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Room-temperature reflectivity measurements over the energy range 0.5 to 25 eV have been made on the
lead salts PbS, PbSe, PbTe, and on SnTe and GeTe; reflection curves have also been obtained for the
structurally closely related Group V semimetals As, Sb, and Bi. In addition, the lead salts were measured
at 77°K in the region below 6 eV. Measurements of transmission, also in the energy range below 6 eV,
both at room temperature and at 77°K were made on epitaxially-deposited thin films of the lead salts and of
SnTe. The observed structure on the reflectivity and absorption curves could be analyzed in general terms by
comparison with the results obtained for diamond and zinc-blende materials and in particular by comparison
with a recent augmented plane-wave band structure calculation of one of the lead salts (PbTe). An analysis
of the reflectivity curves for some of the materials studied, using the Kramers-Kronig relation, enabled a
detailed comparison to be made of the optical constants obtained from both reflection and transmission

results.

I. INTRODUCTION

EASUREMENTS of reflectivity and absorption

in the fundamental region of a semiconductor
provide a direct method of observing interband transi-
tions and studying the band structure of the material.*~7
In practice, because of the very high absorption coeffi-
cients involved, reflectivity measurements have received
the most attention in the last few years, and their value
in elucidating the deep-lying energy-band schemes in
the diamond and zinc-blende structures has been more
than adequately demonstrated. However, relatively
few fundamental reflectivity measurements have been
made on semiconductors having different structures.
A natural extension of the zinc-blende materials is a
study of crystals having wurtzite structure, in particular
these which crystallize in both forms (e.g., ZnS). Recent
results on such materials® indicate the close correspond-
ence between the zinc-blende and wurtzite structures.
The present work concerns materials having basically
the face-centered cubic rock-salt structure. Whereas the
zinc-blende lattice consists of two face-centered cubic
lattices shifted by the vector (a¢/4, ¢/4, a/4), the two
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face-centered cubic sublattices of the rock salt are
shifted by (a¢/2, a/2, a/2) (a is the lattice constant). In
view of this similarity, one might expect some similar-
ities between the reflectivity of the zinc-blende and
rock-salt materials. We have studied the reflectivity of
the lead salts PbS, PbSe, and PbTe and of SnTe and
shown that such similarities exist.

It is possible to draw some conclusions about the
deep-lying energy-band scheme of the lead salts by
comparison with the results of a recent augmented-
plane-wave (APW) type band structure calculation
made by Johnson et al.? The absorption properties of
evaporated epitaxial thin films of these materials have
also been studied over a limited energy range, and it is
shown that excellent agreement exists between the
measured absorption coefficient, and that computed
from the reflectivity results using the Kramers-Kronig
relation. Our results are compared with the earlier
absorption curves of Gibson,! Avery'? and Scanlon.®

Earlier work on evaluation of the band structure of
the lead salts has largely been limited to observations
associated with the lowest conduction band and highest
valence band. Both direct and indirect optical transi-
tions have been reported in all three materials.’® The
energy difference between these absorption thresholds
(~0.03 eV) is of the same order as the characteristic
Debye energy kgzfp, and suggests that these indirect
transitions may be caused by emission or absorption of
lattice phonons, and still correspond to transitions be-
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tween valence and conduction-band extrema at the same
point in the Brillouin zone. The band extrema of PbTe
have previously been studied using the de Haas-van
Alphen effect,* Azbel-Kaner resonance,’® and the
Shubnikov-de Haas effect.’® These expetiments indicate
both for the valence and conduction band the presence
of four prolate ellipsoids along the [1117] directions with
their extrema at the faces of the Brillouin zone (L
point). The bands give rise to a small direct-energy gap
at the edge of the Brillouin zone. The effective mass of
the valence-band ellipsoids is strongly temperature-de-
pendent due to the adding effects of nonparabolicity
and the temperature variation of the energy gap; this
causes an unusually steep temperature dependence of
mobility in both #- and p-type PbTe. The separation
of the valence-band extrema is small (de Haas-van
Alphen effects give an estimate of 0.002 eV) ; however,
recent infrared reflectivity and absorption measure-
ments'” suggest a value of 0.08 eV. Calculations seem

to show that it is unlikely that the indirect optical gap

is caused by transitions from the [000] valence-band
maximum to the conduction band at the L point. These
considerations also apply to PbS and PbSe, although
there is evidence that the energy bands are nearly
isotropic, i.e., the energy surfaces are nearly spher-
ical®® Although one may conclude from this isotropy
that the direct gap occurs at k=0, one must realize that
constant energy ellipsoids at L may also be near
isotropic. In view of the identical anomalous tempera-
ture coefficients of the optical gaps for the lead salts
and the discussion in the following sections, it seems
more reasonable to assign the optical gap to the same
transition in all three materials.

There is uncertainty as to whether SnTe is a semi-
conductor or a semimetal. It can only be prepared as a
p-type material with about 10% holes X cm™3.20 This fact
favors the semimetal character of the material, how-
ever, recent measurements of thermoelectric power?
seem to favor the semiconductor character. Little is
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known about its band structure, and consequently,
SnTe has been included in the present measurements.

