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Cleaved surfaces of the IV-VI lamellar semiconducting compounds GeS, GeSe, SnS, and SnSe have
been studied by high-resolution electron-energy-loss spectroscopy (HREELS). The infrared optical con-
stants of the materials were obtained by using the dielectric theory taking into account the resonance fre-
quencies published from infrared reflectivity (IRS) data. The limitations of the HREELS and IRS mea-
surements in the case of these materials are discussed in detail. It is shown that, by combining the infor-
mation from both spectroscopies, it is possible to determine better some of the oscillator strengths of
these materials. In addition to a linear relationship between the phonon frequencies of GeSe and GeS,
and SnSe and SnS, a similar relationship was also found between their oscillator strengths, which may
provide an improved understanding of the lattice properties of these lamellar compounds.

I. INTRODUCTION

Among the IV-VI semiconductor compounds, ger-
manium sulfide (GeS), germanium selenide (GeSe), tin
sulfide (SnS), and tin selenide (SnSe) have the layered or-
thorhombic structure with eight atoms per unit cell form-
ing biplanar layers normal to the largest ¢ axis.! The
atoms in a single layer are joined to three nearest neigh-
bors by covalent bonds which form zigzag chains along
the b axis while there is only van der Waals bonding be-
tween the layers. This typical crystalline structure results
in strong anisotropic optical properties at low energies
and more isotropic optical properties at higher energies,
which makes them interesting materials intermediate be-
tween two-dimensional and three-dimensional semicon-
ductors.

A variety of methods including photoemission,
electron-energy-loss spectroscopy, and ellipsometry have
been applied to study these anisotropic properties.>” % As
far as lattice vibrations are concerned, a group factor
analysis of the three-dimensional space group D%?, of IV-
VI lamellar compounds predicts the existence of 21 opti-
cal phonons, among which 2 are optically inactive, 7 are
infrared active, and 12 are Raman active. Because of the
existence of an inversion center lying between the double
layers, one should expect the Raman and infrared-active
phonons to be nondegenerate. On the other hand, in the
limiting case of a layered structure, the two-dimensional
symmetry of these materials belongs to DG32 in Woods
notation!® with no inversion center; therefore a near de-
generacy of some infrared- and Raman-active phonons is
expected because the coupling between layers can be ig-
nored.

Raman scattering and infrared transmission and
reflection experiments were employed in the 1970s°~° to
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study the splitting of the corresponding infrared- and
Raman-active modes. Because optical spectroscopies
provide a good spectral resolution, the phonon energies
obtained by these experiments were quite in agreement
and thus the ratios of interlayer and intralayer interac-
tions were well estimated in the published papers. On the
other hand, the other optical parameters, such as oscilla-
tor strength, were poorly determined by Kramers-Kronig
(KK) analysis of infrared reflectivity data, especially in
the case of the electric field of the optical beam being
parallel to the ¢ axis, which will be discussed in detail in
the next section. In other words, we consider that the
TO phonon frequencies of these IV-VI materials have
been better determined by infrared reflectivity spectros-
copy (IRS), compared to the other parameters, such as
oscillator strength, in their dielectric functions. The sub-
ject of this paper is to refine the oscillator strength values
of these materials with the help of high-resolution
electron-energy-loss spectroscopy (HREELS) measure-
ments.

