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Relaxation of ion-induced strain in crystalline InP is compared with structural relaxation of
amorphous InP. Crystalline InP was bombarded with Se ions at low fluence to produce a damaged
surface layer. The room temperature evolution of strain in this layer was determined by
high-resolution x-ray diffraction and compared to the evolution of the defect-activated viscosity of
amorphous InP during similar room temperature structural relaxation. Both processes can be
described by double exponential decay functions with characteristic times of a few hours to a few
days. © 1996 American Institute of Physics.@S0021-8979~96!02704-X#
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Structural relaxation, an intrinsic network rearrangeme
accompanied by changes in vibrational, structural, and th
modynamic properties, is known to occur in all amorphou
solids. In the case ofa-Si, it has been suggested that struc
tural relaxation is controlled by annihilation of point defect
in the network.1 Calorimetric measurements indicated tha
defect annihilation ina-Si exhibits the same kinetics and
temperature dependencies as that in heavily damagedc-Si.
Further evidence for a relationship between structural defe
in a-Si and lattice defects inc-Si came from photocarrier
lifetime measurements.2

The response of the structure of InP to ion bombardme
is quite different from that of Si. In the low fluence regime
InP contracts,3 as opposed to most crystalline semicondu
tors which expand when subjected to ion bombardme
Some of the implantation damage anneals out spontaneo
during room temperature storage.4 Amorphous InP is more
dense than the crystalline phase5 ~again, unlike most other
semiconductors! and exhibits a subsequent structural rela
ation which consists of a volume expansion, partly accom
modated by shear plastic flow which is mediated by flo
defects.6 In view of these differences, it is of interest to
search for a similarity in the anneal kinetics of amorpho
and crystalline InP. As a single probe of the defect density
both kinds of material is not available, we have compared t
evolution of radiation-induced strain associated with lattic
defects inc-InP with that of flow defects ina-InP.

Semi-insulating InP samples with cleaned surfaces we
mounted, with a good thermal contact, on a copper blo
inside the implantation chamber. Two samples used for x-r
analysis were identically implanted at room temperature w
15 MeV 131013 Se/cm2. The beam current was kept low in
order to maintain the total power incident on the target belo
0.5 W. All the samples were kept in liquid nitrogen betwee
experiments and their age refers to the time spent out of
liquid nitrogen reservoir.

The low fluence ion-bombardedc-InP samples were ana-
lyzed by x-ray diffraction. We used a Phillips five-crysta
x-ray diffractometer with a CuKa x-ray source. The~004!
rocking curves were analyzed with the help of a comput
2142 J. Appl. Phys. 79 (4), 15 February 1996 0021-8979/9
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simulation program which was originally developed by Wie7

Our version of the program can simulate x-ray rockin
curves of different reflections for elemental and binary com
pounds and is based on dynamical x-ray diffraction theo
The program incorporates the depth profiles of the latti
strain and lattice damage caused by the ion irradiation. T
decrease in the intensity of the diffracted x rays caused
lattice damage is taken into account by averaging the str
ture factor over a spherically symmetric Gaussian distrib
tion of the atomic displacements. The strain and damage p
files were modeled to fit the measured diffraction spectra

The surfaces of ion amorphized InP~a-InP! samples
were profiled with a stylus profilometer~Dektak 3030ST!.
We repeated these measurements several times over a p
of about 70 days following implantation. The out-of-plan
deformation of the implanted samples was deduced from
c-InP/a-InP steps which were measured on the surface p
files. The in-plane deformation was deduced from the rad
of curvature which was also obtained from the surface pr
file. We have calculated the viscosity of the material from th
time evolution of the in-plane and out-of-plane deformation
A detailed description ofa-InP sample preparation and of the
calculation is given elsewhere.6

