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A systematic investigation of the behavior of Cd-implanted GaAs after rapid thermal annealing 
is presented. The use of various experimental techniques gives a detailed picture regarding the 
annealing process in the low-dose regime ( 1012 and 1013 cmp2> on a microscopic as well as on 
a macroscopic scale. Perturbed angular correlation experiments, using the radioactive probe 
lllmCd, yield information on the immediate environment of the Cd implant on an atomic scale. 
Rutherford backscattering channeling and photoluminescence spectroscopy give 
complementary information concerning the overall damage level in the implanted layer, Hall 
measurements are used to determine the degree of electrical activation of the implanted Cd 
acceptors. The outdiffusion of the implanted radioactive Cd atoms is also investigated. The 
removal of defects in the next-nearest neighborhood of the Cd atoms takes place after annealing 
at 700 K and is accompanied by a general recovering of the crystal lattice. Between 600 and 900 
K more distant defects are removed. The observed outdiffusion of about one-third of the dopant 
atoms after annealing above 600 K is discussed in context with their partial incorporation in 
extended defects. Although already at 700 K, 80% of the implanted Cd atoms are on 
substitutional lattice sites with no defects in their immediate environment, an annealing 
temperature in excess of 1000 K is necessary to obtain electrical activation of the implants. It is 
concluded that compensating defects, present in ion-implanted GaAs, are the reason for the 
significantly higher temperature required for electrical activation as compared to the 
incorporation of the dopants on defect-free, substitutional lattice sites. 

I. INTRODUCTION 

Ion implantation into crystalline compound semicon- 
ductors is one of the main methods for selective introduc- 
tion of dopant atoms.’ This method offers good control on 
both dopant concentration and depth distribution; how- 
ever, the use of ion implantation is always accompanied by 
undesirable structural damage to the crystal. The initial 
damage level depends on many factors such as substrate 
temperature,2 mass and energy of the implanted ion3 dose, 
and dose rate.4 It varies from isolated point defects, after 
low-dose implantation of light elements, to total amor- 
phization after implantation at high dose or with heavy 
ions. Even under optimum implantation conditions post- 
implantation thermal annealing is necessary to achieve 
electrical activation of the implanted dopant atoms. The 
thermal treatment of compound semiconductors at ele- 
vated temperatures is often complicated by the creation of 
stoichiometric defects due to the preferential loss of one 
component. Rapid thermal annealing (RTA) in combina- 
tion with appropriate capping techniques was shown to be 
most suitable for the annealing of GaAs.’ 

‘)Present address: AT&T Bell Laboratories, Murray Hill, NJ 07074. 

Whereas the understanding of native6 and irradiation- 
induced defects7 is already well developed in GaAs, no 
basic understanding of damage removal after heavy-ion im- 
plantation exists on an atomistic scale, up to now. Most of 
the understanding on the annealing after heavy-ion implan- 
tation has been deduced from Rutherford backscattering 
spectroscopy (RBS ) ,8*9 transmission electron microscopy 
(TEM),‘O-I2 and electrical measurements.13 The informa- 
tion gained by the above-mentioned techniques can be 
summarized in the following way. 

Structural recovery, as seen by RBS, starts already at 
ambient temperature8 and is-completed after annealing at 
about 900 K, even for high-dose implantations ( lOi5 cmw2, 
Zn+, 150 keV). I2 The formation of a variety of extended 
defects is observed by TEM.t2 Removal of these defects by 
annealing at much higher temperatures of about 900-1000 
K is required to achieve electrical activity of the implanted 
dopants. The experiments performed by Sadana” indicate 
that point-defects or small defect agglomerates ( < 50 A) 
are responsible for, the suppression of electrical activation. 

The influence of implantation temperature, dose, and 
annealing temperature on the electrical activation of the 
implanted dopants Te, Cd, and Se was investigated by 
Pearton et al. I3 Their results show that substitutionality of 

4248 J. Appl. Phys. 73 (9), 1 May 1993 0021-8979/93/094248-09$06.00 @I 1993 American Institute of Physics 4248 

Downloaded 18 Feb 2002 to 132.68.1.29. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



the dopant atoms, as probed by RBS, does not correlate 
with the observed electrical activation during annealing. In 
order to explain this discrepancy Pearton et al. have pro- 
posed the formation of close, passivating dopant-defect 
complexes which are stable up to high annealing tempera- 
tures. The influence of the chemical nature of the dopant 
on the activation efficiency and temperature, found in that 
work, was explained by different thermal stabilities of the 
respective passivating complexes. Pearton et al. claimed 
that, compared with donors, the acceptor Cd forms less 
stable defect complexes because for acceptor implants al- 
most complete electrical activation is observed already at 
rather low annealing temperatures. Since these investiga- 
tions were not sensitive to the formation of the postulated 
dopant-defect complexes, the question what kind of 
dopant-defect interaction really occurs has remained open. 
The fact that different temperatures are needed for substi- 
tutional incorporation and electrical activation of im- 
planted dopant atoms was also confirmed by emission 
channeling (EC) experiments. They have shown that a 
major fraction of implanted Cd atoms occupies substitu- 
tional sites already after annealing at 400 K,14,15 while in 
the case of the donor Te the EC experiments revealed sub- 
stitutionality only for annealing temperatures in excess of 
550 K.16 