II. DIELECTRIC CONSTANTS FROM INFRARED
REFLECTIVITY DATA

In order to have a clear mind about what can be ob-
tained from a KK analysis or an oscillator fit of infrared
reflectivity data, it is worthwhile to overview their corre-
sponding data treatments. The published infrared
reflectivity spectra of GeS, GeSe, SnS, and SnSe are plot-
ted in Fig. 1 with open dots. By assuming constant
reflectivity below 20 cm ™! and above 4000 cm ™!, a KK
integration was performed, giving the phase angle of the
complex reflectivity. The real and imaginary parts g,
and ¢, of the complex dielectric function g;(w) along the
principal optical axis j were then calculated by inverting
Fresnel’s formula for reflection.!® The resulting plots can
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FIG. 1. (a) Infrared reflectivity data of GeS and GeSe with
their oscillator fit. (b) Infrared reflectivity data of SnS and SnSe
with their oscillator fit.
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be found in Refs. 5-8. The dangers and difficulties of as-
sociating particular features in €, and €, with phonon en-
ergies where the phonons are closely spaced and/or
heavily damped have been emphasized by Barker.!! For
their special purposes, the authors of Refs. 5—8 all adopt-
ed Barkers’ approximation and assumed the maxima in
the €, spectra occurring at the TO phonon frequencies
and the above-resonance zero crossings of €, occurring at
LO phonon frequencies. Unfortunately, for all of these
four materials, there are resonances for which €, exhibits
no zero crossing, which means that no truly longitudinal
vibration exists in these cases. Nevertheless, some au-
thors? still estimated LO phonon frequencies by consider-
ing where the zero crossing would have occurred if the
damping were lower. Other authors”® determined LO
frequencies from the poles of the dielectric function
Im(—1/¢).

Due to the fact that the complex dielectric function
along the j axis of the materials can be expressed either
with TO and LO phonon frequencies or with an oscillator
model by using the sum rule,

g;j=€;Tiey (1)
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where S; (=0) is the strength of the kth oscillator along
the j axis, while wto ; and w;g ; are resonance TO and
LO frequencies, respectively. y1o x and ypo ; are corre-
sponding dimensionless damping ratios, which can be
written as y;. It is clear that the oscillator strengths
could not be well determined if approximate LO phonon
frequencies were used. To what extent were these oscilla-
tor strengths misattributed? With this question in mind,
we tried the oscillator fits with a least-squares optimiza-
tion program for all of the reflectivity spectra in Fig. 1.
The best fitted results appear as solid lines in the figure.
The resulting optical constants from KK analysis and os-
cillator fits are summarized in Table I.

As was pointed out in Refs. 5-8, we found the oscilla-
tors fits of reflectivity data failed with the oscillator num-
ber prediction from group theory for all of these materi-
als. For GeS and GeSe, only two-oscillator fits were suc-
cessful for the case of E|a, although we can clearly see a
contribution from the missing oscillator on the spectrum
of GeSe (E|la). The same situation happened for the
spectra of SnS (E||c), SnSe (E||c), and SnSe (E||a). In all
of these cases, when we used three oscillators for the
curve fitting, negative oscillator strength and/or negative
damping factors appeared in the results, so that the fitted
reflectivity spectra in Fig. 1 were obtained with only two
oscillators for the above-mentioned cases. We believe
that this failure comes from possible experimental errors,
which may be due to the configuration of the experiments
and/or the quality of the material surfaces, especially for
the cases of E||c where one has to cut and polish a surface
containing van der Waals bonding. If one of three pre-
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TABLE 1. Phonon frequencies wro and w;o (in cm™!) and dielectric constants €, and e, of GeS, GeSe, SnS, and SnSe as deter-

mined from a Kramers-Kronig analysis of the reflectivity data between 20 and 4000 cm ™

1

sponding infrared optical parameters from the oscillator fits of the same data.

