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Abstract

Ten samples of GaAs were examined by depth-resolved cathodo-
luminescence at temperatures of 10°K and 80°K. Electron beam ener-
gies from 1.0 KV to 25KV were used. Both cold and hot, 135KV, Cd-
implanted GaAs samples with Si;N4 caps were studied. A sample of
the n-type GaAs substrate was used as a control. Spectra were
obtained showing the ion implantation damage layers. The unannealed
samples damage layer boundaries were calculated at 0. 01 ym, 0,24

2

012 ion/cm*,

ol4

pm, 0.37 yum, and 0.61 um for fluences of 1 ion/cm?, 1

6 2

1013 jon/cm?, and 102° jon/cm respectively . or fluences 2 1014
ion/«:mz an 800°C, 15 minute anneal in flowing argon gas was not suf-
ficient to completely remove the damage layer. An emission peak at
1. 488eV changed in energy by only 0. 001leV between 10°K and 80°K,
and was assigned to a donor-Cd acceptor recombination. A peak
approximately 0. 010eV above .the band gap energy was observed in many
of the implanted samples. Peaks at 1.46eV, 1.41eV, 1.39eV, and

1. 3§eV increased in intensity upon annealing and were assigned to
vacancies, which were enhanced during annealing. The major con-
clusion reached was that depth-resolved cathodoluminescence was an
excellent non-destructive method of sharply defining damage layers
produced by ion implantation. Another conclusion was that LSS theory

does not predict the correct Cd concentration in unannealed GaAs at the

damage layer boundary for fluences 2 1014 jon/cm?,

vii
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I. Introduction

The United States Air Force uses devices which must operate
in high temperature environments, where presently available semicon-
ductors do not perform well, Further, new device applications, such
as microwave devices, are waiting upon the development of semicon-
ductors which possess the desired electrical properties. With proper
doping, the intentional addition of impurity ions to the lattice of a semi-
conductor, the semiconductor gallium arsenide (GaAs) should have the
electrical properties necessary for excellent operation in the areas
mentioned above.

Gallium arsenide is an intermetallic compound formed from a
group III element, gallium, and a group V element, arsenic. It
crystallizes in the zinc blende structure and has physical properties
which are very similar to those of the covalent group IV elements,
such as germanium and silicon. Most of the differences between the
group IV covalent elements and III-V semiconductors, like GaAs, are
due to the latter's slightly ionic character. The electrical properties,
such as high electron mobility, have made them very useful in many
technical applications (Ref 27:371-372). But, the promise that GaAs
shows for use in microwave devices and high temperature environ-

ments is based upon the ability to provide the necessary dopant




concentrations in the 'pure' crystal,

The Air Force Avionics Laboratory, Wright-Patterson Air Force

Base, Ohio, is presently studying ion implantation as a doping method
in GaAs. Ion implantation has been successfully used to provide the
impurity concentration profiles necessary in silicon semiconductors,
but not enough is known about its effects in GaAs to make it a useful
doping method of this semiconductor at the present time. Additional
information is needed in the areas of impurity concentration profiles,
lattice damage, annealing effects, electrical activity, and lattice
structure after implantation and damage removal.

The purpose of this study was to examine the damage done to the
GaAs lattice by Cd implantation, to determine the affects of annealing
on this damage, and to investigate the lattice structure with respect to
the Cd ions lattice positions and the presence of vacancies and native
defects. The experimental laboratory technique of depth-resolved
cathodoluminescence was used to study the luminescence from different
depths in the GaAs samples. Luminescence is that phenomena in which
a po:_.'tion of energy absorbed by matter is emitted in the form of
visible radiation. When the excitation source used to produce lumi-
nescence is a beam of energetic electrons the process is called
cathodoluminescence. In depth-resolved cathodoluminescence the
layer of the crystal from which luminescence is produced is controlled
by the accelerating potential of the electrons used for bombardment.
This technique has already been used to study GaAs (Ref 4:28) and Z,0

2
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(Ref 30).

Four Cd-implanted Si;N4 capped GaAs samples at fluences from

2 2

1012 jon/cm?® to 101® jon/cm? and one unimplanted sample of the sub-
strate material were provided by the Air Force Avionics Laboratory,
Three of the implanted samples were annealed at 800°C for 15 minutes
in flowing argon gas. The 1012 jon/cm? fluence sample was annealed
again for an additional 15 minutes at 806°C. Comparing the results
from the study of the luminescence of these samples to electrical
measurements obtained from Hall-effect and differential capacitance
studies will help the Air Force Avionics Laboratory to understand the
damage effects of ion implantation, the effects of annealing on this
damage, and the lattice structure of ion-implanted GaAs. In addition
it is hoped that this organization will be able to determine a relation-
ship between electrical activity and optical activity in GaAs by per-
forming electrical measurements on those samples examined in this
study.

Chapter II contains the theory necessary to support the discus-
sion of the experimental results. In Chapter III the experimental
apparatus and arrangement are described and the important experi-
mental procedures are presented. Chapte'r IV is a discussion of the

experimental results, and finally in Chapter V some conclusions and

recommendations are listed.




II. Theory

In this chapter the theory will be presented which is necessary
for an aaequate understanding of the discussion of results and of the
conclusions reached. Some of the material has been covered in detail
in prior thesis work and will only be referenced here. The major
topics appearing in this section are the following: radiative recombi-
nation, ion implantation, annealing, diffusion, and electron beam

penetration.

Radiative Recombination

When a material such as GaAs is excited with a beam of
electrons, or some other excitation source, luminescence results.
This luminescence is created by the zadiative recombination of
electron-hole pairs produced during the excitation. The radiative
recombination can involve simple or complex centers.

Simple Center. A simple center is an impurity sitting on a

lattice site which contributes one additional carrier to the binding.
The activation energy of a simple center is close to that calculated
from the hydrogenic model. The four main simple center radiative
recombinations are: valence band-conduction band, exciton, free-
bound, and bound-bgund. Boulet (Ref 4:4-8) has presented a detailed

explanation of each of these recombinations and only the bound-bound

one will be discussed here.
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The recombination energy of an electron bound to a donor
impurity and a holé bound to an acceptor impurity can be described by

the following equation (Ref 4:7, 13:744):
Ep = Eg - (E,+Ep) + e?/kR (1)

where
Ep = energy of bound-bound transition
Eg = band gap energy
E, = acceptor binding energy
Ep = donor binding energy
e = electron charge
k = static dielectric constant
R = separation between donor and acceptor sites
The band gap energy is a function of temperature and decreases
approximately 10 meV between liquid helium and liquid nitrogen tem-
peratures (Ref 32:770). The e2/kR term is also a function of temper-
ature but it increases as temperature increases. As the temperature
increases acceptors are thermally released from donor sites and
move to more favorable positions for recombination, positions for
which R is smaller (Ref 15:792, 22:843). This causes the energy
peak to shift to higher energy, which offsets the shift to lower energy
caused by band gap energy decrease. Therefore, as temperature is
increased a peak due to bound-bound recombination will shift toward
lower energy by a smaller amount than the band gap shift. It should be

5
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pointed out, that a peak due to a free-bound recombination also does not
shift toward lower energy as much as the band gap does with increavsing
temperature. However the difference in the shift is the amount of
thermal energy the free particle has, about 3.4 meV at 80°K using
KT/2 to represent the thermal energy (Ref 4:6). So it is possible to
distinguish between bound-bound and free-bound energy peaks by the
shift of the peak with temperature.