The Group V semimetals As, Sh, and Bi, and also the
IV-VI compound GeTe, form a closely related group of
materials having the rock-salt structure with the
addition of a small trigonal distortion along the [111]
axis, Consequently, one might expect similarities in the
deep-band structure with the lead-salt semiconductors.
Hall and Koenig®? have demonstrated that the band
structure of the Group V semimetals can be obtained
from the lead-salt band structure (i.e., PbTe) by sub-
jecting the lattice to a small uniaxial extension in the
[1117] direction. These authors have also shown that
such experimental results as the reversal of the con-
ductivity anisotropy at low temperatures in Bi-Sb
alloys can be completely predicted by this type of
treatment. The Fermi surface of semimetals such as Bi
has been investigated for many years, and its ellipsoidal
nature is well known, but it has only recently been
demonstrated that the electrons lie in three ellipsoids
centered at the L point and light holes in a fourth
ellipsoid.? There are no measurements however on the
deeper lying bands and in the present work we have
shown the similarities that exist between these semi-
metals and the lead salts.

II. MEASUREMENTS
A. Equipment

" The low-energy reflectivity results (<6 eV) were
obtained using a 50-cm Bausch and Lomb grating
instrument, and a quartz windowed cryostat capable of
being cooled to 77°K. No reference mirror was used,
the photomultiplier detector being rotated around the
cryostat to obtain direct and reflected intensities. The
precautions taken to-avoid specimen surface contamina-
tion have been described elsewhere.” Low-energy
absorption curves were obtained using a Cary double-
beam spectrophotometer. Reflectance in the 6-25-eV
region was measured with a Jarrell-Ash 1-m Seya-type
spectrometer used in windowless operation. The source
used, and the experimental technique is also detailed
elsewhere.” Owing to the relatively high gas pressure in
the system during operation, reliable measurements
could not be taken at low temperature in the vacuum
ultraviolet. Marked changes with time were initially
observed in the reflectance of both PbS and PbSe when
measured using the hydrogen source. Smith and Dutton
have also reported this effect* in their measurements
of the photoelectric yield of PbS, but do not explain it.
These effects have now clearly been shown to arise
solely from a photochemical reaction involving the
hydrogen gas present in the spectrometer. Replacement
of the source gas by either neon, argon, or helium gave
completely reproducible reflectances that showed no
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28 A, L. Jain and S. H. Koenig, Phys. Rev. 127, 442 (1962).
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GROUP 1V-VI
variation with high-energy irradiation. This photo-
chemical reaction was confirmed by the slight smell of
hydrogen sulphide that existed in the specimen chamber
when samples were being removed after windowless
hydrogen operation.

B. Sample Preparation—Reflection

A number of etching techniques have been published
for PbTe and PbS;!7:26:26 all claim to, and in fact do,
give mirror-like etched surfaces. However, we have
consistently found that the reflectance maxima in the
near ultraviolet from these etched surfaces occur at
lower energies (up to 0.2 eV) than peaks obtained from
cleaved surfaces. Surfaces used for reflectance in the
present work have therefore all been either cleaved, or
“as grown” in the case of the epitaxial layers. Cleaved
single-crystal material was used for all the measure-
ments below 6 eV. Measurements in the vacuum ultra-
violet were obtained from cleaved single crystals in the
case of As, Sb, Bi, and from evaporated epitaxial layers
in the case of the lead salts, SnTe and GeTe. The layers
were evaporated onto single-crystal substrates, cleaved
in air, and held at a temperature of approximately
300°C. The technique followed that reported by
Schoolar et al.?"; x-ray results showed all the films to be
single crystal and to have the crystal orientation [in
this case (100)] of the substrate. The GeTe prepared in
this manner showed a polycrystalline nature and no
epitaxial effect. Some attempt was made to match the
lattice constants between films and substrates, though
there are doubts whether this refinement is really
necessary. Consequently, the following combinations
were adopted: PbTe on KBr, PbSe on KCI or NaCl,
PbS on NaCl, and SnTe on KCI. No attempt was made
to determine the impurity levels in the materials
studied; we have found for diamond and zinc-blende
materials that the reflectivity spectra are not influenced
by normally encountered variations in impurity
concentration.?

C. Transmission Measurements

Epitaxial thin films for transmission measurements
were also prepared by the technique detailed above. A
quartz substrate was mounted next to the alkali-halide
substrate during evaporation. The optical density of
both films was the same. The thickness of the films was
determined on the film with the quartz substrate by the
Tolansky interference method. Photographs of the step
fringes produced at the layer edges enabled the thick-
ness to be estimated with an accuracy of =100 A. The
layers measured in the following section had a thickness
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REFLECTIVITY OF
PbS, PbSe AND PbTe

6o AT 207°K

L
R% (PbS)
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F16. 1. Room-temperature reflectivity of PbS, PhSe, and PbTe.

of approximately 300 A, and appeared light yellow by
transmitted light. Besides measurement at room tem-
perature and 77°K, one of the PbTe films was measured
at liquid-helium temperature. No significant difference
between the 77 and 4°K curves was observed except for
a very slight sharpening of the structure at the lower
temperature.

III. RESULTS

The room-temperature reflectivity of the three lead
salts is shown in Fig. 1. Attempts were made to obtain
good absolute values of the reflectivity and the curves
shown should be accurate to a few percent. The corre-
sponding results for SnTe and GeTe are shown in
Fig. 2. We have labeled the reflectivity peaks E; to Es,
the E, peak in all cases corresponds to the absolute
maximum in reflectivity. It should be noted that
whereas the lead salts show a rise in reflectivity at high
energies (above 15 eV), SnTe and GeTe do not. This
behavior is discussed in Sec. V. The Ey, E,, and E; peaks
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T1c. 2. Room-temperature reflectivity of SnTe and GeTe.
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in the lead salts were also examined in greater detail
than is shown in Fig. 1, both at room temperature and
77°K. The reason was twofold: to establish the pres-
ence, if any, of fine structure on these peaks, and to
attempt to measure the temperature coefficients. We
could detect no fine structure on the E;, however all
three lead salts showed evidence of structure on the Es
peak and PbTe showed some structure at the Es peak.
A detailed curve of part of the E; maximum for PbS
both at room temperature and 77°K is shown in Fig. 3.
We have not been able to interpret this fine structure.
It was extremely difficult to make good estimates of
temperature coefficients of the maxima owing to the
broad nature of the peaks. The error in such estimates
is consequently rather large. All measurements of the
E,, E,, and E; maxima pointed however to a zero or
small positive temperature coefficient, a surprising
result in view of the large positive coefficient )f the
direct optical gap, and the negative coefficient observed
in the majority of diamond and zinc-blende materials.
Detailed curves of the E; peak in PbTe are also shown
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F16. 4. Room-temperature reflectivity of As,
and region below 6 eV at 77°K.
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in Fig. 3. A value of dE;/dT= (+1.0£1.5)X10~* eV
(°C)~! is obtained for this peak.

