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A detailed study of the influence of substrate temperature on the radiation-induced lattice 
strain field and crystalline-to-amorphous (c-a) phase transition in MeV oxygen ion 
implanted GaAs crystals has been made using channeling Rutherford backscattering 
spectroscopy, secondary ion mass spectrometry, and the x-ray rocking curve technique. A 
comparison has been made between the cases of room temperature (RT) and low 
temperature (LT) (about 100 K) implantation. A strong in situ dynamic annealing process 
is found in RT implantation at a moderate beam current, resulting in a uniform positive 
strain field in the implanted layer. LT implantation introduces a freeze-in effect which 
impedes the recombination and diffusion of initial radiation-created lattice damage and 
defects, and in turn drives more efficiently the c-u transition as well as strain saturation and 
relaxation. The results are interpreted with a spike damage model in which the defect 
production process is described in terms of the competition between defect generation by 
nuclear spikes and defect diffusion and recombination stimulated by electronic spikes. It is 
also suggested that the excess population of vacancies and their complexes is responsible 
for lattice spacing expansion in ion-implanted GaAs crystals. 

I. INTRODUCTION 

Ion implantation as a well-established technique for 
introducing active doping and for property modification in 
semiconductors has been widely utilized in semiconductor 
device technology. Tremendous effort has been devoted to 
understand the physical processes and effects involved and 
to ensure its highly precise control capability and 
reproducibility. ‘-’ However, many aspects, from the fun- 
damental study of mechanisms of radiation-induced dam- 
age and activation processes to the reproducible control of 
conditions of implantation and annealing, are still not well 
understood-especially in the area of MeV ion implanta- 
tion. The connection between the implantation condition 
and structure and distribution of radiation-induced defects 
is of high scientific and technological interest because of 
the fact that electrical and structural properties of im- 
planted samples as well as post-implantation processes nec- 
essary for damage annealing and dopant activation, are 
highly influenced by the degree of lattice disorder and 
damage. This may be much more pronounced in III-V 
compound semiconductors, as compared to Si, due to their 
binary nature and complexity of lattice defects. Investiga- 
tion of ion implantation into GaAs has attracted consider- 
able attention as it is widely used in fabricating optoelec- 
tronic and high speed devices. 

Among many influences on defect production and an- 
nihilation during ion implantation, the substrate tempera- 
ture is one of the most important factors. Many studies of 
the GaAs system have been made in the keV range with an 

emphasis on the temperature dependence of the damage 
profile, critical amorphization dose,3-5 and electrical prop- 
erty6 of implanted samples. A significant in situ annealing 
process has been noticed to be involved during the implan- 
tation at room temperature and above.3’7 Similar phenom- 
ena have been found in MeV ion implantation.’ The 
present study of implantation and characterization in MeV 
oxygen ion implanted GaAs was carried out using the 
x-ray rocking curve (XRC) technique, channeling Ruther- 
ford backscattering spectrometry (CRBS), and secondary 
ion mass spectrometry (SIMS), to investigate the influence 
of substrate temperature on the implant profile, lattice 
damage, radiation-induced strain field, and phase transi- 
tion during implantation. The results have consistently re- 
vealed that strong defect diffusion and in situ dynamic an- 
nealing are involved during implantation at room 
temperature with a moderate beam current, resulting in 
lattice strain build-up and saturation. The expected amor- 
phization was not observed under this condition. Implan- 
tation at low temperature (about 100 K) introduces a 
freezing-in effect. It impedes initial radiation-created lattice 
damage and defects from recombination and diffusion, and 
in turn drives more efficiently the c-a transition as well as 
lattice strain saturation and relaxation during implanta- 
tion. The results have given us a close insight of ion dam- 
age nucleation in III-V compound semiconductors with 
the influence of substrate temperature. 
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* 
II. EXPERIMENTAL ASPECTS AND RESULTS 