Complex Center. A complex center involves a deep level impur-
ity or a vacancy complex which has an activation energy that does not
follow the hydrogenic model. Their luminescenze levels are low in
energy and broad in extent. In p-type GaAs deep-level luminescence
commonly occurs at 1.42eV, 1.35eV, and 1.37eV. The literature
shows no firm agreement as to whether these peaks are caused by
impurities or vacancy complexes. The 1.41eV peak will be used to
illustrate this disagreement., Studies in which GaAs crystals were
doped with Mn convinced some researchers that the 1.4leV peak was
due to an Mn impurity; because this doping produced a new peak at
l.41eV, or greatly enhanced one that was already there (Ref 23:54,
24:3062). Studies in which undoped GaAs samples are annealed under
different conditions have indicated that the 1.41eV peak is due to
vacancies (Ref 8:144, 12). By annealing boat grown n-type GaAs in
sealed quartz ampoules under different temperatures and different As
pressures Chang et al. were able to show that the 1.4eV peak could be
suppressed with increased As pressure during annealing (Ref 7). This

6




indicates that the peak is due to As vacancies since at the higher As
overpressure fewer As atoms would be expected to diffuse out of the
GaAs material. In general, for almost all complex peaks doping
studies have indicated that the dopant is responsible for the energy
peaks while annealing studies have indicated that vacancies are

responsible.

Ion Implantation

Ion implantation is the process of injecting high energy impurity
ions into the substrate of a semiconductor. This process damages the
semiconductor in two ways. First, ions of the substrate are sputtered
from the surface under this bombardment process. Second and more
important, is the 'tearing' of the lattice structure of the semiconductor
by the high energy ions as they collide with the lattice atoms, removing
them from their orderly arrangement. This damage must be removed
before electrical activity can be obtained from the se.miconductor, and
the advantages of ion implantation over other doping methods make it
worthwhile to do this. Theee¢ advantages include the ability to intro-
duce precise concentrations of almost any impurity desired at any

depth desired and the ability to avoid high temperature problems that

 are associated with the diffusion method of impurity doping (Ref 4:2).

Before discussing the means of ion implantation damage removal, the

way in which ions are slowed by the lattice material must be covered.

e .
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The relationship between energy loss and range distribution for
ion implantation is governed by two major factors: the interaction of
the ions with the electrons of the substrate and the collisions of the
ions with the nuclei of the target atoms. The theory of Lindhard,
Scharff, and Schiott (LSS theory) which takes these effects into account,
w}.ule neglecting quantum effects, can be used to predict the
projected range (Rp) of the ions into tﬁe target material (Ref 17:298).
The projected range is the depth at which the ions are deposited in
the material, rather than the total path length of the ions. The LSS
implantation profile, concgntration of ions versus depth of ions in the

material, can be calculated using the following equation (Ref 18):

2
N(X) vz__;_%;__ EXP [- %{Z.%%Z_] (2)
where
N(X) = ion concentration (cm"3)
¢ = fluence (ion/cmz)
X = distance into substrate
ARp = projected range standard deviation
In calculating concentrations in this study values for Rp and ARp were
obtained from the tabular listing of LSS range statistics of Cd-
implants in GaAs presented by Gibbons et al (Ref 18). The ion
implantation of the samples used in this experiment was done through
a 300 A Si3Ny4 cap to protect the sample surface from loss due to

sputtering. Therefore, it is also necessary to include thg SizNy4 cap




thickness when calculating the LSS profile. It has been assumed that
the values for Rp and 4Rp used for Cd-ion penetration in GaAs can also
be used for the penetration of the Si3N4 cap, since the density of the
two materials is not greatly different, 5.90 g/cm3 and 3.44 g/cm3
respectively. After the ion concentration has been calculated, using
equation (2), with a specified X value the depth of the cap is subtracted
from the X value to give the depth in the GaAs crystal at which this ion
concentration is present. This procedure is necessary in order to
correlate ion concentration with the depth of electron penetration into

the GaAs samples.

Annealing

The heat treatment, or annealing of ion-implanted samples is
necessary for two reasons. First, it helps to reduce the damage
caused by the energetic ions as they tear through the lattice. Second,
annealing moves the majority of ions to substitutional lattice sites
enabling them to become electrically active. In order for annealing to
be effective on ion-implanted GaAs it has been shown that temperatures
between 800°C and 900°C are necessary (Ref 1:146, 9:568, 23:55,
31:1575). Unfortunately, at tempefatures near 600°Cthe GaAs surface
begins a significant decomposition; and it therefore is necessary to
protect the surface with an SijN4 or SiO) cap. The use of a cap also
helps to prevent outdiffusion of Ga and As which, if allowed, produces
unwanted vacancies in the lattice structure (Ref 9:568). However, it

has been shown that SiO2 caps enhance outdiffusion of As (Ref 10:1423).
9
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Outdiffusion can be reduced by annealing in sealed ampoules with over-
pressure of Ga and/or As (Ref 8:144). But this method has been shown
to introduce impurities into the GaAs, such as Cu, when the anneal is
carried out in a sealed quartz ampoule (Ref 11:317). Annealing in flow-
ing hydrogen or argon gas avoids contamination from the ampoule and
the cap helps to prevent the gas and other impurities from entering the
crystal. However outdiffusion cannot be prevented by Ga or As over-

pressure.

Diffusion
Annealing, besides causing the outdiffusion of Ga and As, causes

the implanted ions to diffuse far into the GaAs crystal. This diffusion

has been substantiated by many experiments and a graph presented in

one such study is shown in Fig. 1 (Ref 31:1577).

—— -

Fig. 1. Cadmium Implanted
GaAs Profile (Ref 31:1577)

10
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The diffusion profile and LSS profile are shown for a fluence of 1014

jon /cm?. Measured data for different fluences is also s.hown. The
extent of the ion diffusion for a 900°C anneél is illustrated very well
in this figure. The diffusion profile is based upon the diffused
Gaussian distribution which can be calculated from the following

equation (Ref 23:55):

o 2
N(X) = : = EXP |- {X-Rp) (3)
[2x (ARp%+2Dt))1/2 2(ARp)%+4Dt
where
D = diffusion coefficient (cmzaec'l)

t = time of anneal
The diffusion coefficient can be calculated as a function of temperature

from the following equation:

D = D, EXP (E/kT) (4)
where
E = average activation energy of Cd in GaAs
The values used in this equation for calculating the diffusion curve in

Fig. 1 are: Dy =1.3 X 10°3 cmZsec”?

and E = 2,2 eV (Ref 16:727).
There are two possible explanations .given for the way in which
p-type impurities, such as Cd or Zn, diffuse through the III-V lattice.
Substitutional diffusion requires the impurity ion to move through the
lattice by jumping from one vacancy to another. It forms the basis for
equation (3). Paired vacancies are necessary in GaAs since the near-

est neighbor for each gallium atom is an arsenic atom. This

11
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requirement for paired vacancies is the problem with the substitutional
diffusion theory. It is believed that enhanced vacancy density occurs
in only arsenic sites for heavy p-doping. Therefore, a substitutional
Cd/Zn ion would have to move interstitially in order to get from one
arsenic vacancy to another. In the interstitial substitutional diffusion
model the Cd/Zn ion goes into the lattice interstitially, acting as a
donor. It is stable and diffuses interstitially through the lattice very

rapidly with heating (Ref 25:127-128).

