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Defect formation in (100) GaShb by 60 keV Sion-implantation at 150-153 K is investigated using cross-sectional TEM, SEM and EDX.
An anomalous structure consisting of many cells, which looks like a honey comb, was formed on the surface implant@c it &ns/n?.
The diameter and the depth of a cell were about 50 nm and 220-250 nm respectively. The thickness of the walls partitioning the cells was about
10 nm. The upper part of the partitioning wall is amorphous and rich in Ga, while the lower part shows crystalline structure. A heavily strained
region of 50 nm thickness, corresponding to the maximum depth of the projected Sn ions, was observed under the cells. This defect structure
is compared with similar defects which have been observed in ion-implanted GaSb. The defect formation mechanism is discussed, and an
explanation based on movement of the implantation induced point defects is proposed. It is assumed that hills and hollows are formed in the
early stage of implantation. The point defects created on the hills do not contribute to the development of the defect structure, because they
annihilate almost completely by the recombination of vacancy and interstitial and by the movement to the near surface sink. However, under
the hollows, vacancies which escaped recombination remain, and the interstitial atoms, which are highly mobile at low temperatures, migrate
far from there to aggregate under the hills. The hollows become deeper by the movement of the remaining vacancies to the surface, and the
hills develop into the walls by the migration of the interstitial atoms from the surrounding hollows.
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1. Introduction 673 K) the amorphized region recrystallizes in a solid phase
epitaxial manner leaving microtwins.
lon-implantation, which had been established for control- At the end of the 1980s, however, it was realized that
ling the conduction type and the conductivity in Si semiconthe above amorphization mechanism was too simplified.
ductor device processes, was applied to compound semicdraniwaki et al. proposed that another important factor for
ductors in the later 1970s. The major interest concerned thenorphization is the amount of strain stored at the amor-
characterization of induced defects, their formation proceggous/crystalline interface® They found that amorphiza-
and their recovery by heat treatment. Nearly a decade aftion occurs even at the region where the accumulated damage
the frontier work by Mazey and Nelson in 198%rom the energy was 1/10-1/100 of the threshold displacement energy
end of the 1970s to the 1980s, irradiation damage in GaAs GaAs-100keV Sh®> and InP-40keV Fe.® In GaAs-
was intensively studied using Rutherford backscattering art keV Fe",*-®) microtwins which usually appear in recrystal-
channeling techniques (RBS) and transmission electron niization process formed in as-implanted surface, and the mi-
croscopy (TEM) mainly by several groups in USA. This is beerotwin region transformed into amorphous structure by an-
cause GaAs, having a high electron mobility, was anticipatetealing. These results indicate that the implantation-induced
as a major semiconductor material for high speed devices stress significantly contributes to the amorphization.
the next generation. In the 1980s, the study was extendedAnomalous behaviore(g. surface elevation and swelling)
to other compound semiconductors such as InP due to its n@ere observed in GaSb and InSb irradiated with energetic
diation resistance, GaP as a light emitting diode, and Ga$ins. Kleitman and Yearidhfirst observed an elevation of
promising long wavelength lasers. the surface in GaSb and InSb implanted with deuteron by
In the middle of the 1980s, the defect formation and recryshe interferometery in 1957. In 1986, Homfhabserved
tallization process in compound semiconductors by ion infilament-like microtextures in Gsbombarded GaSb which
plantation were explained as followsAmorphization occurs developed into craters by prolonged irradiation. In 1988,
when damage energy accumulated in the material reacHesartonet al.” investigated production and removal of lat-
a critical value; then by the subsequent annealing (at abdite damage in InAs, GaP and GaSb for implants of Si and
Mg, and observed that zinc-blend type crystallites with a
*1This Paper was Presented at the Autumn Meeting of the Japan Instit géam size of 17-nm remained on the mlglanted Gasb sur-
of Metals, held in Kanazawa, on November 22, 1999 and originally puttf— ce a_ﬁer annealmg' In 1991, _Ca”etal' ) measure_d the
lished in J. Japan Inst. Metad (2000) 1141-1147. elevations of the GaSb surface implanted under various con-
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and observed their cross-sectional views by scanning elgaates.

tron microscopy (SEM). They considered that the elevations

occurred after amorphization since the critical dose for el&. Results

vation was equal to that of amorphization. In 1993, by TEM,

Callec and Poudoulé® observed GaSb which was implanted3.1 TEM observation

with 1.8 MeV Ne™ so as to create defects only in the bulk, Figure 1 shows a (110) cross-sectional view (bright field)
and reported that swelling started with formation of voids andnd the selected area diffraction pattern of the GaSb im-
microtwins. planted with 89 x 10*®ions/n? at 153 K. An anomalous de-