Figure 1 shows the evolution of the symmetric~004!
x-ray diffraction spectrum of one of the two implanted In
samples which was aged at room temperature following t
low fluence ion implantation. The first peak on the left-han
side of each curve corresponds to the x-ray diffraction fro
the undamaged lattice planes of the underlying substrate.
substrate peak was identified by overlaying the diffractio
spectrum of an implanted region with one taken on an ad
cent unimplanted region. The angle shown in Fig. 1 is wi
respect to this position. The diffracted light which appears
the right-hand side of the substrate peak comes from
damaged portion of the sample. Diffraction at higher Brag
angles indicates a compaction of the damaged lattice plan
Two peaks can be distinguished coming from the damag
region of the sample. Referring to the spectrum of the 1 h old
6/79(4)/2142/3/$10.00 © 1996 American Institute of Physics
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sample, we measured for this symmetric reflection a perp
dicular strain of20.035% for the middle peak and20.13%
for the right-hand peak~high strain peak!. As time passes,
the portion to the right-hand side of the diffraction spectru
shifts slowly toward the substrate peak. This indicates t
the damaged region which was initially compacted, par
recovers its volume by means of an expansion in the out
plane direction. As the age of the sample increases from
to 5 days, the most highly strained region of the sample~the
far right-hand structure in the spectrum! decreases from
20.13% to approximately20.04% of strain, respectively.

Figure 2~a! shows the measured spectrum~points! as
well as the calculated curve~solid line! of a sample 1 h after
ion implantation~the top curve from Fig. 1!. Figure 2~b!
shows the modeled input parameters of the calculation wh
are the depth profiles of the component of the lattice str
~solid line! and the atomic displacement~dashed line! normal
to the surface. A comparison of simulated spectra of a var
of damage and strain profiles reveals that the strongest
fraction peak adjacent to the substrate peak is coming fro
constant surface strain region extending to a depth of ab
3.5mm ~see mark A!. The second diffraction peak, on the fa
right-hand of Fig. 2~a!, comes from a highly strained regio
centered around 5mm ~see mark B!. This peak is attenuated
by a relatively large incoherent scattering from point defe
in this layer. In the depth profile 2~b!, this shows up as a pea
in ‘‘atomic displacement’’ near the end of the range~see
mark C!. This highly damaged buried region is distinct fro
the near-surface region where a low damage density
dominates. Note: horizontal arrows with the marks A, B a
C refer to peak heights, and vertical arrows to peak positio

Strain in the implanted layer is closely related to t

FIG. 1. X-ray diffraction spectra of InP implanted with 15 MeV, 131013

Se/cm2, and aged at room temperature. Indicated is the highest perpend
lar strain measured in the damage layer.
J. Appl. Phys., Vol. 79, No. 4, 15 February 1996
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density of damage. It is known that point defects in a ma
rial are accompanied by a strain field due to local rearran
ments involving bond–angle distortions. In the case of InP
has been observed experimentally that, for low damage d
sities ~less than 5 at. % point defects!, the strain level is
roughly proportional to the density of defects.3 The evolution
of the strain profile can therefore be taken to qualitative
follow the evolution of the density of damage in the im
planted sample.

From the family of diffraction curves~Fig. 1!, we have
extracted the maximum perpendicular strain values in
damaged layer of the crystal as a function of relaxation tim
This was done by measuring the peak separation between
substrate peak and the maximum strain peak~the far right-
hand side of Fig. 1!. We show in Figure 3 the time evolution
of the strain~filled triangles! in the damaged crystal as i
anneals out at room temperature. The data could be fit wi
double exponential decay function~line through triangles!
but not with single exponential or bimolecular decay fun
tions. The time constants were found to be 4.360.3 and
4163 h. These values are much shorter than those repo
by Akano et al. who used ion channeling to characteriz
room temperature annealing of Si-implantedc-InP ~shown as
squares in Fig. 3!.

Figure 3 also shows the indirectly determined defe
evolution ina-InP.6 Recall briefly thata-InP first compacts
during ion amorphization and then expands during roo
temperature structural relaxation. This expansion is acco
panied by shear plastic flow which is mediated by the v
cosity of the material. Plastic flow in amorphous com

icu-FIG. 2. ~a! X-ray diffraction spectrum of an InP sample 1 h after ion im-
plantation~points! along with the calculated curve~solid line!. ~b! Corre-
sponding strain~solid line! and atomic displacement~dashed line! profiles
modeled to reproduce the x-ray diffraction spectrum. The three indicati
A, B and C indicate corresponding features in~a! and ~b!.
2143Cliche et al.
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pounds is basically described in terms of flow defects. A flo
defect is a defect in the amorphous structure which, up
application of a shear stress, permits atomic rearrangem
that produce macroscopic shear strain. Using an elemen
theory of plastic flow, it can be demonstrated that the visco
ity of the material is inversely proportional to the density o
flow defects.8

