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Indium deposition leads to changes in the scanning tunneling microscopy (STM)-re-
vealed (100) surface morphology of In,Se; layered semiconductor with the formation of
nanostructures, which are characterized by different dimensionality dependent on differ-
ent crystal growth conditions. Preferable formation of nanodots in low and quasi one
dimensional (1D) structures for the high bulk-conductivity crystals has been observed. The
STM and scanning tunneling spectroscopy data enable us to consider that the dimensional-
ity, shape and direction of the obtained indium deposition structures are induced by
indium clusters available on the original, on-the-lattice-scale furrowed, ultra high vacuum
(UHV) (100) cleavages of In,Se; crystal due to the self-intercalation phenomenon.

Hamnnlmenre MHAWA TPUBOAUT K M3MeHeHUAM Mopdosorun mosepxuoctu (100) ciaoucrtoro
kpucrania In,Se;, Koropele HabmOJAIOTCA ¢ IOMOIILIO CKAHMPYIONIedl TYHHEJIbHOH MHKDO-
cxonuu (CTM), ¢ dopMupoBaHrMeM HAHOCTPYKTYD PasHOU PasMEpPHOCTH, 3aBUCHINEH OT yCJo-
BUIl BeIpalqmMBaHudg KpucraainoB. Habamgaercs npeBanupympoiiee (GopMUPOBaHUE HAHOTOUYEK
IJIA KPHUCTAJJIOB ¢ HU3KOW M KBasyd OLHOMEPHBIX CTPYKTYP A KPHUCTAJJIOB C BBICOKOI
npoBogumocTbio. lanHbie CTM u cKaHUPYIOIIEeHl TYHHEJIbHONU CIEKTPOCKOIMNH II03BOJSAIOT
clesaTh 3aKJIOYEHHEe O TOM, UTO Pa3MEpPHOCTb, (popMa M HaIlPaBIeHHE IIOJYUYEHHBIX HAIIbI-
JIEHHBIX MHIHEBBIX CTPYKTYP OOYCJOBJEHBI KJACTEPaMU WHIUA, KOTOPHIE IPUCYTCTBYIOT HA
ucxoguoli mosepxHoctH (100) cBePXBHICOKOBAKYYMHBIX CKOJOB Kpucrawitos In,Se; Bcaencr-
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BHE€ dABJCHHNA CAMOHMHTEPKAJAIINN.

1. Introduction

Studies of surface self-assembling struc-
tures directed by a variety of templates are
still of relevance to yield functional nanos-
tructures e.g. nanowires and an organized
array of nanodots [1, 2]. From this point of
view (100) surface of layered semiconductor
crystals InySe; can act as a natural template
[3] for growing various low dimensional
structures due to their intrinsic bulk anisot-
ropy [4, 5], that allows to obtain cleavages
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with the chainlike-furrowed structure on
the nanoscale [6].

Regarding the (100) surface morphology
of InySe; the presence of stair-like super-
structure with nanowire-like cylindrical
clusters of diameter about 20 nm and stairs
in the cleavage plane up to 5 nm, which
depends on the cleavage conditions, has
been reported in [7].

The present work concerns with scanning
tunneling microscopy/scanning tunneling
spectroscopy (STM/STS) study of the (100)
cleavage surface morphology of InsSe; lay-
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ered semiconductor crystals with self-assem-
bled indium nanostructures obtained under
different growth conditions.

2. Experimental

InySe; crystals grown by Czochralski
method from In,Se; with up to 10 atomic
percent In alloy were n-doped by In with a
carrier concentration of 1015/1019 ecm=3 (as
measured at 0.01/0.11 (Ohm-cm)! the
low/high conductivity, respectively).

STM/STS data were obtained at room
temperature with an Omicron NanoTechnol-
ogy STM/AFM System under ultra high
vacuum (UHYV) conditions (4-1079 Pa) from
in situ crystal cleavages. Specimens for
STM studies had dimensions 8x4x6 mm3
and special shape suitable for multiple
cleavages in situ. The STM images were ac-
quired in the constant current mode. The
STS was used in the current imaging tun-
neling spectroscopy (CITS) mode. Indium
was evaporated from an Omicron EFM3 sys-
tem. The ion current inside the effusion cell
was controlled to be constant during the
indium deposition. The crystals were an-
nealed after growth during 12 h as well as
after indium deposition (0.5 h) at 575 K.
To visualize the measured STM/STS data we
employed WSxM software v.4.0 designed by
Nanotec Electronica [8].