Electron Beam Penetration

Electron penetration into GaAs, ZnO, and other luminescent
crystals at a 452 angle to the surface has been well discussed and
extensively used by a number of different researchers (Ref 4:9-12, 28,
30:645). Fig. 2 on the following page shows the electron excitation
profile in GaAs at selected beam energies (Ref 4:12). It is important
to note that the electrons give up their energy to the GaAs crystal over
a range of depths, and that the greatest amount of energy is deposited
much closer to the surface than at the maximum electron penetration
for that energy. Therefore, any luminescence caused by a 15 KV
electron, for example, is coming.from an area of the crystal that
extends from the surface to approximately 1.4 um below the surface.

In this experiment it has been necessary to calculate the depth
to which the damage layer created by ion implantation extends. It

therefore is necessary to calculate the maximum extent of electron

i2
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penetration into the GaAs crystal. To do this an empirical formula

developed by Martinelli and Wang has been used (Ref 26:3351).

R = aEQ’ (5)
where
R = electron range penetration (um)
EP = electron energy (KV)

a,b = material constants determined to be 0.027 + 0.003 um
and 1,46 + 0,05 respectively

To develop this formula GaAs films in the thickness range 0.19-1.5 um
were radiated with electrons of a given initial energy. When these
electrons emerged from the exit surface of a film with an energy of
several hundred eV they were considered to have a penetration depth
equal to the film thickness. The results of this formula compare very
well with the data in Fig. 2, which was obtained from the uaniversal
electron stopping curve (Ref 29:28). Since in this experiment the
cathodoluminescence was obtained with the Si;Ny cai) still present, the
electron energy needed to penetrate the 300 A cap had to be calculated.
From the universal electron stopping curve values for electron range
penefration in mg/cmz can be found for a given electron energy (Ref
29:174). By dividing these electron range penetration values by the
density of the Si3N4 cap the electron range penetration in SigN4 can be
calculated for the corresponding electron energy. Using a density
value of 3.44 X 10~3 mg/cm3 for SigNg4 (Ref 6:711-712) it was found

that 1. 75 KV electrons were needed to penetrate a 308 A SizNy4 cap.

14
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It was later found experimentally that the energy needed was closer to
1.5 KV, By subtra;:t'mg the 1.5 KV energy from the power supply
voltage meter reading and then using equation (5) the maximum depth at
which luminescence was being excited in the GaAs crystal was calcu-

lated,

15




III, Experiment

The cathodoluminescence system used in this experiment was
very similar to that used by Boyd, and his thesis should be referenced
by those who wish additional information on the equipment and system
description (Ref 5:16-34). In order to study the damage layer produced
during ion implantation and the affects of annealing on the implanted
samples it was necessary to use electron beam energies (Ep) extending
from 1KV to 25KV with beam currents (Ig) extending from 0. 1 ¢a to
3.4 pa., This chapter examines the cathodoluminescence system and

the procedures used in this experiment,

Cathodoluminescence System

A simplified schematic of the cathodoluminescence system is
shown in Fig. 3 on the following page. The system operated in the
following way. A Superior Electronics 5AZP4 electron gun, located
- vertically below the sample chamber, provided electrons for sample
bombardment. The electrons were accelerated by the potential pro-
vided by a Universal Voltronice BAC 50-16 high voltage supply. An
Andonian Associates Model MHD-3L-30N liquid helium dewar was i
used to cool the samples. A GaAs thermometer registered sample
block temperatures of 80°K using liquid nitrogen and 10°K using liquid
helium, A vacuum from 4 X 10"6 torr to 2 X 10”7 torr was maintained

16
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in the dewar, sample chamber, and electron gun chamber by use of a

{ Welch Scientific Company Series 3102D turbo-molecular pump. The
luminescence detection and signal processing used in this experiment
are described in detail in the remainder of this section.

Luminescence Detection. After passing through a quartz

window of the sample chamber, the sample luminescence was focused
onto the spectrometer slit by three plano convex quartz lenses mounted
on an Ealing 50-centimeter optical bench. Each lens mounting had
three degrees of freedom, making precise focusing possible. The lens
closest to the samples had a focal length of 10 centimeters, and was
positioned at approximately this distance from the samples. The other
two lenses were in the same mount, with a fixed separation of 8 centi- 5
meters; and they were positioned near the spectrometer slit. A
Spectracoat Varipass number 650 filter of set 6193 was also placed in
this mount to reduce the amount of light from the electron gun reach-
ing the spectrometer slit. The filter transmits 90% of the incident
radiation at or above a wavelength of 6500 A while being essentially
opaque to those wavelengths below 6500 A. The lens closest to the
spectrometer slit had a 6.5 centimeter focal length, while the focal
length of the other lens was 25 centimeters. A SPEX Model 1702 3/4-
meter Czerny-Turner spectrometer was used to examine the lumi-
nescence. A SPEX Model 1752-3 motor drive unit provided external
stepping signals to the spectrometer. The motor drive was controlled
by the interface/control box desiéned and constructed by G. Gergal and
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described in great detail by Boyd (Ref 5:27-29). One additional
spectrometer step per channel setting at 25 was added to this device
which enabled a 1600 & scan to be completed in approximately half the
minimum time obtainable before. The signal intensity reduction was
not critical, and the amount of data collected for the available liquid
helium was nearly doubled. An RCA C70007A photomultiplier tube
with S1 response was used to detect the spectrometer output signal.
The tube was cooled to -50°C by use of a Model TE-114 cooling
chamber manufactured by Products for Research, The cathode bias
of the tube was supplied by a Model 404M Fluke power supply.

Signal Processing. The signal processing scheme used in this
experiment was designed to permit photon counting to be employed in
the recording of the luminescence spectra. The current from the
photomultiplier tube anode was supplied to a Keithley Instrument 104
wideband amplifier. The output from this device entered a Tennelec
TC907B power supply/TC200 amplifier. This arrangement was used
to amplify and process the signal so that the correct number of prop-
erly shaped pulses corresponding to the true signal strength would be
passed té a Hewlett Packard Model 5400 multi-channel analyzer (1024
channels) for counting. From the Tennelec amplifier the signal was
passed to both the multi-channel analyzer and the interface/control
box. The interface/control box steped the spectrometer and the
channels of the multi-channel analyzer in the desired ratio (Ref 5:31-
32). '
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Procedure
The procedures described in this section are: optical alignment,
data recording, and sample annealing/cap removal.