The room-temperature reflectivity of As, Sb, and Bi
is shown in Figs. 4 to 6; also included in these curves are
the values at 77°K for energies less than 6 eV. The
results for Bi have been extended further to lower
energies, and show the large drop in reflection coefficient
in the infrared, due to the plasma edge. The reflectivity
of Sb and Bi at low energies undergoes a sharp rise on
cooling to 77°K. This effect, which does not seem to be
due to experimental troubles is at present unexplained.
The cleaved surfaces of both materials were extremely
stable, and showed no signs of oxidation after being kept
for periods of months in air. It is in fact the curve for
As that should be treated with caution, because al-
though the sample was placed in vacuum directly after
cleaving, it is oxidized rapidly on subsequent exposure
to the atmosphere.

The thin-film transmission measurements at room
temperature and 77°K for the three lead salts and SnTe

80 |- Ve, 7
W REFLECTIVITY OF $b (CLEAVED)

4 —— RT J

o TT

20 1

F16. 5. Room-temperature reflectivity of Sb,
and region below 6 eV at 77°K.
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are shown in Figs. 7 to 10. The absorption coefficients
calculated from the reflectivity using the Kramers-
Kronig relations (see Sec. IV) are also shown in these
figures. The transmission results at room temperature
have been normalized to agree in magnitude with the
reflectivity results at the position of maximum absorp-
tion. Using the results in Figs. 7 to 10 together with the
measured reflectivity and the values of #» and % taken
from the Kramers-Kronig results, it is possible to
calculate the film thickness from the expression
I=TI¢(1—R)*(1+%2/n?) exp(—ad), which applies in the
region of highest absorption for these materials. (This
expression only applies when the medium both sides of
the film is the same, however, since the refractive index
of the alkali halides is small, the correction due to the
substrate is negligible.) Using this procedure the
following thicknesses are obtained for the films of
Figs. 7 to 10: PbS 340 A, PbSe 250 A, PbTe 280 A, and
SnTe 300 A, in excellent agreement with the thicknesses
measured directly using the Tolansky method.

The transmission results given here show a consistent
deviation at low energies from the absorption curves
obtained from the Kramers-Kronig analysis. This
deviation is due to the effect of multiple internal reflec-
tions in a region where the films are relatively trans-
parent. We have made no attempt to compute this
effect in detail, but a rough calculation shows that the
difference can be completely accounted for by the
presence of these reflections.

The E, absorption peak of PbSe is seen to sharpen
considerably at low temperature. This peak in the other
materials does not change appreciably on cooling. This
behavior was also noted in reflectivity, where it was
observed that the PbSe E; peak became much sharper
at 77°K, but PbS, PbTe, and SnTe did not change.

It should be noted that the absorption curves re-
ported here are essentially in good agreement with the
early results of Gibson.!® There is no evidence however
for the long low-energy absorption plateau reported by
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Fic. 6. Room-temperature reflectivity of Bi,
and region below 6 eV at 77°K.
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Fic. 7. Transmission of PbS at RT and 77°K, with room-
temperature absorption coefficient (@) calculated from the
reflectivity.

Scanlon® which we believe is due to the presence of
pinholes in the samples or scattered light in the mono-
chromator.

The collected results of both reflection and trans-
mission for all the materials studied are given in Table I.
The energies of the E;, Es, and E; maxima have been
obtained by three methods: (1) direct from the reflec-
tivity peaks, (2) from the maxima in absorption
coefficient (o) computed from the reflectivity data using
the Kramers-Kronig relation, and (3) from the maxima
in the thin-film transmission curves. In the case of the
E, peak, figures are also given for maxima in the
function e;F? (where eo= 2nk, the imaginary part of the
dielectric constant). This function is proportional to
the joint density of states if the matrix element of p
determining the E, transition remains constant. Con-
siderable differences exist between the maximum values
obtained by the various methods, in particular between
the reflectivity peaks and the maxima in the density of
states. This is a consequence of the broad nature of the
peaks in all these materials, in contrast to the relatively
sharp structure associated with diamond and zinc-
blende substances. (In these last materials the shift
between the peaks determined by reflection, trans-
mission and from e,F? is less than 0.1 eV.)

10 T T T T 15
PbSe
8 r—-
{10
'-E 61—  Log % (297°k
= [CO
‘?g @
x 4l o
¢ —os
2
Log = (77°)
ok=19) | l L ! | o
o 1 2 3 4 5 6
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F1c. 8. Transmission of PbSe at RT and 77°K with room-
temperature absorption coefficient (@) calculated from the
reflectivity.
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TaBLE 1. Collected results.

