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ABSTRACT OF THESIS
A PHOTOLUMINESCENCE STUDY OF

DEFECTS IN GaAs CAUSED BY
TE>/ FIIM DEPOSITION AND ANNEALING

Photoluminescence (PL) is used to investigate changes
induced in the surface layer of a Gallium Arsenide (GaAs)
substrate by sputter-deposition and subsequent annealing.
Since PL is both sensitive and non-destructive, it provides
a powerful research tool for investigating optically active
defects and impurities at near band gap energies., Emission
spectra of GaAs substrates encapsulated with thin films of
silicon nitride (S(}NJ% by the technique of neutralized ion
beam sputter-deposition reveal no optically active defects
at near band gap energies., Annealing substrates encapsulated
with Si;N; adds an emission to the PL spectrum., This
emission is attributed to a Gallium vacancy (VEA)-Silicon
acceptor complex., This same complex may also be generated
during annealing of bare GaAs substrates doped with Silicon
(Si). This complex acts to compensate a n-type surface

layer of the substrate and, in general, degrades its qualities.
r\
A
Joseph A, EBowden
Physics Department
Colorado State Univorsitg
Fort Collins, Colorado 0523
Pall, 1978
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CHAPTER I

Gallium Arsenide (GaAs) is a compound semiconductor
that crystallizes in the zincblende lattice structure and
has a direct energy gap. Because of its high mobility and
direct band gap, GaAs has attracted attention for special
applications in microwave devices, light-emitting diodes,
and solid state lasers, To be able to fabricate these
specialized devices, though, we must understand the behavior
of GaAs throughout its entire range of use: from crystal
growth to device fabrication to product use, Since it is
well known that heat treatment of GaAs introduces lattice
damage at temperatures greater than approximately 400°C, we
must thoroughly understand the process that causes the
damage so that we may accurately control the quality of GaAs
semiconductor devices,

This thesis seeks to further the understanding of the
damage caused during the encapsulation and annealing of GaAs
substrates. Encapsulation is the deposition of a dielectric
£ilm for the purpose of suppressing out diffusion of Arsenic
(As) during ion implantation annealing in GaAs device tech-
nology. Annealing is performed either concurrently with or
after ion implantation in order to repair lattice damage
from the impact of high energy particles and to assure that
implanted atoms are incorporated into electrically active

sites, Both encapsulation and annealing can involve
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temperatures great enough to cause significant changes to
the electrical and optical properties of the substrate.

I intend to use a research technique known as Photo-
luminescence (PL) to study the optical emission spectra
of substrates that have been encapsulated and annealed.
These recorded spectra will then be compared to the spectra
of untreated substrates for changes induced by silicon
nitride (Si;N4) film deposition and annealing, It will
be important to study the PL spectra of encapsulated,
unannealed substrates for damage caused by the deposition
process., We must be adble to distinguish deposition and
annealing effects so that annealing related defect emissions
can be identified, Spectral emission lines will be analyzed
in terms of known substitutional impurities and defects.
Finally, I will attempt to identify the cause of deposition
and annealing defects and describe their formation process,

My thesis will be presented in five chapters., This
chapter, one, gives a motivation for investigating the
behavior of GaAs during heat treatment. Chapter two
introduces the PL process: optical transitions, a short
history of the PL of GaAs, and a very brief description of
the theory of PL, In Chapter three, I describe the PL
apparatus and the encapsulation technique. Chapter four
presents the recorded emission spectra and their analysis.,
In Chapter five, I present my conclusions concerning the
identity and formation process of deposition and annealing

defects in our CaAs samples,
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My thesis 1is intended to give the reader an under-
standing of the assumed defect formation process in bare
and encapsulated substrates that have been annealed., This
process must either be controlled or exploited if the
semiconductor industry is to provide specialized devices
that utilize the unique qualities of GaAs to their fullest
potential,
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CHAPTER II

Because we are going to use PL to investigate the
optically radiative defects caused during encapsulation and
annealing, it is necessary to give some background into
this research technique, First, I will give a brief over-
view of PL, its advantages and drawbacka, and the most
important energy band transitions that we will observe by
this process, Next, I will give a short history of the PL
of GaAs. Finally, I will explain a particular theory of
radiative emission in GaAs that allows us to understand the
probabilities of band transitions in terms of carrier life-
time and concentration. This chapter is meant to furnish
the reader with sufficient background to understand the

transitions seen in chapter four.

A, Background and Transitions

PL is the optical radiation emitted by a physical
system resulting from excitation to a non-equilibrium state
by irradiation with light., Three separate steps in the
luminescence process can be distinguished: the creation of
electron~hole pairs (EHP's) by absorption of the exciting
light, radiative recombination of EHP’s, and the escape of
the recombination radiation from the sample.

B L S e eI
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Since the exciting light is absorbed in creating EHP's,
the greatest excitation of the sample is near the surface;
the resulting non-equilibrium carrier distribution is,
hence, inhomogeneous in the direction normal to the surface,
In attempting to regain homogeneity and equilibrium, the
excess carriers diffuse away from the surface while being
depleted by both radiative and non-radiative recombination
processes, Most of the excitation of the crystal is
restricted to a region within a diffusion length of the
surface, Therefore, most of the recombination radiation
will escape directly through the surface, and thus, most of
the PL experiments are arranged to examine light emitted
from the irradiated side of the sample,

A8 with any other method of scientific investigation,
PL presents several advantages and disadvantages for its
use. There are two primary reasons why PL is being used as
a research tool that is comparable in importance to absorp-
tion measurements, First, it is a very sensitive techniquej
impurities and defects in GaAs which are present in con-

3

centrations as small a3‘~10L‘cm’ can be detected without

destruction of the sample : The second reason is the
simplicity of data collection; special sample preparation
is not necessary for PL and surface irregularities are
generally unimportant. The most significant drawback is

the difficulty of interpreting the data. Conclusive results
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are often very difficult to obtain. PL combined with
electronic measurements, however, presents the researcher
with a very powerful tool, It is best used to complement

other methods of investigation, but it is still a very

successful technique in its own right.
l In order to identify defects and impurities in sub-
strates, we must study the optical emissions which the non-