Hence, the substitutionality of the implanted dopants 
does not seem to be a sufficient condition for electrical 
activation, because a rather large temperature gap exists 
between these two processes. Obviously, the understanding 
and controlling of electrical activation of implanted impu- 
rities in GaAs is hindered by a lack of information on the 
structural recovery of the immediate neighborhood of the 
implant.~ 

The aim of the present study is to gain information on 
the microscopic processes necessary for the electrical acti- 
vation. For this purpose a wide variety of dieerent exper- 
imental techniques was employed: perturbed angular cor- 
relation (PAC), which probes the immediate vicinity of a 
suitable radioactive dopant (in this case lll’Y!d); Ruther- 
ford backscattering channeling (RBS) and photolumines- 
cence (PL) experiments, both of which probe the overall 
degree of damage in the lattice; and electrical conductivity 
measurements which probe the concentration and mobility 
of the electrical carriers. By investigating the response of 
the implanted GaAs to these techniques a more complete, 
microscopic as well as macroscopic, picture of the anneal- 
ing behavior of GaAs is obtained. 

II. EXPERIMENT AND RESULTS 

Undoped, semi-insulating ( 100) GaAs samples (6 X 6 
mm2) were used in this work. The top 2 pm of the samples 
were etched using NaOH:H,O,:H,O ( 1:2: 100 weight ra- 
tio) to avoid the disturbing influence of damage created 
during the polishing process. Three sets of samples with 
different total implantation energies and doses, but similar 
local Cd concentrations, were used in the present investi- 
gation. This was needed because of the different sample 
requirements for the techniques employed. In order to ac- 
complish a parallel investigation at identically treated sam- 

ples by PAC, PL, and RBS a total implantation dose of 
lOi cmm2 is required. Therefore, into a first set of samples 
stable “‘Cd (200 keV, 1013 cme2) was implanted in addi- 
tion to radioactive ‘*“‘Cd; the latter implantation was car- 
ried out at the ISOLDE facility at.C!ERN with an energy 
of 60 keV and a dose of about 1Or2 cmv2. These two im- 
plantations result in a broad profile with a maximal Cd 
concentration of lOI8 cm-‘. PAC experiments were per- 
formed at a second set of samples which were implanted 
with tltmCd only, in order to obtain information under 
low-dose implantation conditions. For electrical character- 
ization by Hall measurements, a third set of GaAs samples 
was implanted with ’ 12Cd at three energies and doses ( 150, 
320, 640 keV and 5X 1012, 1013, 1.5~ lOI cmm2, respec- 
tively). This triple implantation yields an implantation 
profile extending from 50 to 250 nm and a local dopant 
concentration of 1.5X lo’* cme3, which is comparable 
with that of the above-described first set of samples. These 
deep implantations were found to be necessary to reduce 
the experimental uncertainty in the electrical analysis and 
to improve the electrical response of the thin active layer. 
For low-resistance ohmic contacts on the Cd-doped layers, 
Be triple implantations ( 100, 200, and 320 keV to a total 
dose of 1.5 x lOI cmm2> were performed into the four cor- 
ners of the samples, leading to apf layer in these regions. 
After annealing of the implantation damage Au-Mn con- 
tacts were soldered onto the Be-implanted areas.17 

For all samples rapid thermal annealing (RTA) was 
used to remove the implantation-induced damage. In order 
to minimize surface degradation at high annealing temper- 
atures “face-to-face” proximity caps, using undoped GaAs 
crystals, were employed. The annealing was performed in a 
double-walled quartz tube for 20 s under flowing Np The 
temperature was controlled by a quartz-coated thermocou- 
ple located close to the sample. The temperature calibra- 
tion between this thermocouple and the actual sample tem- 
perature was achieved by comparing the output of this 
thermocouple with the output of a thin Pt-Rh thermocou- 
ple sandwiched between two GaAs samples. The absolute 
accuracy of this calibration is estimated to be about 50 K, 
but the reproducibility is much better, being about 10 K. 