PbS PbSe PbTe SnTe SeTe As Sb Bi
E, Onset of indirect transitions RT 0.37 0.26 0.29
(Gibson and Scanlon) 71°K 0.30 0.18 0.21
From reflectivity RT 1.83 1.54 1.24 2.2 1.2
E, Peak in « from Kramers-Kronig RT 1.95 1.55 1.25 0.9
From thin-film transmission RT 1.88 1.59 1.26 0.97
77°K 1.85 1.59 1.24
From reflectivity RT 3.67 3.12 2.45 2.07 1.98 3.5 2.5 1.7
Peak in a from Kramers-Kronig RT 3.54 2.75 2.30 2.00 2.5
E, From thin-film transmission RT 3.52 2.98 2.20 1.96
77°K 3.49 2.95 2.18 1.95
Maximum in nkE? RT 3.20 2.52 1.98 1.82 2.0
From reflectivity RT 5.3 4.5 3.5 3.2 3.2 5.1 3.9 3.1
E; {Peak in @ from Kramers-Kronig RT 5.0 4.4 3.5 3.1 3.9
From thin-film transmission RT 5.232 4.65 3.36 3.06
71°K 5.27s 4,65 3.34 3.04
E, From reflectivity RT 8.1 71 6.3 6.1 5.4 6.9 5.7 5.0
Eg From reflectivity RT 9.8 9.1 7.8 74 6.2 10.6 7.6 7.0
Ly From reflectivity RT 13.9 12.5 11.2 9.1 7.8 13.6 9.4 8.6

# Substrate absorbing strongly.

The thin-film transmission results allow an accurate
estimate to be made of the temperature coefficients of
the three low-energy peaks in the lead salts and SnTe.
The figures given in Table I confirm the trends indicated
by the reflectivity curves, and reveal a small positive
coefficient for all three peaks. A possible explanation
for these low coefficients is put forward in Sec. V.

IV. KRAMERS-KRONIG ANALYSIS
A. Procedure

The real and imaginary parts of the refractive index
n and k can be obtained! from the reflectivity spectrum
at normal incidence R(E) (E=photon energy) by calcu-
lating the integral
E+E,

1 [»dInR(E)
0 (E()) =— / In
27!‘ 0 dE E'—'Eo

n and % are then given as the solution of the equation:
(n—ik—1)/(n—ik+1)=R'?". 2

1)

Pb Te

P (a) Lho'-
Loq—;-(ZST"K)
al

@ x16° (em™)

Lol 777K
. .
o 1 2 3 4 5 6

- @Y

F1c. 9. Transmission of PbTe at RT and 77°K with room-
temperature absorption coefficient (c) calculated from the
reflectivity.

Equation (1) is readily obtained by substituting Eq. (2)
into the conventional Kramers-Kronig relations.

The integrand in Eq. (1) is singular for E=E, and
the integral is to be interpreted as the Cauchy principal
value. In order to handle Eq. (1) with a computer, it is
convenient to transform it so as to remove this singu-
larity. This can be easily accomplished by adding to the
integrand®:

E+E,
E—E,

d1nR(Ey) |
dE

n

Integrating by parts we then obtain

Eo tx)lI]_R E —1 0.
0(Eq)=— / ——————(E)L:;(E )dE. 3)

™

The transformation from Eq. (1) to Eq. (3) is justifiable
for all physically meaningful reflection spectra. The
integrand in Eq. (3) is finite for E— E, provided the
reflectivity spectrum does not have an infinite slope
at E,. Such infinite slopes are never encountered
experimentally.

Since the spectral region of the reflectivity measure-
ments is always bounded (E<25 eV in our measure-
ments), it becomes necessary to extrapolate R(E) to
infinite energies in order to compute # and k. Most of
the optically strong transitions occur within the region
of our measurements, the oscillator strengths beyond
25 eV being extremely small as evidenced by the low
reflectivity. Hence the simplest extrapolation can be
made by lumping all oscillator strengths into a single
frequency and assuming that the absorption above 25
eV is practically zero while the dispersion is given by
the single oscillator dispersion. One then obtains

R=CE. 4)

20 We are grateful to Dr. R. W. Klopfenstein for suggesting this
transformation.
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In Ref. 1 the exponent of Eq. (4) was taken to be an
adjustable parameter and adjusted ad koc until the best
agreement between calculated and experimental absorp-
tion coefficients at low temperatures was obtained. We
have simply taken an exponent equal to —4 and ob-
tained good agreement with transmission data.

In order to process the data with a computer, the
integral in Eq. (1) is decomposed into an integral with
the experimental R(E) between 0 and 25 eV and an
integral with R=CE~* from 25 eV to infinity (C is
calculated so as to have the reflectivity continuous at
25 eV). In order to evaluate the first integral, the
spectrum is divided into 0.1 eV intervals and a parabola
is fitted to each three consecutive points. The integral
for each parabolic segment is calculated in closed form
as a function of the coefficients of the parabola and the
contribution from each segment is added up by the
computer. The integral from 25 eV to infinity can be
transformed into

“ InR(E)—InR (Eo) 1 25+ E,
/ ———————— —dE=—-TInC—InR(Ey)] In
25 E— E02 2E0 25

40

(Y it ms. 6
_E(,Et)(g) [14(2r41) In25]. (5)

Equation (5) is summed with the computer.

B. Results

We have only applied the Kramers-Kronig analysis
to the room-temperature reflection data, since the low-
temperature data do not extend into the vacuum ultra-
violet region. This analysis has been made for the
reflection data in the lead salts, SnTe, and antimony
cleaved perpendicular to the hexagonal (optical) axis.
The optical constants obtained for antimony refer to
propagation along this axis. Figures 11-15 show the
optical constants # and & obtained for PbS, PbSe, PbTe,
SnTe, and Sb, respectively.

