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Ion beam induced deformation and compaction has been observed in InP, amorphized by MeV Se
ion implantation. The initial density of amorphous InP is 0.55%60.05% larger than that of
crystalline InP. During a period of two months, most of the excess density is lost in a spontaneous,
room-temperature relaxation. This relaxation can be described by two time constants:t1'862 h and
t2'1461 days. ©1994 American Institute of Physics.
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Most crystalline semiconductors expand when subjec
to ion bombardment. This is true in the low fluence regim
where the ion beam damage consists of point defects
small defect clusters1–3 as well as in the high fluence regime
where the material has been amorphized.4,5 In the case of
amorphous Si and Ge, the new phase is known to exh
structural relaxation which lowers its Gibbs free energy.6,7

This relaxation occurs at temperatures as low as 77 K,8 with
a time constant of several minutes irrespective
temperature.7,8 During the relaxation, the density remains e
sentially unchanged.4 Since both the ion beam induced ex
pansion and the structural relaxation are quite common
pure and alloyed semiconductors, one might suspect that
shows similar behavior. This is, however, not so. It is know
that in the low-fluence regime, InP contracts.2 We now show
that amorphous InP is more dense that crystalline InP a
moreover, that a room-temperature structural relaxation
curs, persisting for several months, continually changing t
density.

Semi-insulating InP~100! wafers were degreased an
clamped to a copper block, using vacuum grease for i
proved thermal contact. They were then implanted at roo
temperature with 1014 cm22 Se ions at several energies~see
Table I!, with low beam current, limiting the areal powe
density to less than 0.6 W/cm2. Alternating stripes of
amorphous/crystalline InP were produced by using a st
contact mask placed directly on the sample. The implan
tions were carried out in a vacuum of 431028 mbar. After
implantation, the surface was profiled with a stylus profil
meter~DEKTAK 3030 ST!. Each surface profile of 8 mm of
the masked surface covered 10 periods of alternat
amorphous/crystalline material. We have repeated the m
surements several times over a period of 70 days followi
implantation. During that time, one sample was kept at liqu
nitrogen temperature and all the others were left at roo
temperature. Successive profiles were taken at the sa
place on the samples and with the same applied stylus fo
~0.05 mN!. The curvature of each sample was determin
using a polynomial fit, and subtracted from the data to yie
a corrected profile. Thec-InP/a-InP step was measured on
the corrected profiles and each reported value is the aver
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of twenty individual steps with the error being the standar
deviation. Some unmasked samples were chemically be
elled in a solution of bromine:methanol~1:19!. The bevels
were made deep enough to reach the substrate under
amorphized layer. Again with a profilometer, we measure
the thickness of the amorphous layer by measuring the dep
of the bevel at the amorphous/crystalline interface.

Some examples of surface profiles are shown in Fig.
The dashed line is the surface profile of the InP prior to th
implantation. It shows that the sample is not flat, but curve
with an initial radius of curvatureR of 16 m. The surface
profile after ion implantation~see Table I, sample #1! is
shown as a solid line. Two clear differences can immediate
be observed relative to the unimplanted case: first, the io
implanted sample has a stronger curvature~R56.1 m! and
second, a series of depressed regions is seen. These reg
correspond to the amorphous stripes and are indicative o
compaction of the InP upon amorphization. The dash-dotte
line shows the corrected data obtained by subtracting a po
nomial fit representing the curvature of the sample. For th
profile, which was taken immediately after amorphization
the average step height was determined to be 5562 nm. With
the low fluence needed to amorphize the material~731014

ions/cm2 at most!, both the added material and the estimate
amount of sputtered material9 were negligible. Therefore, the
step height is a direct measure of the vertical deformation

The depression of the implanted surface suggests th
there is a compaction of the implanted material. Howeve
we observe bending of the sample away from the implante
surface. Compaction should bend the wafer towards the s
face @see Fig. 2~a!# and not in the opposite direction as is
observed here. A curvature away from the implanted surfa
would be observed if the in-plane dimension of the im
planted material increases. This effect has been described

TABLE I. Ion implantation parameters and amorphous layer thickness.

Sample Implantation energies~MeV! d ~mm!

1 2, 3.6, 6, 10, 17, 24, 30 8.060.5
2 2, 3.6, 6, 10 4.260.4
/94/65(14)/1754/3/$6.00 © 1994 American Institute of Physics
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a hammering effect10 @see Fig. 2~b!#. In order to properly
interpret the data, we have to compare quantitatively the v
tical deformation, which is measured directly by the ste
height, and the horizontal deformation, which can be es
mated from the measured curvature using elasticity theo
When the implanted surface regions expand horizontally
compressive stress accumulates in the wafer. The wafer
slightly bend and deform so as to reduce the deformation
thea-InP regions. Minimizing the total elastic energy of th
system leads to a relation between the strain reduction in
a-InP regionsDL, resulting from the deformation of the sub
strate, and the radius of curvatureR of the wafer:11

DL

Ls
5
2ts
3R

. ~1!

