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The surface structure of SnSe was studied by atomic force
microscopy (AFM). The measured periodicities in the (100) and
(101) planes as obtained from AFM images are consistent with
those derived from the theoretical SnSe crystalline cell. The
slight di4erences observed are the likely result of surface relax-
ation induced by the friction forces between the tip and the
substrate. ( 1999 Academic Press

INTRODUCTION

In this decade, scanning probe microscopic technique
have emerged as powerful tools for structural visualization
at the atomic level. This accounts for the increasing use of
these methods to examine the intimate structure of many
materials (1). In this context, chalcogenide compounds such
as TiS

2
(2), TaS

2
(3), PbS (4), a-SnS (5), and SnS

2
(6); mis"t

layered compounds such as (PbS)
1.18

(TiS
2
)
2

(3, 7); and
transition metal di-tellurides (8, 9) have received special
attention; their images have accurately revealed salient fea-
tures hardly detected by alternative techniques.

In the past few years, intensive research has been conduc-
ted on the chalcogenides formed 14 element groups of inter-
est as semiconductor materials, photovoltaic materials, and
intercalation electrodes for secondary rechargeable lithium
batteries. This communication reports the characterization
of the a-SnSe phase structure from atomic force microscopy
(AFM) images that were interpreted in accordance with its
three-dimensional structure. The results testify to the e$-
ciency of AFM for elucidating the surface structure of this
chalcogenide.

EXPERIMENTAL

SnSe was prepared by direct synthesis from its elements
(Strem products, purity'99.99%), which were homogene-
1To whom correspondence should be addresses. Fax: 34-957-218606;
E-mail: iq1mopaj@lucano.uco.es.
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ously mixed in a 1 : 1 stoichiometric ratio. The mixture was
pressed onto pellets (4 tons pressure), placed in a vacuum
sealed quartz tube, and heated at 9003C for a week. The
SnSe compound was obtained as brilliant metallic gray
pearls that were cut with a razor blade to obtain di!erent
crystals.

Topographic AFM examinations were performed by us-
ing a Nanoscope IIIa contact-mode AFM (Digital Instru-
ments) in the repulsive force range, with a type load of ca.
4 nN. Type NP cantilevers (Digital Instruments) with Si

3
N

4
tips and a spring constant of 0.12 N/m were employed. The
reported atomic scale resolution images are representative
of many observations on multiple crystals and are small
subsets of images selected from defect-free regions of the
surface. After subtracting a background plane to remove
specimen tilt, the two-dimensional fast Fourier transform
(FFT) "lter was used to remove random noise in some
images. This procedure is used to enhance those features
that are apparent in the raw data. AFM images for the
samples were obtained from cleaved fresh surfaces. To en-
sure that the observed structures were real and self-consis-
tent mica was used as the calibration sample. The
periodicity of the hexagonal rings recorded was
5.19$0.04 As , in fairly good agreement with the unit cell
dimension of muscovite along a direction.

RESULTS AND DISCUSSION

Under the experimental conditions used, the crystals ob-
tained crystallized exclusively in the a-SnSe form, as con-
"rmed by the consistency of X-ray powder di!raction
(XRD) pattern with the presence of a single phase. The XRD
pattern was indexed in the orthorhombic system, with the
following unit cell parameters: a"11.477

8
As , b"4.18

1
As ,

and c"4.351
4

As . These values are coincident with those
listed in the JCPDS card (10).

The structure of SnSe is highly a!ected by the stereo-
chemical e!ect of the inert pair, which prevents the low-
temperature form, a-SnSe, from adopting a high-symmetry
3
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structure such as that of NaCl. In fact, a-SnSe possesses
a layered structure that can also be regarded as a highly
distorted version of the NaCl structure in which Sn(II) has
three pyramidal Se atom neighbors (11), two located in the
plane of the layer and one at a short distance normal to this
plane. The atomic positions were examined in the Pnma
space group also adopted by a-SnS, which is isostructural
with a-SnSe, as they have the same cation and anions of
similar radii (r

S%/
: 1.98 As and r

S/
: 1.84 As ). In this group, the

Sn and Se atoms are located at 4c positions with coordi-
nates (x, 1/4, z) and (1/2#x, 1/4, 1/2!z) where x