In this study, the defect formation and structural changect structure is observed on the ion-implanted surface. Un-
in GaSb by SH ion-implantation at low temperatures wereder the glue, there is a region with a contrast much brighter
investigated mainly by utilizing cross-sectional TEM. Wethan the matrix, which seems to be thinner than the matrix.
started this work as an extension of the research on GaAs afide region ranges from the surface to a depth of about 220-
InP3-6:12) rather than focusing on the anomalous behavior i250 nm, which is ten times larger than the projected Sn ion
implanted GaSb. Accordingly, as factors controlling amorrange (30 nm) calculated by TRIK) In this region, fibrous
phization, we considered simultaneous annealing during instructures with a slightly dark contrast seem to grow along
plantation, combination of constituent elemerdg).(atomic the depth direction from the matrix. A heavily strained region
mass difference between the two elements), and ion specigsh 50 nm is observed at the interface between the bright
etc.,, in addition to the effect of the stress. In addition, wecontrast region and the matrix. Aggregates of point defects
expected to find new phenomena by implantatieg. (phase with about 5nm diameters are observed to a depth of 20—
transformation). In the experiment, the ion implantation waS0 nm under the strained region. It should be noted that we
performed at low temperatures in order to reduce the effeobserved a similar defect structure on InSb surface implanted
of simultaneous annealing. GaSb consisting of two elemerity Sn* at a low temperature.
with significantly different atomic masses, and heavy Sn ions It was first suspected that the crystal structure or the com-

were chosen in order to enhance the irradiation effect. position might differ between the bright and dark contrasts.
However the structure was not different, because only the
2. Experimental Procedure amorphous halos were observed in the selected area diffrac-

tion pattern except the spots coming from the zinc-blend type
From Te doped n-type GaSh wafers with the (100) oriencaSh matrix, and the contrast did not change by tilting the
tation produced by Sumitomo Electric Industries Ltd, threeample. The composition profile along the depth direction
samples implanted with 60 keV Snwere prepared. Sam- was then measured by EDX.
ple 1 for TEM observation was implanted to a dose of
8.9 x 10'%ions/n? at 153 K. Two other samples were for3.2 Composition of local areas obtained by EDX
SEM observation, and the dose and substrate temperaturérigure 2 shows EDX spectra measured for local areas.
(Ts) were 40 x 10'8ions/nt and 151K for Sample 2, and The analyzed points range from the epoxy resin down to the
1.2 x 10"ions/n? and 150 K for Sample 3. The as-implanteddeeper matrix region in alphabetical order, as indicated in the
surfaces were observed with a field emission type scannimgight field image photograph. In the matrix (H), the strong
electron microscope (FE-SEM), JEOL JSM-6400F. peaks of Ga and Sb (the constituent elements) appear. The
A cross-sectional TEM sample was prepared as followpeak of the incident Sn atoms is hardly observed due to the
Two pieces of implanted wafers were bonded face-to-faagverlapping with the Sb peak, and no other elemesgs ¢ar-
with epoxy resin and Si wafers of 0.5mm thickness wergon) were detected. In the strained region (F), intensities of
bonded on both sides. The wafers were then punched out®a and Sh peaks decreased and a significant intensity of car-
a 2mm-diameter cylindrical shape by a ultrasonic disk cubon was detected. This tendency was more remarkable in the
ter (Gatan Model 601) and inserted in a brass cylinder witbright region (B—E). In the epoxy resin (A), no indication of
a 3mm outside diameter. A disc specimen sliced from th@a, Sb and Sn was detected, and only the peak of carbon, the
cylinder was mechanically ground to a thickness of 0.4 mnprincipal element of the epoxy resin, was observed. The peak
followed by dimpling to a thickness of 0.2mm by a VCRof oxygen, another element of the resin, was not distinct due
Dimpler Model D500. Finally they were thinned by ionto the strong carbon peak nearby.
milling with argon (Gatan Precision lon Polishing System The existence of carbon in the bright contrast region in-
Model 691). dicates that the epoxy resin entered into the defect structure
Bright and dark field images, high-resolution images anduring the preparation of the TEM sample. From this, we con-
selected area diffraction patterns of the cross-section of tleived that the defect structure consisted of many cylindrical
implanted region were observed with a field emission typeavities with an open end. The bright contrast corresponds to
transmission electron microscope (FE-TEM), JEOL JEMthin regions in the anomalous structure, namely the cylindri-
2010F, and they were recorded on TEM films. The locatal cavities and the dark contrast shows thick regions, namely
compositions in the implanted surface were measured by &te walls partitioning the cavities.
energy dispersive X-ray spectroscope (EDX), OXFORD Link
ISIS, using an electron beam diametep@0 nm. Diffraction 3.3 FE-SEM images of surface
patterns for small areas (13nm13nm) were obtained by  The implanted surface was observed by FE-SEM in or-
Fourier transformation (Fuji Film L process) of the lattice im-der to confirm that the anomalous structure consists of many
ages with a magnification of 1, 000, 000 stored on imaging cylindrical cavities. Figure 3 shows the SEM images of
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Fig. 1 The cross-sectional TEM view (bright field) and the selected area electron diffraction pattern (SAED) of GaSb surface implanted
with 60keV Srt to a dose of @ x 10'8ions/n? at 153 K. Two layers, a bright contrast region from the surface to the depth of
220-250 nm, and a heavy-strain contrast region with a 50 nm thickness under the layer are observed. Amorphous halos in SAED
originate from the bright contrast region.