In the following a short description of each of the tech- 
niques employed along with the obtained results is given. 
A. Perturbed angular correlation 

Information on the direct vicinity of the implanted at- 
oms was obtained by the use of the perturbed ir angular 
correlation spectroscopy (PAC).‘* The PAC technique is 
sensitive to electric-field gradients (EFG) present at the 
site of the radioactive probe atom, in our case of ‘i”‘Cd 
(t,,,=48 min). The interaction of the EFG with the nu- 
clear quadrupole moment Q of the intermediate nuclear 
state is detected via the modulation in time of the angular 
correlation of the two consecutively emitted y rays. Any 
deviation of the electric-charge distribution from spherical 
symmetry caused by defects around the probe atom will 
create an EFG at the probe atom’s site, thus leading to a 
typical modulation of the PAC spectrum. Due to the 
highly inhomogeneous defect distribution around the 
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as implanted (A) 

1 Tn=590K (B) 1 

FIG. 1. PAC spectra of undoped semi-insulating GaAs after implantation 
with 60 keV ‘r’“‘Cd. The PAC spectra were recorded at 300 K for (A) 
as-implanted and subsequently annealed samples at (B) 590 K and (C) 
920 K (20 s under flowing nitrogen). 

probe atom after ion implantation, the environment of the 
implanted probe atoms is not characterized by a single 
EFG but rather by a broad distribution of EFGs. Informa- 
tion on the annealing process is extracted from the change 
of this EFG distribution. 

The yy coincidence spectrum R(t) recorded as a func- 
tion of time t is described by the following equation 
whereby A=0.125 represents the effective spatial aniso- 
tropy of the ~7 angular correlation; 

R(t)=A Cfi 
i 

=goeH 

A fit of Eq. ( 1) to the experimental R(t) spectrum 
yields the fractions fi of probe atoms in different environ- 
ments, each characterized by its quadrupole coupling con- 
stants VQf and widths hiQi corresponding to a mean EFG 
and a width of the EFG distributions, respectively. The S, 
values contain information on the orientation of the prin- 
ciple axes system of the EFG tensor with respect to the y 
detectors. 

The presence of a single unique EFG (vQ> 0 MHz, 
AvQ=O MHz) leads to a periodic modulation of the an- 
isotropy tagged by the coupling constant vQ=eQVEZ/JI, 
where V, is the largest component of the traceless EFG 
tensor. If the probe atoms are exposed to a variety of dif- 
ferent EFGs the modulation in the R(t) spectrum is su- 
perimposed by an almost exponential decay of the anisot- 
ropy, which is described by AvQ > 0 MHz in Eq. ( 1). A 
more detailed description of PAC and its application to 
semiconductors is given elsewhere.‘* 

In Fig. 1 a sequence of three R[t) spectra, recorded 
after 60 keV “*‘YJd implantation at 300 K into undoped 
GaAs, is shown for different annealing temperatures; the 
different shapes of the spectra demonstrate the incorpora- 
tion of Cd in different local environments. The fast contin- 
uous decay of the R(t) spectrum in Fig. 1 (A), reaching 

2 5 
,o a 

GaAs 

200 400 600 800 1000 
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FIG. 2. Width of the EFG distribution Ave of the heavily perturbed 
fraction (below 500 K) and of the slightly or unperturbed fraction (above 
500 K) in undoped GaAs (open circles) and in preimplanted GaAs (200 
keV “*Cd, lOI cm-*) (solid circles) as a function of annealing temper- 
ature. 

the final value of &=0.2 for t> 30 ns, indicates that all 
probe atoms are located in a heavily perturbed environ- 
ment that is characterized by a broad EFG distribution of 
AvQ=: 140 MHz centered at vQ=O MHZ. 

After rapid thermal annealing at 590 K [Fig. 1 (B)] the 
situation has changed. The R(t) spectrum now consists of 
a fast decaying part within the first 20 ns, identicalto that 
of the first spectrum, and a slow decrease of anisotropy of 
R(t) for longer times. This shows that about 50% of the 
probe atoms are located in an only slightly perturbed en- 
vironment, characterized by vQ=O MHz and AvQ=l 
MHz. The remaining Cd atoms are still located -in the 
highly perturbed environment, reflected by the fast de- 
crease of the R(r) spectrum within the hrst 20 ns. This 
fraction is characterized by a broad EFG distribution with 
a width AvQ=85 MHZ. 

The constant anisotropy ( AvQ < 0.1 MHz) in the third 
spectrum observed after annealing at 920 K [Fig. 1 (C)] 
indicates that 90% of the Cd probe atoms are located in an 
unperturbed environment as deduced from the absence of 
an EFG. The remaining 10% of Cd atoms are exposed to 
a broad distribution of very high EFGs leading to a fast 
decay of the R (t) spectrum which is not resolvable because 
of the limited time resolution of the PAC setup (about 1.5 
ns). 

