA

1190 INPUT "SELECT CHART REGISTRATION: OFF(0),SERIAL DASH (1),
OVERLAY DASH (2)'";CR

1200 IF CR=0 THEN 1250

1210 INPUT "SELECT PRINTER FUNCTION: OFF (0),GRID + SCALE (1) ";PR

1220 INPUT "SELECT PEN LINE MODE (1-4) ";PE

1230 INPUT "SELECT RECORDER FORMAT (nm/cm) ';RS

1240 INPUT "SELECT CRDIANTE MAXIMUM '‘;MX

1250 INPUT "SELECT CRDINATE MINIMUM “;MI

1260 IF CHG$="Y" THEN 1350

1270 REM OPEN COMMUNICATIONS PCRT

1280 OPEN "COM1:480C.E,7,1" AS#1

1290 PRINT #1,"$RE Q"

1300 PRINT #1,CHRS$(17)

1310 INPUT #1,D$

1320 PRINT #1,'"$PA 2"

1330 INPUT #1,D$

1340 PRINT D$

1350 REM SET UP INSTRUMENT

1360 PRINT #1,"$SB" + STR$(SB)

1370 INPUT #1,D$

1380 PRINT #1,"$AH" + STR$(AH)

1390 INPUT #1,D$

1400 PRINT #1,"$AL" + STRS(AL)
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1410
12420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1775
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1830
1390

...... At at gty |
.

|
INPUT #1,D$ g

PRINT #1,'$SS" + STR$(SS)
INPUT #1,D$

PRINT #1,"$DI" + STRS$(DI)
INPUT #1,D$

PRINT #1,"$FR'" + STR$(FR)
INPUT #1,D$

PRINT #1,"$SL" + STR$(SL)
INPUT #1,D$

IF CR=0 THEN 1590

PRINT #1,"$CR'" + STR$(CR)
INPUT #1,D$ :
PRINT #1,"$RS" + STR$(RS)
INPUT #1,D$
PRINT #1,"$PE"
PRINT #1,"$PR"
PRINT #1,"'$MX"

[$9]
(28]
[#.¢]

A S aoESx xS e gy

STR$(PE) : INPUT #1,D$
STR$(PR) : INPUT #1,D$
STR$ (MX) : INPUT #1,D$

PRINT #1,"$MI" + STR$(MI):INPUT #1,D$:GOTO 1600
PRINT #1,"$CR O":INPUT #1,D$

PRINT #1,"$RA" + STR$(RA):INPUT #1,D$

PRINT CHR$(10);'"CONFIRM SELECTED VALUES ON LAMBDA 9 SCREEN"
INPUT ""CHANGE ANY VALUES Y/N '‘;CHG$

IF CHGS$='"Y" THEN 1640 ELSE 1650

CLS:GOTO 1050

PRINT #1,"$SC"

INPUT #1,D$

PRINT D$

REM PRINT DATA

FOR I=l TO XPTS+12

INPUT i#1,XS

S$=LEFTS$(X$,1)

S=VAL(SS)

IF S=0 THEN S=LEN(X$) ELSE 1750
X1$=RIGHT3(X$,S5-1):X$=X1}%

X(I)=VAL(XS)

NEXT I

INPUT "STCRE DATA ON DISK Y/N '‘;ANSS$

IF ANS$="Y" THEN 1780 ELSE 1910

INPUT "INSERT DATA DISK IN DRIVE A AND TYPE R ";R$
IF R$="R'" THEN 1800 ELSE 1780

INPUT "NAME OF FILE (MAXIMUN OF 8 CHARACTERS)";FILNS
IF LEN(FILNS)>8 THEN 1300

IF LEN(FILNS)=0 THEN 1800

OPEN '"O",#2,"A:"+FILNS+".PRN"

N=XPTS+11

PRINT #2,AH:PRINT #2,AL:PRINT #2,DI

FOR I=1 TO 11:WRITE #2,X(I):NEXT I

IF SB=0 THEN SCALE=200 ELSE 1890

FCR J=11 TO N:WRITE #2,X(J)/SCALE:NEXT J:GOTO 1910
SCALE=10000

+ + + +
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1900
1910
1920
1930
1940
1950
1960
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FOR J=11 TO N:WRITE #2,X(J)/SCALE:NEXT J

PRINT #1,"$MA":INPUT #1,D$:PRINT D$:CLOSE #2

INPUT '"MAKE ANOTHER RUN OR STOP R/S ",ANSS

IF ANS3="R'" THEN 1940 ELSE 1960

INPUT "ENTER NEW VALUES OR USE CURRENT SETUP N/C";ANS$
IF ANS3="N" THEN 1030 ELSE 1290

STOP:END
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APPENDIX B
ELLIPSCMETRY

‘v
A

s

When an elliptically polarized beam of light is reflected from a
surface, its polarization direction is changed by the refractive index

and absorption coefficient of the reflecting surface. If the surface

5

T

o is a thin film, then the film thickness also enters intc the reflection
- equations (Drude Equations).

