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Wurtzite InP formation during swift Xe-ion irradiation
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lon beam-induced amorphization and crystallization in InP implanted at room temperature witk28@ift
and 340 MeV Xe" ions to doses of % 10" and 1x 10" cm 2, respectively, are investigated by transmission
electron microscopy. For ion fluences above B)'*cm 2, 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
X 10*cm ?) 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.

[. INTRODUCTION TEM mode(HRTEM) the device Philips CM20 operating at
200 keV was applied. The control of the sample stoichiom-

Swift heavy-ion implantation is known to result in a num- etry by x-ray energy dispersive spectrometry was carried out
ber of effectglatent tracks, high pressure phases, fullerenesysing a Philips CM20/EDAX PV9800 instrument. The TEM
etc) in solids due to dissipation of the high electronic exci- specimen were thinned down to electron transparency using
tation arising from inelastic collision's> Recently, we have an ion beam sputtering technique. In order to prevent sample
reported on the formation of latent tracks and continuouseating and artefacts of etchilgelective sputtering, In seg-
amorphous layers in InP irradiated with 250 MeVXiens?  regation on the surfagéon beam milling was performed at
After the implantation to a dose of»710'?Xe*/cn? latent  liquid nitrogen temperature, and the angle between the ion
tracks are registered in a near-surface region of InP whergeam and the sample surface was lower than 5°-7°. The
the ions lose their energy preferentially into the electronidnterplane distances for both sphaleri&3-typg and hex-
subsystem. The tracks overlap producing a continuous amoggonal (wurtzite) InP (B4-type were calculated assuming
phous layer in the surface region when the dose is increasdtat InP of wurtzite structure consists of tetrahedrons with
up to 5x 103 cm2. For this ion fluence a second amorphousthe same geometrical size as those of the B3-type, but with
layer is registered at the depth of the mean projected rangan ABAB...AB stacking sequence.
(Rp), where the ions lose their energy preferentially by
nuclear collisions. Generally, one can expect that different
mechanisms of amorphization may result in a different
atomic structure of the amorphous layer. However, to our |n accordance with our previous wdrit is found that InP
knowledge, no results on this topic are published up to nowsamples implanted with % 103 Xe" cm ™2 contain two con-

The present paper deals with the results of a comparativenuous amorphous layefAL ) separated by a single crystal-
investigation of both near-surface and né&y amorphous line InP region with extended defects of a different type.
layers produced by swift Xeions in InP. The crystallization From XTEM pictures received over the whole implanted

Ill. RESULTS AND DISCUSSION

of these layers is also studied. depth it was deduced that the first AL is located in the near-
surface region expanding into depths down to 12 anguib
Il. EXPERIMENT for 250 and 340 MeV irradiations, respectively. The simula-

tion of the depth distributions of electronic and nuclear en-
Xe ions with energies of 250 and 340 MeV were im- ergy deposition per ion and unit length using tham 95

planted into(100)-cut single crystalline InP wafers at room code shows that in this depth region electronic processes
temperature. The ion fluence was varied between Slominate(not shown, and that nuclear interactions can be
x 10 cm™2 and 1x 10" cm 2. To prevent sample heating neglected. The second AL with a thickness of about b
during the irradiation the flux was kept below 1.3 isformed atthe depth of about 21 and 26 (corresponding
X 10'9Xe cm 2571, Additionally, the samples were mounted to the projected rangg,) for the two energies used, i.e., itis
to the sample holder with a silver paste in order to provide docated in the region of high nuclear interaction. The AL
good thermal conductivity between them. The implanted laythicknesses mentioned above are found to be large enough to
ers were investigated using cross-section transmission elestudy the structure of the samples in a cross-section geom-
tron microscopy(XTEM). The conventional TEM investiga- etry by using both bright{dark-) field imaging and micro-
tions were performed with an electron microscope EM-125iffraction techniques, assuming a homogeneous structural
operating at 100 keV. For observations in high-resolutionquality within the areas of investigatidtypically less than 2
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FIG. 1. Bright-field TEM images of the structure of near-surface
(&) and nearR, layers(b) of InP implanted with Xé (250 MeV,
5% 102 cm ?). The insets display the corresponding TED patterns. FIG. 3. Bright-field TEM images of the structure and corre-

sponding TED patterns, obtained from the near-surface layer after

pm wide). The damage in the near-surface and in the buriedbeam-induced crystallizatiorfa) First stage of crystallization: the
damage band was studied on samples thinned by crosfsrmation of fine-grain polycrystalline InP of the wurtzite modifi-
sectional preparation over the whole depth and in one stesation after irradiation with & 10**Xe cm™2 (b) Second stage of
Therefore a possible different action of sample preparatiorystallization: the formation of polycrystalline InP of sphalerite
(iradiation conditions, sample heating, artefacts of etchingmodification after irradiation with X 10**Xe cm™2.
etc) on the structural quality of the defect bands can be
excluded. Moreover, to exclude a possible variation of the The results of the TEM investigations have revealed dif-
damage structure with the depth, the TEM study of the nearferences in the structure of the two amorphous layers men-
surface layer of each sample was performed at abquin5 tioned above. TypiCS.J bright-fie_ld TEM images of the struc-
and that of the buried layer at the depthRf. A visible  ture and corresponding diffractidiED) patterns of the two
stoichiometry decomposition of the laydesg., due to selec- layers are shown in Fig. 1. It can be seen from the pictures
tive evaporation during swift Xe irradiatiorwas not regis-  that the contrast of the TEM image is sufficiently homoge-

tered by x-ray energy dispersive spectrometry. neous in the neaR,-AL [Fig. 1(b)], but has small-sized in-
homogeneities in the surface AEig. 1(a)]. Both diffraction