3. Results and discussion

3.1. Study of the initial surfaces

The orthorhombic layered ecrystals of
In,Se; can be cleaved perfectly along the
(100) plane to expose macroscopic flat re-
gions [6], although STM study yields a fur-
rowed lattice relief [9]. The furrows have
the structure with ¢ and b periodicity, re-
spectively, along and normal to them, in
accorcoiance with Othe crystallography (e =
4.08 A, b=12.3 A) [4]. However, the STM
images of (100) surface for InySe; crystals
with the high conductivity, in contrast to
those with the low one, are usually more
noisy. It is often difficult to get a clear
lattice periodicity for them, even with a two
dimensional fast Fourier transform (2D
FFT) filtering application. In view of the
STS study described below, this result could
be explained by the presence of high concen-
trations of self-intercalated indium on (100)
surface of In,Se; crystals with the high
bulk conductivity.

Fig. 1a shows an STM image of the UHV
cleavage (scan size 150x150 nm?2) of the low
conductivity crystal In,Se; before indium
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Fig. 1. STM image of the UHV In,Se;(100)

cleavage (scan size 150x150 nm?, sample bias

1.2 V, tunneling current 86 pA) of the low
conductivity In,Se; crystal before indium
deposition: (a) Growth "protrusion” as shown
in the upper left corner, b and ¢ mark the
bulk lattice directions in the cleavage plane;
(b) Image after FFT with the subsequent pro-
file shown in (d) that gives the lattice peri-
odicity along b direction (well-consistent with
that of bulk, 1.23 nm); (c) In,Se; structure
fragment (projection on (001) plane) [4] with
triangle indicating the cleavage plane (100).

deposition. The on-a-macroscale smooth
cleavages often exhibit growth striped
structures along c-axis, easily observed even
by optical methods. A segment of such
structure can be seen in Fig. la (upper left
corner). Fig. 1b shows the FFT filtering of
the image, which reveals a periodical struc-
ture co-directed to the growth striped one
with a subsequent profile (Fig. 1d) that
gives the lattice periodicity along b direc-
tion, well-consistent with that of bulk,
1.25 nm. The fragment of crystal structure
[4] with a triangle indicating the cleavage
direction and, consequently, the interlayer
(100) cleavage plane is shown in Fig. lec.
The e¢-axis oriented growth of nanosized
clusters on In,Se; (100) surfaces was also
reported previously [7].

Actually the large-scale STM surface
morphology images often exhibit well-re-
solved natural nanostructures. The STM
image in Fig. 2 shows a UHV cleavage sur-
face (scan size 3x3 pum?) of In,Se; high con-
ductivity crystal before indium deposition,
with natural nanostructures (a) and sub-
sequent profile (b).

Functional materials, 20, 1, 2013



PV.Galiy et al. / Indium induced nanostructures ..

0.25

02}
0.15}:

0.1}
005}
0 _l
005}

& il | \_josapm@

0 05 1
X, pm

Fig. 2. (a) STM image of the UHV In,Se;(100)
cleavage (scan size 3x3 um?2, sample bias 1.7 V,
tunneling current 105 pA) of the high conduc-
tivity In,Se; crystal before indium deposition,
with natural nanostructures. (b) The sub-
sequent profile in b direction.

STS spectra of the studied initial sur-
faces with "flat” regions indicate a value of
0.68 eV for the energy gap, already derived
for bulk crystal [10]. Fig. 8 shows typical
averaged STS spectra of the initial UHV
cleavages (scan size 50x50 nm?) of In,Se;
crystals with low (1) and high (2) conductiv-
ity.