The width of the EFG distribution AvQ as function of 
the annealing temperature is- plotted in Fig. 2 for ““YJd 
implanted into GaAs preimplanted with Cd and into virgin 
GaAs. Directly after implantation the EFG distribution is 
centered at vQ=O MHz with a width AvQ of about 140 
MHz. Since the absolute value of the EFGs present at the 
probe atom provides information on the probe atom’s en- 
vironment it is worthwhile to compare AvQ with other 
known coupling constants in GaAs. From experiments us- 
ing the probe ‘*‘In it is known that the probe’s environ- 
ment after implantation at 90 K is characterized by a broad 
EFG distribution centered at much higher values of about 
300 MHz.19 The formation of close Cd-H pairs leads to 
still higher EFGs characterized by vQ=457 and 481 
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MHz.~’ This shows that a defect adjacent to the probe 
atom gives rise to a high and unique coupling constant. 
Therefore, we conclude that the distribution of nonunique 
and relatively small EFGs, found in the present work after 
implantation at ambient temperature, arises from defects 
that are not located in the direct vicinity of the probe atom, 
but in the next-neighbor shell or further away. The present 
data exclude the existence of unique, nearest-neighbor 
dopant-defect complexes. 

Up to annealing temperatures of about 550 K the 
width of the EFG distribution continuously shifts to lower 
values for all probe atoms, reaching AvQ values of about 10 
MHz. At higher temperatures two different Cd fractions 
can be distinguished by their two different EFG distribu- 
tions, as discussed in relation to Fig. 1 (B). In Fig. 3 (A) 
the fraction of weakly perturbed probe atoms characterized 
by the continuously decreasing width AvQ (Fig. 2) is plot- 
ted. After annealing at 700 K about 70% of the Cd atoms 
in nonpreimplanted GaAs are exposed to EFGs below 10 
MHz. In Cd-preimplanted GaAs annealed at the same 
temperature this fraction is reduced to 40% possibly 
caused by the higher defect density due to the higher im- 
plantation dose. The frequency distribution itself, plotted 
in Fig. 2, eventually reaches a value of 0.1 MHz which can 
no longer be distinguished from that of a totally unper- 
turbed environment. No significant difference in AvQ be- 
tween the virgin GaAs (open circles) and the 
1’2Cd-preimplanted (solid circles) is evident in the present 
data; nevertheless, at a slightly higher dose such an influ- 
ence has been observed.” 

The frequencies characterizing the remaining Cd at- 
oms, located in a heavily’ perturbed environment [the fast 
decaying part in Fig. 1 (B)], are continuously growing ,with 
temperature until, above 900 K, frequencies higher than 
600 MHz are reached. Thereby, the shape of the PAC 
spectra show that not a unique frequency but still a fre- 
quency distribution exists. Since no unique frequency is 
observed, these high frequencies cannot be attributed to the 
formation of close dopant-defect complexes. The tempera- 
ture dependence of the frequency distribution of the 
strongly perturbed fraction is in contrast to that of the 
probe atoms in slightly perturbed sites and is shifting to 
higher values with increasing temperature. The observed 
heavily perturbed fraction can be explained by assuming 
that the associated Cd atoms are trapped by extended de- 
fects which are known to be formed in GaAs in this tem- 
perature range.12 No more detailed information about size 
and nature of the formed defects can be extracted from the 
present PAC experiment. 

According to the PAC results, the annealing process 
can be divided into two parts: Between 300 and 500 K all 
probe atoms are located in heavily perturbed environ- 
ments, with the width of the associated EFG distribution 
decreasing with temperature. Above 500 K two different 
environments are distinguished: A slightly perturbed, dom- 
inating fraction which corresponds to Cd on regular lattice 
sites with almost no defects in the neighborhood and a 
highly perturbed, less populated fraction which corre- 
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FIG. 3. Annealing behavior as observed by the different employed tech- 
niques: (A) the fraction of slightly or unperturbed Cd observed by PAC; 
(B) the normalized backscattering yield along the (100) lattice direction 
as seen by RBS; (C!) the normalized PL intensity; (D) the percentage of 
Cd outdiffusion; and (E) the electrical activation efficiency. Data ob- 
tained from virgin and preimplanted GaAs samples are displayed as open 
and soIid circles, respectively; the drawn curves are shown to guide 
the eye. 

sponds, most likely, to Cd incorporated into extended de- 
fects. 