Optical Alignment., A set of 4 samples were mounted on the

sample block located at the end of the cold finger of the helium dewar.
The method of optical alignment was basically the same whether it was
the first alignment after these samples were changed or when one
wanted to switch from one sample to another. Before samples were
changed the position of the lenses and the sample position last observed
was recorded. Once the new sample set was in place the electron beam
was directed at the sample occupying the same position as the sample
last observed. This insured that except for minor adjustments the
lenses were aligned properly. The spectrometer was set at a wave-
length where a strong peak was expected in the sample luminescence.
At liquid nitrogen temperatures this was the 1.355eV peak, while at
liquid helium temperatures the 1.490eV peak was used. The lens
mounts were adjusted until the signal observed on the multi-channel
analyzer oscilloscope was a maximum. The alignment procedure when
switching from one sample to another was similar. The position of the
new sample with respect to the one just observed determined the rough
settings of the horizontal and vertical mount controls of the lens closest
to the sample block. The other lenses were never adjusted until the
maximum signal wai obtained using these two controls. In all cases,

the alignment of a sample was done at beam voltages from 15 to 25 KV,
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which gave the strongest signal possible.

Data Recording. Once a sample had been aligned the lenses were

not adjusted again until a new sample was examined. Therefore, for
each data run on a sample usually only the beam voltage, beam current,
and slitwidth were adjusted. Because the relative intensities of the
spectra at different electron beam voltages and for different samples
were to be compared, slitwidth and beam current was varied as little
as possible. Unfortunately, the beam current had to be increased from
the nominal 0.1 pamp used at 15 KV to 2 pamp at 5 KV because the
luminescence was much weaker at the lower beam voltages and detec-
tion became difficult, The slitwidth was also increased from 0.5
millimeters to 1 millimeter respectively., Also, because of the neces- -
sity to change interface/control box settings near the middle of data
collection some spectral intensities of luminescence spectra taken with
identical Epg, Ig, and slitwidth settings could not be compared.

A typical run, after lens adjustment and beam voltage selection,
started with the focusing of the electron beam onto the Faraday Cup,
which was used to measure the beam current at the sample block. The
grid controls of the ?lectron gun were adjusted until the desired cur-
rent was achieved. The electron beam was then placed on the sample,
and the interface/control box settings were checked. The slitwidth
was set at 50 microns, the argon lamp turned on, and the spectrometer
was set at approximately 7990 A. The spectrometer was set to

external drive and at 8000 A the multi-channel analyzer was turned on.
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The calibration lines were recorded by 8020 .&, and the lamp was
turned off. The slitwidth was then increased to either .5 millimeters
or 1 millimeter. The run was terminated at 9600 A. The data from
memory was displayed on the multi-channel analyzer oscilloscope, a
picture taken, and a paper tape of the data was made. This tape was
later converted to cards for use in a cqmputer plotting program which
generated data graphs, such as those appearing in this thesis. The
beam was again moved onto the Faraday cup and any beam current
deviation from the starting value was recorded. Another run was
ready to b;g'm.

Sample Annealing/Cap Removal. All annéaling was performed
at the facilities of the Air Force Avionics Laboratory. The annealing
system used is shown in Fig. 4 on the following page. All samples
were annealed at 800°C in flowing argon gas. The following samples
were annealed together for 15 minutes: numbers 8, 4, and 6 (see
Table I). Later the 1012 jon/cm? fluence sample was again annealed
for 15 minutes. A 15 minute anneal was performed on the unimplanted
sample with no other samples present. In all anneals the procedure
was the same. The sample container, a quartz tube, was cleaned with
alcohol and rinsed in distilled water. The holding tube and sample
container were placed in the oven support tube and the oven was turned
on. The temperature control was adjusted until a temperature of 800°C
was registered by the thermocouple, The argon gas pressure at this
time was approximately 5 PSI. When the temperature stabilized at
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800°C, the holding tube was removed from the oven. The sample/
samples were carefully inserted into the hot sample container. The

holding tube and sample container were placed back in the oven and the

timing began. The temperature initially dropped approximately 20°C

and recovered to 800°C about two minutes later. The argon gas pres-
sure during annealing was 10 PSI. When the desired annealing time

had elapsed the holding tube was removed from the oven and the
sample was left to cool in the sample container.

Only the SizN4 cap of the unimplanted, annealed sample was
removed. This was done after the annealing, and consisted of sub-
merging the sample in a 48% HF solution for 10 minutes and then

rinsing the sample with distilled water.
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IV, Results and Discussion

This chapter contains data obtained from 10 GaAs samples which
were examined by depth-resolved cathodoluminescence at liquid helium
and liquid nitrogen temperatures. All implantation was done using
135KV Cd ions with a flux of & 1 sa/cm®. Two of the samples were
cold implants, i.e. implanted at room temperature, and two of the
samples were hot implants, i.e. implanted at 250°C. All annealing
was at 800°C in flowing argon gas. The cap was removed from only
the unimplanted annealed sample (#11AC). The following table pre-
sents the sample conditions and a numbering system to be used for

future reference.

Table 1
Sample Labeling System
Type Fluence |Annealing | Number Remarks
(ion/cm?) | (minutes)

Unimplanted .- -- 11 Jp-type m 1016 ¢m-3
'as grown material’

Cold 1012 - 8 |Samples 8,4,6, & 7

Coid 1014 -- 4 were from the same

Hot 1015 .- 6 boule as sample 11.

Hot 1016 -- 7

Unimplanted -- 15 11AC |The cap was removed
after annealing.

-- 1012 15 8A |[The unannealed and

-- 1014 15 4A annealed samples

-- 1015 15 6A are separate pieces
from the same

: sample.

e 1012 30 8AA lSample 8A annealed

an additional 15 min.
25
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The data is presented in a manner which illustrates the three
major results of this study. They are: peak energies, damage layers,

and annealing results.

- Peak Energies

All peak energies are considered accurate to within + ImeV.
This error was primarily due to the fact that each multi-channel
analyzer channel contained data over a 1. 74 A spectrometer scan.
Although no peak energies were calculated from the computer plots,
these energies were checked and found in agreement with the values
calculated from the raw channel number data.

Cadmium Implanted GaAs with Fluence = 1012 ion[cmz. Typical

spectra for samples 8 and 8AA at 10°K and sample 8A at 10°X and
80°K are shown in Fig. 5 and Fig. 6 on the following pages. A peak at
1.53eV appears in the spectra of samples 8 and 8A at 10°K. This
energy is above the band gap energy which is near 1.52eV at 21°K
(Ref 32:770). This peak does not appear in the unimplanted annealed
sample with the cap removed, nor does it appear in many of the ion-
implanted samples. Sturge (Ref 32:772) also found a peak at 1.53eV
when he placed a glass backing on a GaAs sample. The peak widened
and nearly disappeared with polishing. He believed this peak was
caused by the strain introduced in the sample during cooling by the
different coefficients of expansion for the glass and the GaAs crystal.

This strain caused the band gap energy to increase and the valence
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band to split. The strain between the SizNy4 cap and GaAs could be
causing the 1.53eV peak in this case. The absence of this peak in

sample 8AA is in agreement with the polishing results of Sturge; how-

ever, the 15 minute anneal data shows an increase in intensity over

the unannealed sample for all fluences which is in disagreement with
Sturge's polishing effect.

