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Wurtzite InP formation during swift Xe-ion irradiation
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Ion beam-induced amorphization and crystallization in InP implanted at room temperature with swift~250
and 340 MeV! Xe1 ions to doses of 531013 and 131014 cm22, respectively, are investigated by transmission
electron microscopy. For ion fluences above 531013 cm22, amorphization is registered in the near-surface
region as well as around the mean ion range. The amorphous layers produced due to electronic energy
deposition in the near-surface region are found to have different short-range atomic structure as compared to
those produced in the depth region of nuclear energy deposition. In the case of the highest ion fluence (1
31014 cm22) a partial crystallization of the amorphous surface layer to polycrystalline InP is observed. The
process of the crystallization passes a stage of wurtzite InP phase formation.
-
e

ci-

u

e
ni

o
s

us
n
by
en
n

ou
ow
ti

-

g
.3
d
e
ay
le

-
2
io

t
m-
out
M
sing
ple

-
t
ion
The

g
ith
ith

l-
e.

ed
ar-

la-
n-

ses
e

s
L
h to

om-

ural
I. INTRODUCTION

Swift heavy-ion implantation is known to result in a num
ber of effects~latent tracks, high pressure phases, fulleren
etc.! in solids due to dissipation of the high electronic ex
tation arising from inelastic collisions.1–3 Recently, we have
reported on the formation of latent tracks and continuo
amorphous layers in InP irradiated with 250 MeV Xe1 ions.4

After the implantation to a dose of 731012Xe1/cm2 latent
tracks are registered in a near-surface region of InP wh
the ions lose their energy preferentially into the electro
subsystem. The tracks overlap producing a continuous am
phous layer in the surface region when the dose is increa
up to 531013cm22. For this ion fluence a second amorpho
layer is registered at the depth of the mean projected ra
(Rp), where the ions lose their energy preferentially
nuclear collisions. Generally, one can expect that differ
mechanisms of amorphization may result in a differe
atomic structure of the amorphous layer. However, to
knowledge, no results on this topic are published up to n

The present paper deals with the results of a compara
investigation of both near-surface and nearRp amorphous
layers produced by swift Xe1 ions in InP. The crystallization
of these layers is also studied.

II. EXPERIMENT

Xe ions with energies of 250 and 340 MeV were im
planted into^100&-cut single crystalline InP wafers at room
temperature. The ion fluence was varied between
31013cm22 and 131014cm22. To prevent sample heatin
during the irradiation the flux was kept below 1
31010Xe cm22 s21. Additionally, the samples were mounte
to the sample holder with a silver paste in order to provid
good thermal conductivity between them. The implanted l
ers were investigated using cross-section transmission e
tron microscopy~XTEM!. The conventional TEM investiga
tions were performed with an electron microscope EM-1
operating at 100 keV. For observations in high-resolut
PRB 610163-1829/2000/61~23!/15785~4!/$15.00
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TEM mode~HRTEM! the device Philips CM20 operating a
200 keV was applied. The control of the sample stoichio
etry by x-ray energy dispersive spectrometry was carried
using a Philips CM20/EDAX PV9800 instrument. The TE
specimen were thinned down to electron transparency u
an ion beam sputtering technique. In order to prevent sam
heating and artefacts of etching~selective sputtering, In seg
regation on the surface! ion beam milling was performed a
liquid nitrogen temperature, and the angle between the
beam and the sample surface was lower than 5°–7°.
interplane distances for both sphalerite~B3-type! and hex-
agonal ~wurtzite! InP ~B4-type! were calculated assumin
that InP of wurtzite structure consists of tetrahedrons w
the same geometrical size as those of the B3-type, but w
an ABAB...AB stacking sequence.5