B. Rutherford backscattering-channeling 
spectroscopy 

Information on the overall implantation damage 
present in the lattice and its change as a result of annealing 
was deduced from Rutherford backscattering channeling 
experiments (RBS). In such experiments the energy- 
resolved backscattering yield of energetic light particles is 
recorded for the particle beam aligned along a low-index 
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crystallographic axis (channeling condition) or under ran- 
dom crystal orientation conditions. In perfect crystals the 
backscattering yield of particles under channeling condi- 
tions is reduced due to the smaller collision probability 
with atoms of the crystal. -The depth information is con- 
tained in the energy of the backscattered particles. Damage 
in the crystal reveals itself through an increased back- 
scattering yield under channeling conditions caused by the 
atoms that are displaced from their regular lattice sites. By 
calculating the ratio Xmin of the backscattering yield under 
channeling and nonchanneling (random) conditions for 
particles originating from a particular depth region in the 
sample, information about the nature, concentration, and 
depth distribution of irradiation-induced damage in the im- 
planted crystals is obtained.“’ 

In the present investigation, 320 keV He+ ions were 
used as probing particles (dose: 8x 1014 cme2), and the 
channeling spectra were taken along the (100) lattice di- 
rection. No well-defined damage peak was observable in 
any of the channeling spectra because of the low implan- 
tation doses used. Damage evaluation was obtained by cal- 
culating Xmin for a depth region extending from the surface 
to a depth of 200 nm, roughly corresponding to twice the 
projected range of 200 keV Cd ions in G~As.~~ In this way 
the gradual removal of the damage could be measured as 
function of the annealing temperature. 

The results of the RBS experiments are shown in Fig. 
3 (B) which displays Xmin as function of annealing temper- 
ature for the identical samples that were used for the PAC 
experiments [Fig. 3(A)]. For comparison, Xmin for an un- 
implanted GaAs sample (virgin level) is indicated as a 
solid line in Fig. 3(B). Immediately after implantation 
Xmin reaches 23% of the random backscattering yield, that 
reflects the presence of a damaged, but not amorphized 
layer in the analyzed depth interval. Already after anneal- 
ing at 500 K significant recovery is noticeable through the 
reduction of ,xmin. Above 750 K, Xmin saturates, however at 
a value well above that of an undamaged crystal, indicating 
that complete recovery of the damaged crystal was not 
achieved. 

The decrease of Xmtn between 400 and 750 K does not 
necessarily indicate a removal of the primary defects but 
may as well reflect a rearrangement of the predominant 
defects during annealing: Point defects may agglomerate to 
form extended defects that contribute to xmin in a different 
way. From RBS analysis alone no further information on 
the microscopic nature of this process nor on the remain- 
ing damage can be obtained. 

C. Photoluminescence 

Free-exciton luminescence is a sensitive technique for 
the assessment of the crystalline quality of semiconductors. 
The luminescence intensity is strongly affected by the pres- 
ence of defect related nonradiative recombination centers 
in the crystal.23 Photoluminescence (PL) experiments 
have been widely used to characterize impurities and de- 
fects in pure and damaged crystals.2b27 At low tempera- 
tures the origin of the radiative transitions is usually due to 
exciton recombination (free or bound) and donor-acceptor 

Energy WI 

FIG. 4. Photoluminescence spectra of virgin, as implanted and annealed 
GaAs samples. 

recombination ( D,A ) . The nature of the impurities usually 
determines the energies of the different impurity related 
transitions. Due to the absorption of the exciting photons 
in the material, the PL signal originates predominantly 
from the near-surface region of the sample and thus mainly 
probes the implanted layer.‘* These aspects of PL were 
used in the present work to measure the overall damage in 
the implanted samples and its recovery as function of an- 
nealing temperature. 

The samples analyzed by PL belonged to the set of 
samples that was analyzed by PAC and RBS measure- 
ments [Figs. 3 (A) and 3(B)]. All PL experiments ‘were 
performed at low temperature (2 K) using the 514 nm 
light from an Ar-ion laser for excitation with typical inci- 
dent intensities of 50 W cme2. The luminescence was an- 
alyzed using a double monochromator with a spectral res- 
olution of about 0.1 meV. 

Representative PL spectra are shown in Fig. 4 for a 
virgin, an as-implanted, and for two samples annealed at 
700 and 925 K. The PL spectrum of the virgin GaAs crys- 
tal shows the free-exciton luminescence band (FE) at 
1.5 15 eV and the acceptor-bound exciton luminescence 
(BE) at 1.5122 eV.25*29 The peaks at 1.493 and 1.49 eV 
correspond to the free-to-bound [electron to acceptor 
(ed)] and possibly to donor-acceptor pair transitions, usu- 
ally observed in bulk GaAs.2g Typically, these transitions 
involve carbon acceptors being always present in undoped 
GaAs. 