A peak at approximately 1.488eV is found in the 10°K spectra of
samples 8 and 8A. The intensity of this peak greatly increases with
annealing as shown in Table III on page 54. This fact together with the
proximity of the 1,488eV peak to the 1.49eV Cd peak identified in the
literature (Ref 4, 15) indicates that a cadmium acceptor is responsible
for the 1.488eV peak. Also, the band gap decreases approximately
0. 8meV from 80°K to 10°K (Ref 32:770) while the 1.489eV peak in
sample 8A changes in energy by only 0.001eV. Therefore, the 1,488
eV peak is attributed to a donor-cadmium acceptor recombination
(Ref 13, 14, 34, 36). The 1.452eV peak in the 10°K spectra is
assigned to a longitudinal optical (L.O) phonon replica of the 1.488eV
peak, since the LO phonon energy in GaAs is approximately 36meV
(Ref 4:33, 9, 15:827):

The 1.41eV peak and the 1.39eV peak at 10°K appear at all depths
probed in the three samples. The intensity of these two peaks does
increase with annealing, and is greatest near the sample surface
(Table III). Therefore, these two peaks are attributed to As/Ga
vacancies created by ion implmt;tion ;nd outdiffusion of As/Ga

29

AR 8 Bt ST L A s




¢
g
:
£
£
i
i

.

through the Si3N4 cap during annealing (Ref 1:145-146, 8:144, 12).
The peak near 1.35eV at 109K while increasing by 3meV with
annealing for this set of data shows no such pattern at other depths in
these samples, and no such pattern at any depth in the other samples.
The intensity of this peak does increase with annealing, but at a slower
rate than the Cd peak at 1.49eV. The intensity of the 1.35eV peak in
the unimplanted sample is significantly'larger than in any of the
implanted samples., In the literature there appear two conflicting
views as to the source of this peak. Based upon the enhancement of
the 1. 35eV peak with heat treatment in ampoules containing Cu impur-
ities (Ref 11:320) and photoluminescence studies of defects in \ndoped
GaAs (Ref 20:5356, 35:393) some researchers have concluded that
transitions from the conduction band to copper acceptors cause the
1.35eV peak. Others have assigned the 1. 35eV to Ga vacancies. This
assignment was based on studies of luminescence data from Cu doped
impurities and native defects in annealed and unannealed GaAs (Ref
8:144, 10:1422-1423). The increase of the 1. 35eV peak inte;lsity
with ;nnealing (Table III) supports the view that this peak is due to
a vacancy. Further, the fact that the large intensity of this peak in
the unimplanted sample decreases significantly upon Cd implanta-
tion indicates that Cd ions are filling the vacancies. Therefore, it is
concluded that the 1.35eV peak is caused by Ga/As vacancies both
native to the GaAs and enhanced through outdiffusion during annealing.
There is also a peak at 1. 37eV in the literature that has been attributed
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to both Cu acceptors and vacancies (Ref 8:144, 21:832, 37:273). While
in some cases the 10°K data shows a 1.36eV peak rather than the 1. 35

eV peak there is no evidence for a 1.37eV peak in any of the samples

studied. The l.32eV peak is believed to be a LO phonon replica of the

1.35eV peak. This LO phonon has less energy than the normal LO pho-
non, 0.033eV in samples 8 and 8A versus 0.036eV, because of lattice
perturbations near the vacancy complex (Ref 21:829). The 1.31eV peak
is thought to be caused by a transverse optical (TO) phonon replica of
the 1.35eV peak which has an energy of 0.010eV (Ref 24:3061).

Cadmium Implanted GaAs with Fluence = 1014 jon/cm2. Typical

spectra for samples 4 and 4A at 10°K and sample 4A at 80°K are shown
in Fig. 7 on the following page. The same peaks appear in the annealed - :
and unannealed spectra. The peak at 1,489eV shows the same temp-
erature relationship between 10°K and 80°K as the 1.488eV peak in the
1012 jon/cm? fluence samples; and therefore, it is assigned to a donor-
cadmium acceptor recombination. All other peaks appearing in the
1014 jon/cm? fluence sample spectra were found in the 1012 ion/cm?
fluence sample spectra. And since the intensity changes of these

peaks with annealing‘are very similar to the intensity changes found in
the similar peaks of the 1012 jon/cm? fluence samples, the same
recombination centers are considered responsible in both sets of
samples.

Cadmium Implanted GaAs with Fluence = 1015 ion[cmz. Typi-

cal spectra for samples 6 and 6A are s.hown in Fig. 8 on page 33. The
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peaks which appear are very similar in energy to those peaks found in

{. the cold implant spectra. The reason for the 1.53eV peak not appear-
ing in the unannealed sample spectrum while appearing in the annealed
sample spectrum is not known. All peaks are assigned to the same
causes as were stated for the similar peaks in the cold implants. At
all sample depths examined the 1.49eV peak is at approximately 3meV
lower energy in the annealed sample spectrum than in the unannealed
sample spectrum. The reason for this shift to lower energy becomes
apparent when one examines the spectra presented in Fig. 9 on page 35.
At a 7.5KV beam energy a shoulder at 1.470eV becomes visible on the
1. 49eV peak. This shoulder becomes totally resolved as a peak at
1.464eV for a 5KV beam energy. At 4.75KV the energy of this peak is . 3
1.458eV. It is this peak on the lower energy side of the 1.49eV peak
that shifts the 1.49eV peak energy to the lower values found in the

annealed sample. The 1.46eV value is the energy of the shoulder peak

in all spectra shown, but the more intense 1.49eV peak at higher

electron beam energies masks the true 1, 46eV value. This value
becomes apparent only when the 1.49eV peak intensity is considerably
weakened at 4. 75KV. The 1.46eV peak appears in the spectrum of the
unimplanted unannealed sample as well. This peak is assigned to a
vacancy native to the 'as grown material' which is enhanced by high
fluence ion implantation and annealing (Ref 9:568, 10:1422).

: Cadmium Implanted GaAs with Fluence = 1016 ion/cm?. A typical

( 10°K spectrum for sample 7 is :hown in Fig. 8. An annealed sample at
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this fluence was not examined. The peaks in this spectrum are almost

0!? jon/ecm? fluence sample spectra. The

identical to the peaks in the 1
absence of the 1, 53eV peak is consistent with the results of the 1015

jon/cm? fluence unannealed sample.