III. RESULTS AND DISCUSSION

In accordance with our previous work4 it is found that InP
samples implanted with 531013Xe1 cm22 contain two con-
tinuous amorphous layers~AL ! separated by a single crysta
line InP region with extended defects of a different typ
From XTEM pictures received over the whole implant
depth it was deduced that the first AL is located in the ne
surface region expanding into depths down to 12 and 15mm
for 250 and 340 MeV irradiations, respectively. The simu
tion of the depth distributions of electronic and nuclear e
ergy deposition per ion and unit length using theTRIM 95

code shows that in this depth region electronic proces
dominate~not shown!, and that nuclear interactions can b
neglected. The second AL with a thickness of about 3–5mm
is formed at the depth of about 21 and 26mm ~corresponding
to the projected rangeRp! for the two energies used, i.e., it i
located in the region of high nuclear interaction. The A
thicknesses mentioned above are found to be large enoug
study the structure of the samples in a cross-section ge
etry by using both bright-~dark-! field imaging and micro-
diffraction techniques, assuming a homogeneous struct
quality within the areas of investigation~typically less than 2
15 785 ©2000 The American Physical Society



ie
os
te
tio
ng
b
th
a

-

if-
en-
c-

res
e-

e of
of

b-

u-
hin
by
m
e

of
s

dial
the

n
row

ce

ns

n

e-
fter

-

te

15 786 PRB 61P. I. GAIDUK et al.
mm wide!. The damage in the near-surface and in the bur
damage band was studied on samples thinned by cr
sectional preparation over the whole depth and in one s
Therefore a possible different action of sample prepara
~irradiation conditions, sample heating, artefacts of etchi
etc.! on the structural quality of the defect bands can
excluded. Moreover, to exclude a possible variation of
damage structure with the depth, the TEM study of the ne
surface layer of each sample was performed at about 5mm,
and that of the buried layer at the depth ofRp . A visible
stoichiometry decomposition of the layers~e.g., due to selec
tive evaporation during swift Xe irradiation! was not regis-
tered by x-ray energy dispersive spectrometry.

FIG. 1. Bright-field TEM images of the structure of near-surfa
~a! and near-Rp layers ~b! of InP implanted with Xe1 ~250 MeV,
531013 cm22!. The insets display the corresponding TED patter

FIG. 2. Angular distributions of coherently scattered electro
obtained from the TED investigations of surface~a! and near-Rp ~b!
amorphous layers.
d
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n
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The results of the TEM investigations have revealed d
ferences in the structure of the two amorphous layers m
tioned above. Typical bright-field TEM images of the stru
ture and corresponding diffraction~TED! patterns of the two
layers are shown in Fig. 1. It can be seen from the pictu
that the contrast of the TEM image is sufficiently homog
neous in the near-Rp-AL @Fig. 1~b!#, but has small-sized in-
homogeneities in the surface AL@Fig. 1~a!#. Both diffraction
patterns contain diffuse rings due to the amorphous stat
InP; in addition, diffraction spots from crystalline particles
InP are visible in the case of the surface AL@TED pattern in
Fig. 1~a!#. In the latter case, a dark-field TEM image o
tained in ^220& InP spots~not shown here! has proved that
the nonhomogeneous contrast in Fig. 1~a! is due to crystal-
line particles embedded in the amorphous layer.

Figure 2 illustrates a comparison of the angular distrib
tions of the intensity of electrons coherently scattered wit
the two disturbed layers. The distributions are compiled
radial scanning of the original TED patterns obtained fro
the near-surface and near-Rp amorphous layers of the sam
sample @see inset in Figs. 1~a! and 1~b!#. There are two
strong differences in the electron intensity distributions
the two first diffraction maxima. First, the diffraction peak
obtained from the near-surface AL are located at larger ra
distances from the center as compared to those from
near-Rp AL. And second, the half-widths of the diffractio
peaks are different: the first peak is found to be more nar

.

s

FIG. 3. Bright-field TEM images of the structure and corr
sponding TED patterns, obtained from the near-surface layer a
beam-induced crystallization.~a! First stage of crystallization: the
formation of fine-grain polycrystalline InP of the wurtzite modifi
cation after irradiation with 831013 Xe cm22. ~b! Second stage of
crystallization: the formation of polycrystalline InP of sphaleri
modification after irradiation with 131014 Xe cm22.
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PRB 61 15 787WURTZITE InP FORMATION DURING SWIFT Xe-ION . . .
in the case of the near surface compared to that of the n
Rp AL, for the second peak the behavior is opposite. Th
TED results directly indicate the strong differences in t
atomic short-range order in the two amorphous layers.6,7 Fur-
thermore, comparative TED investigations of the near-Rp
amorphous layers produced by the fast Xe ions and am
phous layers created with conventional ion energies~e.g.,
100 keV Xe1! have revealed very similar angular distrib
tions of the coherently scattered electrons~not shown here!.

