X-ray rocking curve study of Si-implanted GaAs, Si, and Ge
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Crystalline properties of Si-implanted (100) GaAs, Si, and Ge have been studied by Bragg case
double-crystal x-ray diffraction. Sharp qualitative and quantitative differences were found
between the damage in GaAs on one hand and Si and Ge on the other. In Si and Ge the number
of defects and the strain increase linearly with dose up to the amorphous threshold. In GaAs the
increase in these quantities is neither linear nor monotonic with dose. At a moderate damage
level the GaAs crystal undergoes a transition from elastic to plastic behavior. This transition is

accompanied by the creation of extended defects, which are not detected in Si or Ge.

PACS numbers: 61.10.Fr, 61.70.Tm, 62.20.Fe

The existence of different annealing behavior in ion-
implanted amorphized GaAs compared to Si and Ge has
been known for some time. In Si and Ge layer regrowth is
linear with time and there is good epitaxy.'~* In GaAs layer
regrowth is nonlinear with time? and, independently of ion
species, epitaxy is poor.® To obtain good electrical activity,
implantation in Si and Ge is done at room temperature with
doses sufficient to amorphize the material.® In GaAs the
temperature is held at a few hundred °C in order to prevent
amorphization of the layer.” Up to the present no substantive
evidence has been published concerning the cause of these
differences. In this letter we present an x-ray diffraction
study of Si-implanted (100) GaAs, Si, and Ge. The results
indicate that the evolution of the damage up to amorphous-
ness in GaAs is very different from that in Si and Ge.

(100)-oriented GaAs, Si, and Ge single crystals, about
5 mm X 5 mm X 0.5 mm in size, highly polished, were im-
planted with 300-keV Si* (in GaAs and Ge) and 230-keV
Si* (in Si). Implantation was done at room temperature (RT)
with a current density of 0.125 uA/cm?* and under condi-
tions excluding channeling. Doses ranged from 1 x 10"
atom/cm? to 1.2 X 10'* atom/cm? for GaAs, 1X 10"
atom/cm? to 7 X 10'* atom/cm? for Ge, and 7 10"}
atom/cm? to 7 X 10'* atom/cm? for Si. These doses pro-

duced modifications in crystal structure measurable by
Bragg case double-crystal x-ray diffraction. Well-collimat-
ed, low-divergence Fe K, x rays were obtained with sym-
metric (400} reflections from nearly perfect (100) monoch-
romators (GaAs for the GaAs and Ge samples, Si for the Si
samples). The spot size at the sample was limited to ~ 1
mm X 1 mm by a set of slits. Typical counting rate for the
beam incident on the sample was ~ 10° cps. The diffracted
intensity (reflecting power) as a function of angle was mea-
sured with a Nal(Tl) detector with pulse height analysis.
Representative diffraction profiles (rocking curves) for
the three crystals are shown in Fig. 1. Only the low-angle
side of the virgin crystal’s Bragg peak is shown. The high-
angle side is little changed by implantation. The virgin peak
at zero angle, also not shown, is 10 to 100 times more intense
than the oscillatory structures shown in the figure. The be-
havior of the rocking curve with increasing dose for Si [Fig.
1(a)] is similar to that for Ge [Fig. 1(b)]. For both crystals the
angular range of nonzero reflecting power increases linearly
with dose, the peak farthest from zero angle decreases in
relation to other peaks, and the overall reflecting power di-
minishes. At the highest doses the reflecting power ap-
proaches the curve obtained with virgin crystal, indicating
that the implanted layer is nearly amorphous. Pronounced
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oscillations are maintained over the entire range of doses.
The behavior of the GaAs rocking curves [Fig. 1(c)] is very
different. As the dose is varied by two orders of magnitude,
the range of nonzero reflecting power changes by only a fac-
tor of 3. Between 1 10'? atom/cm? and 1.5 10™*
atom/cm? the principal peak becomes narrower and more
intense. Between 1.5 X 10'* atom/cm? and 3.0 10"
atom/cm? the rocking curve broadens, but its shape is differ-
ent from any obtained in Si or Ge. For doses above 6.0 X 10'*
atom/cm? the oscillations are smoothed out, although, as
indicated by the single peak for the 1.2 X 10'® atom/cm?
dose, the implanted layer is not amorphous.