(S/)
"

0.1194; z
(S/)

"0.1198, x
(S%)

"0.8505, and z
(S%)

"0.4793(3).
The layered structure of a-SnSe is depicted in Fig. 1a; the

projected structures on the (100) and (101) planes are shown
in Figs. 1b and 1c. These graphs were obtained by taking
into account the above considerations and using the
FIG. 1. (a) Orthorhombic crystal structure of a-SnSe, (b) layered structur
(101) plane.
Crystal92 program (12). Figures 1b and 1c include three
directional vectors intended to facilitate the study of in-
teratomic distances in this structure. The pro"les in the
c direction in Fig. 1b show the di!erential heights of the
atoms and reveal the protusion of the tin atoms out the
layer. The actual interatomic distances are de"ned by para-
meters a and b; on the other hand, c is the distance between
Se and Sn atoms (this latter element as projected on the Se
plane).

Figure 2 shows an enlargement of the AFM image ob-
tained for a fresh surface corresponding to the (100) plane in
the SnSe compound recorded at a scan size and the rate of
400]400 As and 30 Hz, respectively. The "gure also shows
the distances measured along the a, b, and c directions, on
the bright spots in the image (a "ltered AFM image for
easier visualization). However, the interatomic distances
e of a-SnSe projected on the (100) plane, and (c) tridimensional view of the
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shown were the result of several measurements in various
un"ltered images. The topographic image contains a
pseudo-centered rectangular structure, with a distance of
4.27

4
, 4.5

3
, and 2.70

5
As in the a, b, and c direction, respec-

tively. These values are very close to the calculated in-
teratomic distances (a"4.18 As , b"4.35 As and c"
2.72 As ). Figure 2 allows one to evaluate the height di!erence
along the a-axis between Se and Sn atoms. The calculated
value, 0.21 As , is 0.09 As smaller than that obtained from
geometrical considerations, which can be explained in two
ways. First, exfoliation of the crystal surface leads to a (100)
plane in which the atoms lose coordination with adjacent
atoms above them (5). This may cause the structure to relax
and hence introduce slight changes in its interatomic distan-
ces. Alternatively, this subtle structural modi"cation may be
induced by an interaction between the sample and the tip, as
re#ected in the nonuniform brightness of the di!erent spots
in the AFM image.
FIG. 2. AFM, FFT "ltered and ampli"ed, topographic image obtaine
c directions.
Although most of the crystal images recorded were fairly
consistent with the atom arrangement of the (100) plane,
Fig. 3 shows a "ltered AFM image recorded at 35]35 As
and 128 Hz that reveals a di!erent crystal face. In fact, the
image shows a centered rectangular structure for Se atoms.
This atom arrangement can only be correlated with the (h0l)
plane. The three-dimensional view of a (101) plane in Fig. 1c
is consistent with the atom distribution observed in the
AFM image. The theoretical interatomic distances in this
plane are a"6.07 As , b"4.18 As , and c"3.79 As . Also, Se
and Sn atoms in this plane di!er by 0.43 As in height. The
distances measured over the spots in this topographic image
correspond to 6.07

9
, 4.16

5
, and 3.90

5
As along the a, b,

and c directions, respectively (Fig. 3). Moreover, Se atoms
protrude over Sn atoms along the a direction. The cal-
culated distance between both atoms was 0.46 As . The good
agreement between the theoretical and the calculated in-
teratomic distances justi"es assuming that the working
d from a 400]400 As 30 Hz scan, and height pro"les along the a, b, and



FIG. 3. AFM, FFT "ltered topographic image obtained from a 35]35 As , 128 Hz scan, and height pro"les along the a, b, and c directions.
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plane is a (101) plane. It is worth noting the height di!erence
between alternate rows of Se atoms along the c direction in
the real structure. This is barely perceptible in the height
pro"le along the c direction (Fig. 3), where, however, Se
atoms tend to lie in the same plane. This "nding, and the
small di!erences between the observed and the calculated
distances, may be associated to surface relaxation induced
by the tip.
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