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The crystallography and topography of the (100) cleavage surfaces of layered semicon-
ductor In,Se; crystal have been studied by low energy electron diffraction (LEED), scan-
ning tunnelling and atomic-force microscopy (STM, AFM) in ultrahigh vacuum (UHV). The
structure of surface LEED patterns, shape and dimensions of subsequent STM- and AFM-
profiles agree well with the lattice parameters derived from the bulk crystal structure
obtained by X-ray diffraction. The local density of states and band gap for (100) In,Se,
have been obtained by scanning tunnelling spectroscopy and point to the same integral gap
value as for bulk crystal. The STM/STS results evidence the stability of interlayer cleav-
age surface and confirm that anisotropic striated low conductive cleavage surfaces might
be suitable as matrices/templates in formation of surface nanowires or nanostructures.

Kpucranmorpadpua u tonmorpadusa mosepxHocteit (100) ckasbiBaHUA KPUCTAJJIOB CJIOUC-
TBIX [OJYIPOBOAHUKOB In,Se; mccnemoBanbl MerogaMu AuQPaKIUM MeJJIEHHBIX BJIEKTPOHOB
(IMD9), cramupyioleil TyHHEJIbHON M aToMHO-cuiaoBoil mukpockonuii (CTM, ACM) B cBepx-
BbICOKOM BakKyyme. Ctpykrypa peduercoB [IM9, ¢hopma u xapakTepHble pasMepbl B IOJYYeH-
HpIXx CTM- 1 ACM-nnpouisx IIOBEPXHOCTEN CKAaJBIBAHUSA XOPOIIO COIJIACYIOTCH CO CTPYKTY-
poif M IapaMeTpaMu peIleTKM, IIOJyYeHHBIMU IJad Kpucrauanos In,Se; opropombuueckoir
CTPYKTYPBI METOJOM PEHTIreHOBCKOI nudpakiuu. JIoKasbHAS IJIOTHOCTH DJIEKTPOHHBIX COCTOS-
HUH ¥ IMUPUHA 3alpelleHHON 30HEI JAJIfA IoBepxHocTe#l ckanbBarua (100) In,Se,, moryuennas
METOJOM CKaHUPYIOIIell TYHHEJBbHON CIEeKTPOCKOINU, YKas3hIBAIOT HA €e WHTEerpajbHOe 3Haue-
HUe, TaKoe JKe KaK [JId 00beMHBIX KpucTajaoB. Pesymbprater JMO, CTM/ACM yKasbIBalOT Ha
CTaOUJIBHOCTE MEKIYCJOEBHIX IIOBEPXHOCTEN CKAaJBIBAHUSA U IEPCIEKTUBHOCTL KCIIOJIHL30BAHUA
cs1abo IMIPOBOJAIIMX OOPO3TUATHIX AHUBOTPOIHBIX CKOJIOB B KauyecTBe MAaTPUIL/IIA0JIOHOB I
(hopMUpOBaHUSA TTOBEPXHOCTHHIX HAHOIPOBOJIOK MJIN HAHOCTPYKTYD.
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The structure of InySe; layered semicon-
ductor crystal is described as close-packed
layers, each containing a complex In—Se
bindings, with a weak van der Waals inter-
action between the layers [1]. The latter
fact allows to provide perfect cleavage sur-
faces, particularly in wultrahigh wvacuum
(UHV) [2]. The striking feature of In,Se;
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(100) surface is a furrowed and chainlike
anisotropic relief as one could suggest after
inspection of bulk crystal and energy struc-
ture [3]. This 2D-like (100) cleavage surface
of layered In,Se; crystals attract a great
attention due to its potential utilization as
template for preparation of nanometer scale
devices, e.g. nanowires [2, 4]. In this work,
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Fig. 1. a) LEED pattern at 76 eV from (100) In,Se; UHV cleavage (b* (shorter) and ¢ (longer) being
the reciprocal lattice constants); b) 3D STM image of In,Se; (100) structure fragment (36x36 nm?)
showing chains along the x (c¢) direction. STM-image obtained under bias voltage V' =2 V and

tunneling current I, = 150 pA.

we employed the low energy electron dif-
fraction (LEED), scanning tunneling and
atomic force microscopy (STM, AFM) and
the scanning tunneling spectroscopy (STS)
to study the UHV (100) In,Se; cleavages.

