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The band structures of the lead salts PbS, PbSe, and PbTe have been studied by electro-optic methods.
Electroabsorption and electroreflectance measurements have been made over the energy ranges 0.25 to
0.65 eV and 0.6 to 5.5 eV, respectively, using an electrolyte to produce electric fields at the surface of these
materials. An enhancement of the existing structure in absorption and reflection was generally observed,
together with new structure apparently not related to formerly observed transitions. The analysis of these
structures leads to the symmetry and energy of several transitions not previously seen. The experimental
results are correlated with the band-structure calculations of Lin and Kleinman, and in general support their

results.

I. INTRODUCTION

HE lead salts PbS, PbSe, and PbTe form an

important group of semiconducting compounds.
Crystallizing in the rocksalt structure, these IV-VI
compounds are characterized by low-energy gaps and
large static dielectric constants. The natural abundance
of PbS made it one of the first semiconducting com-
pounds to be studied. As a result of this, of the relative
ease with which PbSe and PbTe single crystals could
be prepared, and of the development of methods of
growing single-crystal epitaxial films of all three com-
pounds,’? much information about their band prop-
erties has been obtained by means of electrical,>~% opti-
cal,*™magneto-optical,!*"8cyclotronresonance, S re-
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combination radiation,!” pressure measurements,®-20
and photoemission studies.? This mass of data has
stimulated band-structure calculations which are now
available in the literature.?>? Based on the above mea-
surements which give energy band parameters near the
fundamental absorption edges and on reflectivity mea-
surements for higher-lying transitions,” these calcula-
tions give a fairly extensive picture of the energy band
structure of these materials. The present work was
undertaken with the objective of testing the band-
structure calculations by utilizing the electroabsorption
and electroreflectance techniques recently developed
and explored theoretically?**~%" and experimentally 253
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Electro-optic measurements enhance the structure nor-
mally seen in reflectance or absorption and can, in
principle, distinguish among the various types of critical
points. Using these methods, it should be possible to
obtain a better experimental picture of the energy band
structure of these materials at energies above the funda-
mental threshold.

A description of the experimental techniques and
theoretical background is given in Sec. II, followed by
a presentation and discussion of results in Sec. III.

II. EXPERIMENTAL

The electrolyte method®:3! was used for the electro-
optic measurements because of the relatively high
conductivity resulting from the small forbidden gaps
of these materials. The electric field is obtained at the
surface of the semiconductor in the blocking direction
of polarity by the generation of a space-charge region
adjacent to the surface. The transverse electric field
method, which has been used with success in other
semiconductors,®-3% cannot be used because of the
high conductivity of these compounds even in the
intrinsic condition.

With the exception of one natural crystal of PbS,
all measurements were performed on epitaxially de-
posited films which were made by the method of
Schoolar and Zemel.! NaCl was primarily used as the
substrate material, but measurements were also made
on PbSe and PbTe using mica as a substrate. Silicon
was also used with some success. It is known that the
cubic semiconductors orient in the [1007] direction on
cleaved faces of NaCl!; the probable orientation on
mica is [1117.36 The thickness of all epitaxial layers
was measured by means of a quartz crystal oscillator
thickness monitor.?” Electrical-resistivity and Hall-
effect measurements were done using the van der
Pauw® technique, with four probes on the rectangular
crystals.

Several films of n-type PbS, which was the type
obtained after evaporation, were doped by heating to
350°C for 3 h in an evacuated Pyrex tube containing
sulfur at the partial pressure of room temperature,
achieved by keeping one end of the tube at room tem-
perature. By this method, p-type PbS films of resis-
tivity of the order of 10*® cm™3 were obtained. Since
the spectra of the two types were nearly identical, no
attempt was made to control the carrier concentrations
or types for PbSe or PbTe. The measured samples of
these materials were p type.

Electrical contact to the epitaxial films and to the
natural PbS crystal was made with silver paint along

% R. A. Forman, D. E. Aspnes, and M. Cardona (to be
published).

3 D. W. Pashley [Phil. Mag. (London) 8, 316] observes a
(111) orientation of the cubic semiconductors SnAs and SnTe on
mica for very thin depositions (1 nm).

37yManufactured by Edwards High Vacuum, Inc., Grand Island,

1, van der Pauw, Philips Res. Rept. 13, 1 (1958).
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Fi1c. 1. Experimental apparatus. (a) Photomultiplier detector in
electroreflectance; (b) solid-state detector in electroabsorption.

one edge. A platinum strip was used to obtain contact
to the electrolyte in a cell for electro-reflectance mea-
surements. For electroabsorption measurements near
the fundamental edges involved, where the electrolyte
absorbs, a thin film of electrolyte was used as a capillary
layer between the sample and a conducting (10-Q cm)
germanium window, separated by a 0.25-mil Mylar
spacer with a window in it.%® The contact to the electro-
lyte in the transmission configuration was made through
the conducting germanium window. Because of the high
solubility of the substrate NaCl in the common polar
electrolytes, the organic electrolyte propylene carbon-
ate, with tetrabutyl ammonium perchlorate as a solute,
was used for all measurements and gave satisfactory
results.®