An n-type GaAs( 100) single crystalline wafer, doped 
with Si at a carrier concentration of 4.7 x 10’*/cm3, was 
used in this study. 2 MeV oxygen ions generated from the 
Caltech Tandem accelerator were implanted into GaAs 
substrates with doses ranging from 5 x 1013 to 2 X 1016 
ions/cm2. The implantation was carried out with the target 
maintained either at ambient room temperature (RT) or at 
low temperature (LT) with LN2 cooling (about 100 K on 
the target surface). The focused and electrostatically ras- 
tered beam was projected to the sample surface in a non- 
channeling direction through a 6 x 6 mm2 collimator. The 
beam current density in all cases was maintained constant 
at 2.5 X lOI ions/cm2 s. 

Characterization of both RT and LT implanted sam- 
ples was done at room temperature. The implant distribu- 
tion was profiled by SIMS at Bellcore laboratory with a 16 
keV Art source. Crystalline damage profiling was inves- 
tigated with CRBS on the Caltech Tandem accelerator. In 
order to probe deeply buried implanted layers, a 4 MeV 
4He’ beam was used. A solid-state detector was set at a 
lab angle of 140”, which is chosen to give a flat cross section 
function and minimize the possible resonant scattering 
from ‘60(a,a) ‘60.8v9 he T net dechanneling ratio at a cer- 
tain depth was extracted as x = (Ci - Ce)/(C, - Ce), 
where Ce, Ci, and C, are CRBS yields from a virgin crystal 
and an implantation-damaged crystal, and the yield in the 
random spectrum, respectively. Measurement of lattice 
strain profiles was performed with the XRC technique 
which is based on Bragg double-crystal x-ray diffraction. 
The sample to be analyzed is mounted as the second crystal 
on a goniometer which rotated in steps of 10 - 4 deg around 
the preset Bragg angle of the required diffraction direction 
of the substrate. An x-ray rocking curve is just a measure 
of the change of x-ray diffraction intensity (reflecting 
power) as a function of the small variation of Bragg angle 
(he) due to lattice strain and crystal imperfections. The 
well collimated, low divergence FeKo, x-ray (A = 1.936 
A), monochromized by the first crystal of GaAs(400), was 
used. Symmetrical (400) diffraction with respect to the 
substrate was aligned for perpendicular strain measure- 
ment, and asymmetrical diffraction in the (3 11) direction 
for parallel strain detection. By deconvolution of XRCs 
with well-known analytical models,10-‘2 one can obtain in- 
formation on depth profiles of lattice strain and crystalline 
damage. In our case, the dynamical x-ray diffraction 
model,1”‘2 which properly accounts for absorption and ex- 
tinction of x-ray wave fields in the implanted layer, has 
been employed due to the deep implantation. In this 
model, the degree of lattice disorder is taken into account 
by introducing a term called “damage,” which represents 
the standard deviation of a Gaussian distribution of atomic 
radial displacement of lattice atoms from their lattice sites. 
It reduces the x-ray reflecting intensity due to a change of 
the crystalline structural factor of the sample through the 
well-known Debye-Waller correction factor.10,13 We note 
here that the solution for the deconvolution of experimen- 
tal XRCs is not unique; it requires preliminary knowledge 
of physical qualities involved. In our detailed data analysis, 
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FIG. 1. Distributions of 2 MeV implanted oxygen atoms and 
implantation-created vacancies in GaAs, calculated by the TRIM code. 

the initial estimate of the profiles of lattice strain and dam- 
age was chosen according to the implant distribution es- 
tablished by SIMS and the distribution of implantation- 
induced vacancies estimated by a TRIM simulation, 
respectively, with an assumption that the strain is propor- 
tional to the concentration of lattice defects and the dam- 
age is proportional to the implant distribution. Then, these 
profiles were modified so as to best fit the calculated x-ray 
rocking curves to the experimental ones. 