' equilibrium excitation causes, There are five basic optical

——— ey —— -

transitions which will be seen in our samples: conduction

band to valence band (B-B), conduction band to acceptor

— ——————

level (B-A), donor level to valence band (D-B), free exciton ‘

recombination, and donor level to acceptor level (D-A) or
‘ pair transitions. These are shown in Fig (2-1).
(B-B) recombination occurs when a conduction electron
' occuvies an empty bond in the GaAs lattice and gives up an
energy equal to the gap energy (E;) of the crystal. (B-A)
! trangitions occur when a conduction electron occupies the
empty bond provided by a substitutional acceptor: essentially,
the acceptor becomes ionized and gives up a photon of energy
(E.-Ea) where E,, the ionization energy of the hole, is
' measured from the valence band. (D-B) transitions occur
i when the donor conduction electron occupies an empty bond
(a hole) in the GaAs lattice.
A free hole and a free electron as a pair of opposite

i charges experience a coulomb attraction., Hence, the electron
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can orbit the hole as if this were a hydrogen-like atom;

this is called an exciton. The ionization energy is thon‘n
LA

£ = ~me e’ L
! 2 A‘c? mn*
where n is an integer 21 indicating the various exciton

o
states, »m.-is the reduced mass,

£, = J—. + —(—,. y  and € the dielectric constant.
Vesa¥s Me Y

The exciton, in this case, can wander through the crystal,
hence it is called a free exciton. The electron and hole
are now only relatively free because they are associated
as a mobile pair, At high doping levels in the semiconductor
local fields can exert a force on the electron and hole
separately to cause the exciton to dissociate. High teamper-
atures can also generate sufficient thermal energy to break
the weak coulombic force of attraction that binds the
exciton. DBecause of these facts, excitons are formed easily
only in the purest materials and at low temperatures, even
though exciton states represent the lowest energy states
for EHP's ? When exciton emission is observed, the energy
of emission differs from (B-B) recombination by the couloabic
attractive energy which is often very small, since it is
/m‘/sz

reduced by a factor
Donor-acceptor pairs can act as stationary molecules

embedded in the host crystal, The coulomb interaction
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between 3 donor and an acceptor results in a lowering of
their bdinding energies. As a neutral donor and acceptor
are brought closer together, the donor's electron becomes
increasingly shared by the acceptor: they become more
ionized. The amount oy which the impurity levels are
shifted due to the pairing interaction is simply the coulombd
interaction inside a medium of dielectric constant,t

a - = =

~— -

&
In a {D-A) pair, the energy of emission is

2
i)
+~ ~ fr

- =3 o p— - - !
— %R — = 2 — A

where E, and E. are the respective ionization energies for

isolated impurities.

3. History

The use of PL for the study of GaAs can be traced back
almost two decades., The discovery of the injection laser
in 1562 was particularly significant and the development of
GaAs microwave devices and light-emitting diodes was a
further stimulus to those studying the properties of this
III-V semiconducting compound. The result of this interest
was an enormous increase in the number of scientific papers
published on GaAs; among these have been numerous studlies
of the luminescent properties of Gais, Early work was
hampered by the uninown quality of the crystals; good
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theories concerning the cause of spectral lines seen in

PL were scarce. Identification of these spectra was diffi-
cult due to a lack of knowledge of unwanted impurities
often found in the crystal along with the desired subd-
stitutional impurities. More recent works in the PL study
of GaAs have benefitted immensely from the ability of the
semiconductor industry to grow crystals of high purity.
Nathan and Burns in 1963 identified what they thought were
(B-B) recombination and then1 = 1 exciton in "pure” crystals
of GlAl4. What they had actually seen were (B-A) and (D-B)
transitions due to unknown and unwanted impurities intro-
duced during crystal growth.

Along with crystals of questionable quality, early
researchers wers forced to use high intensity arc lamps to
cause sample excitation; they found it necessary to filter
this incoming radiation so that the output spectrum was
not affected dy anomalous emissions. Current PL research
is greatly aided by the use of improved detector devices,
much lower temperatures for sample observation, and very
high purity crystals. These three facts have enabled
researchers to identify the most common impurities introduced
during crystal growth: Carbon (C), Copper (Cu), Si, and
lattice vacancies and defects., Photomultiplier tubes and

solid state detectors sre both sensitive and accurate.
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Lower temperatures (1°to 10°« ) allow the researcher to
identify transitions and states in the forbidden energy
gap that have been hidden because the thermal energy of
the lattice was too high. Pure crystals allow precise
identifications of impurities to be made., The advent of
the laser has solved the problem of finding a steady, high

intensi+r source of excitation,

C. A Brief Look at Theory

PL, in terms of Quantum Electrodynamics, deals with
the interaction between the radiation field and the atomic
system and requires quantization of the radiation field in
order to explain the adsorption of energy and the promotion
of electrons (and holes) to higher energy statos'. Because
I am studying the emission spectra of substrates, I am
more interested in describing the emission process where
optical radiation of characteristic energies from the sample
can be identified between the bands.,

Theoretical research concerning emissions and optical
transitions in GaAs was introduced in the late 1950's by
D. M, Bagles when he studied the transition between acceptor
levels and the conduction btnd5: In 1963, W.P. Dumke, of
I.B.M., published a quantum mechanical study which attempted
to predict emission probebilities among bands and impurity
levels and describe these in terms of carrier lifetimes in
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GaAs . Assuming a direct energy gap between parabolic bands
with the impurities taken to be shallow, discrete, and
non-overlapping, Dumke calculates the maximum transition
probabilities for:

a) donor to valence band (D-B) transition probability

at#-0, i sa ) z
L = 42T SR Ol
- C3? rm *(ome £5)%
b) conduction band to acceptor (B-A) transition probta-

bility at k=01 T 2
L = et /TTn Sh /Bl 2
ey Cmt (mu £

c) band to band (B-B) transition probdability:
_1_ _ /4 e‘w 2‘ : = /é o &’ P 2
L= Kiee Rl = BLisg IR
where /2./w 18 the averaged interband matrix element of

)

the momentum operator; Ey, and E, are the impurity ionization
energies; 7, and p4 are the concentrations (per unit volume)
of electrons in donors, and of holes in acceptors,
respectively; w is the frequency that the impurity emits at;
7.is the mass of the electron in the conduction band; and
M, an equivalent effective mass for acceptors, is 5 to 10
times greater than M., T° is the carrier lifetime. Higher
energy carriers (at £=0) have a lower transition probability.
According to Dumke, when electrons recombine from a
Boltzman distribution, the carrier lifetime T is dependent

on temperature and carrier concentration., He uses the




——

4

o

AK' L3

T

r—

] 353‘1;

13

t

l

‘ lifetime to describe approximate transition probabilities:

‘ the longer the lifetime, the less likely is a transition,
The less time that a carrier spends in either the conduction

l or valence bands, the more transitions will occur and the
more intense will be the emission., The greater the impurity

f density, the greater is the probability for an optical
transition because the lifetime is less. You cannot, however,

f decrease the lifetime by arbitrarily increasing the impurity

concentration. At some point, impurity wave functions will

begin to overlap and this will modify the wave functions of

the impurities so that the effective mass theory of simple

‘ donors and acceptors will not be applicable . With a

l small amount of overlap, the impurity wave functions will

have approximately the same envelope wave functions and cal-

culated lifetimes will be almost correct.

e
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CHAPTER III

This chapter details the mechanics of data taking and
sample preparation. I will first describe my apparatus
and how PL emission spectra are recorded. Following this
I will present the surface preparation and encapsulation
processes. Surface preparation of samples is normally
not required for FL; it is done in this case to assure
good adhesion of the film to the substrate, I discuss the
encapsulation technique because it is relatively new;
neutralized ion beam sputter-deposition has only recently
been applied to depositing thin films, Since it does not
require high temperatures, we may not see the same damage

that other encapsulation processes generate.

