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Single-crystal films of Pb;_.Sn.Se alloys with rocksalt structure (0<x<0.33) have been deposited by
evaporation on cleaved (100) faces of KCl substrates. The energy gap E, at T=300, 195, and 77°K has
been determined by measuring the optical transmission between 2 and 25 um. As x increases or T decreases,
E, decreases for sufficiently low values of #, but increases for #>0.2 and T'="77°K. The sign reversal in the
composition and temperature dependence of E, shows that the Pb;_,Sn,Se alloys exhibit the inversion in
band structure recently proposed for the Pb;_.Sn,Te alloys. If E, is assigned negative values for samples
in which the conduction and valence bands are inverted from those in PbSe, the data are well represented
by the equation E,=0.134-(4.5X107* deg™) T—0.89x eV. The inversion point, at which £,=0 because
the Lgt and Lg~ band extrema are degenerate, is x=0.19 at 77°K and x=0.30 at 300°K.

INTRODUCTION

HIS paper reports the results of electrical and
optical measurements on single-crystal films of
Pbi_.Sn,Se alloys with rocksalt structure (0<x<0.33),
whose semiconductor properties have not been investi-
gated previously. The composition dependence of the
magnitude and temperature coefficient of the optical
energy gap (E,) shows that the Pb; ,Sn,Se alloys
exhibit the inversion of conduction and valence bands
recently proposed! for Pb;_,Sn,Te alloys on the basis
of less conclusive evidence.

Since PbSe has the cubic rocksalt structure, whereas
SnSe has the orthorhombic B29 structure, these com-
pounds do not form a complete series of pseudobinary
solid solutions. On the basis of x-ray diffraction studies
on annealed powders, Krebs, Griin, and Kallen? have
reported that the rocksalt structure is obtained for
0<x<0.43. The results of similar experiments in our
laboratory indicate that the maximum value of x for
the rocksalt region is a little less than 0.4. Therefore
the present investigation has been restricted to samples
with x below 0.35.

PREPARATION, MICROPROBE ANALYSIS,
AND X-RAY DATA

Epitaxial films, usually 5-15 um thick, were deposited
on freshly cleaved (100) faces of KCl substrates by
means of an evaporation technique generally similar to
those used to obtain single-crystal films of PbS, PbSe,
and PbTe,? PbSe,Te;_, alloys,* and Pby_,Sn,Te alloys.5
A single alloy source® was employed, rather than sepa-
rate sources? of PbSe and SnSe. Source ingots were
prepared by sealing appropriate quantities of the semi-
conductor grade elements in evacuated quartz ampoules,
melting at about 1100°C for 24 h, and air quenching.

* Operated with support from the U. S. Air Force.
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(Before weighing, the Pb and Sn were melted under
flowing H, for about 6 h at about 600°C to remove
oxides.) Just before evaporation, the source ampoule
was opened and placed in a resistance-heated boron
nitride furnace located about 15 cm below a second
resistance-heated boron nitride furnace containing six
substrate crystals. During deposition, which was carried
out in a conventional vacuum evaporator with a glass
bell jar, the source and substrate temperatures were in
the ranges 770-780°C and 235-280°C, respectively. In
most runs, each temperature was kept constant to
within =5°C or less. The deposition rate was usually
about 750 A/min. After deposition was completed, the
films were allowed to cool to room temperature under
vacuum and then removed from the bell jar and stored
in air.

The room-temperature optical transmission of every
film at wavelengths between 2 and 15 um was measured
with a Perkin—Elmer model 221 double-beam prism
spectrophotometer. All other measurements were made
only on selected films. All measurements were made
without removing the films from their KCI substrates.

Determinations of composition by electron micro-
probe analysis show that most of the Pby_»Sn,Se films
are uniform in x, the mole fraction of SnSe, to within
the experimental accuracy of the microprobe, which is
estimated to be %39, of x. Significant differences in
composition are sometimes found between films de-
posited in different runs with the same source composi-
tion and between different films deposited in the same
run. In most cases the mole fraction of SnSe is lower in
the film than in the source ingot, although the vapor
pressure at 770-780°C is reported to be at least twice
as high for pure SnSe ¢7 as for pure PbSe.? For sources
with #=0.1, 0.2, and 0.3, respectively, the ranges of x
for the analyzed films are 0.053-0.100 (8 films, 3 runs),
0.188-0.206 (3 films, 2 runs), and 0.293-0.322 (3 films,
1 run).