Unimplanted GaAs. Typical spectra for samples 11 and 11AC at

109K are shown in Fig. 10 on the following page. The peaks have very
similar energies in both spectra. From arguments made previously
the peaks are identified as follows: 1.514eV--unresolved exciton/
conduction--valence band recombination; 1.46eV, 1.4leV, and 1, 36eV--
native defects due to Ga/As vacancies; and 1.32eV--LO phonon replica
of the 1. 36eV peak. Except for the 1.39eV peak all other peaks assoc-
iated with lattice damage in the ion-implanted samples are present in
sample 11. These peaks are believed to be caused by native defects in
sample 11 since their intensities increase with annealing as seen in the
intensity data presented in Table 1II for samples 11 and 11AC. The
absence of the 1. 39eV peak from the spectra of samples 11 and 11AC
indicate that this is the only peak which is caused entirely by damage
from ion implantation and annealing. The 1.38eV peak in the sample
11AC spectrum may be associated with the 1. 39eV peak. Its presence
in all of the sample 11AC spectra and in none of the sample 11 spectra
is a strong argument for associating it with vacancies which are formed
by outdiffusion of Ga/As with annealing. The reason for the high
intensity of the 1. 36eV peak compared to the other peaks assigned to
vacancies, or even to the 1.49eV peak, is not known. However, it is
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not unusual for a sample, like 11, which is not epitaxial to contain
strong and numerous peaks due to both native defects and impurities.
The 1.49eV peak could be caused by any number of impurities which
have a characteristic energy peak at 1.49eV. Some of the possibilities
are: Si (Ref 3:997, 8:144, 20:5348), Be (Ref 9:568), Zn (Ref 15:788),
and of course, Cd (Ref 4, 15). In this case the 1.49eV peak is attrib-
uted to Si since only Si has been identifi.ed as the impurity responsible
for the 1.49eV peak when this peak has been found in undoped samples

of GaAs (Ref 3:977, 8:144),

Damage Layer

Table II on the following page contains the 1.49eV peak intensi-
ties and base line intensities of those spectra which are believed to
show the damage layer produced by the ion implantation of GaAs. The
base line spectrum is produced by the optical emission from the elec-
tron gun cathode, and it is shown in Fig. 12 on pagé 42, Except for
samples 4 and 7 there is intensity data from two spectra for each
sample. The two chosen were: the spectrum most resembling the
electron gun spectrum but still showing peaks attributed to the GaAs
spectrum, and the spectrum produced by the next lowest energy elec-
tron beam used. The spectra for samples 11 and 11AC are presented
as a comparison of unimplanted versus implanted samples. The ratio
of base line intensity to 1. 49eV peak intensity is also shown for each

spectrum in Table 1. By comparing the changes in the actual spectra
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Table 11

Damage Layer Depths--All Samples, 10°K

Sample | Ep Ig @tensity (# of counts)| Ratio Ep |Depth
GaAs # | (KV) pa 1.49eV Base |Base/1.49] -1.5 |InGaAs]|
(KV) | (pm)
8 2.5 1 1340 1000 0.75 1.0 | 0,03
8 2.0 1 1008 900 0. 89 0.5 | 0.01
4 7.5 2 2942 1700 0.58 6.0 | 0.37
4 6.0* 4,.5%| 0,24
6 8.0 3 2166 1900 0. 88 6.5 | 0.42
6 7.5 3 1526 1400 0.92 6.0 | 0,37
7 12.5 3 5587 2300 0.41 11.0 | 0.89
7 10* 8.5%| 0.61
11AC 2.0 1 6627 2300 0. 35
11AC L 0.9 1753 1500 0. 86
8AA 1.75 1 1762 1200 0.68 0.25] 0.004
8AA 1.5 0.9 1313 1000 0.76 0 0
4A 4 1 2416 1100 0.45 2.5 ] 0.10
4A 3 1 .- 800 --- 1.5 | 0.05
6A 4,5 2 4314 1500 0. 35 3.0 1 0.13
6A 3.5 2 1275 1200 0.94 2.0 | 0.07

*Estimated value

to the ratio changes presented in Table II for these spectra it is con-

cluded that a ratio greater than 0.75 is a good indication that the

luminescence is from a layer within 0.5eV of the damage layer, and a

ratio greater than 0, 85 indicates that the luminescence is from the

boundary region of the damage layer.

In the damage layer no lumi-

nescence from the GaAs sample is present and only the optical emis-

sion from the electron gun cathode is detected.

Using the scheme

developed in Chapter 1I, the beaﬁ eneigy at which the ratio of the base
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line intensity to the 1.49eV peak intensity is greater than 0.85 is con-
verted to the corresponding depth of penetration into the GaAs crystal;

and this depth is considered the maximum extent of the damage layer

. in the sample. There are two cases where insufficient data makes it

necessary to estimate the depth of the damage layer. These estimates
are more qualitative than quantitative; however, they are based upon
two experimental observations. First, for most of the spectra which
have ratios below 0.5 only a drop in beam energy of 0.5KV to 1KV is
needed to move the ratio above 0.85. Second, the further the damage
layer extends from the crystal surface the slower is the approach to
the 0. 85 ratio from the 0.5 ratio. The accuracy of the depth layer
measurements are estimated at + 0. 25KV. Much of this uncertainty
is due to the poor resolution of the beam voltage meter.

Cadmium Implanted GaAs with Fluence = 1012 jon/cm2. In Fig.

11 and Fig. 12 on the following pages are the spectra for samples 8
and 8AA respectively, which are used to calculate the damage layer
depth in Table II. Also shown in Fig., 12 is the electron gun spectrum.
Damage layer data was not obtained on sample 8A., The change in
luminescence of sample 8 from 2. 5KV to 2KV illustrates the failure of
the electron beam to penetrate the damage layer at an energy of 2KV,
The 0.01 pm damage layer depth corresponds to a concentration of
2.6x10'7 jon/cm3 from LSS theory. The damage layer appears to be
completely removed by a 30 nﬁnqte 800°C anneal as illustrated by the
continued presence of a rather strong 1 49eV peak at a 1. 5KV beam
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energy. The reason for the shift of the 1.49eV peak to lower energy
is not known. In Chapter II it was calculated that 1. 75KV electrons
were needed to penetrate the 300 A Si3Ng4 cap. It is obvious from this
luminescence at 1.5KV that the cap had already been penetrated. This
discrepancy can be due to instrumentation error, which is significant
at such low energies, or to error in the theory. It is also possible .
that the cap is not 300 A thick. Time did not permit the thickness of
the cap to be determined by another experimental method.

Cadmium Implanted GaAs with Fluence = l()14 ion/cmz. The

spectra for samples 4 and 4A which were used in Table II are pre-
sented in Fig. 13. The sample 4 spectrum, except for the relatively
strong Cd peak at 1.488eV, has the characteristic shape of the electron
gun spectrum, indicating that most of the electrons are stopping inside
the damage layer. Unfortunately, further data could not be collected
to more accurately define the damage layer; and therefore, it had to be
estimated. The 6KV estimate, based upon the experimental observa-
tions mentioned earlier; is believed to be well within the damage layer.
The damage layer is calculated to extend 0.24 pm into the GaAs mater-
ial. This is an increase by a factor of 20 over the depth of the damage
layer in the 1012 jon/cm? fluence sample. ; According to LSS theory the
concentration at a depth of 0.24 pm in the 1014 jon/cm? fluence sample
is less than 1033 jon/cm3. It is difficult to understand how such an
ion density could pr.oduce enough damage to quench luminescence so
effectively, The 2.6 x 1017 jon/cm3 concentration calculated from
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LSS theory for the 1012 jon/cm? fluence sample seems much more
likely to be able to cause a damage layer than the 10-33 jon/cm3 value.
It seems evident that LSS theory does not give the correct penetration
profile for Cd implantation in this sample, Of course there is also the
possibility that this loss of luminescence is not due to a damage layer.
This cannot be the case since the increase of the luminescence quench-
ing depth with increasing fluence in the unannealed samples, and the
significant decrease of this luminescence quenching depth with anneal-
ing for each fluence sample strongly support an ion implantation
damage layer as the cause. Further, the damage layer depth and the
failure of LSS theory found in this study are substantiated by Hanson
who, using an electroreflectance technique, found that the damage
caused by a room temperature 120KV Cd implantation into GaAs at a
fluence of 1014 ion/cm? extended to a depth of 0.20 rm. He also noted
that LSS theory did not predict the long tail on the experimental damage
profile (Ref 19:58).