We have also plotted in these figures the imaginary
part of —1/¢ (e is the dielectric constant) which, as we
shall discuss in the next section, is proportional to the
characteristic energy loss for transmission of electron
beams through thin films. For the sake of completeness
we have plotted in Fig. 16 the real and the imaginary
part of the dielectric constant (e; and e,, respectively)
for PbTe at room temperature, as calculated from the
optical constants of Fig. 13. Figure 17 shows the func-
tion e;£? which is roughly proportional to the combined
density of states for the optical transitions, for PbTe
and for germanium.®

V. DISCUSSION

The energies of the reflectivity peaks of the lead
salts, SnTe and GeTe are plotted in Fig. 18 as a function
of lattice parameter. Values for E, have been taken
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F1e. 10. Transmission of SnTe at RT and 77°K with room-
temperature absorption coefficient (@) calculated from the
reflectivity.

from Scanlon’s absorption curves. The corresponding
results for As, Sb, and Bi are shown in Fig. 19. These
figures, and the similarities between all the reflectivity
curves, make it reasonable to assume that corresponding
peaks are caused by the same mechanism in each
material. This is certainly true for the E;—FEg peaks of
the three lead salts.

The most striking feature of Fig. 18 is the decrease
of all gaps (E1-Es) when lead is substituted by an atom
of the same column and smaller atomic number (Sn,Ge).
In diamond and zinc-blende-type materials, gaps in-
volving an s-like conduction-band state always decrease
with increasing atomic number (the smallest direct gap
of ZnS is larger than that of ZnO but this seems to be
the only exception to the rule). This is to be expected
since the energy of states with a nonvanishing wave
function at the core decreases very rapidly with increas-
ing atomic number.®® Gaps between p- or d-like states
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Fic. 11. Room-temperature Kramers-Kronig analysis
and energy-loss function for PbS.

® F. Herman and W. S. Skillman, Proceedings of the International
Conference on Semiconductor Physics, Prague, 1960 (Czechoslo-
vakian Academy of Sciences, Prague 1961), p. 20.
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Fi16. 12. Room-temperature Kramers-Kronig analysis
and energy-loss function for PbSe.

do not change much when the atomic number of one of
the components is changed. These gaps sometimes in-
crease when the atomic numbers are increased (e.g., the
T'y5-T'15 gap GaP-InP, CdS-ZnS-ZnSe, CdTe-ZnTe).
As we shall see later, the Eo, E;, E,, and E; gaps are
energy differences between predominantly p-type states
and hence a decrease in these gaps when replacing lead
by tin or germanium is not surprising. The E,, E5 states
are interpreted in the following discussion as gaps
between an s-like valence-band state and a p-like con-
duction band. With increasing atomic number, the
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F16. 13. Room-temperature Kramers-Kronig analysis
and energy-loss function for PbTe.

energy of the s-like state decreases faster than that of
the p-like state and hence an increase in the gap is to
be expected. The nature of the conduction band associ-
ated with the Eg state is not clear and hence such a
discussion cannot be given for this state.

PbS formed the subject of an early band structure
calculation.®? This analysis showed that the energy
bands were not simple paraboloids about the origin

3t M. Cardona, Phys. Chem. Solids (to be published).

2D, G. Bell, D. M. Hum, L. Pincherle, D. W. Sciama, and
P. M. Woodward, Proc. Roy. Soc. (London) A217, 71 (1953).
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of k space, but contained various maxima and minima
at nonzero k values. The calculations indicated however
that the minimum separation between valence and
conduction bands occurred along the [1107] direction,
and not at the center of the Brillouin zone. We have
based our interpretation of the band structure of the
materials here, on the recent APW calculation on PbTe
carried out by Johnson et al.® The essential results of
this calculation are shown in Figs. 20 and 21. Figure 20
shows the E versus k curves for the three symmetry
directions in k space: [1117, [1107, and [100], together
with an indication of the atomic procedence of the vari-
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Fic. 14. Room-temperature Kramers-Kronig analysis
and energy-loss function for SnTe.

ous states at k=0. Figure 21 shows the preliminary
results in one direction [1117] of the same calculation
modified to include the rather large spin-orbit inter-
action (the atomic spin-orbit splitting in Pb is of the
order of 1 €V). (See note added in proof.) It has been
pointed out® that, in the zinc-blende-type materials,
structure in the optical spectra arises from transitions
between states which are degenerate in the empty
lattice; only these states yield large enough matrix
elements of p. This rule can be easily justified if there
is no appreciable mixing between the various empty
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Fic. 15. Room-temperature Kramers-Kronig analysis
and energy-loss function for Sb.

8 J, C, Phillips (private communication).
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Fi1c. 16. Real and imaginary parts of the dielectric constant
e and e; for PbTe (room temperature).

lattice states belonging to different energies. In the
lead salts these states are heavily mixed: the k=0
gap (see Fig. 20) is formed from states which belong to
two different empty lattice eigenvalues. The next k=0
conduction band (T'ss"), however, belongs to the same
empty lattice eigenvalue as the I';s valence band.

This rule can still be used to exclude optical transi-
tions from the lowest valence band (T'; at k=0) to any
conduction band.
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Fic. 17. Combined density of states function e;E? (in arbitrary
units) for germanium and PbTe, as obtained from the Kramers-
Kronig analysis (room temperature).