6I. M. Nesterova, A. S. Pashinkin, and A. V. Novoselova,
Russ. J. Inorg. Chem. 6, 1031 (1961).
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As in the case of single-crystal films of PbS, PbSe,
and PbTe deposited on the (100) face of KClI or NaCl,
the x-ray diffraction patterns for the Pby_,Sn,Se films
obtained with a diffractometer contain only the (200),
(400), and (600) lines, the characteristic reflections for
a (100) face in the rocksalt structure. The lattice
parameter (ao) values, which have been calculated from
the position of the (600) line using the (600) line of the
KCl substrate as an internal standard, decrease with
increasing x. The data are well represented by the
straight line ao(A)=6.127—(0.12)x. This line has the
same slope as Krebs, Griin, and Kallen? found in their
measurements on annealed Pb;_,Sn.Se powders, but
the ao values are about 0.159, greater than those of
Krebs et al. This discrepancy is apparently due to a
systematic error in the results of Krebs et al., since their
ao value for pure PbSe is only 6.118 A, compared with
values of 6.124-6.129 A reported in the literature.

ELECTRICAL MEASUREMENTS

Measurements of resistivity (p) and Hall coefficient
(Ry) were made at room temperature and 77°K by
conventional dc potentiometric techniques. Lead wires
were soldered directly to the films, in some initial
experiments with a solder melting at about 50°C and
later with a solder which is liquid at room temperature.
Because of differences in deposition conditions, there is
considerable scatter in the results, but a number of
general characteristics are apparent.

At 77°K, all the films measured have positive Hall
coefficients, with hole concentrations calculated on a
one-carrier model (p=1/Rge) between 8X10% and
3X10'® cm—3. By analogy with PbSe, the acceptors are
probably lattice defects (specifically, Pb and Sn
vacancies) resulting from the presence of Se in excess
of the stoichiometric composition. There appears to be
no essential connection between net acceptor concentra-
tion (Ng—Np=pr) and Sn content, although the
lowest concentrations were obtained for films prepared
from sources with x>0.2 because of a change in deposi-
tion conditions which occurred when the source furnace
was replaced. (In contrast, the acceptor concentration
in Pby_,Sn,Te alloys increases rapidly as x increases.?)
Values of the Hall mobility (Rz/p) at 77°K range
from 1X10® to 1X10* cm?/V sec, with some tendency
to decrease as x increases. Hole mobilities of about
3X10* cm?/V sec at 77°K are typical of bulk PbSe
with concentrations of 1X10'® cm™3 or below.

At room temperature, all films prepared from
sources with #<0.15 have positive Hall coefficients,
with values of Rz between 2 and 12 cm?/C. For
sources with x>0.2, some films have positive Hall
coefficients (0.5<R300<3), and others have negative
Hall coefficients (—0.5> R300> —6). For the latter, Ry
changes from positive to negative between 77°K and
room temperature. This change in sign shows that the
ratio of electron to hole mobility (b) is greater than
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unity for the Pb;_,Sn,Se alloys, as it is for PbSe,
PbTe and PbS. For samples with N4> N p, Ry becomes
negative when the intrinsic carrier concentration (n:)
increases sufficiently to make the ratio of hole to electron
concentration (p/n) less than 82

Since p/n increases as (N4—DNp) increases, for a
given alloy composition Rse should be negative for
net acceptor concentrations below a certain maximum
value, (V4—Np)max, and positive for higher acceptor
concentrations. The present results are consistent with
this behavior, as shown by comparison of Rz and Rjoo
for films prepared from sources with x=0.2, 0.25, and
0.275. These are the only compositions for which both
positive and negative values of Rz were obtained.
Although the data are too limited to determine precise
values of (N4—DNp)mas, they show clearly that this
quantity increases as the Sn content of the films
increases. This composition dependence explains why
negative values of R3op were not obtained for x<0.15.
The increase in (V4—Np)max shows that #; at 300°K
also increases as % increases, if it is assumed that b does
not depend strongly on x. Such an increase in #; is also
indicated by the data for films with negative values of
Rio0. For these films, #300=1/eR300 increases from
1-2X10'8 cm—® for a source composition of ¥=0.2 to
about 1X10* cm=3 for x=0.35. [The ratio #i/ns00
= (b—1)/(6+1) for an intrinsic sample.] An increase
in 7, is also indicated by the fact that the resistivity at
room temperature generally decreases as « increases,
from greater than 102 Q-cm for pure PbSe to 2-3X 1073
Q-cm for x=0.35. An increase in #; with increasing x
is to be expected because the energy gap of Pbi_.Sn,Se
alloys at room temperature decreases with increasing
Sn content, as discussed below.