The studied In,Se; layered -crystals
(3x6x4 mm3 samples of a convenient shape
for cleavage in situ) have been grown by
Czochralski method. In all LEED, STM/STS,
and AFM studies, the samples were cleaved
in situ at room temperature in a UHV
chamber using a low profile stainless steel
microtome blade (LEED) and stainless steel
tip (STM/STS, AFM). An Omicron
NanoTechnology STM/AFM System with
UHV atmosphere (310711 Torr) was ap-
plied. The STM/STS of (100) In,Se; was
carried out vyielding topography, I-V,
dI/dV, and normalized dI/dV vs V depend-
ences. The STM topography images were ob-
tained in constant tunneling current mode.
The AFM images were obtained in constant
force contact mode with application of Si
cantilever, using a minimum contact force
(up to 3-6 nN) to avoid damaging the crys-
tal surface. To visualize the measured STM
and AFM data, the computer program
WSxM v.2.2 designed by Nanotec Elec-
tronica (WSxMc; http://www.nanotec.es)
was applied.

The cleavages obtained in UHV and in
air just before introducing into UHV
("fresh” ones) reveal periodic furrowed
structures well comparable with lattice con-
stants derived from X-ray diffraction
(XRD). The surface order of (100) In,Se,
was established by LEED and STM (Figs.
1-8) and AFM (Fig. 4). The surface order of
(100) InySe; cleavages in LEED experiment
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was also reported in [5]. The surface struc-
ture is stable and does not change under
cleavage and exposure in UHV [6]. On the
whole, the surface pattern varies slightly
over the entire studied area, but examined
Fourier filtered images disclose consistent
periodical patterns. The measured lattice
constants of the surface crystal structure
by LEED, STM and AFM are in agreement
with the bulk lattice constants obtained by
XRD x = 4.0810(5) A (along ¢ direction
parallel to furrowes), y = 12.308(1) A
(along b direction normal to furrows or
chains), in the orthorhombic space group
P, .. (Fig. 4b).

Some surface properties of (100) In,Se,,
InySe;3(Cu) crystals were studied in [2, 7].
Scanning electron microscopy, STM surface
micro- and nanostructure, and X-ray photo-
electron spectra were obtained for inter-
faces on the cleavages that have been ex-
posed in air. The new electron interactions
have been observed for these surfaces. The
formation of In—In metallic (on fresh and old
cleavages) and In—-0O oxidized (for old cleav-
ages) bindings and, consequently, metallic
and oxidized phases on the (100) surfaces of
In,Se;, and Cu—In-Se bindings for interca-
Se 3d binding energies are close to ones for
CulnSe,) have been found. Therefore, it is
of interest to study not only probability of
phase inhomogeneity of (100) In,Se; cleav-
ages in situ, but also the surface local den-
sity of states LDOS — Ng(E) and local en-
ergy structure by STM/STS methods.

The STS combined with STM is a very
powerful tool to study the local variations
of electronic states (LDOS). During the STM
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Fig. 2. STM results: a) Constant current STM image of 30x30 nm? In,Se; (100) UHV cleavage
surface; b, ¢) Corresponding 2D and 3D FFT images; d) Measured periodical distances along b axis

on 2D FFT profile.

imaging, the scanning tip is briefly stopped
to record local tunneling spectra (dI(V)/dV =
f(V)); the tip is then scanned again to con-
tinue the imaging process. By repeating
those operations, it is possible to obtain a
topographic image and numerous local tun-
neling spectra with measurement locations
being specified in the image [6]. If the
atomic resolution is attained in the STM
imaging, the local tunneling spectra are
atomic site sensitive (Fig. 3). The STS re-
sult can also be expressed as a spatial map
of dI(V)/dV at fixed V — a "conductance
map”. The latter is thought to be a real-
space representation of band structure, tra-
ditionally understood in momentum space
[6]. It is evident that the real-space investi-
gations of band structures provide particu-
larly useful information regarding the re-