After implantation, the overall optical recombination 
is strongly suppressed. For the same excitation power the 
free-to-bound transitions are reduced by a factor of 10 and 
the excitonic transitions are even weaker. This reduction is 
explained by the presence of implantation-induced defects 
which act as nonradiative recombination centers, thereby 
reducing the optical recombination efficiency: The exci- 
tonic lines increase in intensity with annealing tempera- 
ture, reaching about half of the intensity of unimplanted 
material after annealing at 925 K. At the same time, the 
(e+4) peak shifts to lower energies. This shift is consistent 
with the expected presence of Cd acceptors [the energy of 
the (eJ> transition for Cd acceptors is 1.484 eV].25 

The continuous increase of excitonic PL intensity with 
increasing annealing temperature indicates that the num- * 
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ber of defects decreases in the probed volume, reflecting an 
improvement of the crystalline quality. In order to quantify 
the degree of annealing, as reflected by the growth of ex- 
citonic PL intensity, the integral PL intensity in the range 
of 1.505-1.540 eV was normalized to that observed in the 
virgin sample. The results of such an analysis are plotted as 
normalized PL intensities in Fig. 3 (C). According to the 
PL data no annealing seems to occur below 600 K. Above 
this temperature some damage removal is evident, but 
complete annealing was not obtained even at the highest 
temperature of 925 K used in this study, the PL intensity 
reaching only 50% of the virgin value. 

D. Cd outdiffusion 

The amount of Cd loss as a result of the thermal treat- 
ment was determined by measuring the counting rates due 
to the radioactive, decay of the ““‘Cd before and after 
annealing. By comparing the counting rates, and correct- 
ing for the radioactive decay during the elapsed time, in- 
formation about Cd outdiffusion as a result of the thermal 
treatment was obtained. The accuracy in determining the 
distance between sample and detector introduced an abso- 
lute error of about 10%. 

The Cd outdiffusion has been measured for two sets of 
samples as a function of annealing temperature [Fig. 
3(D)]. One in which the radioactive ““YZd has been im- 
planted into a GaAs layer preimplanted by stable “‘Cd 
(solid circles) and the other which had been implanted 
with only radioactive ““‘Cd into virgin GaAs (open cir- 
cles). The outdiffusion starts at annealing temperatures of 
600 K for both the virgin and preimplanted samples. At 
the highest applied temperature about 30%-40% of the 
dopant atoms diffused out of the GaAs samples. No signif- 
icant influence of the implantation dose on this loss was 
observable. However, using a slightly higher implantation 
dose of 1.3X 1013 cmS2 (60 keV) a retardation of the Cd 
loss has been observed. This retardation has been explained 
by the incorporation of Cd atoms into extended defects.” 

E. Electrical measurements 

The electrical activation of the implanted dopant Cd 
during annealing was investigated by sheet resistivity and 
Hall-effect measurements in van der Pauw geometry. The 
Hall coefficient RH yields information on the concentration 
p and the type of free carriers, 

p=l/R#. (2) 
When combined with the specific conductivity o, the Hall 
mobility y can be calculated, 

pp = dep. (3) 
All Hall measurements were carried out on the triple- 

implanted samples (set three) at 77 K in a magnetic field 
of 0.3 T. In order to extract the specific conductivity from 
the measured sheet resistivity, a homogeneously doped Cd 
layer of a thickness of 200’nm was assumed. The implanted 
Cd dose (3 X 10” cm-“) corresponds to a nominal Cd 
concentration of 1.5X 10” cmS3. 
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FIG. 5. (A) Sheet conductivity, (B) hole concentration, and (C) corre- 
sponding Hall mobility as a function of annealing temperature in GaAs 
implanted with “%d (150, 320, and 640 keV and 5X lo’*, lo’“, and 
1.5X lOI cm-*). 

The results of these measurements are plotted as a 
function of annealing temperature in Fig. 5. Figures 5(A) 
and 5(B) show that both the conductivity and the carrier 
concentration increase only after annealing above 1000 K. 
At an annealing temperature of 1150 K an electrically ac- 
tive Cd concentration of 1.2X 10” cmm3 is obtained. The 
carrier mobility p , plotted in Fig. 5 (C), reaches a value of 
about 90 cm2 Vee s-l which is known as a typical value 
for implanted p-type liyers in GaAsS Using the known Cd 
concentration in the implanted layer the activation effi- 
ciency is plotted in Fig. 3 (E) reaching a maximum value of 
80%. This result is in good agreement with the results of 
Peat-ton et al., I3 who report a high activation efficiency af- 
ter low-dose Cd implantation and after high-temperature 
annealing. 