OPTICAL MEASUREMENTS AND
BAND STRUCTURE

Infrared transmission measurements made at room
temperature with the model 221 spectrophotometer
showed that many of the films were of sufficient uni-
formity and optical quality to exhibit high-contrast,
regularly shaped interference fringes at wavelengths
beyond the absorption edge. The transmission of selected
films was measured with a single-beam, single-pass
Perkin-Elmer model 12-C spectrophotometer equipped
with NaCl and KBr prisms. The films were mounted
with vacuum grease on the copper cold finger of a metal
Dewar, which for low-temperature measurements was
cooled either with a slurry of dry ice and methanol
(195°K), liquid oxygen (90°K), or liquid nitrogen
(77°K). The sample temperature was probably within
10°K of the refrigerant temperature. After the transmis-
sion measurements were made, the Sn content of each
film was determined with the electron microprobe.

In order to evaluate the energy gap (E,) in a con-
sistent manner from the position of the absorption edge,
E, was taken to be the energy corresponding to the
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Fic. 1. Variation of energy gap (E,) with composition and
temperature for Pby,Sn.Se alloys with rocksalt structure. The
dotted lines drawn at +0.05 and —0.05 eV indicate that no
values of E,; could be obtained between these limits.

wavelength at which the absorption coefficient () was
1.5X10% cm™. In determining « from the transmission
data, the reflectivity was assumed to be 0.45, a represen-
tative value based on measurements below the absorp-
tion edge on films of several compositions. The sample
thickness was assumed to be the same as the thickness
measured with a Talysurf instrument for another film
deposited during the same evaporation run. The films
ranged in thickness between 5.7 and 16 um, so that
a=1.5X10% cm™ corresponds to transmission values
between 2.8 and 13.49,.

The variation of £, with Sn content in the Pby_,Sn,Se
alloys is shown in Fig. 1 for nominal sample tempera-
tures of 300°, 195°, and 77°K. Dotted lines have been
drawn at 4+0.05 and —0.05 €V to indicate that no values
of E, could be obtained between these limits, since
transmission measurements were not made beyond 25
pm. (The significance of the negative sign adopted for
certain values of E, is discussed below.) The present
values are seen to be in good agreement with values
of E, at 77°K corresponding to the emission wave-
lengths of diode lasers prepared from PbSe (Ref. 9)
and PbggeSno.0sSe (Ref. 10). For pure PbSe at 77°K,
the present value of 0.165 eV is intermediate between
the values of 0.159 and 0.176 eV obtained from inter-
band magnetoabsorption data for expitaxial films before
and after removal from NaCl substrates, respectively.!*

9 J. M.. Besson, J. F. Butler, A. R. Calawa, W. Paul, and R. H.
Rediker, Appl. Phys. Letters 7, 206 (1965).

1 7, F. Butler, A. R. Calawa, and T. C. Harman, Appl. Phys.
Letters 9, 427 (1966).

1 D. L. Mitchell, E. D. Palik, and J. N. Zemel, in Proceedings of
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Films with sufficiently low Sn content exhibit the posi-
tive temperature coefficient of E, which is characteristic
of PbSe, PbTe, and PbS.

As shown in Fig. 1, E; for the Pbi_.Sn.Se alloys
initially decreases as x increases. The present investiga-
tion was undertaken primarily in anticipation of observ-
ing such a decrease, which was expected! because the
Pbi_,Sn,Te alloys exhibit a similar decrease,5121 at
an initial rate of about 0.6 ¢V/100 mole 9, SnTe. In
the present case, £, becomes so small with increasing x
that the absorption edge shifts beyond 25 um, the limit
of the present measurements, at each of the tempera-
tures investigated. When x exceeds 0.2, however, the
absorption edge at 77°K once more becomes measurable
and moves to shorter wavelengths. In this region of
composition and temperature, therefore, E, increases
as x increases. The data also show that in this region
(where E, is assigned negative values in Fig. 1) E,
decreases with increasing temperature, since E, at
195°K is too small to be measured for any value of x
above 0.15. This temperature dependence is confirmed
by the results of transmission measurements made at
90°K on four samples with x between 0.25 and 0.33.
In each case E, at 90°K is smaller than at 77°K but
still measurable. Thus for samples with sufficiently
high values of x both the composition and temperature
dependence of E, at low temperatures are opposite in
sign to those for PbSe. This sign reversal shows that the
Pb;y_.Sn,Se alloys exhibit the inversion of conduction
and valence bands proposed! for Pby_.Sn,Te alloys.

According to the band-inversion model, as represented
schematically in Fig. 2 of Ref. 1, the conduction and
valence band extrema of PbTe are Ls~ and Lgt states,
respectively. With increasing Sn content, these states
approach each other, become degenerate at a value of x
which increases with increasing temperature, and then
interchange. Beyond the inversion point, the L¢* state
forms the conduction band edge and the Lg state
forms the valence band edge.