Eqy Transitions

The calculations shown in Fig. 21 indicate that the
minimum band separation for PbTe occurs in the [111]
direction in agreement with the experimental evidence
referred to in Sec. I. The calculation also indicates that
the valence band between I' and L is rather flat, with
a maximum near the midpoint of the zone. The experi-
ments, however, indicate that the top of the valence
band is at the L point.'® We can attribute this to in-
accuracies in the band calculations: a simple distortion
of the Ag band in Fig. 21 brings the maximum to the
L point. The smallest allowed direct-energy gap (E)

A1693

corresponds to Lgt— (Li~,Ls™) (the Ly and L states are
degenerate due to time-reversal symmetry) and, if the
band calculation is correct, should correspond to the
direct absorption edge of the material.® The indirect
edge could be due to optical phonon absorption at the
same states or to transitions from valence-band states
higher than Lg*, which may exist according to Fig. 21.

The direct absorption edge for PbS and PbSe looks
quantitatively the same (only shifted in energy) as in
PbTe.® Also the “anomalous” temperature coefficient
of this edge is the same in the three materials, hence it

T T T " T 16
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Fic. 18. Reflectivity-peak energies plotted against lattice
parameter for PbS, PbSe, PbTe, SnTe, and GeTe. (E, values taken
from Scanlon’s absorption results.)

looks very much as if the direct gaps of the three
materials were due to the same type of transitions at
the L point. The work of Palik and Mitchell® suggests
that the valence- and conduction-band states which
produce the E, edge are nondegenerate in PbS. This
would rule out the possibility of transitions at k=0,
since the highest valence band at this point will most
likely also be the I's~ for PbS and hence will be de-
generate. However, the interband magnetoabsorption
measurements' seem to indicate that the states produc-
ing the E, gap have spherical energy surfaces. While
this is not totally impossible for an L gap, it is sur-

. =———LATTICE PARAMETER (R) ——w

F16. 19. Energies of reflectivity peaks plotted against
lattice parameter for As, Sb, and Bi.
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Fic. 20. Results of APW energy band calculation for PbTe ob-
tained by Johnson ef.al., excluding spin-orbit interaction.

prising; one would expect some anisotropy if the
constant energy surfaces are not centered at k=0. Also
piezoresistance measurements in'® PbSe indicate that
the lowest conduction-band minimum and the highest
valence-band maximum are isotropic; these states could
occur at k=0 but be of the same parity so that optical
transitions between them are forbidden. We think this
possibility is rather improbable.

Figure 18 shows that Eq for PbSe occurs at slightly
lower energy than for the other two lead salts. This
could be produced by the high spin-orbit mixing of the
conduction- and valence-band states involved in the Eo
transitions.

From the above proposed band scheme, it is possible
to suggest a qualitative explanation for the large posi-
tive temperature coefficient associated with the optical
gaps in the lead salts. The temperature coefficient of an
energy gap can be written as the sum of two terms:

OE OE 10V aP\ /oE
Gl Go) G G G @
AT/p \oV/y VNoT/p \3V/¢\0P/r
where (1/V)(@V/dT)p=volume expansion coefficient
and (V(6P/dV))1=the volume compressibility. The
first term in Eq. (6) is due to electron-phonon interac-
tion, and in diamond and zinc-blende materials is nega-

tive and equal to approximately —2X10~* eV/°C. The
second term is due to the dilation of the lattice. In
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diamond and zinc-blende semiconductors this term is
also generally negative, consequently, one obtains a
total coefficient that is of the order of —4X10~eV/°C
for most of the interband transitions. Paul has shown,
however,* that for PbS and PbSe, and possibly also
PbTe, the second term is positive and equal to +2X10~*
eV/°C. This means that for the E, gap the electron-
phonon interaction must also give a positive contribu-
tion. This can, in principle, happen when a band ex-
tremum causing the transition is not the absolute
extremum of the band. If, for example, there exists a
valence-band extremum at a slightly higher energy,
then the perturbation caused by this band can shift the
lower band downwards as the temperature is raised and
lead to a positive electron-phonon contribution. It is
exactly this type of valence-band structure that we
propose for the lead salts. The L¢~ valence-band state,
acting as an intermediate state for the phonon inter-
action, could lower the L¢t state and thus give a positive
temperature coefficient for Eq. (See note added in proof.)

E1 Transitions

The second minimum band separation in PbTe lies
in the [110] direction (Z,~24 transitions) according to
Fig. 20, and the E; peak is assigned to this point. The
[110] conduction band probably has at this point a
saddle-point type of structure since the energy differ-
ence increases when moving away from E; in the [110]
direction and decreases when moving towards the [111]
points. This behavior has an analog in the zinc-blende
materials, where both main near ultraviolet reflectivity
maxima (Az-A; and Xs-X;) are due to transitions at
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F1e. 21. Preliminary results of energy-band calculation by
Johnson et al. for PbTe in [111] direction, including spin-orbit
interaction.

#W. Paul, M. De Meis, and L. X. Finegold, Proceedings of the
International Conference on the Physics of Semiconductors, Exeler,
1962 (The Institute of Physics and the Physical Society, London,
1962), p. 712.
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F1G. 22. Experimental and calculated variation of the refractive
index with temperature for PbS and PbTe.

an M saddle point.® The calculated energy of the E;
transition in PbTe (1.4 eV) agrees well with the experi-
mental value of 1.24 eV. The shape of the E; edge (see
Figs. 16 and 17) also seems to suggest transitions at an
M -type saddle point.

The E; gap shows a very small temperature depend-
ence (see Table I), about +10~* eV X (°C)~* for PbTe
and PbS and smaller than our experimental error
[0.5X 104 eV X (°C)~'] for PbSe.