3.4 Detailed analysis of the defect structure

The local crystal structure in the anomalous defect was an-
alyzed by Fourier transformation of the high resolution (HR)
image, since the diameters of the selected area apertures in-
stalled in the TEM were too large to obtain the local diffrac-
tion pattern. Four HR images of the defect structure were
taken on imaging plates, from which diffraction patterns of 25
local areas were obtained. Figure 4 shows several HR images
and their corresponding diffraction patterns. The crystalline
spots are not revealed in the upper part of the walls; however,
the weak spots coinciding with those of the matrix GaSb crys-
tal appear around the 220 nm depth from the surface, and they
become clear at the lower part of the walls.
Sb Ga In Fig. 5, the Ga, Sb and Sn concentrations are shown as

Ga functions of the depth from the surface, where carbon was not
taken into account in order to eliminate the effect the epoxy
(H) resin. The vertical axis was not calibrated, and hence the ab-
[]

| : solute value of composition was not obtained. Gallium con-

0 5 10 15 20 centration at the surface region is nearly 1.5 times larger than

Energy, £/keV that of Sh. Although we could not reliably derive the distri-
bution of Sn because of its weakness and overlap with the Sb

Fig. 2 EDX spectra from the local areag20nm) in the surface defect peak, about 1 at% of Sn atoms were detected at the strained
structure observed in Fig. 1. Analyzed spots (A-H) are shown in the TE ;
photograph on the right. Ga and Sb peaks are dominant in the mat%)?glon and the top of the surface.
(H). Near the surface their intensities decrease and the peak intensity of C ] ]
becomes strong, which shows that epoxy resin is buried in the surface. 4. Discussion
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4.1 Defect structure of surface
GasSb implanted with Sn ion doses 004« 10*%ions/nf and  Figure 6 illustrates the defect structure formed on the
1.2 x 10%¥%ions/n?. As expected, a honeycomb-like structuregash surface implanted with 60 keV Sat a dose of ® x
consisting of many cavities with thin walls is observed on thg '8ions/n?. The upper picture shows the top view and the
surface implanted with the larger dose. The cavity densityer is the cross-sectional view. The anomalous structure
was 3x 104*m~2. A similar structure was formed on the sur-consists of many cells partitioned by thin walls. The density
face of Sample 2 with the smaller dose, though these cavitiggthe cells was % 104 m-2. Their diameter and depth were
seem to be shallower relative to those in Sample 3. The caviiyout 50 nm and 250 nm respectively, and the thickness of the
density was 5¢ 104 m~2, which is somewnhat larger than thatpartitioning walls was about 10nm. The upper part of the
of Sample 3. partition is amorphous, while the lower part shows crystalline

structure. The thickness of the heavily strained region under

the cells is about 50 nm, which is nearly equal to the maxi-
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4.0 % 10'® jons/m? 1.2 X 10" jons/m?

Fig. 3 FE-SEM images of GaSb surface implanted with 60 keV.Sndefect structure consisting of cavities are formed; the density of
cavity is 5x 10" m~2 in the sample implanted to the dose dB 4 10'8ions/n? and 3x 10" m~2 is that of 12 x 10'%ions/n?.