3.2. Indium deposited surfaces

Studies of the self-assembled structures
formation during metal deposition on the
initially smooth surfaces of layered com-
pounds are of interest due to the quasi-two-
dimensional character of the structures giv-
ing rise to unique electronic properties [11,
12]. Particularly, an influence of the copper
intercalation into a thin surface layer on
nanostructure formation was studied [13].
It is well known that electronic properties
of layered crystals can be modified in a con-
trolled way by intercalating various guest
species into the interlayer space [14]. We
observed the existence of induced nano-
phases for (100) surfaces of In,Se; crystals
intentionally intercalated by copper during
the crystal growing [15]. Indium as the
metal for deposition onto In,Sez cleavage
surface was selected in this work due to the
evident existence of an indium wetting
layer on the surface. Unlike the intercala-
tion of copper during the crystal growth,
that of indium looks like a commonly ob-
served natural process. The amount of over-
stoichiometric indium that dopes the crystal
can be controlled by the growing conditions
and, consequently, due to the self-intercala-
tion process, indium appears in the inter-
layer gap, that results in its final concen-
tration on the cleavage surface. The pres-
ence of localized indium clusters on the
UHV (100) cleavages of In,Se; before the
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Fig. 3. Typical averaged STS spectra (6400
image points) of the initial UHV (100) cleav-
ages (scan size 50x50 nm?2) of In,Se; crystals
with low (1) and high (2) conductivity.

deposition has been clearly detected by our
STS study (one could find the final density
of states in the energy gap of semiconduc-
tor, see below).

Indium in situ deposition onto UHV
(100) cleavages of In,Se; leads to changes in
the STM-revealed surface morphologies,
which are unexpectedly different for the
crystals surfaces with different bulk con-
ductivity. To quantify the deposited In
nanostructures, the STM data were analyzed
by averaging the roughness of 1x1 pm? area
for different random positions on the sur-
face to minimize an influence of local topog-
raphy variations. The roughness analysis
was performed for the images with the same
value and polarity of bias voltage. We esti-
mated In deposition rate by referring to the
averaged height via the evaporation time
curves obtained by means of roughness
analysis of the covered surfaces. The rough-
ness analysis allows to define the quantity
of deposited In in pixels or dots of STM
image related to the appropriate height in-
tervals. Actually, this quantity represents
the value of corresponding areas of the STM
image when multiplied by area of one pixel.
The product of thus determined area and
corresponding height gives the volume of
deposited In and the sum of all such defined
volumes divided by the total image area
represents the averaged height of deposited
indium layer. Thus, the slope of the average
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Fig. 4. STM images of the UHV (100) cleav-
ages (scan size 1x1 pum?2, sample biases be-
tween 1.6 and 1.7 V, tunneling current
=100 pA) of the low (figures a, ¢, e) and high
(figures b, d, f) conductivity In,Se; crystals
after 35, 215, 480 seconds of In deposition.
(g, h) Corresponding 3D images of self-corre-
lation filtering of (e, f) images.

height via the deposition time graph defines

the indium deposition rate.
The values of indium deposition rate for

the high and low conductivity crystals
amount to about 8x107% nm/s. The mor-
phologies of In deposition structures on the
low (Figs. 4a, c, e) and high (Figs. 4b, d, f)
bulk conductivity In,Se; substrates with the
same In depositions are illustrated by the
1x1 um?2 STM images, thus, being concen-
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Fig. 5. (a) RMS roughness of 1x1 um?2 areas
on In,Se;(100) surfaces calculated from STM
topographies taken at similar deposition
times for the low (1) and high (2) conductiv-
ity bulk crystals. Diagrams (b) and (c) show
the corresponding data of skewness and kur-
tosis analyses, respectively.

tration and crystal growth-conditions de-
pendent.

Figs. 4g, h show the self-correlation fil-
tering results of the images presented in
Figs. 4e, f, respectively. Any periodicity in
the original STM image could be shown as a
periodic pattern in the 2D self-correlation.
The apparent periodical structures for the
high conductivity bulk crystal surfaces (see
Fig. 4h) show a relatively high degree of
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order with a 25 nm periodicity. The prefer-
able formation of nanodots (0D structures)
for high resistivity (Fig. 4g) and quasi 1D
structures for low-resistivity (Fig. 4h) sam-
ples is observed.