A. PL Apparatus and Data Taking Procedures

Procedurally, the PL process and apparatus is relatively

straightforward. As has been mentioned, no special sample
preparation is necessary for PL, Some sample surfaces were
cleaned prior to film deposition in order that impurities
and imperfections at the surface be eliminated so that the
deposited Si,N; film would adhere to the substrate; this is
normally not required for PL, The wafer to be examined
must only be small enough to fit onto the cold finger of
the dewar (~icm') but large enough to focus a laser beam on
(~0.1 mm®). It is mounted on the cold finger of a Janis
Cryogenic Dewar (see Fig 3-1) using a high thermal

f e e s ——
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conductivity paste to secure it in place, The dewar is

then closed and attached to a vacuum syatem for pumpdown
this is done so that the dewar may later be cooled to very
low temperatures without water vapor and other gaseous
components condensing and freezing on the surface of the
gsample and to thermally insulate low temperature parts,

The system is “roughed down” to 15 microns pressure and

then opened to a diffusion pump for evacuation to the range
of 10"to 1()-7 TORR. The dewar is usually left connected to
the vacuum pump for three to four hours to allow outgassing
of the dewar, heat sink compound, and other components,
After removal from the vacuum system, the dewar is filled
with either liquid Nitrogen for PL at 77'kor liquid Nitrogen
and liquid Helium for PL at 20'K, The dewar is then mounted
and allowed to cool for ~30 minutes. After all electrical
components have been operating for a sufficient amount of
time to allow for accurate, steady readings, an emission
peak is found and the signal is maximized by ad justing dewar
position.

As seen in Pig (3-2) the beam from a 35 milli-watt (mW)
Spectra-Physics 125 Helium-Neon (He-Ne) laser (2:6328,4.)5'/.%:1/)
is focused on the sample through a quartz window in the
tail section of the dewar, after being chopped by a 35 hertz (hz)
mechanical shutter. The beam is chopped to provide a

-l




Fig.

3-20

Photoluminescence apparatus




,
sl

1

o]

ﬂ A’b — - - -
H3ddOHD
H304900
| ) veror| | Y
_ A X HM3SYIIN3H T V WSIHd
| !
por “__
- H o NY3g
SERLE A, - m_w 58, :
NI M0 X ddOH
SN3T—ST
| V!
—{ 0008 IR S
ANV-3 ) T — 000 T T - oA — JFIdWVS
30010 NH-d 1S _ _ L svm3a
¥313IN0Y1D3ds DINIO0AHD

,  FRECEDING PAGR BLAMK-NOT FILMED

mr]




A d

19

reference for a lock-in aplifier. When the light strikes
the sample, EHP's are created, After a certain lifetime,
T, they recombine giving up photons of characteristic
energies: these energies can be identified as transitions
among bands and impurity levels., This recombination
radiation passes through another quartz window in the
dewar tail and is focused onto the entrance slit of a 1/2
meter Jarrell-Ash Scanning Spectrometer., Inside, this light
is focused by a parabolic mirror onto a precision ruled
grating which can be turned at varying speeds to present
discrete, but relatively weak,wavelengths to the output slit
as a function of time. At this output slit, optically
sealed from other light, is placed a Si p-i-n detector,
purchased from United Detector Technologies. 1Its sensitivity
is greatest for optical radiation in the region from
6000A to 10,000A: below 6000A, the dropoff is approximately
linear; above 10,000A, the dropoff is quite severe due to
the band gap of Si. The sensitivity is shown in Fig (3-3).
A p-i-n detector is a p-n junction with a doping pro-
file tailored in such a way that an intrinsic "i-region”
is sandwiched between a "p~laver" and an "n-layer”.
Because of the low doping profile, most of the potential drop
will occur agross the intrinsic region. Absorption of

light here produces EHP's; pairs produced in this regilon
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Relative spectral response of Si p-i-n diode
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and within a diffusion length of it will eventually be
separated by the electric field, leading to a current flow
in the external circuit as carriers drift across the
depletion region.

The current signal is taken from the detector to the
input of a pre-amplifier where it is converted to a voltage
signal, The voltage is then put into a PAR HR-8 Lock-in
Amplifier., We have already provided a reference input of
35 hz from the chopper to the lock-in. The weak signal
from the detector is modulated at 35 hz and the lock-in
will distinguish this weak signal from the background
noise., The lock-in detects only that portion of the in-
coming voltage that is both modulated at 35 hz and is in
phase with the reference signal. A voltage output is
provided from the lock-in to an x-y recorder where our spectra

can be recorded.

B. Sample Preparation and Encapsulation

A stringent chemical cleaning procedure for the GaAs
substrates was necessary to assure clean and reproducible
surfaces for good adhesion’i Encapsulation was performed
using neutralized ion beam sgputter~deposition, a relatively
recent technique for depositing thin insulator films f In
conventional sputtering, a target or cathode is eroded by

the impact of energetic atoms from a plasma; the eroded
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surface forms a vapor which then deposits on the walls,
fixtures, and substrate, Neutralized ion beam sputter-
deposition is accomplished using a 2.5 cm Kaufman-type

ion source manufactured by Ir— Tech, Inc., of Fort Collins,
Colorado. The ion gun is mounted in a vacuum system and

is shown in Pig (3-4)., Argon (A1 . :3 used as the sputter-
ing agent and is introduced directly inivo the ion source
discharge chamber, When film deposition is desired,
Nitrogen (N) is introduced in the vicinity of the substrate
and the partial pressures of Acand N in the 10" TORR range,
although they can be made an order of magnitude lower. The
ion source and beam current are adequately described in
references eight and nine, Film deposition occurs when the
neutralized A*" ion beam sputters the Si target; Si atoms
are ejected into the bell jar atmosphere and those near the
GaAs substrate may combine reactively with N to cause the
Si,N, film to deposit. Because Oxygen (O) remains as a
residual impurity due to the outgassing of components, it
will also combine reactively with N and Si to form silicon
oxy-nitride (Si:OyNa), Exact film thickness and refractive
index are determined using a Gaertner Research Ellipsometer,
All substrates studied were deposited for-~30 minutes and
varying thicknesses from 600A to 850A were obtained,

Annealing was done in a quartz tube surrounded by resistive
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heating coils and samples were flushed with ultra-pure
Hydrogen (H) for 45 minutes at temperatures between 600C
and 950C, Measurements were made of the ability of the
£ilm to resist high temperatures without degrading.n