, while w;, S}, 7;, and €., are the corre-

GeS GeSe SnS SnSe
E|a E|b Ejlc E|a E|b E|c E|a E|b E|c Ela E|b E|c
KK TO, 117.5 201.0 105.0 88 150 83 99 69 80 56
LO, 123.5 298.0 107.0 91.5 210.5 86 107 71 85 57
0SC. 119.2 202 105 87.8 148.7 83.4 99.5 69.0 82.5 56.0
S 2.5 13.5 2.4 1.7 17.9 1.8 5.7 0.7 4.6 1.9
Y1 0.023 0.022 0.05 0.050 0.054 0.053 0.061 0.06 0.044 —0.07
KK TO, 237.0 175 172 178 188 123 130
LO, 275.0 178 194 215 193 149 141
osc. 237 169.7 174 187.3 124.4 130.1
S, 7.8 9.8 14.2 17.5 16.0 17.1
Y2 0.045 0.054 0.125 0.083 0.065 0.086
KK TO; 257.5 280 186 198 222 145 220 150 96 142
LO; 325.0 320.0 224 221 277 265 289 180 172 191
osC. w3 257.7 279.7 184.5 169.9 221.7 142 97.1
S, 7.6 0.55 6.62 0.43 0.76 33.6 359
Y3 0.027 0.04 0.040 0.030 0.029 0.137 0.091
KK g 25.1 29.5 30.0 219 30.4 25 32 48 32 45 62 42
€ 14.8 12.0 10.0 18.7 21.9 14 14 16 16 13 17 16
OSC. €, 13.6 11.8 12.0 13.7 17.5 15.0 11.7 13.9 12.8 15.7 16.6 15.4
dicted oscillators had a very low strength, a strong damp- v, F 22005
. - ja _ "a a
ing, or a near degeneracy with one of the other two pho- —— =5 4)

nons, the possible experimental errors in these spectra
could cause the fitting failure. It must be emphasized
that no such problems are encountered in a KK analysis,
because, in this latter case, no model is requested and no
fitting is performed. Moreover, KK integration can bring
a local experimental error to the whole spectral range.

Nevertheless, plotting the corresponding infrared-
active frequencies of GeSe vs GeS as well as that of SnSe
vs SnS, Chandrasekar et al. found a linear correlation
(Fig. 2). According to the arguments in Ref. 8, the ratio
of the corresponding frequencies (labeled v;) of two
lamellar compounds a and S of the IV-VI family follows
the relation
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FIG. 2. Linear correlation of optical TO frequencies between
GeS and GeSe and between SnS and SnSe.
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where r, 5 and M, ; are the lattice constant and atomic
mass, respectively. There is no such relation for v(GeS)
vs v(SnS) or v(GeSe) vs v(SnSe). In fact, all the infrared-
and Raman-active vibration frequencies follow the same
linear relation, so that we can be sure of the TO frequen-
cies values from the optical measurements. According to
this linear relation, the missing line of GeS in the spec-
trum of Elja could be assigned at 243 cm ™! by inserting
the corresponding TO frequency of GeSe at 175 cm ™!
into the relation in Fig. 2, though it was reported at 315
cm ™! by an infrared reflectivity experiment at 77 K.’
There is no reason why this low-intensity mode should be
an exception.

III. CHARACTERISTICS OF THE HREELS SPECTRUM
OF AN ANISOTROPIC UNIAXIAL MATERIAL

HREELS has been widely used to probe various kinds
of vibrational modes of surface elementary excitations
such as plasma oscillations, long-wavelength optical pho-
nons (Fuchs-Kliewer modes), and adsorbate vibrations.!?
Among the two possible electron-surface interaction
mechanisms involved in an inelastic-scattering event, di-
pole scattering prevails for low-energy electrons reflected
near the specular direction.”> Due to a long-range
Coulomb interaction between the moving electron and
the polarization potential of the target inside a thickness
of about 100 A, the HREELS spectrum gives a set of loss
and gain peaks related to the surface excitations. An
analytical description of the corresponding elementary
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TABLE II. Oscillator parameters w; (in cm™!), S ;» and y; and dielectric constants €,, of GeS, GeSe, SnS, and SnSe as determined