Figure 1 shows a computer simulation result of the 
distribution of implanted atoms and implantation-created 
vacancies for 2 MeV oxygen ions in GaAs, which was 
calculated with the TRIM code14T15 with a displacement 
energy of 10 eV. As a preliminary estimate, it predicts that 
the implanted atoms follow a distorted Gaussian distribu- 
tion with an average range of 1.72 pm and the standard 
deviation of 0.23 pm (FWHM = 0.23 ~2.36 ,um = 0.54 
pm). The profile of implantation-generated vacancies has a 
slight shift towards the surface with respect to the implant 
distribution with a damage tail extending in the surface 
region. Since the TRIM calculation15 is based on Monte 
Carlo simulation of energetic ion transportation in a ran- 
domly oriented material, no information about crystalline 
structure, damage overlap, and defect migration and anni- 
hilation has been taken into account. 

The SIMS profiles of oxygen in both RT and LT im- 
planted GaAs samples are shown in Fig. 2. The data have 
been normalized by setting the integrated yield equal to 
unity. The profiles indicate a distorted Gaussian-like dis- 
tribution with the peak at 1.85 pm and the FWHM of 0.55 
pm. No significant difference between the profiles of these 
two samples has been found, except a slight broadening in 
the RT implanted sample. This implies that only weak 
implant diffusion might have taken place during the RT 
implantation. 

In contrast, a strong influence of target temperature on 
lattice disorder and damage profiles has been revealed by 
the CRBS measurement. Two sets of CRBS spectra from 
RT and LT implanted samples Fig. 3 show the evolution of 
lattice damage as a function of the ion dose. In the LT 
implanted samples [Fig. 3 (a)], lattice disorder increases 
markedly with the ion dose. A highly disordered region is 
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FIG. 2. SIMS oxygen profiles in GaAs implanted by 2 MeV oxygen ions 
FIG. 4. The net dechanneling ratio in the heavily damaged region as a 

atRT(X)andatLT(+). 
function of the implant dose in 2-MeV-oxygen-ion-implanted GaAs. The 
data are taken from Fig. 3. 

centered at a depth around 1.75 ,um, consistent with the 
profiles from TRIM simulation. Figure 4 plots the net de- 
channeling ratio at this point ( - 1.7 pm) as a function of 
the dose. At low doses ( 10’3-1014 ions/cm2), lattice dam- 
age accumulates with the dose D as x = CD”, since a 
straight line in a log-log plot is shown, with n N 1.198 and 
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FIG. 3. CRBS spectra for 2-MeV-oxygen-ion-implanted GaAs, showing 
the evolution of lattice damage as a function of the implant dose. (a) LT 
implanted, (b) RT implanted. 

c = 6.09 x 10 - 16. The completed amorphization takes 
place with a threshold dose around 1 X lOI ions/cm2. In 
the subsurface region [see Fig. 3(a)], lattice damage accu- 
mulates very slowly with increasing dose. However, there 
is a big jump of the damage level at a dose of 1 X lOI 
ions/cm2, where the dechanneling yield in the deep im- 
planted layer reaches the level for the random case. The 
thickness of the amorphous layer increases as the dose in- 
creases. At very high doses (over 1 X 1016 ions/cm*) the 
entire surface layer is amorphized, resulting in an amor- 
phous layer about 2 pm thick. In the RT implanted sam- 
ples [Fig. 3(b)], it is found that lattice disorder is much 
less pronounced. As normally expected, the surface region 
has suffered minimal radiation-induced structural damage. 
The heavily damaged region lies a little deeper than in the 
LT implanted sample. The behavior of lattice damage at 
this point (- 1.9 pm) as a function of the dose, as plotted 
in Fig. 4, differs markedly from the case of RT implanta- 
tion. It shows clearly that a strong in situ dynamic anneal- 
ing is involved during implantation, and only a small 
amount of lattice disorder is sustained after implantation. 
In the low dose region, the damage increases with the dose 
asx = CD” with c = 5.37 X lo- l3 and n = 0.944. No c-a 
transition was observed at doses up to 2 X lOI 
ions/cm2. 