Obviously, the root-mean-square (RMS)
roughness of the surface (100) of In,Se; in-
creases with the amount of indium deposi-
tion (see Fig. ba). The surface skewness
analysis (Fig. 5b) indicates lowering of the
surface skewness during deposition, which
indicates the appearance of almost the same
number of the self-like shaped high and low
areas for the highly indium covered sur-
faces. During the first stages of indium
deposition high clusters distant from one
another are formed on In,Se5(100) surface,
then the more tight cluster structure ap-
pears. However, the skewness and especially
RMS for the highly indium covered surfaces
of the high conductivity samples have suffi-
ciently smaller values than those of the low
conductivity ones, which indicates a rela-
tively different formation of surface nanos-
tructures. Also kurtosis analysis (Fig. 5¢)
indicates a somewhat more mean peakedness
for the highly In deposited surfaces of the
low conductivity In,Se; crystals unlike for
high conductivity ones.

The relatively higher values of skewness
and kurtosis in the case of high conductiv-
ity rather than low conductivity crystals for
small values of coverage (about 50 s of
deposition) are associated with the presence
of more quantity self-like shaped pixels in a
STM image with a certain height. This con-
firms the existence of more nuclei of a new
phase (indium clusters) on the surfaces of
high conductivity crystals due to indium
selfintercalation. The following behavior of
skewness and kurtosis, when their values
for the low conductivity of crystals become
larger than that for high conductivity ones,
is caused by switching from 0D to 1D di-
mensional nanostructures formation in the
last case.

To summarize, the results presented here
can be divided in two parts. It is clear that
In islands nucleate preferentially on particu-
lar areas of the cleavages of In,Se;(100) at
short deposition times. Second, the reported
indium growth on the surface switches from
0D to 1D mode depending on bulk conduc-
tivity of the samples, which makes it poten-
tially suitable to control the nanostructures
formation.

3.3. Spatially resolved STS study
The differences in STM morphology be-
come clear after application of spatially re-
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Fig. 6. STM results. The images of the UHV (100)
In,Se; crystal cleavages (sample bias —28 mV):
(a, c¢) of the low/high conductivity ones be-

fore indium deposition (scan size 52x52 nm?2)
and (g) of the low conductivity one (scan size
60x60 nm?2) after 15 sec In deposition with
(b, d, f) indicated enlarged fragments, respec-
tively. (e) STS results. Local density of states
derived from spatially resolved STS data for
local protrusions on In,Se; surfaces, as ob-
served on 6a, ¢, g: curve (I) — low conduc-
tivity crystal after 15 sec In deposition, curve
(2) — high conductivity crystals before In
deposition, curve (3) — low conductivity
crystals before In deposition.

solved STS to study In,Se;(100) substrates.
Apparently, the driving force for the depos-
ited nanostructures dimensionality is the
over-stoichiometric indium being available
on the initial cleavage surfaces due to the
self-intercalation phenomenon. Obviously,
intercalation leads to the charge transfer
between intercalate and the layered crystal.
Indium intercalate in InySes crystals is de-
fined as a donor according to the direction
of Fermi level displacement [16]. Thus,
availability of intercalated indium into the
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interlayer space results in the value of bulk
conductivity and, consequently, indium
presence on the (100) cleavage surfaces of
InySe; should be reflected in the electron
tunneling process.

Figs. 6a, ¢, g show the STM images of
the UHV (100) cleavages (bias —0.028 V) of
In,Se; low/high conductivity crystals before
indium deposition and low conductivity one
after 15 sec of In deposition, respectively,
extracted from the CITS data with sub-
sequent enlarged fragments of protrusions
(Figs. 6b, d, f). The STM images were ob-
tained with rather a low bias voltage com-
pared with the approximately 0.67 eV of
the band gap for InySe;. STM images with
so low imaging bias may arise from the ex-
istence of a certain doping density inside
the grown crystals, which usually are of
n-type and also can be p-type or compen-
sated semiconductors.

The CITS data allow us to associate the
electronic properties combined with spatial
information by extracting the images in —4 V
to +4 V range of biases and application of
multiple profiling. The local density of
states (LDOS) vs. bias voltage as derived
from the spatially resolved STS data for
"protrusions”, acquired from a software col-
our table, (such as in Fig. 6a, ¢, g) on the
surfaces of In,Se; crystals with different
values of bulk conductivity, before and
after indium deposition, are presented in
Fig. Ge.