Pilm composition was determined by trial and error,
varying the partial pressure of N, Too low a partial
pressure resulted in films which were very high in Si
content as measured by the refractive index., As the partial
pressure of N was increased, the film became more stoichi-
ometric., When the refractive index began to saturate
around 2.03, the film was primarily Si,N,(with some O
impurity). The saturation of the refractive index usually
occurred when pN, h-lO"TORRm. Films prepared as des-
cribed and deposited in a properly pumped and degassed
system showed refractive indices in the neighborhood of
2,03, good adhesion to the substrate, and good resistance
to annealing with only etch pits observed in Si,N (Si,ON:. )
films up to 900°C,

Neutralized ion beam sputter deposition generally shows
several advantageses

1) independent control of beam current, beam energy,
and film composition;

2) electrical neutrality of target and substrate
because the A¢* ion beam has been neutralized by the addition

of free electrons;
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k) ability to sputter clean both the target and
substrate, in situ, by rotating the sample holder;

l 3) relatively low energy collimated beam;
' 5) relatively low bell jar pressure;

6) ease of reactive sputtering;

7) low temperature of film deposition;

AR Y VSN

U Two drawbacks generally mentioned are the slow deposi-
i tion rate and complex source, These disadvantages, however,
are overshadowed by the favorable features listed, particu-

larly the low temperature of deposition,

. As can be seen, our main concern is with the emission
of recombination radiation, its detection, and interpreta-
tion, We need only be concerned with the excitation in
that we need a source providing photons with an energy
greater than the band gap energy of GaAs and one that will
provide high intensity light but not introduce anomalous

] emissions into our recorded spectra. The thrust of my

L presentation of theory was in emission and optical transi-
L tions and how these can be used in our investigations., The
next chapter will attempt to interpret the data that we

collected,
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CHAPTER IV

Chapter four represents the heart of this thesis., 1In
it, I will present the data that I gathered and use informa-
tion from other research sources to analyze emissions that
I see. I will proceed in three steps., First, I will dis-
cuss the PL spectra of bare, unannealed substrates, Next,
I will give a short background on encapsulation and anneal-
ing and why it is necessary to distinguish what each
process does to the substrate; then, I will describe papers
from two different research groups who attempt to explain
how annealing causes damage to the crystal. Finally, I
will present my own obtservations on film deposition using
neutralized ion beam sputtering and subsequent annealing
of the GaAs substrate. From this, I will draw conclusions

which will be presented in the last chapter,

A, Bare Substrate Analysis

As we see in Table I, the series "J" samples are
moderately doped with Tellurium (Te), a group six (Gp VI)
element. Te will enter the As sublattice as a substitu-
tional donor (Te,s ). It has six valence electrons: five
satisfy the tetrahedral bonding of the As atom that it
replaces and one is left which is easily ionized (E .~ ImeV )
for conduction. This electron orbit is approximated by
using a scaled hydrogenic orbit of radius

o
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TABLE I
Series
Vendor
Orientation
Dopant

Concentration ( cm)
Mobility (em /V-uec )
Resistivity (ohm-cm)
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GaAs Wafer Information

J

Morgan

100

Te
1.26-1
1903
0.0358

sl

L
Morgan
100
Te
5.13-10'"

——

0.00418

N
Monsanto i
100
Si
3.2.10'%
1664
0.0012
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Ay = Eq‘/,-mc"
where G.= 0,53-10 °cm is the radius of the
first Bohr orbit,& is the dielectric constant, and /™«
is the conduction band effective mass.7
Sample J-1 is a bare, unannealed substrate and Fig (4-1)
displays its PL spectrum done at 20°K, The horizontal axis
represents increasing wavelength in Angstrom units () or
decreasing energy in electron-volts (eV). The vertical
axis indirectly represents emission intensity; it is a
direct measure of the voltage output of the lock-in ampli- g
fier and the vertical units are largely arbitrary. All
other spectra will be presented in this manner.
Three emissions are prominent in this spectrum:s A at
81754 (1.519eV), B at 8290A (1.498eV), and C at 85104 (1.459eV).
We also observe a very broad weak emission at approximstely

~10,000&A ( 1,23eV). The energy of the emission is calcu-

lated froms

Eley) = he = 6.63- 107 | sec - 2.997900° m sec” = 12400 oy
e

L6107 f (VYT 2lm) 10° Am” 2(A)
Since peak A apparently falls ~2 meV below the value

for Eg (20K ) as shown in Pig (4-2), it is assumed not to
be a (B-B) transition, Several researchers have suggested
that this emission is caused by free exciton recombination {
The 2 meV difference in energy, Eg (20°K) - 1.519eV, would
then be due to the coulombic attraction experienced by the

electron and hole after they form the exciton., The emission

4
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energy of 1,519eV would be due to the energy given up by
the particles as they form the exciton, I previously
mentioned, though, that excitons are usually formed only
in the purest materials and at the lowest temperatures'{
Driscoll, et al, tend to rule out exciton recombination
because strong quenching of exciton associated luminescence
begins to occur at 10°K.m

As an alternative, Driscoll, et al, attribute an
emission in this energy range to a (D-B) transition caused
by a simple, hydrogenic donorfz Since the primary dopant
is Te,s then this transition would be from the Tej5donor
level to the valence band. As evidence, they offer the
fact that as the As content in the melt from which the
crystal was pulled is increased, the emission half-width
of a peak at 1.519eV decreases. As the As content is
increased, the number of available sites for Te atoms to
reside is decreased because the As vacancy (V,.s ) concentra-
tion decreases, Pankove has shown that the half-width pro-
file of a hydrogenic defect is a sensitive function of the
concentration of centers responsible for the peak, since
it reflects the broadening of the impurity level into a
band as the impurity concentration increases’? Changing
the impurity concentration changes the emission half-width
directly, Since our peak falls at the same energy, I

attribute peak A at 81754 (1.519eV) to be due to a (D-B)
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transition. We may also be seeing some exciton and (B-B)
recombination in this peak also, but the temperature is not
low enough to resolve these as separate transition.

Emission B at 8290A (1.,498eV) falls ~24 meV below
Eg (20°K). In this region are usually seen emissions
caused by simple hydrogenic acceptor impurities. The ioni-
zation energy for acceptors is greater because the valence
band effective mass is greater than conduction band effective

mass and is governed by

E,= m"et = ot 34 eV
RA2EN? mEm?

where n is a
quantum number greater than or equal to one and 13.6eV is
the ionization energy for the m=/ electron of the Bohr
hydrogen atom , I assume that this is not due to Te,g
donors since we have already identified peak A with them,
Driscoll, et al, identify emissions in this region with
simple hydrogenic acceptors in crystals grown close to
stoichiometry. Again, when the As concentration in the
melt increases, the emission half-width decreases, This
implies, since V,; are decreasing, that emission B is due
to an acceptor residing on an As site, As with the dcnor,
the emission half-width is a sensitive function of impurity
concentration/f Since Gp IV atoms are acceptors on As

sites in GaAs, Driscoll, et al, suggests either Carbon (C)
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or Si as an unwanted impurity introduced into the lattice
during crystal growth. A group from the Royal Radar
Establishment in England has been able to identify numerous
simple acceptors in GaAs by selective doping with particular
impuritiesf4 Their results are shown in Table II, They
have identified an emission at 26meV below Eg (20°K) as
being due to a C, acceptor and attribute this peak to a
transition between the conduction band and an acceptor
level. This process will ionize the acceptor and depletes
the conduction band of electrons to some extent. This Cg
acceptor compensates the n-type substrate, Peak B has
also been identified by a Japanese team as a (B-A) emission
due to CAS./5

C is an unwanted impurity here, probably introduced
during crystal growth, C is amphoteric, that is, it can
be either a donor or acceptor depending on the conditions
of growth and on which site it resides. C, leaves an
open bond; when it accepts an electron in this bond, it
could be said that a hole is given up for conduction., In
either case, the electron concentration of an n-type sub-
strate is decreased by the presence of Cy .