The XRC measurements show the temperature influ- 
ence on lattice damage nucleation and strain build-up, 
which is consistent with the CRBS results. As usual, the 
parallel strain was too small to be detectable as a result of 
the lateral constraint of the substrate,16 and the positive 
perpendicular strain is observed with a negative Bragg an- 
gle shift. This indicates that there exists an expansion of 
the lattice spacing in the sample normal direction after ion 
implantation. Figures 5 and 6 present the detailed evolu- 
tion of implantation-induced lattice strain in these two sets 
of samples. In the figures, the (400) symmetrical XRCs 
are plotted on the left-hand side, where the Bragg angle of 
the substrate diffraction is defined as A0 = 0. The cross 
points are experimental data. The solid curves are the best 
fitted XRCs calculated using the dynamical diffraction 
model with the corresponding profiles of perpendicular 
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FIG. 5. XRCs of 2-MeV-oxygen-ion-RT-implanted GaAs. The corre- FIG. 6. XRCs of 2-MeV-oxygen-ion-LT-implanted GaAs. The corre- 
sponding implant doses are marked in the figure. The crosses are the sponding implant doses are marked in the figure. The crosses are the 
experimental data. and the solid curves are the simulation by the dynamic experimental data, and the solid curves are the simulation by the dynamic 
model. The strain (solid curves) and damage (dotted curve) profiles as a model. The strain (solid curves) and damage (dot curves) profiles as a 
result of the simulation are plotted aside each XRC. result of the simulation are plotted aside each XRC. 

strain (solid line) and lattice damage (dotted line) given 
on the right side. We find that the lattice strain and damage 
in the RT implanted samples (Fig. 5) are distributed more 
deeply than that in the LT implanted samples (Fig. 6). 
This result is consistent with the CRBS and SIMS mea- 
surements, indicating substantial inward diffusion of both 
implants and implantation-generated defects in RT im- 
plantation. In either case, at low doses, the lattice strain 
builds up quickly, consistent with lattice damage accumu- 
lation revealed by CRBS measurement, with a damage pro- 
file following the vacancy distribution as simulated by 
TRIM. However, in the RT implantation, the strain satu- 

rates at a level of 0.4%, starting at the heavily damaged 
region near the end of range (EOR) of the ions, then 
extending towards the surface as the dose increases. As a 
result, a uniform lattice strain field builds up in the entire 
implanted subsurface region. The lattice damage parameter 
reaches a maximum level of 0.15 A, which is only 5% of 
the interatomic distance of the GaAs lattice (2.55 A). Its 
profile does not change much, which indicates in situ dy- 
namic annealing under this condition. When the dose goes 
much higher (1 X 1016 ions/cm2), the lattice strain satu- 
ration level increases again to 0.55% at the EOR. This 
indicates nucleation of high-order defects (such as diva- 
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cancies and defect clusters) in that region. In LT implan- 
tation, the shallow depth of strain field implies a better 
spatial confinement of implants and implantation-induced 
defects, and gives clear evidence of a freeze-in process tak- 
ing place. The strain saturates at a level of l.O%, at which 
point a buried amorphization occurs when the radial dis- 
placement damage parameter reaches a critical value of 0.6 
A, comparable (25%) to the interatomic distance in the 
GaAs lattice. The amorphous region extends to the surface 
as the dose increases, and provides a plastic region for 
strain relaxation. Formation of a continuous amorphous 
layer was not found in the RT-implanted samples, giving 
another evidence of in situ dynamic annealing during RT 
implantation. An interesting result from the best fits to the 
experimental XRCs should also be noticed; a strain-free 
surface layer exists in both the LT and RT implanted sam- 
ples. This can be understood, as we will discuss later, by 
the concept of rapid defect diffusion and recombination at 
the surface. 