Functional materials, 16, 3, 2009

sults of (100) In,Se; surface studies [2-6],
because they are closely related with the
local electron structure on atomic scale.
The perfect crystal cleavage structure is
found through the macroscopic sample area
as confirmed by LEED patterns. The LEED
and STM results of the In,Se; cleavages
show an unrecon-structed (100) surface
structure. Fig. 2 shows the constant current
STM image of 30x30 nm? In,Se; (100) UHV
cleavage surface and corresponding 2D and
3D Fourier Fast Transform (FFT) images as
well as the measured periodical distances
along b axis of the 2D profile. The measured
lattice constants of the surface crystal struc-
ture (see Fig. 2d) are in agreement with the
bulk lattice constant y = 12.308(1) A along b
direction normal to furrows or chains.
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Fig. 3. STM/STS study of the (100) In4Se3 UHV cleavage surface: a) STM 50x50 nm?2 image area;
(b, ¢) — local I = f(V) curves measured at individual points within 50x50 nm? image: b) I-V metallic
behavior in point marked by cross in Fig. 3a (metallic fragment); c) semiconducting one; d) typical I-V
curves averaged over highlighted rectangular area in Fig. 3a (spatially averaged I = f(V) curves for
100 points); e) differential spatially averaged dI/dV spectra; f) normalized dI/dV spectra.

STM/STS results show a local energy and
phase inhomogeneity of (100) In,Ses in situ
cleavages (see Figs. 2, 3). Some points of
the surface (about 10 A size) show metal-
like I,~V characteristics (Fig. 8b). The iso-
lated nanosize regions were found to exhibit
a metal behavior. The above results can be
considered to be caused by presence of non-
stoichiometric indium (In) on the cleavages
that precipitates into interlayer spaces as a
result of the crystal self-intercalation with
indium. However, averaging over small areas
(see rectangle in Fig. 3a) gives I,—V charac-
teristics inherent in semiconductor (Fig. 3d).
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Thus, the widening of the studied area re-
sults into change of tunneling behavior from
metallic to semiconducting that is charac-
terized by increasing non-linearity of I,—V
curves. Differential spatially averaged dI,/dV
spectra vs bias voltage V (dI(V)/dV = f(V)) are
a function of energy and proportional to the
LDOS — Ng(E).

Using the STS, the band gap value has
been determined as 0.65 eV that indicates
the overall semiconducting nature of (100)
In,Se; surface. It is possible also to reveal
the presence of the surface states within the
band gap (Fig. 3). The gap value
E,=0.65 eV for InySe; (n-type conductivity,

Functional materials, 16, 3, 2009
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Fig. 4. a) AFM image of 20x20 nm? region of the (100) In,Se; UHV cleavage surface; b) In,Se,
structure fragment [4] (projection on (001) plane). Triangle shows the cleavage direction. [In3]5+ is
the indium polycation (In1, In2, In3); In* is the indium cation (In4). Cleavage plane (100) is normal
to the crystal growth axis a; c¢) profiles obtained along the corresponding traces on the AFM image.
Markers indicate typical distances in the periodic surface structure; d) 3D AFM image.

n=5-1019-1017 cm=3, at 300 K), obtained
using STS results, agrees satisfactory with
E,=0.62-0.67 eV values for bulk In,Se; lay-
ered semiconductor crystal, obtained by
other experimental and theoretical methods
[8, 9]. In particular, this similarity corre-
lates with the stability and lack of recon-
struction at the (100) In,Se; surface struc-
ture under cleavage and UHV exposure.
The AFM allows one to obtain a high,
both lateral and height resolution for semi-
conductor surfaces enough flat on the
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atomic scale [10]. We have applied the 2D
AFM images of In,Se; cleavages to charac-
terize quantitatively the (100) surface mor-
phology. Fig. 4a shows a 20x20 nm2 AFM
topography of (100) In,Se; crystal surface,
obtained by cleavage in UHV. This 2D
image displays a periodical furrowed-chain-
like structure which corresponds to the sur-
face crystal lattice. The furrows are parallel
to ¢ axis and normal to b axis (see the
crystal structure fragment in Fig. 4b). To
determine the periods of such a surface
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structures, the line traces profiling was car-
ried out along b and ¢ directions. Fig. 4c
shows the profiles of such a furrowed-chain-
like structure obtained along b axis. It is
known that data obtained directly from
AFM images overestimate lateral dimen-
sions, because the obtained image is a com-
bination of the tip and sample interactions.
Thus, the tip broadening effect and errors
of surface roughness measurements are
typical for AFM images. In our case, how-
ever, the obtained images are acceptable.
They contain most features of the (100)
Iny,Se; surface structure being confirmed by
XRD. For each profile, the presented peri-
odical distances are in satisfactory agree-
ment with the b value of 12.3 A. However,
the analysis of AFM profiles along ¢ direc-
tion failed to give a clear periodicity, evi-
dently due to the insufficient resolution.