Emission C in Fig (4-1) is a small peak at 85104
(1.459eVv)., It falls ~39meV below the C,; (B-A) transition
and can be identified as a longitudinal optical (10)

phonon replica of the C,semission . The value of 39 meV
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TABLE II.

Acceptor

Carbon (C)
Silicon (Si)
Germanium (Ge)
Tin (Sn)

Zine (2Zn)
Cadmium (Cd)
Beryllium (Be)
Magnesium (Mg)
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Energies of Spectral Lines in GaAs

Observed (B-A)
Transition
(5 K, eV + 0,3meV)

1.4935
1.4850
1.4790
1.349

1.488

1.4848
1.4915
1.4911

Binding Energy

(meV)

(Ground State)

26,0
34.5
40,4
171

30.7
34.7
28.0
28.4
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is only slightly above the measured value of 36meV for the
energy of the LO phonon in GaAs, A phonon replica peak
results from a phonon assisted optical transition. These
transitions, which in general have a reduced probability,
‘occur when the impurity atoms are strongly coupled to the
GaAs, The reduced possibility is evident in the intensity
of the phonon replica emission: it is much less than the
Ciss emission., The energy of the optical portion of the
phonon replica can be given by

£ = (£ -£) - bt
where Ep is the energy of the LO phonon and b is the number
of phonons emitted. In our case, b = 1, and, in general,
emission with b>1 is very weak. Since E (Ci) - E (PR) = 39 meV

the frequency of the emitted phonon would q?
w=£E 3207V 080T &V L 590,07 s
A /.0.5'45-/0'“[' sec

The very wide emission at ~10,000A (~1,23eV) has been

seen by numerous researchers TJEZeveral facts are common

to this emission., It is usually seen only in crystals grown
close to stoichiometry. It is not seen in p-type substrates
or crystals grown from Gallium (Ga) rich melts; both of
these would tend to suppress Ga vacancies (V. ). The
emission is seen only in GaAs doped n-type with Gp-IV or
Gp-VI impurities. These facts imply the presence of Y,

and donors as a cause for this emission, Williams has

i)
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suggested that this-~1,2eV band is due to a complex center
of (V,-GpIV.a ) or(Vea = GpVIu ). Since we already have
Tess, & GpVI atom as the known impurity, I will assume that
the complex is (V, - Teas ). The Vg, acts as an acceptor
and the Te , 5 acts as a donor,

Assume that the Te donor absorbs sufficient energy
to free the sixth electron:s the V., then accepts this
electron., A coulombic force now exists between the T945+
and the V¢ and according to Williams' configuration -
coordinate model in Fig (4-3), the complex is not in equili-
brium and in coming closer because of the attraction to a
new equilibrium position, the lattice emits a phonon!’
Later, the V.~ gives up the electron to the TeAs*donot and
the complex will emit a photon of energy

E(e-nin) = Eo— (EasE) + e%r

After this photon has been emitted and the complex is
neutral again, the components are closer than their neutral

equilibrium positions and they relax back to these positions

emitting a phonon, The complex is again ready for excitation.

We can represent the energy process by

EABS = Epnon«m =Egns ¢ E pronon
This is also called a Stoke's Shift. While no direct
evidence exists for a configuration-coordinate model of the

(Vea - Te,s ) emission, Williams implies that this theory is

correct because Hwang has identified a similar occurrence
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in GaAs for the (V, ~ acceptor) complex:’ Using Hwang's

information, Williams has calculated the displacement of
the lattice from equilibrium between neutral and excited
states as being 5.33-10" cm (0.05334)

Several Soviet researchers have offered an alterna-
tive explanation which involves a Te donor complexed with
an interstitial atom, presumably Oxygen (O)fo Here O atoms
occupy interstitial positions and are thus labeled O:.

They act as acceptors and when they acquire an electron
from a Te, , they become coulombically attracted to the Te,
donor and form a complex, The Russians are able to explain
some structure seen in this emission in terms of which
vacant tetrahedron the O occupies so that the distance
between the components of the complex is different. This
changes the attraction and causes emissions of two different
energies. They offer as proof the fact that the emission
is seen to intensify after ion implantation of Oxygen.

This interstitial model is weakened considerably, however,
because it neglects the rather gross lattice distortions
that would occur if the oxygen was . in fact interstitial.y
located,

Neither theory gives an entirely satisfactory ex-
planation of this broad emi-sion at ~1o.oooi. neither presents
definite proof. The important fact to remember is that

this emission probably represents an interaction between an
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impurity and either a native defect or another impurity.
The 0, or Vs will act as acceptors along with the Cug

to compensate the crystal, These acceptors act as traps to
deplete the conduction band and donor level of electrons,

As a short review, I believe that PL allows us to
identify the known dopant, Te,, through a (D-B) transition.
A (B-A) emission shows us that an unwanted acceptor impurity,
Cus » is present, We also see some complex formation in-
volving the known donor, Te,s , and an acceptor, either V.
or O, . The net effect of these acceptors is to decrease
the electron concentration by providing traps; it compen-
sates the crystal, We also observe a L0 phonon replica of
the C,4s (B-A) emission which is the result of strong
lattice coupling. These are seen in Fig,(4-4),

When the substitutional impurity or its doping level
is changed, the PL spectra is changed. Generally, the ion-
ization energies of the impurities are different so that if
we change the impurity, we will see transitions of varying
energies as in Table II., As we increase the impurity con-
centration, we decrease the average distance between impur-
ities until their wave functions begin to overlap. When
this happens, the effective mass approximation for simple
donors and acceptors can no longer be used: As a result of

this increased concentration, the emission half-width
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increases and ad jacent emission peaks begin to run together,
This causes apparent shifts in the emission energies that
we see, Impurity levels begin to broaden and will merge
with the nearest intrinsic band when their density is large
enough. WwWhen we have more than one impurity present and

the distance between these impurities is decreased suffi-
ciently, donor-acceptor pairs and complexes tegin to form,
These interact coulombically sharing an electron.