III. DISCUSSION 

In all our investigations of MeV ion implantation into 
III-V compound semiconductors we have found that the 
major interaction between MeV ions and lattice atoms in 
the sample during implantation produces nuclear spikes 
and electronic spikes.‘7-20 The nuclear spike is induced 
through ion-nucleus collisions near the EOR of ions. It 
correlates closely with intensive nuclear energy loss of an 
ion in the target and causes atomic displacement, resulting 
in direct structural damage to the lattice. The electronic 
spike is generated through ion-electron interactions along 
most of the ion’s path in the sample surface region, result- 
ing in massive ionization and excitation of lattice atoms 
and kinetic energy loss of the ions. Instead of causing di- 
rect structural damage to the lattice, it causes thermal 
heating and stimulates migration of displaced and im- 
planted atoms, and diffusion and interaction of point de- 
fects. Thus, lattice damage processes involved in ion im- 
plantation can be classified into two main categories: ( 1) 
defect generation through nuclear spike damage; and (2) 
defect diffusion and recombination due to associated elec- 
tronic spikes and other thermal effects. The final lattice 
damage state or the defect concentration in the sample 
after implantation is the result of competition between 
these two processes. Though the ion-nucleus collision is 
the primary factor for defect generation, defect diffusion 
plays a very important role in determining the final defect 
population and type. In the LT implantation, defect gen- 
eration by nuclear spikes predominates over defect recom- 
bination since the freeze-in effect impedes defect interac- 
tion and diffusion. Individual amorphous zones may form 
along ion tracks and the displaced atoms’s path near the 
EOR due to the intensive nuclear-spike-induced atomic 
displacement and fast quenching. An amorphous layer is 
formed when the individual amorphous zones overlap at a 
high implant dose (heterogeneous transition). In the case 
of elevated high temperature (HT) implantation, the pro- 
cesses of defect interaction and recombination overcome 
defect generation, due to high temperature enhanced defect 

migration and diffusion. In this case a strong in situ tran- 
sient dynamic annealing occurs, and the zones of large 
lattice damage are not retained in the sample after implan- 
tation.’ The RT implantation can be either of these cases or 
somewhere between, depending upon the material proper- 
ties and implantation conditions, such as the beam flux 
density and the thermal and electrical properties of the 
target. The result of the RT implantation presented above 
may fall into the HT implantation category, due to a high 
diffusion rate of implantation-created defects in GaAs en- 
hanced by MeV-ion-generated electronic spikes in the sub- 
surface region. As a result of defects produced in the im- 
planted layer, lattice strain builds up in the highly 
damaged region near the EOR and subsequently extends to 
the subsurface region due to the defects that diffuse in. 
Lattice strain saturates when defect generation and recom- 
bination reach an equilibrium, and a uniform strain field 
results. In the case of LT implantation, defect interaction 
and diffusion are inhibited by the freeze-in effect. The dam- 
age and strain increase with increasing implant dose until 
an amorphous layer forms. The top surface remains always 
strain free in both the LT and RT implanted samples be- 
cause of the short path for defect diffusion to the free sur- 
face boundary. 

Ion-radiation-induced lattice strain in semiconductor 
crystals is a highly interesting and important subject in the 
study of ion damage in ion-implanted semiconductors- 
especially in the compound crystalline materials. It is com- 
monly believed that the ion-implantation-generated lattice 
point defects are mainly responsible for the lattice strain in 
semiconductor crystals.9-‘1’*8*19*2’-24 In general, defect gen- 
eration in a binary compound crystal is very complicated 
since the primary point defects (e.g., vacancy and intersti- 
tial) are associated with two sublattices. Antisite defects 
are formed when atoms of one sublattice are placed in sites 
of the other sublattice (incorrect sites). Other defect com- 
plexes and high-order defect clusters can also be formed. 
However, in a simplified case, during ion implantation the 
lattice damage nucleation initially involves the production 
of Frenkel pairs (interstitial-vacancy pairs). Previous stud- 
ies by Wie et a1.‘27’6*24 of MeV-ion-induced damage effects 
in GaAs have shown lattice expansion taking place. The 
model of single ion-lattice collisions they presented24 led to 
the conclusion that surface lattice strain saturation in MeV 
ion implanted GaAs was due to an equilibrium defect pop- 
ulation by a combination of collision damage, electronic 
ionization, and dynamic recovery. Considering defect dif- 
fusion taking place during implantation, we suggest that 
the predominant defects in the near-surface disorder region 
in MeV-ion-implanted GaAs are vacancies and their com- 
plexes, which, in turn, lead to lattice spacing expansion or 
a positive perpendicular lattice strain field build-up in the 
implantation damaged layer. Normally, the activation en- 
ergy for self-interstitial diffusion is a few hundred meV, but 
the activation energy for vacancy diffusion is a few eV. 
Especially, in the electronic spike damaged region by im- 
plantation, interstitial diffusion and annihilation with va- 
cancies and other sinks would be greatly enhanced by elec- 
tronic ionization and the change of the charge states of the 
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displaced atoms. Thus, in the implanted layer, especially in 
the subsurface region, an excess population of vacancies 
results. The vacancy-dominated defect structure in MeV 
ion implanted Si crystals has been confirmed recently by 
Holland et aL2 It has also been observed in keV-ion- 
implanted GaAs.3 The evidence can also be deduced from 
our experiment in MeV-ion-implanted GaAs with respect 
to the very low-level and slowly rising dechanneling yield 
in the surface damaged region as observed by the CRBS 
measurement, since vacancies do not give a contribution to 
dechanneling. 