Eq and E; Transitions

The absolute maximum in reflectivity in zinc-blende
materials is caused by two saddle-point singularities
(at the X and 2 points) very close in energy.’® These
saddle points are of the My (X) and M, (Z) type: the
rise in density of states with energy due to M, combines
with the fall due to M, and gives a very sharp peak.
The highest (E,) peak shown in Figs. 8 to 17 seems to
indicate a similar type of singularity for the materials
under consideration here. An examination of Fig. 20
shows that the E, peak could be due partly to the
saddle point associated with A;-A; transitions (in the
[100] direction, like the X transitions causing E for
zinc-blende materials). According to the calculations,
these transitions occur at 2.8 eV, reasonably close to
the values listed in Table I for the various E; peaks in
PbTe (these peaks occur at wavelengths somewhat
smaller than 2.8 ¢V; however, it is expected that spin-
orbit interaction will decrease the gaps shown in
Fig. 20). The other saddle-point singularity postu-
lated in order to explain the E; peak cannot be easily
identified due to the incomplete nature of the calcula-
tions depicted in Fig. 20. One possibility would be the
A1-Ay transitions, however, the singularity could also
occur, like in zinc blende, in the Z direction. We have
also tentatively assigned the Ej; peak to X5—X, transi-
tions. The I'y5T'35 transitions, which give a gap close
to Es, are forbidden by parity.

8 D. Brust, J. C. Phillips, and F. Bassani, Phys. Rev. Letters 9,
94 (1962).
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The E; gap has a small positive temperature coeffi-
cient of about 10~* eV X (°C)~! for the lead salts and
SnTe. A similar behavior is observed for the E; gap in
PbTe and SnTe; the negative coefficient observed for
PbS is believed to be spurious due to the incipient
absorption of the NaCl substrate.

The electronic contribution to the long-wavelength
intrinsic refractive index of the lead salts is mostly
produced by the E, absorption. The large temperature
coefficient of the refractive index reported by Avery3®
for PbS [dn/dT=—6X10~* (°C)™'] cannot be due to
the shift of the E; edge with temperature and must be
attributed to the variation with temperature of the
small contribution of E, to the dispersion. This contri-
bution can be estimated to be, under the assumption
of perfect parabolicity for the bands giving the Eq gap®':

4w X, (E) = Am*1RE-[2E 12— (Ey— E)'P
— (Bt EN], for E<E,. (7)

The constant A, which is proportional to a square
matrix element for the E, transitions, can be determined
from recent dispersion data obtained by Zemel.?® The
contribution of E, to the zero-frequency dielectric
constant is about 5 for PbTe and PbS. This value is
much larger than the contribution of the fundamental
direct-absorption edge E, to the dielectric constant of
germanium and zinc-blende-type materials due to the
fact that E, in these materials occurs at k=0 while it
occurs at the L point in the lead salts. Thus the density
of states for the transitions is larger in the latter than
in the former materials. Figure 22 shows the tempera-
ture dependence of » calculated from Eq. (7) and the
known temperature dependence of Eo.!3 m* is assumed
temperature-independent since the longitudinal com-
ponent of it is not determined by Eq and the transverse
component is only affected by the thermal expansion
contribution to dEy/dT. A is also assumed to be tem-
perature-independent. We have measured the tempera-
ture dependence of # by measuring the shift with
temperature of the interference fringes produced in the
infrared by thick epitaxial films of PbS and PbTe (see
Sec. II). The results, also shown in Fig. 22, are in good
qualitative agreement with the calculations based on
Eq. (7). The temperature dependence remanent at long
wavelengths may be due to some free-carrier contribu-
tion to the dispersion.

E, and Es Transitions

Figure 17 emphasizes the similarity between the band
structures of the lead salts and germanium. The only
striking difference is the presence of the two extra peaks
E, and E; in the lead salts. One is thus tempted to
attribute these peaks to the two extra electrons per unit

36 D. G. Avery, Proc. Phys. Soc. (London) B67, 2 (1954).

3 L.1. Korovin, Fiz. Tverd. Tela 1, 1311 (1959) [ English transl.:
Soviet Phys.—Solid State 1, 1202 (1959)].

38 J. Zemel (to be published).
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F16. 23. Experimental and calculated curves of ¢ and e
for SnTe at high energies (E,=15 eV, E,=35.2 eV).

cell that the lead salts have, compared with germanium.
These two electrons occupy the second lowest I'; band
(see Fig. 20). We have tentatively assigned the E4 and
E; peaks to transitions from this I'y level to the spin-
orbit split I';s conduction band. The E+Es splitting
would thus correspond to the spin-orbit splitting of the
T';5 states. Figure 21 shows that this splitting is 1.7 eV,
in good agreement with the experimental EEjs splitting
in PbTe. Furthermore from Fig. 20 it is seen that the
conduction band at k=0 is formed mostly from the
6 p electrons of lead. One might therefore expect the
EE; splitting to remain constant in the three lead
salts, and to decrease for SnTe and GeTe with decreas-
ing atomic number of the Group IV atom; in Fig. 17,
it is seen that this behavior does take place.

Eg Transitions

The E; shown for germanium in Fig. 17 seems to be
the peak assigned by Phillips® to L;~Ly transitions.
According to Fig. 20, the Ls—Ly gap is 9 eV in PbTe
and thus the experimentally observed Es peak (11 eV)
could be caused by these transitions. Lz and Ly are
degenerate in the empty lattice. Other possibilities can
be suggested by inspection of Fig. 20 (such as lowest
I't-T'3s) but most of them correspond to transitions
between states which belong to different empty lattice
eigenvalues.

d Bands

Figure 1 shows the presence of a rise in reflectivity at
high energies (above 15 €V). The rise is observed in the
three lead salts, but not for SnTe and GeTe. This effect
is clearly due to transitions from filled ¢ bands to the
conduction band. In the lead salts the d bands arise from
the atomic d bands of lead, and are located about 24 eV
below the conduction band. In SnTe and GeTe the @
bands lie much deeper, and should not be observed
over the energy range studied here. The rise in reflec-
tivity at high energies due to d bands has already been

# J. C. Phillips, Phys. Rev. 133, A452 (1964).
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observed in a number of zinc-blende semiconductors®?
and the effect in the lead salts is completely analogous.
No d-electrons effect is seen in As, Sb, and Bi (Figs. 5-7)
due to the depth of the & electron in these materials
(~50 eV).