The "L" series samples have Te, donors (7, = 5.13-101W0
and the PL spectra of sample i-2 are shown in Fig (4-5) at
three different temperatures, At 150K, we see a large
emission at 1,475eV with a lower energy shoulder at 1.433eV,
In accordance with Kressel, et al, I attribute the 1,475eV
emission to (B-B) recombination with the 1.433eV emission
too indistinect to identify.zs At 77K, we see the main
emissiorn at 1.44eV with a high energy shoulder at 1,475eV,
Kressel, et al, investigated GaAs doped with both Si, and
Te,s and they attributed a peak at ~1.44eV to a Si,
acceptor or a complex involving Si acceptors, possibly
(Si, - VAS;f@%ﬁhoy grew their crystal from a Ga rich melt
that would suppress {, and enhance V.. , causing Si.. and
Vis . From these facts, I believe that the 77°K,-1,4l4eV
emission may be due to some type of Si acceptor; this is not

definite, but since the curves are so similar I believe that

P ——————
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Si is present. This implies the existence of Si as an
unwanted impurity, The high energy shoulder at 1.,475eV
is probably due (B-E) recombination, At 20°K, we see a
single emission at 1.461eV which is probably due to Si
acceptors or a complex involving Si acceptors, shifted to
a higher energy because of the lower temperature of
observation,

At higher temperature (~150°K), the (3-B) transition
dominates because Si and Te donors are ionized, providing
numerous carriers to the bands for recombination. At 77 K
the holes are "frozen" at acceptor sites, vc that the (B-A)
emission at ~1,44eV dominates; we still may have some holes
in the valence band which may cause the (B-2) recombination
that we see in the high energy shoulder but the valence
band is largely depleted. At 20°K, apparently all holes are
frozen at acceptor sites and we are seeing only the (B-A)
emission involving Si,sacceptors or a complex involving
Sis acceptors, The unwanted Si acceptor dominates the
spectra and even though we have a large concentration of Tegs
donors, we see no direct evidence of them,

Fig (4-6) shows the PL spectra at 20°K of a heavily
doped n-type substrate of GaAss Si (/= 3,2-10" cm?)
with only one broad emission at ~8150A (~1.521eV) which is
essentially a (B-B) transition. This substrate is so

heavily doped that the half-width of the peak is very broad.

g




v
00,6 Q0I6 0Cse 0064

e e e — -

e (02T |

———— e ey

ASTE L18HV

- -

N - "
% Z

3

)

:

1SSV i

L TIHAYS 4

X

s

AT 124Gl

— . ‘ 4
e i e e - - L




R el et

48

Si is a shallow donor in GaAs when situated on a Ga site
and because of the high impurity concentration, the Si
donor level has probably merged with the conduction tand

and the crystal is degenerate.

B. Encavsulation and Annealing

Encapsulation and annealing are two very important
steps in the fabrication process of GaAs semiconducting
devices, Encapsulation is the process by which a thin
insulating film is deposited on a semiconducting substrate.
It is done to prevent As out diffusion during icn implanta-
tion annealing, Annealing is a high temperature process
that brings order to a crystal lattice which has been
damaged during ion implantation or etching; it causes
interstitial atoms to occupy electrically active sites.

A primary task of this thesis is to determine the
effect of annealing on bare and deposited substrates. It
has long been known that heat treatment cause% serious
damage to the crystal lattice of compound semiconductors,
Since several methods of film deposition require én elevated
substrate temperature, we first need to know if our en-
capsulation process causes defects to occur in the sub-
strate. We must be able to distinguish deposition from
annealing effects, OCnce we have separated these effects,
we will observe annealed substrates and attempt to determine
the composition of the defects and/or impurities and then

try to discover the process that creates them,




L=

e sty

[ L] ————y -—— o Loty

k9

Several methods of film deposition have been used.

They generally differ in the temperature at which deposi-
tion takes place, Lum, et al, deposited dielectric films
anodically and pyrolytically.l7 Fig (4-7A)shows the 77 K PL
spectra of a n-type GaAss Si substrate on which has been
deposited anodically a f£ilm of Si,Na(Si.OyN.). This process
is done at room temperature and it is important to notice
that no new emissions are seen after the deposition in
comparison with the pre-deponsition spectrum., On the other
hand, when the Si,N,(Si,04N,) ®ilm is pyrolytically
deposited at 600°C, two new emission appears at 91304 (1,36ev)
and 9320ﬂ (1.33eV) which did not occur in the bare substrate,
These are presented in Fig (4-7b) and after etching the

new peaks are suppressed, The peaks at 9120&/9320ﬁ are
believed to be the same as defects caused during anneal-

ing. The defect creation process will be discussed in the
next section and since neutralized ion beam sputter-deposi-
tion is done at room temperature, I may not see these heat
related defects in our samples after deposition.

Because GaAs shows promise for use in high frequency
applications, much research has been expanded to understand
the processes which act on the crystal during annealing.mzpsb
Chatterjee, et al, from the University of Illinois, have
annealed bare and deposited substrates of GaAs under vary-
ing conditions., PL at 6°K of lightly doped (~10"cm™’)
GaAs: Cr is shown in Pig (4-8, a-e), Fig (4-8a) shows a

e —————— L UL T e T RAE——ey v o oo
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spectra of a bare, unannealed substrate and a single
emission at 8170A (1.52eV) is seen, This is attributed to
(B~-B) recombination. Fig (4-8b) is of a bare sample that
has been annealed in an evacuated silica ampoule for one
hour at 850°C, Several differences are immediately obvious,
The intensity of the emissions has decreased; along with
the 8170k (1.52eV) peak, we also see peaks at 83404 (1,49eV),
9120A (1.36eV), and 9320A (1.33eV). Fig (4-8c) shows the
result of annealing a substrate cavped with 2000A of SiCe
in a vacuun, The intensity of the 83&01 emission is
suppressed slightly while the 9130&4 (1.36eV) and 93204 (1.33eV)
peaks are enhanced. In Pig (4-8d) we see the results of
an anneal done of a bare substrate done in a Ga overpressure;
the 8340A (1.49eV) peak is enhanced while the lower energy
emissions are not observed., Fig (4-8e) details the change
when a bare substrate is annealed in an As overpressure,
Here, the 83&0& (1.49eV) peak is suppressed in comvarison
with Fig (4-8d) while the 9120A (1.3eV) and 93204 (1,33eV)
peaks are present again.