The 4A sample spectra at 4KV and 3KV are an excellent illustra-
tion of the transition into the damage layer. The sharp energy peaks
which appear in both spectra clearly illustrate the damage peaks
referred to in the previous section. The peak at 1.484eV in the 4KV
spectrum completely disappears in the 3KV spectrum and is replaced
by peaks at 1.496eV and 1.468eV. The 1.468eV peak is believed to be
caused by the same vacancy complex responsible for the 1.46eV peak
in sample 6. The l'.496eV peak could be caused by a condqction
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band-~Si acceptor as mentioned for sample 11 but it does seem a little
high for such an assignment. The important point is that the 1.484eV
peak is no longer present and many peaks due to damage are strongly
visible, riding on the electron gun spectrum. This indicates that at
3KV the electron beam penetrates just to the edge of the damage layer.
The annealing at 800°C for 15 minutes is not enough to eliminate the
damage layer completely but the anneai does reduce it to a layer
extending 0.05 pm below the surface. This is still 0. 04 pm greater
than the unannealed 1012 jon/cm? fluence damage layer. This inability
of an 800°C anneal to eliminate damage caused by a low fluence
implant is substantiated by K. Aoki et al, who found that defects pro-
duced by a 2 x 1013 jon/cm?2 fluence could not be eliminated by an
800°C anneal for 15 minutes in flowing hydrogen gas (Ref 1:146).

Cadmium Implanted GaAs with Fluence = 1013 ion/cmz. Sample

6 and sample 6A spectra used in Table II are shown in Fig. 14 and Fig.
15 respectively on the following pages. In sample 6 the 1.486 eV peak
almost totally disappears between a beam energy of 8KV and 7. 5KV.
The usual damage peaks are again quite intense compared to the 1. 486
eV peak. In the 7.5KV spectrum the peaks at 1.493eV and 1,485eV
could be the band-acceptor and donor-accéptor recombinations
respectively for a Si acceptor (Ref 3:997, 20:5348), rather than peaks
due to Cd. The damage layer is calculated to extend 0.37 pm into the
crystal. This is a 0.13 pm increase in depth over the 1014 jon/cm?
fluence sample damage layer. The small increase in the damage
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layer between these two samples as compared to the 0.23 um increase
between samples 8 and 4 and the 0.24 pm increase between samples 6
and 7 indicates that a hot ion implantation produces less damage than
a cold one. To prove this beyond question would require the study of a
hot and a cold ion implantation of the same fluence. The concentration
of Cd ions at the depth where the damage layer ends is less than 10799

ion/cm3

according to LSS theory., This again demonstrates the failure
of LSS theory to predict the correct Cd ion concentration profile.

For sample 6A the peak at 1.480eV in the 4. 5KV spectrum is no
longer present in the 3. 5KV spectrum, although a peak at 1.469eV is
evident. This peak is again identified as damage. These two spectra
do show that the damage layer clearly extends to the 2KV level in the
GaAs crystal. This corresponds to a layer extending 0.07 #m below
the crystal surface. .This is only 0.02 um deeper than in sample 4A,
which is surprising considering that before annealing sample 6 had a
damage layer that extended 0. 13 um deeper than the damage layer of
sample 4. It is possible that the damage layer of a hot implant is

more easily annealed out than that of a cold implant,

Cadmium Implanted GaAs with Fluence = 1016 jon/cm?%, The

spectrum for sample 7 at 12, 5KV is shown in Fig. 16 on the following
page. The 1.49eV peak is still very strong; however, no data is avail-
able at lower beam energies. The damage layer is estimated to end at
10KV which corresponds to a depth of 0.61 pm in the crystal. This
estimate is considered to represent the most extensive damage layer
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possible for this case. As previously mentioned, the increase in the
depth of the damage layer between samples 6 and 7 is greater than
between samples 4 and 6 indicating that a hot implant produces less
damage than a cold one,

Unimplanted GaAs. The spectra of sample 11AC presented in

Fig. 17 on page 52 show that the 1.488eV peak intensity is consider-
ably reduced as the electron beam energy is reduced from 2KV to
1.5KV. Since this sample was not Cd-implanted the reduction in intens-
ity cannot be explained by an ion implantation damage layer. The
intensity reduction is an indication of a dead layer for luminescence.
This dead layer is due to the proximity of the carriers (electrons and
holes) to the crystal surface. The time it takes the majority of the
carriers produced by the electron beam to reach the crystal surface,
where surface recombination dominates, is less than the mean lifetime
of these carriers before recombination occurs by one of the means
mentioned in Chapter II. The surface recombination does not produce
luminescence, it is non-radiative. The fact that the electron beam
cannot be controlled well at low energies is another factor, although
minor compared to surface recombination, which helps to reduce the
luminescence. At beam voltages below 2KV the width of the electron
beam at the sample block is larger than the diameter of the hole in the
mask covering the sample. This is in comparison to a beam at 5KV
which is small enough to be positioned on different parts of the sample
visible through the mask hole. The electrons lost to the mask can no
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longer excite the sample; and therefore, the luminescence intensity
drops. It should be noted that in sample 8AA luminescence of similar
intensity to that found in the 1.5KV 11AC spectrum was estimated to be
from the GaAs surface. This higher surface luminescence intensity in
sample 8AA compared to sample 11AC is because the presence of the
Si3Ny4 cap in sample 8AA reduced the amount of surface recombination
from that found in sample 11AC, Further, the presence of the cap put
the GaAs surface at a beam energy of 1. 5KV, thereby reducing the

electron beam expansion effect.