No quantitative electrical data could be obtained for 
samples annealed below 1000 K because of the limited 
sensitivity of the Hall setup. Therefore, we were not able to 
detect the transition from n to p-type conductivity, which 
was reported by Tandon et al. 3o to occur after implantation 
of Mg into GaAs at about 900 K. 

III. DISCUSSION 

A rather complete picture of the incorporation of the 
implanted acceptor Cd into GaAs as a function of anneal- 
ing temperature emerges from the data plotted in Fig. 3 
which summarizes the results obtained by the various 
probing techniques. From these data, schematically also 
presented in Fig. 6, three temperature regimes can be dis- 
tinguished which will be discussed below in more detail. 

However, prior to this discussion the microscopic sit- 
uation around the Cd impurity directly after implantation 
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FIG. 6. Schematic overview of the annealing stages observed by the dif- 
ferent experimental techniques discussed in this article. Arrows indicate 
that the annealing as observed by the respective technique showed no 
saturation in the investigated temperature regime. 

has to be identified, a point that is crucial for the under- 
standing of the whole annealing process. It has been de- 
duced from the PAC results that the probe atom Cd is 
exposed to a variety of different damaged environments. In 
most of these, however, the defects are not in the first 
atomic shell around the probe atom, because the observed 
EFGs are not strong enough. Accordingly, the nearest- 
neighbor shell around almost all probe atoms recovers al- 
ready during the implantation at 300 K. 

PAC cannot distinguish between a probe atom residing 
on a substitutional or an interstitial site as long as its sur- 
rounding has spherical symmetry. Therefore, additional in- 
formation about the lattice site location is required. From 
emission-channeling measurements it is known that a ma- 
jor fraction of Cd is already located on substitutional sites 
after implantation at ambient temperature.14 On the other 
hand, after implantation at 77 K and subsequent anneal- 
ing, the Cd atoms were observed to move from irregular 
onto substitutional lattice sites between 250 and 400 K. 
According to these results the perturbation seen by PAC 
after implantation of Cd at ambient temperature found in 
the present work [Fig. l(A)] reflects the existence of de- 
fects in the neighborhood of probe atoms with the Cd at- 
oms predominantly located on substitutional lattice sites. 
Therefore, it can be assumed that all following annealing 
processes take place with reference to substitutional Cd 
dopants which are surrounded by an almost completely 
recovered first-neighbor shell. 

In the first temperature regime (300-600 K) a change 
in the various measured quantities plotted in Fig. 3 is only 
visible in the RBS and PAC measurements. According to 
the reduction of the width of the EFG distribution (dashed 
line in Fig. 2) we conclude that the more distant environ- 
ment of all Cd probe atoms recovers. This is accompanied 
by an overall, but not complete, annealing of the crystal 
lattice seen by RBS. Since the point defects in the Ga 
sublattice are reported to be mobile in this temperature 
regime,’ the annealing in this stage is most likely related to 
the annealing of Ga-related defects. 
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More pronounced developments are seen in the second 
regime (600-950 K). PAC yields the transition from a 
situation (below 600 K), in which all Cd atoms are con- 
tined in a perturbed environment, to either an incorpora- 
tion of Cd in extended defects or into only slightly per- 
turbed sites ( Av, < 10 MHz). TEM investigations reveal 
that extended defects are formed in this temperature range 
around 700 K and that the kind of extended defects formed 
after ion implantation and annealing depends on the chem- 
ical nature of the implant.” Therefore, the incorporation of 
the implant into the growing extended defects is a reason- 
able process to explain the strongly perturbed Cd site ob- 
served by PAC. 

In addition, the lllrn Cd outdiffusion data [Fig. 3 (D)] 
show that above 600 K the fraction of Cd atoms lost dur- 
ing annealing (about 30%) is only weakly dependent on 
the annealing temperature and seems to saturate. This ob- 
servation suggests a defect enhanced diffusivity. At the 
temperature at which the corresponding defects become 
mobile, both Cd loss and the formation of extended defects 
with Cd incorporation sets in. The outdiffusion of Cd from 
the heavily perturbed sites then causes the increase in the 
relative fraction of Cd on slightly perturbed sites displayed 
in the PAC results plotted in Fig. 3(A). 

From RBS measurements it is seen that at annealing 
temperatures of about 700 K xmin has already reached its 
lowest value. This saturation occurs at only 60% of the 
virgin value and reflects the fact that the lattice can not be 
completely recovered by annealing up to 900 K. Again, the 
presence of the rather stable extended defects can explain 
the residual damage as seen by RBS. 