Elevating the irradiation fluence up to 1014cm22 results in
an increase of the thickness of both the surface and the n
Rp amorphous layers reflecting the accumulation of dam
in the layers. However, as a very interesting consequenc
the increasing ion dose a transformation of InP from
amorphous to the polycrystalline state was registered in
surface region. This recrystallization process starts from
surface, extends to the depth, and passes two main s
that result in a qualitatively different structure of the fin
polycrystalline phase@Figs. 3~a! and 3~b!#. At the first stage
the amorphous InP is transformed into a fine-grain polycr
talline state@Fig. 3~a!#. This occurs for ion fluences of abou
831013cm22. The most surprising feature of this structure
that, according to the TED investigations, the fine-gr
polycrystalline InP has a hexagonal~wurtzite! structure. This
is proven by the microdiffraction pattern inserted in Fig. 3~a!
and, respectively, by Table I and Fig. 4~a!. The latter figure
displays an angular distribution of the intensity of coheren
scattered electrons in comparison with a theoretical x-r
diffraction spectrum, calculated for the wurtzite modificati
of InP. The experimental curve was obtained by radial sc
ning of the original TED pattern obtained from the nea
surface layer@inset in Fig. 3~a!#. A good correlation of both

TABLE I. The interplane distances extracted from the elect
diffraction patterns similar to those shown in Fig. 3~a!—(de1) and
in Fig. 3~b!—(de2) in comparison with the calculated interplan
distances of sphalerite—(ds) and hexagonal~wurtzite!—(dw)
modification of InP.

hkl de1 dw hkl de2 ds

100 3.57 3.578 - - -
002 3.38 3.374 111 3.39 3.391
101 3.16 3.161 200 2.94 2.937
102 2.46 2.455 - - -
110 2.06 2.066 220 2.08 2.076
103 1.91 1.904 - - -
200 1.78 1.789 - - -
112 1.76 1.762 311 1.76 1.771
201 1.73 1.729 222 1.69 1.695
202 1.58 1.581 400 1.46 1.468
203 1.40 1.400 - - -
210 1.34 1.353 331 1.35 1.347
211 1.32 1.326 420 1.30 1.313
212 1.26 1.255 - - -
300 1.19 1.193 - - -
213 1.16 1.159 422 1.21 1.199
006 1.12 1.125 511 1.12 1.130
205 1.08 1.077 - - -
220 1.03 1.033 440 1.03 1.038
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theoretical and experimental data is to be seen from the
ure.

The wurtzite modification of InP is found to be unstab
A transition from the wurtzite to the ordinary~sphalerite!
structure occurs at the second stage of recrystallization
result of both increasing the ion fluence up to 1014cm22 and
~or! intensive electron beam irradiation in the TEM chamb
during the investigation. The bright-field image of the fin
structure and the corresponding TED pattern are shown
Fig. 3~b!. These pictures clearly show a polycrystalline stru
ture with an average grain size of about 0.1–0.3mm; in
addition, the angular distribution of the intensity of cohe
ently scattered electrons extracted from the original TED p
tern @Fig. 4~b!# is found to be very close to InP of th
sphalerite modification. Note again a good correlation
tween theoretical~calculated for sphalerite InP! and experi-
mental data in Fig. 4~b! and Table I. Such a transition o
amorphous to wurtzite and then to sphalerite structure
also found under a high-intensity electron beam~more than
about 10mA/mm2! during the TEM investigation of the sur
face AL. Contrary, no indication of a recrystallization effe

FIG. 4. Normalized intensity of coherently scattered electrons
a function of both extent in reciprocal space~s! and interplane dis-
tance~d! for wurtzite ~A! and sphalerite~B! InP. The experimental
curves are obtained by scanning of the original TED patterns sh
as insets in Figs. 3~a! and 3~b! accordingly. The corresponding the
oretical x-ray-diffraction spectra are shown.
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15 788 PRB 61P. I. GAIDUK et al.
was found in the near-Rp amorphous layer at the implanta
tion fluences used and during high intensity electron-be
irradiation in the TEM chamber.