from HREELS data.
GeS GeSe SnS SnSe

E|a E|b E|c E|a E|b E|c E|a E|b E|c E|a E|b E|c
w,; 120 202 106 88 149 83 99 69 80 56
S, 2.6 14.0 2.2 2.2 12.5 2.0 5.7 1.0 4.6 1.2
Y1 0.035 0.04 0.03 0.06 0.08 0.035 0.06 0.06 0.06 0.06
w, 243 237 175 172 174 187.3 123 130
S, 0.4 7.8 0.4 7.2 14.2 14.5 13.2 13.5
Y2 0.03 0.05 0.045 0.12 0.13 0.12 0.09 0.08
w3 258 280 186 198 221.7 142 220 149 97 152
S; 7.6 0.6 7.0 0.5 0.76 345 3.9 0.7 325 2.8
Y3 0.045 0.025 0.10 0.025 0.05 0.14 0.025 0.06 0.09 0.05
€ 24.2 25.8 20.6 23.3 28.0 23.7 324 48.4 32.3 342  49.1 32.9
[ 13.6 11.8 10.0 13.7 15.5 14.0 11.7 13.9 12.8 15.7 16.6 15.4

surface excitation probability can be predicted by the
classical loss function P (w) in the framework of the
dielectric theory,

4 e? (kv,)
Pylw)=—5-—
R fu [(@—k-v)*+(kv, )*]
—1 d*k
e | k20

where v, and v, are the electron velocity components
parallel and perpendicular to the target surface, respec-
tively. & is the so-called effective surface dielectric func-
tion valid for a semi-infinite anisotropic crystal,'®

£k, 0)=[e,, k%, k" (&,,k°)]"?, ©6)

where k°=k/|k| and €pps Epz» and €, are extracted from
the dielectric tensor of the target material, the z axis be-
ing oriented normal to the surface whereas p=(x,y) is a
two-dimensional vector parallel to the surface. The
dielectric tensor of the semi-infinite anisotropic substrate
is fully characterized by its three principal components
€j(w) in formula (1)-(3). Taking account of finite tem-
perature effects, a “bosonization” process is applied and
the complete experimental spectrum can finally be simu-
lated.!®

For a crystal of the orthorhombic symmetry with a
free surface perpendicular to the ¢ axis, Eq. (6) reduces to
E(k,0)=[e(e,klte,k})/k*]'/?, the k, and k, com-
ponents of the surface wave vector being along the a and
b axes, respectively. This expression mixes contributions
of the dielectric tensor from the principal axis along ¢
with those parallel to the surface. HREELS therefore
gives access to optical parameters for directions both
parallel and perpendicular to the surface of a cleaved
sample, which is well characterized and does not require
a complicated surface preparation. By contrast, IRS has
to use noncleavable surfaces in order to obtain informa-
tion along the ¢ axis.

In the present HREELS experiments, we used a detec-
tor with a circular aperture. The domain of surface wave
vectors that inelastically scatter the electrons into the ac-

ceptance angle of the detector is an ellipse having its ma-
jor axis oriented perpendicular to the incidence plane. As
a consequence of the dielectric anisotropy of the crystal,
one would therefore expect observing variations in the
loss spectra when the incidence plane is rotated around
the normal direction. For the IV-VI lamellar materials
under investigation here, there are in fact little anisotrop-
ic effects. This is demonstrated both experimentally and
theoretically in Fig. 3, where we compare HREELS spec-
tra from the GeS(001) surface taken with the incident
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FIG. 3. HREELS spectra of GES with incident beam in (a)

a-c plane and in (b) b-c plane, where dots represent the experi-
mental data and solid lines are simulated spectra.
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electron beam coming in the a-c or b-c planes. The ex-
perimental spectra are shown as dotted lines in Fig. 3
with their theoretical simulation curves represented by
solid lines. The strong peak at 313 cm™! is a surface
Fuchs-Kliewer phonon. Such a mode can propagate
along the a (b) axis only when €, and g, (g,) are both
negative. The frequency of the mode must then satisfy
the equation g, (w)e (w)=1 (g,e,=1). With the data of
Table Il and neglecting here any damping, one finds
®=323 or 298 cm ! for k||a or b, respectively. With the
energy resolution realized here, this anisotropic surface
phonon leads to a single loss peak at the average position
of 313 cm ! that is found independent on the azimuthal
angle of the electron beam, even though the elliptical
domain of wave vectors favors k, components over k,, or
vice versa, when the incidence plane is rotated from the a
to the b direction.