£

260 nm 320 nm

Depth

Fig. 4 Electron diffraction patterns obtained by Fourier transformation of HRTEM images are shown as a function of depth from the
surface. The region near the surface is completely amorphized but the diffraction pattern of the region deeper than 220 nm reveals
crystalline spots coinciding with those of the matrix.

mum depth of the projected range of the implanted Sn atomsther compound semiconductors, seems to be related to the
The composition ratio of Ga and Sb changes along the deptuyrface elevation in GaSb and InSb first observed by Kleitman
Ga concentration is higher than Sb concentration in the uppand Yearia® and to the similar phenomena observed by other
part of the wall. researcher&:*) However their obserred defect structures are
The anomalous defect formation behavior intSim-  significantly different with our found anomalous structure
planted GaSb (and InSb), which has not been observed in tbensisting of many cells with a high aspect ratio and with an
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Fig. 5 Concentrations of Ga, Sb and Sn obtained form the EDX spectra al
shown against the depth from the surface. Analyzed spots (B, C, D, E, | 220 nm
G,H) are shown in Fig. 2. The vertical axis is not calibrated. At the surface Amorphous
Ga concentration increases, and is about 1.5 times as high as Sb.

open end. The sponge-like porous layer in the elevated Gas
surface observed by Calletal.*?) was a pile of voids and the
top surface was covered with a skin. Filament-like microtex
tures on C$ bombarded GaSb were observed by Honfna.
Although their SEM image shows the surface morphology Matrix
somewhat similar to that in Fig. 3, the cavities were not cre:
at(?l-c}{{e similar defect structures were observed with SEM anla'g. 6 Defect structure formed on the GaSb surface implanted with 60 keV

. T . Snt to a dose of @ x 108 jons/n?. The upper picture shows the top view
cross-sectional TEM in ion implanted Ge (although it is N0t 4 the lower one is the cross-sectional view.
a compound semiconductor). Wilsdhobserved holes with
40 nm-diameter on the self-ion implanted Ge surface. They
enlarged with increasing ion dose, which was eventually satluded. Accordingly, only the solid phase growth of walls (c)
urated up to about 120 nm in diameter. The TEM image gfmains.
the holes resembles that of the cavities observed in the presentVe propose a formation mechanism based on movement of
work (Fig. 3). In the TEM study by Appletoet al.,*® the Ge the implantation-induced point defects as shown in Fig. 7. It
surface was amorphized by 120 keV*limplantation, and is assumed that hills and hollows are formed at the early stage
craters were created by prolonged implantation. The crosst implantation. Tin ion implantation creates vacancies and
sectional view of the layer with the craters developed by thiterstitials under the surface (to a depth of about 50 nm). The
dose of 5x 10%ions/n? is very similar to that of the anoma- point defects created in the hills do not contribute to devel-

lous defect in Fig. 1. opment of the defect structure, because they are annihilated
almost completely by recombination of vacancies and inter-
4.2 Formation mechanism of surface defect structure stitials or by movement to the surface sink. Under the hol-

Three possibilities are considered as a formation mech®ws, vacancies which escaped recombination remain and the
nism for the surface defect; (a) formation of the cavities bynterstitial atoms, which are highly mobile even at low tem-
ion sputtering, (b) vapor phase growth of the walls, and (d)eratures, migrate far from there to aggregate under the hills.
solid phase growth of the walls. The hills develop to walls by the interstitial atoms migrating

The mechanism (a) is almost impossible because, as shof@m the surround. The remaining vacancies may move to the
in the SEM and TEM observation, the cavities have a deptiollowed surface during implantation, which deepen the hol-
much larger than their diameter and the partitioning wallfows. Honeycomb-like structure is formed in such a manner.
have a very thin thickness. It is unlikely that such a uni- Now let us discuss the experimental results by the above-
form structure consisting of cavities with a large aspect ratimentioned mechanism. The thickness of the heavily strained
is formed directly by sputtering with the heavy implantatiorregion formed in the upper part of the matrix (50 nm) is nearly
whose dose is nearly equal to the surface atomic density. @gual to the range of point defect production, according to cal-
the mechanism (b), the vapor of Ga or Sh must be suppli@tlation with the TRIM cod®) where 6.2eV and 7.5 ¥
to the sample; however, it is impossible for the constituerwere adopted as the threshold energies for displacement of
elements to evaporate at the substrate temperature of 150&a and Sb. From this, it is concluded that the bottom surface
Thus the possibility of vapor phase growth can also be ef the cell was the effective surface for implantation, and that
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Sn ions radiation of ions. As a result, the upper part becomes amor-
phous completely and the crystalline structure partly remains
l l l l l in the lower part as shown by Fourier transformation in Fig. 4.