Plasma Region

In the region where the oscillator strengths for the
optical transitions are mostly exhausted, the dielectric
constant can be represented by the classical Drude
formula®:

e(E)=1—wp,*(E/fiti/7.)7?, )

where 7, is an average collision time, wy,?=4me2N ,/m is
the plasma frequency of the valence electrons, IV, is
their density and m the free-electron mass. Due to the
E, and E; transitions, the region of applicability of
Eq. (8) is smaller in the materials under consideration
here than in germanium and in the ITI-V compounds.
We have chosen SnTe for comparison with Eq. (8)
since the E4 and Ej transitions occur in this material at
rather low energies and the d-electron transitions at
high energies. Figure 23 shows the real and imaginary
parts of the dielectric constant of SnTe obtained from
the Kramers-Kronig analysis of the reflection data (full
line) and the best experimental fit (broken line) ob-
tained with Eq. (8). The only adjustable parameter is
E.=#/7,, which is set equal to 5.2 eV. The plasma
frequency wy, is calculated by taking N,=35 electrons/
atom. The scattering time 7, is equal to 1.3)X10716 sec,
very close to the values obtained for zinc-blende-type
materials® (1.4X10716-1,8X 1016 sec).

In Figs. 11 to 15 we have plotted the characteristic
energy function —Im(1/e) calculated from the
Kramers-Kronig analysis of the reflection, for the lead
salts, SnTe and Sb. A quantitative agreement between
these results and the results obtained by means of
electron beams* does not exist, probably due to the
imperfect nature of the films used in the electron beams
experiments and also to the inaccuracy of the data
obtained from the Kramers-Kronig analysis (a large
peak in —Im(1/¢) is obtained from the analysis of the
very small, inaccurate reflection in the plasma region).
However, the structure observed in the beams experi-
ments (peaks marked Er in our figures) roughly corre-
sponds to structure obtained in the Kramers-Kronig
analysis. The main peak in the energy-loss function
occurs approximately at the plasma energy E, The
secondary peak between 5 and 8 eV seems due to the
E, and E; transitions. No electron beams data are
available for SnTe.

CONCLUSIONS

The reflection spectra of PbS, PbSe, PbTe, SnTe,
GeTe, As, Sb, and Bi have been measured under normal

4 H. R. Philipp and H. Ehrenreich, Phys. Rev. 129, 1550 (1963).
41, B. Leder, Phys. Rev. 103, 1721 (1956).
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incidence in the region between 0.5 and 25 V. A striking
similarity between these spectra has been found and
some analogy between these and the spectra of ger-
manium and zinc-blende-type materials has been
suggested. Six reflection peaks have been found in all
these materials. The energy of these peaks increases
through the sequence PbTe-PbSe-PbS but, un-
expectedly, decreases through PbTe-SnTe-GeTe. The
reflection results have been analyzed by the Kramers-
Kronig method and the optical constants determined
for PbS, PbSe, PbTe, SnTe, and Sb along the optical
axis.

The absorption constants obtained have been com-
pared with transmission medsurements made on thin
epitaxial films of PbS, PbSe, PbTe, and SnTe. The
agreement has been shown to be excellent. An attempt
has been made to interpret these peaks in terms of
transitions at Van Hove’s singularities in the energy
difference between bands at high symmetry points
(X,L,T") and lines (A,Z,A). The temperature shift of the
E,, E,, and E; peaks has been measured and found to be
about 410~ eV X (°C)~ for almost all materials under
consideration. This shift has been compared with the
measured temperature variation of the refractive index
and it has been concluded that this variation is mostly
due to the large shift of the fundamental edge (E,) with
temperature.

The effect of the d electrons of lead on the optical
spectra has been observed in the lead compounds. In
all other materials under consideration, this effect lies
beyond our experimental photon energy range.

The quasifree electron region (plasma region) of
SnTe has been studied in detail. It has been shown that
the phenomenological scattering time required to fit
the optical constants with the Drude formula is
1.3X1071¢ sec. The characteristic energy loss function
—Im(1/¢) has been obtained from the Kramers-Kronig
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analysis for the lead salts, SnTe, and antimony. The
results are in qualitative agreement with electron
transmission data. The structure which appears in
these data between 5 and 8 eV has been interpreted in
terms of interband transitions.

Note added in proof. It has been recently shown®?4
that relativistic effects other than spin-orbit interaction
can alter significantly the band structure of PbTe and
similar materials. The labeling of the energy eigen-
values at the L point, calculated taking these effects
into account, differs from Fig. 2: the minimum energy
gap is (Ls+,LsT) — Lg—, allowed for optical transitions.
While no detailed calculations at points other than L
have been published, it is easy to estimate that the
A;—A; and Xy— X, gaps are decreased by the rela-
tivistic effects®® thus improving the agreement with the
experimental E; and E; gaps. These effects should also
lower the T'; valence band state (s state of the lead) by
about 7 eV,® thus making the interpretation of the
E4 and E; peaks questionable. A final assignment of the
optical structure will have to wait until complete rela-
tivistic energy band calculations become available.
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