The loss structure observed around 119 cm ™! in Fig. 3
originates from continua of bulk modes that exist when
€. and g, (k|la) or €, and ¢, (k||la) have opposite signs. A
continuum of this sort exists when 106 <w <111 cm™!
(first reststrahlen of €, according to Table II) for all the
directions of k. Another continuum takes place in the in-
terval (120,126) cm ! for k||a (first reststrahlen of €,) but
does not exist for k||b. The close proximity of these two
continua causes the anisotropy of the target spectral
function to have little influence on the HREELS spec-
trum.

IV. EXPERIMENTAL DETAILS

The experiments reported here were performed in a
two-chamber system consisting of a preparation and an
analyzer chamber with base pressure of 10~ !° Torr. The
HREELS spectrometer (SEDRA-ISA Riber) combines
two 180°-hemispherical electrostatic capacitors used as
monochromator and analyzer, respectively. The analyzer
can be turned over 100°, which enables us to change the
incidence angle from 40° to 85°. The GeS, GeSe,
SnS; ¢Se; ;, and SnSe samples were undoped single crys-
tals grown by the vacuum sublimation method.!” These
crystals are easily cleaved along the a-b plane since the
van der Waals bonding is directed along the ¢ axis. For
the same reason, the surfaces were quite stable and no
contamination could be observed on the in situ cleaved
surface even after several days. The orientation and lat-
tice constants of cleaved crystals were checked by low-
energy electron diffraction (LEED), and the sample was
mounted on a rotatable sample holder which enabled us
to align the a or b axis in the incidence plane of the
HREELS spectrometer.

V. HREELS RESULTS AND DISCUSSION

In order to demonstrate the accuracy of the optical pa-
rameters obtained from a HREELS spectrum, the experi-
ments were done systematically on GeS single crystals
with different azimuths and incidence angles and different
electron-beam energies. The experimental curves for a
primary energy of 23 eV and an incidence angle of 55° are
shown in Fig. 3 and the best experimental results (i.e.,

LI-MING YU et al. 47

higher resolution and counting rate) at the optimum con-
ditions are shown in Fig. 4(a) as a dotted line. A simulat-
ed curve (dashed line) is also shown in the same figure by
inserting the optical constants obtained by oscillator
fitting of the reflectivity spectra. A small deviation is ob-
served and the Fuchs-Kliewer (surface and bulk modes)
frequencies are observed near 119 and 313 cm™!. The
spectrometer function used in the simulation was
predetermined by fitting the elastic peak to a mixture of
asymmetric Gaussian and Lorentzian. The simulated
spectrum was obtained by convoluting this instrumental
function with the bosonized loss probability.

As soon as one starts to determine optical parameters
from a HREELS spectrum by the above described simu-
lation, the limitation of this method appears clearly.
Only two Fuchs-Kliewer loss peaks can be identified on
the spectrum, but there are so many parameters to be ad-
justed that the results cannot be unique. Thanks to the
infrared reflectivity measurements, we can fix all the reso-
nance frequencies, the parameters left to be adjusted be-
ing the oscillator strengths and damping ratios. By in-
creasing the oscillator strength S;, the corresponding loss
intensity increases as well as its Fuchs-Kliewer frequency.
On the other hand, the damping ratio can only affect the
width of the peaks when it is kept under a reasonable lev-
el, say ¥ smaller than 0.15. €, is another insensitive pa-
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FIG. 4. HREELS spectra of (a) GeS and (b) GeSe under op-
timum conditions, where dots represent the experimental data,
dashed lines are simulated spectra with the optical parameters
from infrared reflectivity measurements, and solid lines are
simulated spectra.
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rameter, which we took directly from oscillator fit
without adjusting.