The rocking curves of Fig. 1 have been interpreted with
the aid of a kinematical model of x-ray diffraction in crys-
tals.® The model generates rocking curves for arbitrary
depth-dependent distributions of strain, point defects and
extended defects. The category of point defects includes indi-
vidual random atomic displacements as well as highly dis-
torted regions extending over a small number (i.e., one to ten)
of unit cells. The category of extended defects covers imper-
fections that generate small lattice distortions extending
over many (i.e., hundreds of) unit cells. Detailed distribu-
tions for the strain and the two types of defects are obtainable
by fitting experimental rocking curves. The trail-and-error
fitting procedure must be performed on a computer. Howev-
er, several useful parameters are readily found directly from
the rocking curve.® The total thickness T of the damaged
layer is obtained from the most rapid oscillation in the rock-
ing curve, and the maximum strain €, is linearly related to
the angle where the rocking curve rises from zero reflecting
power.® The estimated accuracy for T and €,,,, obtained in
this manner is 5%. The number of point defects can be ob-
tained by comparing the areas under rocking curves of dam-
aged and perfect crystals of the same thickness 7" Similarly,
the presence of extended defects and estimates for their size,
amount of random misorientation, and lateral variation of
strain are obtainable from the degree of smoothing of the
rocking curve.®®

The thickness of the damaged layer is 5200 A for Si and
5800 A for Ge and GaAs. Figure 2 shows the maximum
strain as a function of dose for the three crystals. Also in-
cluded is a line of slope one. The maximum strain below the
amorphous threshold is around 1% for all three crystals. For
Si and Ge, the maximum strain and, by implication, the en-
tire strain distribution, increase nearly linearly with dose.
The data for Si and Ge indicate that the number of point
defects, describable by a Debye~Waller factor,? also in-
creases nearly linearly with dose. Extended defects, as de-
fined above, are absent up to the amorphous threshold.

In GaAs the maximum strain as a function of dose is
much more complicated. Here the strain curve can be subdi-
vided into five different regions, as indicated in the figure.
Below 10'® atom/cm? (region I) the strain is assumed to rise
linearly with dose. Between 10'* atom/cm? and ~ 10'*
atom/cm? (region II) pronounced saturation sets in. The
saturation occurs not only in the maximum strain, but in the
entire strain distribution. This is indicated in Fig. 1(c) by the
greater sharpness of the principal peak for 1.5 % 10'*
atom/cm? compared to that for 1< 10'> atom/cm?. In re-
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FIG. 2. Maximum strain as a function of dose for Si, Ge, and GaAs. The five
dose regions apply to the strain in GaAs.

gion ITI, between 1 X 10'* atom/cm? and 3 X 10'* atom/cm?,
there is a sharp rise in the maximum strain. Between 3 X 10!
atom/cm? and ~ 1.2 X 10'° atom/cm? (region IV) the maxi-
mum as well as the entire strain distribution no longer
change with dose. For higher doses (region V) the layer ap-
proaches amorphousness. From region I through III, the
number of point effects increases with the strain. In region
IV it is not clear whether net point defects continue to be
created. Instead, extended defects become observable, their
density increasing with dose and reaching a value of
~1/pm? at 1.2 X 10"* atom/cm?. The rocking curve con-
tains very little information concerning the detailed struc-
ture of these extended defects. All that can be said is that
they extend throughout most of the implanted layer thick-
ness; the lateral variation in strain is not more than 0.01%,
and the variation in orientation is less than ~ 2 arc min. At-
tempts to observe the extended defects through x-ray topog-
raphy have not been successful, probably due to the small
variation in orientation compared to the width of the rocking
curve.