The vapor pressure of As is significantly greater
than that of Ga; therefore, upon annealing a tare substrate,
we would expect to see large numbers of V,, generated at
the surface, Encapsulation of GaAs is performed to suppress
As out diffusion, When this is done, though, it has been

found that the encapsulant allows, and sometimes encourages,
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the out diffusion of Ga?ﬂuln Fig's (k=8b-c) we see the
83“01 (1.49eV) peak more intense after the bare substrate
has been annealed than after annealing with a cap., It is
also obvious that the 91204 (1.36eV)/9320k (1.33eV)
emissions are enhanced after annealing with a cap., On the
basis of this information, the Illinois group assign the
83404 (1.49eV) peak to Vi and the 9120A (1.36eV)/93204
(1.33eV) peaks to Vea . As additional proof, bare substrates
annealed in a Ga overpressure show enhanced emissions at
83408 (1.49eV). Ga overpressure would suppress Ve. (the
9120A/9320R emissions) and enhance Vi (the 8340A emission),
This is observed, Annealing done in As overpressure should
suppress Vi (8340A emission) and enhance Vs (9120A4/93204
emissions). This is also seen., The basic point of Chatter=-
jee, et al, is that annealing (or heat treatment) will
cause dissociation of GaAs at the surface., Depending on
whether or not the substrate is covered, one species will
vreferentially leave. They claim that annealing causes
vacancies only.

Lum, Wieder, and their associates at the Naval Ccean
System Center interpret this process differently!v In
Fig (4-7b) they saw an emission at 91201 (1.36eV)/93204
(1.33eV) after the pyrolytic deposition of their dielectric
film, If Chatterjee, et al, had done a PL spectra after

the reactive deposition of their dielectric film at 440°C,
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they may have seen the same emission that they attribute

to annealing. This is why it is so important to be able

to distinguish deposition and annealing effects. Lum, et
al, believe the cause of these emissions to be a (Vu -
Acceptor) complex where the acceptor might be Si.; . Anneal-
ing with a cap promotes V;s at the surface and these diffuse
into the bulk., Excess Si atoms from dielectric film
breakdown also diffuse in and occupy Vas 1 these components
then complex and cause the 9120A (1.36eV)/9320A (1.33eV)
emissions., Kressel, et al, have seen an emission at 1.,37eV
which he attributes to a deep Si acceptor (Si.s) impurity
or a complex involving Si acceptorsfrso that it is

possible that we are seeing a (Vu - Si, ) complex as the
cause of the emission at 9120 (1.36eV)/9320A (1.33eV).
Since the separation of these two emissions is approximately
the energy value for the LO phonon in GaAs, the 93204
(1.33eV) emission is considered to be a phonon replica of
the 91204 (1.36eV). The Illinois group do see these
9120A/9320A emissions when bare substrates are annealed in
As overpressures and this appears to support their theory
that only Vi causes this emission since no Si gseems to be
present, However, all of their annealing was done in

Silica ampoules so that Si could migrate into the substrates

at high temperature to interact with the V4 .
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when the surface was etched by Lum, et al, they found
that these annealing-related defects were suppressed and
they finally disappeared after 154mof the surface was
removed, This implies that the annealing only degrades

the surface and not the entire substrate.

C. QObservations on Encapsulation and Annealing

We have shown that any type of heat treatment will

cause damage to the surface of the substrate, We have

noted that dielectric film deposition will introduce

annealing-like defects if the deposition temperature is

high enough. Since it is absolutely necessary to distinguish

the damage caused by deposition from that caused by anneal-

ing, we will study PL spectra of substrates sputter-deposited

with SizNg(Si«CyN;) to detect any type of deposition damage.
Sample J-2 shown in Fig (4-9a) was sputter-deposited

with 8501 of Si,N4(Si.0yN:) as described in chapter three.

The spectra was done at 20"K and shows no differences at all

when compared to Fig (4-1) and sample J-1. Likewise,

Fig (4-9b) is the 77°K PL spectrum of sample L-7

(GaAst Te, np = 5,13-10" em™®) sputter-deposited with 800A of

351,N4(3i.0,N¢)y this, too, shows no changes when compared to

the 77 K spectrum of Fig (4-5). Neither of these substrates

showed any new emissions and peaks that were present in

the bare substrate were not altered,
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Fig., 4-9. Samples J-2, 1=7
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It is apparent that no new radiative transitions were ’
introduced into the substrate by neutralized ion team
sputter-deposition at near btand gap energies that we can
detect., Since this method does not require high temperatures
at the substrate for film deposition, it does not induce
annealing related defects, Since we see no defects intro-
duced during deposition, any damage detected after anneal-
ing encapsulated substrates can be attributed directly to
the annealing.

We have discussed the effect that annealing has on
GaAs. We assume that the annealing of encapsulated sub-
strates causes a (Vg - Sias) complex which forms near the
surface of the substrate., The formation of this complex
occurs when Vgsare preferentially generated at the surface
of encapsulated samples and diffuse into the bulk where
they complex with Si atoms in-diffusing because of dielectric
film breakdown,

Sample J-3 was sputter-deposited with 850X of Si,Ns
(Si«OyNe) and annealed in flowing Hz gas at 750°C for 45
minutes. We previously noted that sputter-deposition did
not cause annealing related damage so that any new emissions
observed can be attributed directly to annealing., As
shown in Fig (4-10), the three higher energy emissions

remain unchanged; they were identified as a (D-B) transition
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at 81753 (1.519eV) due to Teas donors, a (B-A) transition
at 8290A (1.498eV) due to Cas , and a L0 phonon

replica of the Cus (B~A) emission at 85104 (1.459eV). Two
facts can be immediately observed. We see two new emissions
at 9120A ( 1.36eV) and 93204 ( 1.33eV) and we apparently

no longer see the broad, weak emission at‘vlo.OOOl (~1.23eV),

The emission at ~~10,000A (~1,23eV) was previously
attributed to a (Ve - Teass ) complex. It may be that the
two new emissions simply mask the~10,000§ (~1.23eV) emission,
Hwang has shown that the intensity of this (Vg - Teas )
complex increases after annealingf‘ Since we are not seeing
this, the new emission may be a more efficient trap than
the (Ves ~ Teas ) complex. Since we are only observing a
thin layer at the surface of the substrate, it may be that
the cause of the new emission resides in the surface layer
and is the dominant emission here in this energy range.

The emissions at 91204 ( 1.36eV) and 9320 ( 1.33eV)
are identical with peaks at the same energy discussed by
Chatterjee, et al:7and Lum, et aliugnd seen in Fig's (4-7b
and 4-8b,c, and e), We attributed these emissions to a
(Vea = Sie ) complex and their formation was described
previously, In moderately doped encapsulated samples, the
formation depends on the creation of V., , the addition of

Si atoms from film breakdown, and the diffusion of both

into the bulk.
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This same annealing defect may also be present in two |
other n-type annealed substrates that we studied: GaAs i
Te (L samples) and GaAs 1 Si (N samples). They can not be
positivgly identified as the (V. - Siss) complex tecause
they appear at slightly lower energy, as shown in Pig (4-11),
at ~1.32eV in sample 1-3 and at~1,294eV in sample N-3,
Both of these emissions, along with the~1.,44eV emission in
sample N-3, though, are annealing related since none
existed prior to the annealing.