Up to 900 K, where PAC reveals a continuous de- 
crease of the frequency distribution of the slightly per- 
turbed Cd atoms (Fig. 2, solid line), a growing excitonic 
PL intensity is detected. The still visible perturbation re- 
sults from defects that are present at larger distances from 
the probe atom. Lattice strain created by the above- 
discussed extended defects may explain this perturbation; 
Tandon et al. showed already that annealing at 900 K and 
above is necessary to remove the strain in Si-implanted 
GaAs.30 The annealing seen here via the reduction of Aye 
(Fig. 2, solid line) and the growth of the excitonic PL 
emission [Fig. 3 (C)] seems to reflect the same annealing 
process, but with different specific sensitivities to the de- 
fects in the implanted layer. PAC probes only the environ- 
ment of the dopant, whereas PL is sensitive to the overall 
lattice quality via the presence of nonradiative recombina- 
tion centers. Accordingly, PAC is less sensitive to the glo- 
bal defect behavior than PL, the signal of which shows no 
saturation in the investigated temperature regime [Fig. 
3 (C)l, in contrast to the PAC data in Fig. 3(A). 

From the above-discussed results, we conclude that 
around 600 K defects, most likely intrinsic point defects 
which were created during implantation, become mobile 
and form larger defect structures. This conclusion is sup- 
ported by the reduction of scattering centers in RBS, by the 
continuous decrease of the perturbation in the PAC spectra 
(dotted line in Fig. 2) and by the partial incorporation of 
the probe atoms into extended defects, which is deduced 
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from the Cd loss [Fig. 3 (D)]. Since the identification of the 
relevant defects in this temperature regime is not possible 
from the present data it is necessary to compare them with 
corresponding data in the literature. Electron .paramag- 
netic resonance (EPR) measurements in e--irradiated 
GaAs report the removal of As vacancies to take place 
between 300 and 700 K, a process that requires the mobil- 
ity of VAr or As, defects.6 Since the mobility of Ga-related 
intrinsic defects is much higher,7 we conclude that the 
transition at about 600 K seen in our annealing experi- 
ments is related to the onset of the mobility of point defects 
in the As-sublattice, which leads to the formation of ex- 
tended defect structures. 

Annealing temperatures above 900-K, the third tem- 
perature regime, are required to achieve measurable elec- 
trical activation of the implanted Cd atoms [Fig. 3(E)]; 
annealing at 1100 K finally leads to an activation of 80% of 
the Cd atoms. It should be noted that the electrical mea- 
surements were performed at samples with a slightly dif- 
ferent design, which complicates the direct comparison 
with the other results. Nevertheless, it is known that an- 
nealing temperatures in this range are necessary to achieve 
electrical activation of implanted acceptor atoms in 
G~As.‘~*~’ This temperature is significantly higher than 
that necessary to drive the dopants into substitutional sites 
without any defects in their next neighborhood. 

This difference can be understood in the following way: 
Extended defects act as efficient traps for the electrical 
carriers and thereby hinder the development of conductiv- 
ity. Annealing at high temperatures is necessary to remove 
these extended defects and to achieve the electrically active 
incorporation of the dopant atom into the GaAs matrix. 

This explanation is at variance to the interpretation 
proposed by Pear-ton et al. I3 In that work the dopants are 
proposed to be passivated by the formation of electrically 
inactive dopant-defect complexes, which are stable up to 
the temperatures at which the electrical activation is ob- 
served. However, our results directly prove that such for- 
mation of electrically inactive dopant-defect complexes 
does not occur, at least not for the case of Cd in GaAs, 
because the unique EFGs that must accompany the forma- 
tion of such complexes are not observed. According to our 
explanation a compensation and not a passivation of the 
dopants is responsible for the discrepancy between incor- 
poration on substitutional, unperturbed sites already at 
rather low annealing temperatures and the detection of 
electrical activation at much higher temperatures. 

IV. CONCLUSION 

The variety of experimental techniques employed in 
the present work for the characterization of annealing of 
Cd-implanted GaAs allowed us to draw a detailed picture 
of the nature of the annealing stages which finally lead to 
the electrical activation of the Cd implants. These pro- 
cesses observed by different techniques are sketched in Fig. 
6 as function of annealing temperature. 

The fact that electrical activation sets in at tempera- 
tures that are significantly higher than those required to 

drive the dopants onto substitutional lattice sites and to 
remove the damage in their neighborhood is due to the 
most stringent requirements for the appearance of electri- 
cal conductivity. In order to observe dopant-related con- 
ductivity, three requirements must be met: The dopant 
must reside on the correct lattice site, no defect should be 
associated with the dopant, and the number of defects act- 
ing as efficient carrier traps must be reduced sufficiently so 
that the carriers have a long enough lifetime to contribute 
to a perceivable conductivity in the crystal. It seems as if 
the latter requirement-removal of traps and carrier scat- 
tering centers-is the one that causes the electrical activity 
to set in only at annealing temperatures above 1000 K. 
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