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energy range U.1 — 30 eV. Eleven distinct peaks or shoulders

are observed, about half of which can be assoctated with know
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structure in the valence-band denstity-of-statec. A Krumers—Kronig
analysis was performed, giving the optical conztante and energy-

lose functions in the O — 25 eV range.

¥ Work performed while on leave—of—absence from Bell Telephone Laboratories,
Murray Hill, N.J. 07974, USA

+ Present address: Department of Electrical and Computer Engineering,
University of Wisconsin-Madison, Madison, Wisconsin 53706, USA

*% Present address: Polytechnisches Institut, Dr. W. Sténder,
75 Karlsruhe, Rederal Republic of Germany

++ Present address: University of Osnabriick, 45 Osnabriick,
Federal Republic of Germany






The binary IV-VI compounds formed with Ge, Sn and Pb as
cations and S, Se and Te as anions form a very interesting
class of semiconductors which can be divided into three groups
according to crystal structure.l The well-known lead salts
(PbS, PbSe and PbTe) crystallize in a cubic (NaCl) structure,
are very easy to produce both in bulk and epitaxial form, and

1.2 The tellurides of

have been extremely thoroughly studied.
Ge and Sn have a rhombohedral structure at low temperatures,
converting to cubic at T=0°C for SnTe and T=400°C for GeTe.
These compcounds have also been extensively studied,l though
not as fully as the lead salts. The remaining fcur compounds,
GeS, GeSe, SnS and SnSe have an orthorhombic crystal structure
(D;g) and comprise the least-studied of the three groups. The
lattice structure of these compounds can be considered either
as a distortion of the NaCl structure or as a binary analog

of the layered As structure. Even a casual macroscopic
examination of GeS crystals reveals that they are, indeed,
strongly layered since they exhibit an exceptionally easy
cleavage similar to that of mica. Taking the c-axis to be
perpendicular to the cleavage planes, the lattice constants of
Ges are’ a=4.30 R, b=3.65 & and c=10.44 &. Despite the
obvious structural anisotropy of GeS, the most extensive
previously reported reflectivity measurements3 (L.5~-12 eV)

4
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were obtained using unpeclarized radiation. Stourac et al.

have measured the reflectivity of GeS for E||3 and E||D



(in our notation) but their measurements extended only over
the range 0.5-4.8 eV and showed certain artifacts'to be
discussed later. In the present paper, we report the results
of reflectivity measurements on single~crystal GeS at 300°K
for all three principal polarizations in the photon energy
range 0.1 - 30 eV.

Single crystals of GeS were grown by vacuum sublimation
as described elsewhere.5 Samples used in the present study
were undoped and had useable surface areas of the order of 1-2
cm?. Measurements with E||2 and E||B were performed on
cleavage faces, the cleavage being done immediately prior to
measurement by "peeling" a fresh surface with cellophane tape.
Measurements with §|[E required the use of cut and polished
faces perpendicular to the cleavage planes. Details of the
sample preparation for E||¢ measurements have been given
elsewheres’7 and will not be repeated here except to say that
final polishing was done using Syton8 on polishing cloth.

As will be evident from the UV reflectivities, the polished
faces were definitely inferior to cleaved faces.

Because of the large range of photon energies covered,
several different instruments were used in these measurements.
The range 0.1 - 0.5 eV was measured using a Perkin-Elmer model
180 spectrophotometer. These measurements were extended into
the visible region (0.5 - 2.5 eV) using a CARY model 17 spectro-

photometer. The entire visible and near UV (1L.7-4.5 eV} were



measured on a modified version of the precision reflectometer

¢ In the modified

described previously by Gerhardt and Rubloff.
version of this instrument the light pipe is discontinuously
stepped (rather than being continuously rotated) between sample
and reference beams. During each sample or reference pause,
theilight intensity is measured using standard photon-counting
techniques. The stepping and data processing are controlled

by an on-line minicomputer. This system is believed to have

an absolute mid-range accuracy9 of *+2% and a relative accuracy
of #0.002%. Where any disagreement existed, measurements made
on other instruments were multiplied by constant scaling factors
to bring them into agreement with the Gerhardt reflectometer
results in regions of overlap.