Knowing all of these, the optical parameters were ad-
justed manually close to the infrared data to reach a
least-squares optimization. The missing vibration mode
at 243 cm ™! was also included in the simulation although
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it did not affect much the resulting spectrum due to its
lower oscillator strength. Finally, the HREELS spectrum
can be well fitted [Fig. 4(a), solid line]. It is worth point-
ing out that the theoretical curves plotted in Fig. 3 were
simulated with exactly the same parameters but different
geometry configuration, which proves that there is no ar-
tifact coming from our experimental conditions.

The same procedure was applied to fit the best
HREELS spectra of GeSe, SnS;, ;Se; |, and SnSe and the
results are shown in Figs. 4(b), 5(a), and 5(b), respectively.
In contrast to GeS, the simulations with optimized pa-
rameters from infrared reflectivity (Table I) all show
larger deviations, which can be improved with our
above-mentioned procedure. However, for the case of
SnS, ¢Se, 1, we can still find a contribution near 180 cm ™!
that could not be represented. This is because 10% of the
sulfur atoms are substituted by selenium and that peak is
caused by tin-selenium bonding, which is not included in
our simulation as we used only 7 oscillators of SnS in-
stead of 14 in the fitting process. All the resulting param-
eters are listed in Table II. By comparing with the set of
values of Table I, one finds immediately that the optical
parameters of GeS obtained by both optical and
HREELS measurements are consistent, which indicates
the capabilities of both spectroscopies for optical studies.
On the other hand, as we have emphasized before, the op-
tical constants, especially the oscillator strengths and
damping factors for GeS, SnS, and SnSe, listed in Table I,
were previously obtained with ill-fitting conditions (see
Fig. 1). They have been refined by this study, some of
them by more than 109%. For example, in the case of
GeSe, the oscillator strength for the E|b mode was
refined from 17.9 to 12.5.

Figure 6 plots the oscillator strength of the infrared-
active modes of GeS against GeSe and SnS against SnSe,
where we can find a near-linear relation. According to
Szigeti,!® the effective dynamical charge e . carried by the
vibrating ions in cubic crystals is given for the jth mode
of material a by
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FIG. 6. Linear correlation of the oscillator strengths between GeS and GeSe and between SnS and SnSe.
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where N, is the number of oscillators of reduced mass
M, per unit volume. du;,/dQ is the dipole derivative
with respect to the vibrational coordinate Q. Taking ac-
count of formula (4), one obtains, for the ratio of the cor-
responding jth oscillator strength of the IV-VI com-
pounds « and B:

*2 o

ey

oM )
No(eoqt2) 1 7
a woa

2 2 4.4
_Sj_a = & e;;‘ M Lf’_ (8)
Sjﬁ NB e;b 8w5+2 rB

so that S;(GeSe) vs S;(GeSe) and S;(SnS) vs S;(SnSe)
should be linear, which might mean that formula (7)
should still be valid for orthorhombic systems.

VI. CONCLUSIONS

We emphasize that the infrared optical parameters of
Table II, resulting from fitting the HREELS spectra with
the help of IRS data, represent better values than the
ones determined from IRS measurements alone (Table I),
especially because all HREELS data were obtained on
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well characterized cleaved surfaces. ‘““Ideal” reflectivity
curves could be produced from the set of refined parame-
ters of Table II. However, one cannot expect these
curves to provide a better fit to the IRS data of Fig. 1 be-
cause of its above-mentioned experimental limitations. It
is interesting to note that the refinement could be ob-
tained only by a close collaboration between HREELS
and IRS. On one hand, IRS has a better resolution than
HREELS and is needed to provide starting values for the
data treatment, but on the other hand HREELS can pro-
vide all the dielectric information from well-
characterized surfaces, easy to prepare, and stable in
ultrahigh-vacuum conditions.
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