The growth of the wall is generally considered as difficult
because of the increase in surface energy. However, a similar
phenomenon are the metal whiskers that grow in solid phase
from their base. According to Frank’s idé4,the growth of
whiskers needs a supply of atoms by diffusion and stress for
climbing dislocations (in order to supply atoms in the growth
ﬂ e Interstitial direction)-these two factors are satisfied in the case of GaSb—

Snt. The interstitials are continually supplied to the base

of the walls from the surround by ion implantation, and the
heavy stress is induced in the implanted region as observed

. / I : by TEM.

°O°°.°—- P L Amorphization has often been considered to be indispens-

f able for swelling, as experiments have shown that there is

ﬂ : a critical dose for swelling in GaSb ion implanted at room

oe,
ec®

o Vacancy

temperaturé® and craters are formed in the Ge surface after
amorphizatiort® However amorphization is not necessarily
required in our proposed formation mechanism. In the above
systems, the structure will have become amorphous at the ion
dose when the point defects and the stress were stored long
_ enough to drive the wall growth.
«® Void formation is one of the possible causes for formation
p 4 of hollows and hills in the early stage of implantation. It has
LR e T, been suggested that the voids were formed near the surface,
o g® o . . .
and they crossed the surface, resulting in the formation of cav-
ities1¥ However, if the difference in the mobility between
interstitials and vacancies is large enough, hollows and hills
Fig. 7 The defect formation mechanism is shown. The point defects crare formed in the early stage of implantation (at the dose of

ated (ET t(;1e hrilllsr?o”not cot:nribute to the devglgpmefr;t of the dsfectt_ strug_015_1016i0n3/m2 = one ion per 50 nmx 50 nm). Results
ture. Under the hollows, the vacancies remaining after recombination a| . . . .
left there and the surviving interstitial atoms migrate and aggregate undgirongly supporting the void mechanism are not yet obtained

the hills to increase their height. in our TEM and SEM study. In our present experiments, we
did not examine the structure in the early stage of implanta-
tion. We will clarify the mechanism by subsequent work on
sputtering and evaporation of the surface atoms or surface difamples with low ion doses that is now in progress.
fusion scarcely occur. Therefore the atoms for growth of the
wall are considered to be supplied through the bottom of & Conclusion
from the matrix.

We now estimate the quantity of point defects required for The structure and the composition of the surface defect
formation of the defect structure. In Sample 1, the volume dbrmed on (100)GaSb by 60keV Srion implantation at
the walls formed is 1x 10-°cm® per surface area of 1é&n 150-153K was studied by FE-TEM, FE-SEM, EDX and
which corresponds to about-3 10" constituent atoms. The Fourier transformation of HRTEM images. Many cells with
TRIM simulation estimates that the number of implantationabout 50 nm diameter were formed like a honeycomb on the
induced interstitials is 2 108 cm=2. In our proposed model, surface implanted with a dose of8x 10'8ions/n? and par-
it is required that about 15% of the interstitials contribute taitioned by walls with about 10 nm thickness. The depth of
the formation of the walls (this value may be smaller considethe cells was 220-250 nm, which is ten times larger than the
ing the contribution of the remaining vacancies). This is prolimplanted ion range. The upper part of the partitioning wall
able, because the recombination of interstitials and vacancigsamorphous and rich in Ga, while the lower part shows
is not effective as shown by the active formation and develogrystalline spots coinciding with the matrix. Under the sur-
ment of voids in ion-implanted GaSh. The distribution of face defect, there is a heavily strained layer with about 50 nm
Ga and Sb concentrations in the wall (Fig. 5) is explained bthickness. The formation of this defect structure is a phe-
the difference in mobility between Ga and Sb interstitials. lhomenon similar to the anomalous behaviors observed in ir-
the mobility of Ga interstitials is larger than that of Sb, the Gaadiated GaSb. We proposed a defect formation mechanism
concentration will be high at the top of the surface and low aissuming a large difference in mobility between the intersti-
the lower part of the wall as shown in Fig. 5. tials and the vacancies induced by ion implantation, supported

The difference in crystal structure between the upper arig experimental results and previous work.
lower parts of walls does not contradict the proposed mech-
anism. Although the walls first grow in crystalline structure,
they are amorphized during growth under the continuous ir-
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