Fig. 4d shows a 3D view of the same
surface. The furrowed (100) In,Se; cleavage
structure could be clearly seen here and
there at the studied area. However, the
clearness of periodic features that represent
the furrowed structure of the (100) In,Se,
UHV cleavage surface is rather poor. The
signal-to-noise ratio is minor. Thus, besides
of profiling the AFM images for the UHV
cleavages, with the b and ¢ surface lattice
dimensions analysis, we have tried a two-di-
mensional FFT filtering. When the AFM
images for the UHV cleavages were trans-
formed into the Fourier space making use
of 2D FFT, a consistent pattern of peri-
odicities was observed. In both unfiltered
and, more defined, filtered AFM images the
furrowed structure of the cleavage surface
can be seen, resolving also the elevated In
atoms in position In4 (In*).The AFM images
were also obtained from the (100) In,Seq
surfaces cleaved in air, so-called "fresh”
cleavages. Fig. ba shows the corresponding
20x20 nm2 2D AFM image. Such images are
more noisy than those from the in situ
cleavages, and 2D FFT images (Fig. 5b) re-
veal a periodical structure, however, with a
dilated period of ~16 A. Such changes are
related evidently to adsorbate coverage of
the cleavage surface [10, 11] and changes in
tip-sample surface interaction [10].

Thus, when studying the (100) cleavage
surfaces of In,Se; layered semiconductor
crystals, the 1 periodic furrowed structures
have been revealed commensurable with the
lattice constants determined using X-ray
diffraction. The LEED, STM, AFM results
confirm that (100) In,Se; furrowed and
chainlike surface structure is stable and is
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Fig. 5. a) 20x20 nm? AFM image of "fresh"
cleavage surface of (100) In,Se; crystal; b)
corresponding 2D FFT image for “fresh”
cleavage. Profile is obtained along corre-
sponding trace on the 2D FFT image. Mark-
ers indicate typical distances in the periodic
surface structure.

non reconstructed under the cleavage and
UHYV exposure and might be suitable as an-
isotropy low conductive matrix/template to
obtain the conductive surface nanowires or

Functional materials, 16, 3, 2009
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nanostructures. The STM/STS results show 4
a local energy and phase inhomogeneity of
(100) In,Se; cleavage surfaces at atomic

scale. The LDOS and band gap for (100) 5.

InySe; have been obtained by STS and gave
integrated gap value the same as for the 6
bulk crystal.
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Hocaim:xennsa HaHopeabepy moBepxoHs (100)

Kpucrtajgis |

n4Se3

Il.B.l'anii, A.Ilinceecoxuil, O.P.Jeepii, A.B.J1o3oeuil,

II.Ma3yp, T.M.Henuyx, C

.3ybep, A.M.Diana

Kpucranorpadiro ta Tomorpadiro moBepxoHb (100) cKoJ0BaHHSA KPHUCTAIiB MIapyBaTUX

Hamisnposigaukis In,Se; mocmimxeno meromamu pudpaxmii mopinmprux enexrponis (HIIE),
CKaHyiouoi TyHeJbHOI Ta aToMHO-cuiaoBoi mikpockomiit (CTM, ACM) y HagBHCOKOMY BaKy-
ymi. Crpykrypa pedaexcis HIIE, dopma i xapakrtepHi posmipu B ozep:kanumx CTM- ta
ACM-npodinax II0BEpXOHb CKOJIOBAHHS BigmoBimaroTh cTpyKTypi 1 mapamerpam rpartkwu,
omep:KaHUM I Kpucramis In,Se; opropom6iunoi CTPYKTYpPH METOZOM DeHreHiBchKOi mmd-
pakii. JlokasbHa rycTuHa €JeKTPOHHHUX CTAHIB i mmprHA 3a00pOHEHOI 30HU AJiA II0BEPXOHb
cxomroBarHd (100) In,Se;, mo orpumani MeTomOM CKaHyOUOi TyHeJIBHOI ceKTpocKomii (BKa-
CTM/ACM BKasyoTh Ha cTalbiJbHiCTH MiKIITADOBMX IIOBEPXOHL CKOJIIOBAHHA Ta IepCIIeK-
TUBHICTb BUKOPHUCTAHHS CJHA0OKONPOBIZHMX OOPO3BHUCTHUX AaHIBOTPONHUX CKOJIB AK MAar-
pHUIlh/1Ia6/I0HIB AJA (POPMYBAHHS TOBEPXHEBUX HAHOAPOTIB Ta HAHOCTPYKTYP.
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