The hexagonal~wurtzite! phase has previously also bee
observed in silicon after mechanical deformation by inden
tion at high temperature~500–600 °C!.8,9 For pressures up to
50 GPa the silicon structure transforms from a cubic d
mond to ab-Sn-like tetragonal one, and then to a hexago
one ~simple and close packed!.10 Recently, the formation of
the wurtzite phase of silicon has been registered in a num
of studies of high-dose, high-intensity, and high-temperat
ion implantation.9,11,12 This phase is found to be metastab
with respect to the diamond cubic structure, but it is sta
lized by the presence of internal stresses.10,11 At very high
implantation temperatures~.700 °C! the wurtzite phase can
not be formed due to easy motion of dislocations with
relief of the strain.11

Similarly, it is found13 that under indentation in a dia
mond cell, InP transforms from the cubic, zinc-blen
~sphalerite! phase to the cubic, rocksalt structure at;10.8
GPa, to theb-Sn-like tetragonal phase at;18.9 GPa; how-
ever, no indications of wurtzite phase formation were
ported. The latter, probably, is due to the low value of t
pressure used in Ref. 13. This conclusion is supported by
results on the structure transformation in Si and Ge wh
revealed a phase transformation from theb-Sn-like tetrago-
nal to the wurtzite structure but under considerably hig
pressures of indentation.10 No data on implantation-induce
phase changes in InP were found in the literature. On
other hand, it is well known that the annealing of implant
A3B5 compound semiconductors preferably results in
formation of stacking fault tetrahedra and faulted loops~see,
e.g., Ref. 14 and references therein! as well as microtwins.
By comparing thê111& stacking sequence of sphalerite In
~InPsp!, . . . ABCABCABC . . . , to the^0001& stacking se-
quence of the wurtzite InP~InPw!, . . . ABABABAB . . . , it
can be assumed that the wurtzite InP is a result of the in
duction of intrinsic stacking faults~or very thin lamellae of
first-order twins! on every third$111% layer of the sphalerite
InP. In this approach the process of InPsp→InPw transforma-
tion may be activated by shear stress via the generatio
Shockley partial dislocations.9
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In the present work, however, the wurtzite phase of I
appeared as a result of ion-beam-induced~or electron-beam
induced! recrystallization of the amorphous surface lay
The surface AL is produced during overlapping of the am
phous cores of the individual latent tracks.4 According to the
model proposed in Ref. 4, the latent amorphous tracks
formed during the very rapid solidification~quenching! of
the molten tubes in a single-crystalline matrix, containing
structure defects. There are several consequences of su
amorphization model. First, the process of the track form
tion is accompanied by shear stress generation in the
rounding matrix. This results in formation of stacking faul
microtwins, and, probably, very small~;2–3 nm! particles
of hexagonal structure type, as it is revealed by hig
resolution TEM investigations.15 Second, the track overlap
ping produces the continuous amorphous layer. Howe
due to the statistical nature of implantation, inclusions
crystalline InP may still be embedded in the AL even af
high dose implantation@see Fig. 1~a!#. Such inclusions may
act as nuclei of a crystalline phase growing by ion-bea
induced recrystallization. If the nuclei are faulted or twinn
particles, the resulting crystalline phase may inherit a gr
share of hexagonality.

IV. SUMMARY

In conclusion, the formation of amorphous InP of tw
different atomic structures is registered after swift Xe-i
irradiation as a consequence of electronic and nuclear en
deposition. An increase of the implantation dose results
partial recrystallization of the amorphous surface layer
polycrystalline InP. The process of recrystallization passe
stage of wurtzite InP phase formation.
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