4 patterns contain diffuse rings due to the amorphous state of
InP; in addition, diffraction spots from crystalline particles of
InP are visible in the case of the surface AIED pattern in
Fig. 1(@)]. In the latter case, a dark-field TEM image ob-
tained in{220 InP spots(not shown herehas proved that
the nonhomogeneous contrast in Figa)lis due to crystal-
line particles embedded in the amorphous layer.

Figure 2 illustrates a comparison of the angular distribu-
% - tions of the intensity of electrons coherently scattered within
\Ee,,..,«eﬁ:"“‘:"\\, the two disturbed layers. The distributions are compiled by

\-\ radial scanning of the original TED patterns obtained from

A the near-surface and ne&g-amorphous layers of the same
I S S A S B sample[see inset in Figs. (&) and 1b)]. There are two
25 50 75 100 strong differences in the electron intensity distributions of
the two first diffraction maxima. First, the diffraction peaks
obtained from the near-surface AL are located at larger radial

FIG. 2. Angular distributions of coherently scattered electronsdistances from the center as compared to those from the
obtained from the TED investigations of surfgeeand neaR, (b) nearR, AL. And second, the half-widths of the diffraction
amorphous layers. peaks are different: the first peak is found to be more narrow
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TABLE I. The interplane distances extracted from the electron d, A
diffraction patterns similar to those shown in Figag—(de;) and 654 3 2 1
in Fig. 3(b)—(de,) in comparison with the calculated interplane ] o :
distances of sphalerite-¢{) and hexagonal(wurtzite—(d,,) 100+ Wurtzite InP
modification ofinpp. ... 014} . Experimental electron diffraction spectrum
80 Theoretical X-ray diffraction spectrum
hkl oy dy hkl dep ds z
100 3.57 3.578 - - - z %]
002 3.38 3.374 111 3.39 3.391 :§
101 3.16 3.161 200 2.94 2.937 z
102 2.46 2.455 - - - - ]
110 2.06 2.066 220 2.08 2.076 20
103 1.91 1.904 - - - ]
200 1.78 1.789 - - - °1""2" SRR 5 T T 5
112 1.76 1.762 311 1.76 1.771 ) p
201 1.73 1.729 222 1.69 1.695 o= drsin(e) /2 (A)
202 1.58 1.581 400 1.46 1.468 d, A
203 1.40 1.400 - - - 65 4 3 2 1
210 1.34 1.353 331 1.35 1.347 e ' Pr——
211 1.32 1.326 420 1.30 1.313 100 ] )
4 N Experimental electron diffraction spectrum
212 1.26 1.255 - - - 5] B T Theoretical X-ray diffraction spectrum
300 1.19 1.193 - - - ]
213 1.16 1.159 422 1.21 1199 & ] Do
006 1.12 1.125 511 1.12 1.130 Ol B
205 1.08 1.077 - - - F R
220 1.03 1.033 440 1.03 1038 @ 40 : B
=y | Toein
in the case of the near surface compared to that of the near ," | l% ,'I' gﬁ %? ? ‘ .

Rp AL, for the second peak the behavior is opposite. These ~ °71
TED results directly indicate the strong differences in the 1
atomic short-range order in the two amorphous la§éisur- s =dnsin(©) /2 (A)
thermore, comparative TED investigations of the nggar-