Finally, the UV reflectivity (4 - 30 eV) was measured using
synchrotron radiation at the DESY facility. All measurements
were made at normal or near-normal incidence using standard
technigues.

The measured reflectivity is shown in Fig. 1 for all three
polarizations of incident light. We find evidence for eight
structural features (peaks or shoulders) for E||a and nine
each for E||B and E||¢. Features which occur at approximately
the same energies are given the same labels and tabulated in
Table I.

Earlier measurements of the absorption edge6 in GeS showed
that the fundamental optical gap is Eo=l.65 eV at 300°K, the

transitions being tentatively identified as direct allowed for



a (and prcbably alsc for §||E) and direct forbidden for
||B. The absorption coefficient immediately above the edge

~1

4 et E||2 and <<10® em™t for E||B. Thus,

is only 10 cm for
one should not expect to find any structure corresponding to

EO in the reflectivity and, with exceptions noted bhelow, we

find none. This is in contrast to the results of Stourac

et al.4 who find an abrupt drop in reflectivity on passing
through BO (indeed, this is by far the strongest feature in
their entire reflectivity spectrum). We have occasionally
observed similar "Eo" structure but have found it to be highly
sample-dependent. This observation, combined with the shape

of the structure (a decrease in reflectivity) and the fact that
the absorption at EJ is too weak to influence the reflectivity,
leads us to conclude that the apparent Eo structure is an arti-
fact caused by reflections from the back side of the sample in
the transparency range below EO . All samples used in the
present study were prepared from single-crystal ingots in such

a way that their back sides presexrved the curvature of the
growth ampoule, thus minimizing back-reflections. It should be
noted, however, that this precaution is not necessarily suffi-
cient for E||a and E||P measurements since the samples could
still contain internal cleaves which would act as efficient

back-reflectors. This probably accounts for the sample-

dependence of the “EO" structure.



In the absence of any band-structure calculations for
GeS, it is risky to speculate as to the detailed origins of

the reflectivity peaks E A few semi-quantitative

17 B0
assignments can nevertheless be made by comparing our results
with recent ESCA measurements of Kemeny.10 Figure 2 shows a
schematic diagram of the density of valence- and conduction-
band states in GeS. The density of valence states is based on
the above-~mentioned ESCA measurements’® which show five clearly

rescolved peaks or shoulders at energies of V_=1.5, V2=2.9,

1

V3=4.4, V,=8.6 and V5=13.3 eV below the onset of the V., band.

4 1

The Vl--V3 bands are associated (predominantly) with atomic-

like 3p levels of S. The Yy and Ve bands originate from
Ge(4s) and S(3s) levels, respectively.l0 The density of
conduction-band states is assumed to be relatively structure-
less (in analogy with calculations and measurements for the
closely-related Pb-salts ' 1%) and to consist of predominantly
Ge {(4p)-like levels near the bottom of the band. On the basis
of Fig. 2, one expects structure in the reflectivity at energies
|Vi]+AE where V., is the position of the ith peak in the
valence band density of states and AE is an energy slightly
larger than the band gap. Taking AE to be in the range
1.7~-2.0 eV, we predict five peaks as given in the last column

of Table I. It is seen that the predicted peaks associated

with Vl through V_ are in good agreement with the measured

5

peaks E3, E4, EG' ES and Elo' respectively. The El and E2

peaks must be associated with transitions from the top of the



valence band vy to low-lying conduction-band states. Peaks

E_ and E! appear only in the E||¢ polarization and E

5 7

appears only for ﬁ||B. All three of these peaks are sharp
but weak. The E9 peak is rather strong and lies at too low an
energy to be associated with transitions from VS' We there-
fore assume that it originates from intra-atomic Ge(4s) -
Ge(4p) transitions between V4 and higher-lying conduction-
band states. The data in the 1.7 - 4.5 eV range were suffi-
ciently noise-free to allow accurate numerical differentiation
which revealed a considerable amount of apparent fine-structure
on the E2 and E3 peaks (approximately eight well-resclved peaks
or shoulders in the 2.5 - 4.3 eV range). Further investigation
will be required before this structure can be definitely
attributed to the sample and not to slight asymmetries inrthe
measurement system which were enhanced by differentiation.
Finally, we would like to comment on an unusual feature found
in the reflectivity near AO=2.15 u. In the region between
the band-edge and A  we found R(E||3) < R(E||D), while for