Here,Ls is the arc length, or the wafer length, andts is the
thickness of the wafer. Formula~1! is valid whents is much
larger than the thickness of the amorphous layer. We eva
ated for four different samplesDL/L, whereL is the width of
the a-InP fingers, and compared it toDd/d, the vertical

FIG. 1. Surface profile of the InP prior to the implantation~dashed line! and
after implantation through a mask~solid line!. Also shown is the corrected
profile ~dot-dashed! obtained by subtracting a polynomial fit of the residua
curvature of the sample~multiplied by 2 for clarity!.

FIG. 2. Schematic representation of wafer curvature due to thin film~a!
compaction, or~b! deformation. Not to scale.
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change. We found that the horizontal deformationDL/L is at
most 4% of the vertical deformationDd/d and whence the
depression shown in Fig. 1 is mostly due to compaction. Th
ratio of the crystalline and amorphous densities can then
calculated from

da
dc

5
1

12~Dd/d!1~2DL/L !
, ~2!

where we omit higher order terms. Immediately after implan
tation, the larger value of 2DL/L observed is 0.01%~for
sample 1! and the averagedDd/d is 0.56%. At that point we
find that the density ofa-InP is 0.5560.05% larger than that
of c-InP.

Figure 3 shows the variation of the average step heig
and curvature over a period of more than two months for tw
different samples. The step height decreases with time a
appears to saturate after several months. At the same tim
the curvature of the implanted samples increases in such
way that a linear relation between the increase of the curv
ture and the decrease of the step height could be observ
The variation of the step height and the curvature wa
stopped on a sample which was kept at liquid nitrogen tem
perature. After 70 days, the density ofa-InP has decreased
and we find from relation~2! that it is 0.17%60.06% larger
than that ofc-InP.

The step height and curvature data both exhibit an in
tially fast change followed by a long tail, and could not be
described by a single time constant. A double exponent
was used to fit the data as shown in Fig. 3~solid lines!. We
were able to fit all the data, within the experimental errors
with the same two time constants; a fast initial recovery tim

l

FIG. 3. Time evolution of step height~top two curves! and curvature~bot-
tom two curves!. The full line is a double exponential fit witht158 h and
t2514 days.
1755Cliche, Roorda, and Masut
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constantt1'862 h and a slower recoveryt2'1461 days.
This shows that the increase of the curvature and the s
height recovery have similar kinetics.

In the case of Si, structural relaxation of the amorpho
phase has been shown to be closely related to defect ann
ing in the crystalline phase.7 In the light of this similarity, it
is interesting to compare our observation of the persist
relaxation of amorphous InP with the behavior of ion bea
damaged crystalline InP. Indeed, a spontaneous recover
room temperature has been observed in crystalline InP c
taining a distribution of point defects.12,13 In one
experiment,12 InP had been implanted with 0.6 MeV Si ions
For fluences less than 431013 cm22 ~the critical fluence for
amorphization!, a spontaneous recovery could be observe
Like our data shown in Fig. 3, that recovery exhibited tw
time constants. However, the time constants were mu
longer than the ones observed in amorphous InP.~t1,5 days
and t2'100 days, to be compared witht158 h andt2514
days!. It remains to be established whether this reflects
difference in kinetics intrinsic to amorphous and crystallin
InP or a difference in storage temperature.

Density variations during relaxation have also been o
served ina-Si. Thea-Si first expands by 0.1% during heat
ing from room temperature to 250 °C and then densifies
further heating.14 The fact that botha-Si anda-InP expand
during the initial anneal stages may indicate that in bo
cases a preferential annealing of excess density~i.e., intersti-
tial type! defects occurs. This is somewhat surprising sin
the density change associated with amorphization has op
site sign: Si expands while InP compacts when amorphiz

In conclusion, InP can be macroscopically deformed a
compacted by ion beam induced amorphization. Immediat
after the implantation, we observed an increase of the
plane dimension of the material and an out of plane comp
1756 Appl. Phys. Lett., Vol. 65, No. 14, 3 October 1994
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tion. The vertical dimensional change is mostly due to a
overall compaction and the initial density ofa-InP is larger
than that ofc-InP by 0.55%60.05%. When kept at room
temperature, a spontaneous annealing process occurs wh
is characterized by two time constants, namelyt15862 h
andt2514 61 days.
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