The mechanism of strain creation in ion-implanted
crystals is not very well understood. It has been shown'° that
in garnets the strain distribution is proportional to the ener-
gy deposited through nuclear collisions during implanta-
tion. It has also been shown® that in garnets the strain and
damage distributions are proportional to each other. The
implanted lattice is constrained by the underlying unda-
maged crystal to expand only in a direction perpendicular to
the surface.® This places the implanted layer in lateral com-
pression'! and gives a Poisson contribution to the strain. As
indicated in Fig. 2, for the same strain the dose in Si is about
20 times larger than in Ge. However, the rocking curves
show that in both crystals comparable strains correspond to
comparable numbers of point defects.

In GaAs pronounced annealing during implantation
occurs in region II of Fig. 2. In region III the average strain

Speriosu et al. 605

Downloaded 22 Dec 2005 to 131.215.225.9. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



reaches its yield value of 0.45%. This number is nearly equal
to that obtained'? for the tensile yield strain of undamaged,
externally stressed (110) GaAs. In virgin GaAs the onset of
plastic deformation is accompanied by the abrupt creation of
60° dislocations.'? In lattice-mismatched, epitaxially grown
layers, misfit dislocations begin to appear when it is energeti-
cally favorable to decrease the macroscopic (coherent) strain
at the expense of creating localized distortions. '* The thresh-
old {yield) strain depends, among other things, on the layer
thickness as well as on the depth distribution of the strain.'*

In region IV of Fig. 2 the strain in GaAs no longer
changes with the dose. This is perhaps due to a combination
of annihilation of point defects at sinks such as extended
defects and/or to the relaxation of strict lattice match with
the underlying crystal. The deposited energy goes into the
creation of extended defects whose density increases with the
dose.

The results presented above imply a different structure
of the damaged layer for amorphized GaAs compared to Si
and Ge. This difference can explain the observed differences
in annealing behavior. For Si and Ge, starting at the deep
end of the damage deposition curve, the elastic strain and the
number of point defects rise uniformly up to the amorphous
threshold.'* With this structure one expects that, during
post-implantation annealing, the regrowth is layer by layer
using the good seed at the deep end of the damge, thus resuit-
ing in relatively good epitaxy.

In GaAs the implanted layer consists of three regions.
At the deep end of the damage the strain is elastic and only
point defects are present. Between the elastically strained
and amorphous regions is a plastically deformed region.
This region, containing extended defects, will present a bar-
rier to epitaxial regrowth. The existence of this barrier de-
pends on whether or not the yield strain is reached, regard-
less of how it is reached. Thus the regrowth of the
amorphized layer will be independent of the implanted ion
species, as observed.’ At elevated implantation tempera-
tures, the rate of self-annealing is probably sufficiently high
such that for all doses the strain will remain below the yield
value (regions I and II of Fig. 2). Thus the plastically de-
formed region does not develop. It is probably for this reason
that elevated temperature implantations of dopants in GaAs
give best regrowth and electrical properties.” For room-tem-
perature implantation, the elastically strained portion of the
layer will regrow epitaxially. It is in fact observed that amor-
phized GaAs layers show an initial epitaxial regrowth at the
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buried crystal/amorphous interface.’ Subsequently howev-
er, the quality of the epitaxy will be impaired by the presence
of the plastically deformed region, resulting in a highly de-
fected regrown layer.'® When implantation does not fully
amorphize the layer, good epitaxy is observed.!” We at-
tribute this to strain levels that are too small to induce plastic
deformation. If the implanted layer is thin enough, good re-
growth is observed even after full amorphization.'® We pro-
pose that this occurs because for thin layers the yield strain is
large,"* with the result that amorphization occurs before the
threshold strain for plastic deformation is reached.
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