A >X, we consistently measured R(E||%) >R(E|]|DB). This
reversal occurred fairly abruptly between 2.0 and 2.3 u.
Specific values for a typical sample were: at A=2 u,
R(Z]13)=0.290, R(E|[B)=0.315; at A=2.15 u, R(E||3)=R(E||b)=
0.310; and at A=2.3 u, R(E||a)=0.320, R(E||B)=0.300. This
behavior is shown (somewhat exaggerated by the use of an

energy rather than a wavelength scale} by the solid lines near

the left-hand side of Fig. 2 (a and b). Also shown are dashed



lines representing smooth extrapolations which were used in the
Kramers-Kronig analysis discussed below.

Using the data shown in Fig. 1 a Kramers-Kronig analysis
was performed and the results are shown in Fig. 3. The €4
curves for hw<1l.6 eV are in excellent agreement with refrac-
tive-index measurements15 for ﬁ||3 and §{|E. No data are
available for comparison in the EI]E case, but it is clear,
both from the data in Fig. 1 and the Kramers-Kronig results in
Fig. 3, that our E[[é data suffered severely from poor
surface~-quality. Venghaus and Buchner16 (VB) have performed
electron energy-loss measurements on thin GeS samples, and
obtained the energy-loss function directly. From this they

deduced and €, by Kramers-Kronig inversion. Our results

€1
are in guantitative agreement with theirs, aside from the
following differences: 1) With the finer resolution available
in optical spectroscopy, we were able to resolve structure not
accessible by energy-loss measurcments. In particular, we
observe considerable anisotropy in €4 and €5 v which VB were
unable to find; and 2) Our energy-loss functiocn is smaller by
a factor of 2-3 (in all three directions) than that obtained‘
by VB. The peaks of our loss functions for E||2 and E!|b
are at 18.3 and 18.1 eV, respectively, compared with an isotropic
value of 18.45 eV reported by VB.

Finally, it is of interest to use our e, data for E| |3
and E![B to estimate the semi-empirical parameters B and
of Wemple and DiDomenico's model for the electronic dielec-

d
tric constant.17 These parameters are given by

E



Eo = M_l/M_3 ‘ (1)
and
2 .3
E = M1 /M, (2)

where the Mj's are moments of €, given by

2 73

Performing the indicated integrations gives E0==3.34 ev,
Ey=34.0 ev for E[|3d; and E_=3.40 eV, E;=38.0 eV for
E||B. These numbers give an excellent representation of the
refractive index and its dispersion15 when used in the
formulal‘7

By Eg .
> 2 (4)
E, (hw)

Owing to the poor quality of the E||& data, no attempt

was made to determine EJ and Eyq for this polarization.
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Table I. Energy values for the reflectivity peaks labeled in
Fig. 1. Peaks which are too broad to be determined
accurately are given in parentheses. The predicted
peak energies are based on the density-of-states
diagram in Fig. 2 as discussed in the text.

Reflectivity 0256£V8d Peik Energy+(ez) Predicted Peak
Peak El|a E||b El|c Energy (eV)
Eq 2.0 2.1 2.2
E, 2.8 2.7 2.5
E3 3.4 3.2 3.3 3.2-3.5
E, 4.9 5.0 4.7 4.6 -4.9
Eg - == 5.8
E¢ 6.6 6.8 6.3 6.3-6.6
E7 — 8.9 -
¥ - — -
ES 9.4
E8 (10.6) 10.6 10.7 10.3-10.6
Eq 13.9 13.7 (14)
E 16 (16.3) - 15.0 - 15.3

10
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Figure Captions

Fig. 1. Experimental reflectivities for GeS in all three
principal polarizations at 300K. Energy positions
of the labeled peaks are given in Table I.

Fig. 2. A gualitative representation of the densities of
conduction and valence-band states in GeS along
with the predominant atomic-like characters of the

wavefunctions for each band.

Fig. 3. The results of a Kramers-Kronig analysis of the
reflectivity spectra shown in Fig. 2. The solid
lines represent €y 7 the dashed lines €y 3 and
the dash-dot lines, the encrgy-loss function
(Im(-1/¢) .
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