If we do assume that the~1.32eV and ~1.2%4eV are
caused by the (Via - Siss) complex, their shift in energy
might be explained in several ways. Since these emissions

are clogse to very large, broad emissions, it is possible

that peaks affect each other and that we see a superposition
that changes the energies slightly. When large numbers of
impurities and defects are present, the lattice may bte
distorted so that the energies of transitions are modified.
This is described by Quantum Defect Technique?7Finally.

since the spectra in Fig (4-12) are done at ?77°K and not 20°K,
the increased temperature of observation will tend to broaden
emissions and shift them to lower energy.

Since sample L-3 is unencapsulated, but may be showing
the same (V. - Sis ) defect emission that capped substrates
show, another process must be at work, Annealing uncapped
substrates usually produces V,s , Several researchers have

noted that Si atoms transfer sites during annealing according
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, 1,39
! ; to the relation 1

and Lum and Wieder have seen the 9120A/9320A in annealed

n-type GaAs: Si. Apparently in sample L-3, the 750 C
?i annealing causes the generation of V., at the surface and
these diffuse into the substrate, When V,; become adjacent
to Si;,, the site transfer takes place and we see the
annealing complex (Vg - Siss). We have already identified
Si as an unwanted impurity in the "L" samples,

This same site transfer process may have occurred
* during the 935°C anneal of n-type GaAs:s Si (M= 3.2:10" cm®)
| if we assume the emission at 1,294eV is due to (Vg - Sius).
The unannealed substrate from this crystal was shown in
Fig (4-6) and we saw only a (B-B) transition so that the
1.44 eV emission in Fig (4-11) is also annealing related.
It falls at approximately the same energy as the emission
in "L" samples identified as a (B-A) transition caused by
Siss acceptors or a complex involving Si,sacceptors so that
i transfer of Si from Ga to As sites could have induced the
: 1.,44eV emission. I should point out that all peak assign-
! ments in the heavil& doped n-type GaAs: Si are hypothetical

since the heavy doping makes positive identification almost

- —

impossible., We require V4 and Sig for the site transfer
process to create the (Vg = Siss) complex along with

temperatures greater than 700°C,
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CHAPTER V

Conclusions

1.) PL spectra have shown the presence of unwanted
impurities and defects in bare, unannealed n-type substrates
along with the known substitutional impurities. These
unwanted impurities were:
a) Cas resulting in a (B-A) transition in GaAs: Te,
ny= 1,26-10"cm™>
b) Si, resulting in a (B-A) transition or a tand to
Si,s complex transition in GaAs: Te,my= 5.13.1o”cn'2
¢) Vi resulting in a (Vea - Tes ) complex in GaAss
Te,Mo= 1,26-10cr’and GaAss Si,me= 3.2-10"em™,
In all cases, these impurities and defects are acceptors
and “end to compensate the crystal,
2.) Neutralized ion beam sputter-deposition does not
introduce radiative defects or impurities into the substrate
during encapsulatiﬁn. PL done of encapsulated samples
showed no differences when compared to bare substrates,
This was important because we can distinguish deposition and
annealing effects., Defects that appear after annealing can
be attributed directly to the annealing process.
3) Annealing encapsulated substrates will cause the forma-
tion of a vacancy-impurity defect that causes an emission
at 9120A (1.36eV) with a phonon replica at 93204 (1.33eV)

in the PL emission spectrum, I assume that this complex is
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composed of (Vg - Si, ) in accordance with the treory of
Lum, et alT“7The process of formation of this complex
depends on the fact that V;.are generated in greater numbers
than V4s in an encapsulated substrate during annealing;

they form at the surface and diffuse into the bulk. Si
atoms are freed from the film because of film breakdown at
high temperatures and will also diffuse into the bulk.

Here some Si will occupy V,s site and complex with Vea to

form this complex.

The 91204 (1.36eV)/9320% (1.33eV) emissions have been
seen by other researchers after film deposition”and
annealing':’27 The lowest recorded temperature that caused the
formation of this complex was 410°C, It is usually seen
after heat treatment in the range of 600 to 800°C. The
emission of this complex is easily seen in light to moder-
ately doped samples where the impurities are sufficiently
separated in the lattice so that the effective mass
approximation can still be used for describing the impurity
wave functions,

4,) In Fig (4-11) we may also be seeing this (V.. - Sis )

complex emission at 9400A (1.32eV) in the GaAs: Te (Mo= 5,13-10't~%)
and at 9600k (1,294eV) in the GaAss Si (mo= 3.2-10 e0?),

The shift of this emission to lower energy might be explained

in several ways, First, the spectra in Fig (4-11) were

done at 77°K and the spectrum in Fig (4~10) was done at 20°K.
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The increased temperature of observation will broaden the
emission and usually shift it to lower energy. 3Seccnd, as
the impurity and defect concentration increases, wave
functions begin to overlap; when this happens, the lattice
may become distorted so that an apparent shift in emission
energy has been observed. An attempt has been made to des-
cribe this perturbtetion using Quantum Defect Technique:7
Third, as the emission half-widths broaden, peaks that are
close to each other will begin to merge and the emission
energies are changed by this supervosition.

5.) If the emissions at 9%00A in the "L" samples and 96004
in the "N" samples are due to (Vw - Si,s ), then they and the
86004 (1.4beV) peak in the annealed "N" sample seen in

Fig (4-11) are caused by site transfer of Si in GaAs, Si
has been identified as an unwanted impurity in the "L"
samples and is the primary dopant in the "N" samples.
Annealing causes transfer of Si from Ga to As sites, leaving
Vea and forming the components of the (Ves = Si, ) complex.
Spitzer and Allred”and Lum and Wieder have identified this
process; it requires Si; and annealing temperatures greater
than 700°C,

6.) The creation of this complex is assumed to take place
only at the surface of the substrate. V., are generated at
the surface and diffuse into the bulk, Lum and Wieder

found that this emission at 9120A/9320A would disappear
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after 15¢mwere etched from the substrate, Chatterjee, et
al, found the emission would disappear after qnly 75 4™
were removedf7 ‘

7.) This complex acts as an acceptor and its creation will
compensate the surface of an n-type substrate. This effect
is even more pronounced in semi-insulating GaAs where the
surface will tecome p-type.

The heat treatment of n-type GaAs substrates will cause
surface conversion in encapsulated substrates and apparently
in Si doped unencapsulated substrates also, When growing
epitaxial layers of n” GaAs on n~GaAs or SI substrates at
high temperature the introduction of a p-type interface in
between is intolerable and interferes with the desired
operation of any multi-layer device by introducing parasitic
devices, Dielectric film deposition can introduce a
parasitic p-n junction,

We must learn how to prevent this annealing damage or
understand the process so that it can be exploited. It may
be possible to produce Field Effect Transistors if this
surface conversion due to the (Veu= Sius) complex can be
understood so that a controlled technique may be used to
produce defect layers of desired characteristics. This
thesis has been an attempt to examine how this complex

affects the surface of n-type GaAs substrates,
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