J-\

"

Ellipsometer instruments can be purchased with prepackaged

A

computer programs to calculate the film thickness, refractive index and

.

e
]

extinction coefficient from the ellipsometry data.

i~

We recently acquired a Gaertner Ellipsometer and conducted tests
- with the following results.
a)While the ellipsometer uses a laser source, and 0.01 degree of
!? resolution, for the polarizer and analvzer settings, the data was nct
accurate enough to measure a standard.
" b)The program supplied was adequate for substrates with vastlv
. different indices from the deposited films, but was totally useless for
systems where the indices were even relativelv far apart, such as Cd4S
- films on silica substrates.
Therefore, an intensive analysis of the sources of error in both
the experimental apparatus and in the calculation program was
.t conducted. The results showed that with some modifications in the

instrument and with a new program, the ellipsometer can be used verv

- 230 Ly




ey

o an i)

231
accurately to measure the film refractive index and, if the thickness

is approximately known, to measure the film thickness.

Instrument Modifications

Sources of error in an ellipsometer are numerous but only a few
have a large effect on the results.

1. Polarizer, Analyzer. Their accuracy is very adequate (0.01°),
even for fine work. Their relative alignment can be checked by placing
the arms of the ellipsometer in line with each other. After removing
the compensator the positions of maximum transmission and extinction’
can be checked. Angular tracking can then be checked by rotating the
polarizer.

2. Quarter wave plate compensator. Our ellipsometer has a fixed
compensator at +90°. By inserting it into the beam, its position can
also be checked. 1If the compensator, is defective, it can still be
used with a slight modification of the equations.

3. Incidence Angle. This is the most critical adjustment in the
instrument. A variation in the angle between source and detector of
less than 1° can change the refractive index in the first place. We
found that despite a well collimated laser source, our instrument was
designed to accommodate changes in the angle of incidence of more than
several degrees. This was done by using a wide angle collection svstem
with a 2cm x 2cm photocell. This very sloppy alignment was used in

order to collect light from samples which were not plane parallel.
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o
ii Here a modification was necessary. We placed a small aperture at L
the entrance to the collection optics. Then we placed the detection
N
w photocell at the end of a 30cm long tube, behind a second small "
. aperture. The two apertures, separated bv 30cm reduced the acceptance -
o angle of the detector system to: 0.2 degrees. With the arm of the Ny
- detection, this was further lowered to 0.05 degrees. O
w e
In order to accept non planar or parallel samples, the stage ;".
:: was adjusted to tilt until the reflected light was aligned if-
«" -‘--q'.
. with the detection system. Rt
-~ e
e 4. Multiple reflections. Imperfect substrates and thin ;f
.'_.‘ ;
- substrates can produce multiple reflection beams, arising from N
W :.J_'*.
substrate striae or the bottom surface. These should be masked and ::'.
. o :",
E only the top surface reflection should be received at the detector. .'
) Using the above alignment procedures, two standards were run every f::
. day and the angle was adjusted when necessary. Care was taken not to {{f
" change the alignment until the standards were again measured. An "-
) accuracy of the 4th place in index could be obtained.
Data Analvsis ®
£ Ellipsometry equations for the calculation of index and thickness,
o
- require a measurement of the quantities x and 4, as shown below.
. However, the instrument yields polarizer Pi and analvzer Ai readings.
These readings can be used to calculate the values of Yy and &, however,
’ this operation is not straight forward.
'r<
‘a
’ :
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. The various polarizer and analyzer readings fall into four sets of
o PN
readings called zones, two zones with the fast axis of the compensator iuﬁm
:;;- .f::-":
o set at +45° and two zones at -45°. There is one independent set of :\iy
e
readings for each zone, giving four independent sets. However, both o
- the polarizer and analyzer may be rotated by 180° without affecting the
" results, thus yielding 16 sets of readings, which can grow to 32 sets
N
if the compensator is rotated by 180°.
7 3
;: Depending upon which set of readings one is making, the ‘
. calculation of x and & may be different. Furthermore, Brewster's angle “u
w (taneg = ™!/no) is about 56.3° at a glass-air interface and 4 changes
o phase by 180° at this point. When working at ellipsometer angles of 50 -
.. ~
I‘_. "
and 70°, certain film substrate configurations can develop which cross -
i; Brewster's angle. This leads to the necessity to change the x, & )
. definitions.
N
7
Calculations ®
d j:j:
e
, ._::J::‘
. The equaticns are well known Drude Equations which will not be AN
., EOAS
. reproduced here. The reader is referred to Azzam and Bashara, ';"
i ." \Q
- . . - 5 e
" Ellipsometrv and Polarized Light, North Holland 1977 and reference fr:z
AN
el
A,
- number 64. A two-step approach which was developed to solve the Drude ,?::
th SN
equations to determine the refractive index and thickness will however, "’
. AT
. AT A
r.. be outlined here. In the first step, ni is calculated using a Lotus e
routine for plotting, as follows: o
-,
b a) The data is used to calculate x and a.
o
o
"

" " A"’ 1" n "
f\,\,\r’. -"‘-‘_‘-

e -
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b) A wide range of ni values and d values is selected and the
Drude Equations are solved for x. and 4.
c) A graphical comparison of the measured x, &4 is made with x. and

A. for each set of n values over the range of d values. Since d varies

o
cyclically, it is not important which d values are used as long as they
span the cycle (1).

d) This allows a rapid calculation of n since the approach of the
calculation to the data can be seen in the plots.

e) n can be calculated with desired accuracy.

f) Once n is known, d can be calculated from the Drude Equations
using the well known quadratic formula, with possible sclutions at 8§,
-8, 2mm-8, 2mm8 where m is the integer order number. Thus the
thickness calculation cannot yield a unique value. However, if one

knows the approximate thickness, so that m may be defined, then an

accurate value can be obtained.
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