The local electronic structures confirmed
by STS spectra in Fig. 6e are characteristic
of thin metallic overlayers on the semicon-
ductor substrates [17]. This suggests that
the modulation arises from indium clusters
localized at the furrowed of In,Se; (100)
surface relief.

Figs. 6b, d, f shows that the electroni-
cally modulated regions are localized at
elongated clusters. The size and shape of
these clusters are similar in the case of the
low and high conductivity crystals for in-
itial surfaces before deposition and com-
monly for the low indium deposited ones.
Moreover, the comparison of Figs. 6a and c
suggests that concentration of clusters at
the initial (100) surfaces of In,Se; is actu-
ally different for low/high conductivity
crystals, confirming indium selfintercala-
tion in the interlayer gap and thus its ap-
pearance on the cleavage surfaces.

One could consider that elongated shape
and size of these clusters might be due to
the nature of their formation through the
localization to the furrowed cleavage sur-

42

face’s structure of InySe; crystals along ¢
direction. In addition to such surface relief,
it may have an impact on this localization a
proper arrangement of In* atoms, shown in
projection of In,Se; crystal structure on
(001) plane [4] (see Fig. 1), which are very
weakly connected to the rest of the atoms.

Besides, Figs. 6d, f show the periodicity
of such clusters location in the direction
normal to their longer side, which is com-
mensurate with the lattice period along the
direction b of crystal.

Thus, indium clusters, available on the
initial In,Se;(100) surfaces in concentra-
tions dependent on crystal growth condi-
tions and which are placed in specific loca-
tions of the surface structure, act as the
nucleation sites of a new indium phase
which is formed on the cleavages in the proc-
ess of indium deposition by evaporation.

4. Conclusions

We have observed by STM the different
morphologies of the surfaces In,Se;(100)
with indium deposition obtained due to In
concentration dependent bulk-crystal grow-
ing conditions. The surface roughness and
2D self-correlation analysis confirm the
preferable formation of nanodots at low
conductivity and 1D structures, for the
high conductivity samples. Therefore, con-
trolling the initial In,Se; bulk conductivity
is probably the first step of establishing the
dimensionality of deposited indium nanos-
tructures. The spatially resolved STS data
enable us to consider that the shape and
direction of the observed indium deposition
structures are induced by the presence of
indium clusters on the initial In,Se;(100)
crystal substrates due to the self-intercala-
tion phenomenon.
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JocaigKeHHS MeTOOM CKaHYHY0l TYHEJbHO1
MiKpocKomil iHai€eBMX HAHOCTPYKTYp Ha moBepxHi (100)
kpucraxa In,Se;

II.B.I'anii, T.M.Henuyx, A.Llisnceecovruil,
II1.Ma3yp, C./Kybep, A.M.Bycyk

Hanunenusa inzito mpusoauts mo 3MiH Mmopdoaorii moepxui (100) mapysatoro ma-
miemposigamka In,Se;, mo cmocrepiramThcA 3a JOMOMOrOI0 CKAHYIOUOI TyHeIBHOI MiKpo-
ckomii (CTM), 3 dopMyBaHHAM HAHOCTPYKTYD PisHOI posmipHOcTi, AKa 3aJIe’KUTh BiJ YMOB

BUPOMIYBAHHSA KPUCTAJTIiB.

Cnocrepiraetnea mnepeBaskaioue (OPMYBAHHA HAHOTOUOK I

KPUCTAJIiB 3 HU3LKOIO 1 KBa310oAHOMIPHUX CTPYKTYP [AJS KPUCTAJIIB 3 BUCOKOIO MPOBiAHICTIO.
Haui CTM i cranynouoi TyHeJbHOI CIEeKTPOCKOIi /JO3BOJUJIN B3pPOOUTH BUCHOBOK, IO
posmipHicTs, dopMa i HATPAM OTPUMAHUX HATIUJIEHUX iHAIE€BUX CTPYKTYpP oOyMOBJIEeHi KJiac-
TepaMu iHAiI0, AKi € HagBHMMHN Ha BUXixHi#i moeepxui (100) HagTBMCOKOBAKYYMHUX CKOJIB
kpucranis In,Se; BRacHizok aBUINa camoiHTepKaAIii.
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