With regard to the lattice strain sign in the radiation 
damaged sample, by examining the characteristics of point 
defects in a lattice one notes that introduction of a point 
defect in a crystalline material induces displacements of the 
lattice atoms that surround it.25326 In a vacancy-type defect 
due to a missing atom in the lattice promotes a negative-U 
potential with the strength decaying exponentially.2”28 
This attractive force field pulls those nearest atoms to- 
wards the center of the vacancy. As a consequence, the 
relaxation of a vacancy induces inward displacements of 
surrounding lattice atoms limited to a few nearest neighbor 
shells. The magnitude of the displacement decreases as the 
neighbor atoms are away from the center of the vacancy; 
thus, unequal-distance displacements of the neighboring 
shell atoms result in a lattice spacing expansion, i.e., posi- 
tive strain. This is the result that we observed in GaAs. It 
gets more pronounced in RT implantation since 
implantation-induced electronic spikes greatly enhance in- 
terstitial diffusion and recombination, leaving a large pop- 
ulation of vacancies in the damaged region. In LT implan- 
tation, the freeze-in effect inhibits defect diffusion and 
drives more efficiently the c-a transition and lattice strain 
saturation. Interstitials (i.e., displaced atoms) in a dam- 
aged crystal produce an opposite strain, as compared to a 
vacancy. This concept helps us to interpret the negative 
strain induced in MeV ion implanted InP crystals’7~‘8,20 
where In interstitials may be the dominant defect type. 

IV. CONCLUSIONS 

The influence of substrate temperature (at RT and 
LT) on ion-radiation-induced lattice strain field, lattice 
damage, and amorphization in MeV-ion-implanted GaAs 
crystals has been studied. We have found that an in situ 
dynamic annealing process takes place in RT implantation 
and a freeze-in effect in LT implantation. In RT implanta- 
tion, ion-irradiation-induced positive perpendicular lattice 
strain builds up as the defect concentration increases and 
saturates when defect generation and recombination reach 
an equilibrium. It involves only weak diffusion of im- 
planted atoms under this condition. Complete amorphiza- 
tion is not observed up to a dose of 2 X 1016 ions/cm2 in 
RT implantation. In LT implantation, the lattice strain 
saturates rapidly as the defect concentration accumulates 
rapidly with increasing implant dose. The threshold for the 
formation of a uniform amorphous layer is around 1 
X 10’*/cm2 for the conditions used. We have proposed that 
the lattice strain as an indication of lattice damage is asso- 
ciated with primary defect production which is controlled 

by ion-induced spike damage and enhanced defect diffu- 
sion. The lattice expansion which causes a positive perpen- 
dicular strain in MeV-ion-implanted GaAs is attributed to 
an excess of vacancies and their clusters. 
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