The viscosityh of the a-InP sample has been measure
immediately after implantation and during the followin
three months. In Fig. 3 we compare the strain relaxation
the damaged crystal with the time dependence of 1/h for two
samples with two different thicknesses of thea-InP layer~the
filled and open circles!. The two sets of data have been fi
with double exponential decay functions~the solid lines! and
the average time constants were found to be 1763 h and
2163 days. Bimolecular kinetics did not give good fittin
results, as was the case for the strain relaxation meas
ments.

The strain inc-InP decreases by a factor of about 4 ov
5 days while during the same period, 1/h of a-InP decreases
by a factor 60. At first, such a difference appears surprisin
However, the strain measurement inc-InP is an indicator for
the total defect density, whereas the viscosity measurem
in a-InP monitors only the subset of defects that happens
be mobile at room temperature and is responsible for flo
Complete annealing of this subset does not mean that al
the defects ina-InP have been removed.

In past decades, extensive investigations have been d
on amorphous Si~a-Si! in order to understand the propertie
of a structurally disordered network and the thermally i
duced changes of the structure also known as structural
laxation. Two different scenarios have been considered
structural relaxation ina-Si. In the first scenario, the network
rearranges itself by an overall change in its topology. That
every atom contributes to structural relaxation by small loc
changes or short-range ordering. This has no analogue
crystal Si ~c-Si! which has long-range order. In the secon
scenario, structural relaxation is controlled by annihilation

FIG. 3. Evolution of the strain~filled triangles! in damagedc-InP and of 1/h
of two a-InP layers of two different thickness~filled and open circles!. The
solid lines are fitting results of double exponential decay functions. Al
shown is the evolution of ion damage in InP, deduced from ion channel
measurements by Akanoet al. ~filled squares! ~see Ref. 4!.
2144 J. Appl. Phys., Vol. 79, No. 4, 15 February 1996
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point defects, a process similar to the mechanism of radiat
damage recovery inc-Si. In light of several recent experi-
mental results1,2 indicating an intimate relation between
structural relaxation ina-Si and defect removal in ion-
damagedc-Si, it was proposed that structural relaxation is
fact annihilation of defects in thea-Si network. We can now
make a similar comparison for InP, using the data shown
Fig. 3. In both cases, we see an initial fast decrease of
defect density followed by a second, slower anneal sta
The time constants are longer ina-InP than inc-InP.

Speculating about the origin of the difference in tim
constants, we note that there are two possible explanatio
One would be that the anneal processes ina- andc-InP are
intrinsically different, even though both show a qualitative
similar behavior. The other would be that it is related to th
difference in initial defect level in both phases. In this con
text, it is recalled that the similarity inc-Si anda-Si anneal
kinetics holds true only for similar, high damage levels, o
the order of a few atomic percent;1 if the damage level is
decreased to a few ppm, the anneal behavior inc-Si changes
considerably.9 We estimate that the defect concentration
our a-InP samples exceeds that inc-InP.

In conclusion, we have compared the structural rela
ation of the amorphous and crystalline phases of io
implanted InP. In the crystalline phase, the relaxation w
probed by means of high-resolution x-ray diffraction whil
for the amorphous phase, we have deduced the evolution
the density of flow defects from the viscosity of the materia
The relaxation profiles are well described by double exp
nential decay functions. Forc-InP, the strain relaxation curve
is characterized by a steep recovery with a measured ti
constant of 4.360.3 h followed by a slower stage with a time
constant of 4163 h. We find two stages of recovery ina-InP;
a steep initial recovery witht151763 h and a slower recov-
ery t252163 days. The qualitative correspondence of th
recovery curves in both phases of InP is consistent with t
general idea developed for Si that there is a similarity b
tween the anneal mechanisms in ion damagedc-InP and
a-InP.
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use his software for x-ray diffraction analysis. This work
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Research Council of Canada~NSERC! and the Fonds pour la
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