amorphous layers produped by the. fast Xe lons and amoly fynction of both extent in reciprocal spa@ and interplane dis-
phous layers created with conventional ion enerd®s.,  tance(d) for wurtzite (A) and sphaleritdB) InP. The experimental
100 keV Xe) have revealed very similar angular distribu- cyrves are obtained by scanning of the original TED patterns shown
tions of the coherently scattered electrénst shown here  as insets in Figs.(® and 3b) accordingly. The corresponding the-
Elevating the irradiation fluence up to*f@m ?results in  oretical x-ray-diffraction spectra are shown.
an increase of the thickness of both the surface and the near-
R, amorphous layers reflecting the accumulation of damagéheoretical and experimental data is to be seen from the fig-
in the layers. However, as a very interesting consequence afre.
the increasing ion dose a transformation of InP from the The wurtzite modification of InP is found to be unstable.
amorphous to the polycrystalline state was registered in th& transition from the wurtzite to the ordinargsphalerite
surface region. This recrystallization process starts from thetructure occurs at the second stage of recrystallization as a
surface, extends to the depth, and passes two main stagessult of both increasing the ion fluence up td“dn 2 and
that result in a qualitatively different structure of the final (or) intensive electron beam irradiation in the TEM chamber
polycrystalline phaséFigs. 3a) and 3b)]. At the first stage  during the investigation. The bright-field image of the final
the amorphous InP is transformed into a fine-grain polycrysstructure and the corresponding TED pattern are shown in
talline statd Fig. 3(@)]. This occurs for ion fluences of about Fig. 3(b). These pictures clearly show a polycrystalline struc-
8x 103 cm 2. The most surprising feature of this structure isture with an average grain size of about 0.1—@u®; in
that, according to the TED investigations, the fine-grainaddition, the angular distribution of the intensity of coher-
polycrystalline InP has a hexagor(alurtzite) structure. This  ently scattered electrons extracted from the original TED pat-
is proven by the microdiffraction pattern inserted in Fige)3 tern [Fig. 4(b)] is found to be very close to InP of the
and, respectively, by Table | and Fig@at The latter figure sphalerite modification. Note again a good correlation be-
displays an angular distribution of the intensity of coherentlytween theoreticalcalculated for sphalerite InRand experi-
scattered electrons in comparison with a theoretical x-raymental data in Fig. @) and Table |. Such a transition of
diffraction spectrum, calculated for the wurtzite modificationamorphous to wurtzite and then to sphalerite structure was
of InP. The experimental curve was obtained by radial scanalso found under a high-intensity electron beémore than
ning of the original TED pattern obtained from the near-about 10uA/um?) during the TEM investigation of the sur-
surface layefinset in Fig. 3a)]. A good correlation of both  face AL. Contrary, no indication of a recrystallization effect

2 3 4 5 6 7 8

FIG. 4. Normalized intensity of coherently scattered electrons as
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was found in the neaR,, amorphous layer at the implanta-  In the present work, however, the wurtzite phase of InP
tion fluences used and during high intensity electron-beamappeared as a result of ion-beam-indu¢edelectron-beam
irradiation in the TEM chamber. induced recrystallization of the amorphous surface layer.
The hexagonalwurtzite) phase has previously also been The surface AL is produced during overlapping of the amor-
observed in silicon after mechanical deformation by indentaphous cores of the individual latent trackaccording to the
tion at high temperaturés00—600 °G.2° For pressures up to  model proposed in Ref. 4, the latent amorphous tracks are
50 GPa the silicon structure transforms from a cubic diaformed during the very rapid solidificatioquenching of
mond to aB-Sn-like tetragonal one, and then to a hexagonathe molten tubes in a single-crystalline matrix, containing the
one (simple and close packgd’ Recently, the formation of ~structure defects. There are several consequences of such an
the wurtzite phase of silicon has been registered in a numbemorphization model. First, the process of the track forma-
of studies of high-dose, high-intensity, and high-temperaturé¢ion is accompanied by shear stress generation in the sur-
ion implantation”**2 This phase is found to be metastable rounding matrix. This results in formation of stacking faults,
with respect to the diamond cubic structure, but it is stabi-microtwins, and, probably, very smah-2—3 nm particles
lized by the presence of internal stres¥&%. At very high ~ of hexagonal structure type, as it is revealed by high-
implantation temperaturgs>700 °C) the wurtzite phase can- resolution TEM investigations. Second, the track overlap-
not be formed due to easy motion of dislocations with theping produces the continuous amorphous layer. However,
relief of the straint! due to the statistical nature of implantation, inclusions of
Similarly, it is found® that under indentation in a dia- crystalline InP may still be embedded in the AL even after
mond cell, InP transforms from the cubic, zinc-blendehigh dose implantatiofisee Fig. 1a)]. Such inclusions may
(sphalerite¢ phase to the cubic, rocksalt structure-at0.8  act as nuclei of a crystalline phase growing by ion-beam-
GPa, to theB-Sn-like tetragonal phase at18.9 GPa; how- induced recrystallization. If the nuclei are faulted or twinned
ever, no indications of wurtzite phase formation were re-particles, the resulting crystalline phase may inherit a great
ported. The latter, probably, is due to the low value of theshare of hexagonality.
pressure used in Ref. 13. This conclusion is supported by the
results on the structure transformation in Si and Ge which
revealed a phase transformation from B«Sn-like tetrago- IV. SUMMARY
nal to the wurtzite structure but under considerably higher In conclusion, the formation of amorphous INP of two

pressures of indentatidfi.No data on implantation-induced different atomic structures is registered after swift Xe-ion

phase changes in InP were found in the literature. On thf"rradiation as a consequence of electronic and nuclear ener
other hand, it is well known that the annealing of implanted q ay

A;Bs compound semiconductors preferably results in thedeposmon. An increase of the implantation dose results in

formation of stacking fault tetrahedra and faulted lo¢ partial recr_ystallization of the amorphous surface layer to
e.g., Ref. 14 and references thejeirs well as microtwiné polycrystalline InP. The process of recrystallization passes a

By comparing thg111) stacking sequence of sphalerite InP stage of wurtzite InP phase formation.
(InPgy), ...ABCABCABC..., to the(0001) stacking se-
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