The band-inversion model should be directly appli-
cable to the Pby_,Sn,Se alloys with rocksalt structure,
since PbSe has essentially the same band structure as
PbTe. According to the model, the composition and tem-
perature dependence of £, must both change sign when
the conduction and valence bands are inverted. The
observation of such a simultaneous reversal for alloys
with « between 0.2 and 0.35 at low temperatures
therefore constitutes strong evidence for the validity
of the model. In the Pby_.Sn,Te system, E, data have
been obtained for pure SnTe but not for alloys contain-
ing enough Sn to have the inverted band structure,
since alloys in this composition range have extremely

the Seventl International Conference on the Physics of Semicon-
ductors, Paris, 1964 (Dunod Cie., Paris, 1964), p. 325.

2P, M. Nikolic, Brit. J. Appl. Phys. 16, 1075 (1965).
(1;‘616.) Melngailis and A. R. Calawa, Appl. Phys. Letters 9, 304
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high carrier concentrations due to deviations from
stoichiometry.

For the Pbi_.Sn.Te alloys, the change in band
structure with composition has been attributed to the
influence of relativistic effects on the energies of the
conduction and valence bands.! It is probable that the
changes in Pby_,Sn,Se band structure are also due
principally to the difference between the relativistic
energy shifts of the Pb and Sn atomic valence states.
Approximate calculations* indicate that the rate of
decrease in E, from this source would be 0.7 eV/100
mole 9, SnSe, compared with the observed rate of
about 0.9 €V/100 mole 9, SnSe.

In Fig. 1, negative values of E, have been assigned
to those sample compositions and temperatures for
which the energy bands are inverted from those in
PbSe. Adopting this convention makes it possible to
represent the data by straight lines satisfying the
equation E;=0.13+(4.5X10~* deg™) T—0.89x eV.

1 7, 0. Dimmock (private communication).
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According to this equation, band inversion occurs
at 77°, 195°, and 300°K for x=0.19, 0.25, and 0.30,
respectively. The deviations from the straight line at
77°K for samples with £=0.21, 0.23, and 0.25 may be
due to the presence of hole concentrations large enough
to place the Fermi level inside the valence band and
therefore to shift the absorption edge to shorter wave-
lengths (Burstein effect!). The relatively large devia-
tions at 77°K for 2 samples with x=0.32 have the wrong
sign to be explained in this way.
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Raman Scattering by Coupled Plasmon-Longitudinal-Optical-Phonon
Modes in Zincblende-Type Crystals™

E. BURSTEIN, A. Pinczuk, AND S. Iwasaf

Laboratory for Research on the Structure of Matter, and Physics Department,
University of Pennsylvania, Philadelphia, Pennsylvania

(Received 5 December 1966)

A phenomenological theory of Raman scattering by the ¢=~0 coupled plasmon~-(LO) longitudinal-optical-
phonon modes, which takes into account the electro-optic effect of the longitudinal electric fields associated
with the coupled modes, is presented. Estimates of the scattering efficiency of the plasmon-like mode at
high carrier densities, for which the major contribution comes from the electro-optic effect, are obtained
using values of the electro-optic coefficient derived from second-harmonic light-generation data. For n-type
GaAs with a carrier density of 3X10!8/cm?, the scattering efficiency of the plasmon-like mode is found to be
1X1075. The theoretical treatment is also applicable to Raman scattering by the collective cyclotron ex-
citation modes of free carriers in a magnetic field and by their coupled modes with LO phonons.

HERE has been considerable interest in recent
years in the scattering of electromagnetic (EM)
radiation by plasmas in semiconductors, and theoretical
expressions have been derived for the contributions to
the scattering cross section arising from intraband
processes™? and from interband processes.® In the case
of polar semiconductors which lack a center of sym-
metry, such as those with ZnS-type structures, it was

* Research supported in part by the U. S. Army Research Office,
Durham, North Carolina.
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suggested? that the two ¢=0 coupled plasmon-(LO)
longitudinal-optical-phonon collective modes would
participate in first-order Raman scattering via mecha-
nisms analogous to those involved in scattering by the
g¢=~0 LO phonons in the absence of free carriers. The
first-order Raman scattering of EM radiation by the
¢=0 coupled plasmon-LO-phonon modes in GaAs was
recently reported by Mooradian and Wright.5 Their
spectra, which were obtained for samples with different
carrier densities, clearly exhibit two Raman lines due to
the coupled plasmon-LO-phonon modes as well as the
Raman line due to the ¢=0 transverse-optical (TO)
phonons. In their discussion of the relative intensities of

4 E. Burstein, J. Phys. (Paris) 11, 688 (1965).
( 5 A. Mooradian and G. B. Wright, Phys. Rev. Letters 16, 999
1966).