Annealing Effects

The investigation of the effects of annealing on the different
samples studies was complicated by two factors. First, the occur-
rence of an intense peak at 1.49eV in the unimplanted sample meant
that the intensity of the 1.49eV peak in the implanted and annealed
samples was due to both Cd ions and the impurity which caused the
original peak at 1.49eV. The intensity data at 15KV and 5KV pre-
sented in Table III on the following page shows that this original
impurity peak at 1.49eV is not as great a factor in the higher beam
energy spectra as it is in the lower ones, The second complicating
factor was the lack of intensity data for the comparison of all samples
under identical equipment settings. This is illustrated in Table III by
the beam current and slitwidth changes as beam energy is varied and
by the lack of data for some of the samples at many of the beam
energies shown.
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Cadmium Implanted GaAs with Fluence = 1012 ion/cmz. The

data in Table III at 25KV and 15KV clearly show that the intensity of
the 1.49eV peak in sample 8 increases drastically with annealing at
800°C for 15 minutes. Peaks associated with lattice vacancies also
jincrease in intensity with this anneal. The decrease in the ratio of the
1. 35eV peak to the 1.40eV peak is probably caused by more vacancies
being filled by Cd ions than are created. by outdiffusion of GaAs during
the anneal. Annealing sample 8A for an additional 15 minutes
decreases the 1.49eV (Cd) peak intensity at 15KV while increasing it
at 25KV aﬂd S5KV. The increase in intensity at 5KV is probably caused
by a further decrease in damage near the surface of the crystal. The
increase in intensity at 25KV with the decrease in intensity at 15KV
could indicate that Cd ions are diffusing from the 15KV layer to the
layer between 15KV and 25KV faster than the damage is being
decreased in the 15KV layer. But data on longer anneals for all
samples are necessary before this trend seen in the 1012 jon/cm?
fluence samples can be confirmed and the cause firmly established.

At all beam energies sample 8AA shows an increase over
sample 8A in the ratio of the 1,35eV peak to the Cd peak. This may
indicate that with an 800°C anneal for lonéer than 15 minutes outdif-
fusion of Ga/As cannot be compensated for by the filling of vacancies
with Cd ions. The ratio of the intensities of the 1.407eV peak and the
1. 39eV peak to the Cd peak remains constant with additional annealing
at all electron beam energies. The peaks at 1.4leV, 1.39eV, and
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1.35eV have been identified as recombinations involving Ga/As vacan-
cies. Therefore, it is possible that the reason the ratios of the first
two peaks to the Cd peak remain constant with additional annealing
while the ratio of the 1. 35eV peak to the Cd peak increases is that a
different lattice atom vacancy is responsible for the first two peaks
than for the 1.35eV peak. And the SizN4 cap does not reduce the out-
diffusion of Ga and As equally (Ref 9:568, 10:1425),

Cadmium Implanted GaAs with Fluence = 1014 ion/cm®., The

data at a beam energy of 15KV for samples 4 and 4A presented in
Table III show the same annealing effects as described for samples 8
and 8A. However, the intensity of the Cd peak after annealing is
much greater for sample 8A than for sample 4A. The 15KV electron
beam has a maximum penetration in the GaAs crystal of 1,21 pm. By
using equations (3) and (4) the Cd concentration at this depth for
samples 8A and 4A is calculated as 8 x 1017 ion/cm3 and 8 x 1017 jon/
cm3 respectively. One would expect that the higher Cd ion concentra-
tion would give the most intense Cd peak; and yet, the opposite seems
to have happened. It is proposed that sample 8A has a greater concen-
tration of Cd ions at the 1.21 pm depth than sample 4A. The 1014 jon/
cmz fluence causes a larger damage layer'than the 1012 jon/cm?
fluence, and when these damage layers are annealed a higher density
of vacancies is formed in the 1014 ion/cm? fluence sample than in the
1012 jon/cm? fluence sample. Assuming the rate of diffusion of Cd
ions is determined by their interstitial movement and that vacancies
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trap the Cd ions then their concentration will be greatest at diffusion
depths in the crystal with the lowest fluence implant. This suppressed
diffusion effect definitely supports the interstitial substitutional diffus-
ion model (Ref 1:148, 7:162, 23:55).

Cadmium Implanted GaAs with Fluence = 1015 jon/cm?. The

suppression effect is also present for sample 6A. The 15KV beam
energy intensity data for sample 6A in Table III shows a marked
decrease in intensity of the Cd peak from the 4A and 8A sample Cd
peak intensity. The intensity differences are remarkable considering
that the Cd. ion concentration at the 15KV depth is supposed to be 1000
times greater for sample 6A than for sample 8A. These values can-
not be correct, and the interstitial substitutional diffusion model is
needed to explain the intensity values. The damage layer data already
presented for samples 8, 4, and 6 show the increasing extent of this
damage layer with increasing fluence. During annealing this layer

provides the vacancies to trap the Cd ions and suppress the diffusion.
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V. Conclusions and Recommendations

Conclusions

In this thesis depth-resolved cathodoluminescence was used to
study the effects of Cd implantation and annealing in GaAs. Based
upon the results and discussion presented in Chapter IV the following
conclusions have been reached:

1. Damage layers created by ion implantation can be sharply
defined without destruction of the sample by use of the depth-resolved
cathodoluminescence experimental technique. '.fhis is the most signif-
icant conclusion reached. Thes‘e layers increase in depth as a direct
result of increased ion implantation fluence. A 15 minute anneal at
temperatures higher than 800°C or an 800°C anneal for longer than 15
minutes is necessary to completely remove the damage layer for those
fluences > 1014 jon/cm?,

2. Hot ion implantation produces smaller damage layers than
cold ion implantation for the same fluence.

3. LSS theory does not predict the correct concentration of
implanted Cd ions in unannealed GaAs at the damage layer boundary
for fluences 2 1014 jon/cm?.

4. The increasing Cd peak intensity with decreasing fluences
found in the annealed samples supports the interstitial substitutional

diffusion model.
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5. The 1.49eV peak in the implanted samples is a donor-Cd
acceptor recombination. This conclusion is based on the study of the
Cd peak energy change with temperature.

6. The 1.35eV peak may be caused by strain between the
Si3Ny4 cap and the GaAs surface, but further annealing studies are
necessary to firmly establish this,

7. The 1.39eV peak is caused by vacancies created by ion
implantation and annealing. Peaks at 1.46eV, 1.4leV and 1. 35eV are
due to vacancie‘s which were native to the 'as grown' GaAs material.
These peaks were enhanced through outdiffusion during annealing.

8. The Si3N4 cap does not reduce the outdiffusion of Ga and As

equally.

Recommendations

Based upon the results of this study the following recommenda-
tions are offered:

1. Depth-resolved cathodoluminescence should be used to study
ion-implanted epitiaxial samples. This would insure that native
defects and impurities introduced during growth would be minimized,
making the effects of the ion implantation and annealing clearer than in
the study just completed.

2. Additional depth-resolved cathodoluminescence data needs
to be collected on the change of the damage layer depth with fluence

and annealing for Cd-implanted GaAs. Smaller beam energy increments

59




need to be used to better identify the damage layer boundary. Studies
of hot and cold ion implantation with equal fluences should be done to
confirm that a hot implant causes less damage than a cold one.

3. Hall effect measurements should be made on annealed ion-
implanted GaAs samples that have damage layers which have been
studied by depth-resolved cathodoluminescence. This will allow a
correlation to be made between electrical activity and damage layer
extent as indicated by optical activity.

4, Tellurium implantation should be studied using the depth-
resolved cathodoluminescence technique. Since this ion does not
diffuse as rapidly as Cd the effects of annealing should be clearer.

5. Annealing effects should be studied further by using longer
and hotter anneals than used in this study.

6. The SizN4 cap should be removed from ion-implanted unan-
nealed and annealed samples, and their luminescence compared to that
found before cap removal to clearly identify the 1. 35eV peak observed

in this study.
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