The standard phase-sensitive detection methods were
employed to measure the change in reflected or ab-
sorbed light intensity caused by the applied electric
field which varied periodically in time. Figure 1 shows
a block diagram of the apparatus used. A square-wave
voltage at 100 Hz added to an adjustable dc bias was
used to drive the sample with respect to the grounded
electrolyte contact in order to produce the electric
field. The infrared optical system for electroabsorption
measurements consisted of a Globar source, a Bausch
and Lomb 0.5-m monochromator with a 150-line/mm

3 F, LukeS and E. Schmidt, Phys. Letters 23, 413 (1966).

4 Propylene carbonate supplied by Eastman Kodak Co.,

Rochester, N. Y.; tetrabutyl ammonium perchlorate by G.
Frederick Smith Chemical Co., Columbus, Ohio.
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grating blazed at 2 u, and a PbSe detector for mea-
surements in the region of 1.6 to 5 u. By cooling the
detector, the wavelength range of the system could in
principle be extended to about 5.8 u, although CO,
absorption in air resulted in extremely low light levels
beyond 5 u. The 150-Hz intensity 7 and the 100-Hz
change of intensity AJ signals were phase-sensitively
detected by Princeton Applied Research Model JB-6and
HR-8 lock-in amplifiers, respectively, and the ratio A7/
obtained directly on the recorder as described else-
where. The same system with a SunGun source, a
300-line/mm grating blazed at 2 x, and a PbS detector
was used for electroreflectance measurements from the
propylene carbonate cutoff at 2 u to about 0.6 u (2 eV).
From 800 to 200 nm (6 eV), a Spex Model 1700-1I
grating monochromator with either a 600-line/mm
grating blazed at 500 nm or a 1200-line/mm grating
blazed at 200 nm was used with a high-pressure Osram
xenon arc, quartz optics, and a Dumont 6911 phototube
with S-1 response for the visible region or an EMI
6256B phototube with S-13 response for uv work. The

4 D. E. Aspnes, Rev. Sci. Instr. 38, 1663 (1967).

ratio AI/I was obtained in the usual manner by con-
trolling the photomultiplier voltage by means of a
feedback servo system which kept the dc current
through the phototube constant.?!

Because thin films and a high-resistivity electrolyte
were used, fairly large phase lags were observed
between the fundamentals of the driving voltage and
the resultant change of intensity AI. This is attributable
to RC time lags caused by the large space-charge
region capacitance in PbS, PbSe, and PbTe, caused by
their very large dielectric constants.? In order to
determine the correct phase lag, zero relative phase
shift was obtained by decreasing the frequency (at the
expense of the signal-to-noise ratio) until the observed
phase of the fundamental of A7 was approximately
equal to the phase of the fundamental of the driving
voltage. This generally occurred around 10 Hz. The
signal-to-noise ratio was best at 100 Hz, after which

42 The dielectric constants of PbS, PbSe, and PbTe are not
known very accurately but appear to be around 400. On the basis
of long-wavelength optical mode propagation, a value of 397+30

for PbTe was obtained by E. G. Bylander and M. Haas, Solid
State Commun. 4, 51 (1966). See also references therein.
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Tasie I. Critical-point energies and symmetries for PbS,
PbSe, and PbTe along high-symmetry directions, from the band-
structure calculations of Lin and Kleinman.® Critical-point types
are the most probable assuming uniform variation of E and % in
directions perpendicular to the high-symmetry axes. Assignment
of reflectivity peaks is that of Lin and Kleinman. Uncertainty in
the energies listed is taken to be 0.4 eV.

Transition Peak  Type PbS PbSe  PbTe
L%(2) > Ly® (2) EoPE Mo 025eV 0.11eV 1.30eV
215(3) —>E15(4) M, 1.48 eV e 1.62 eV
Li8(2) — Ly® (1) Ey,*E M, 1.72eV 148eV 0.21eV

Ls%(1) — L% (2) Mo+M; 192eV 185eV 2.06eV
L8(1) = Ly¥(2)  E* Mo+M; 2.00eV 2.00eV 2.50eV
L:8(2) — Ls%' (1) Mo 2.25eV 2.00eV 146eV
Z15(3) = =48(2) M, 2.52eV e 1.15eV
TH(1) > =5 (4) My 285eV. .- 2.60eV

A8(4) — AS(5) M, 3.02eV 281eV 1.80eV

Ly#5(1) — Lgf(1) Mo+M, 337e¢V 3.19eV 098 eV
LsS(1) = Lg®' (1)  Es® Mo+M: 345eV 334eV 141eV
Z8(1) —> =:5(4) M, 3.84 eV o 3.90 eV
ZH(1) = =6(2) My 389ev .- 1.95 eV

Ly*5(1) — La*'(1) Mo+M, 3.94eV 3.68eV 2.21eV

A7(1) — A8(5) M, 398eV 3.75eV 2.58eV
Ly8(1) — L34 (1) Mo+M, 402eV 3.83eV 2.65eV
A8(3) — AS(5) M, 414eV 3.89eV 3.08eV
AS(4) — A%(6) Ee My 443eV 4.62eV 3.36¢V
Z18(3) = =55(2) M,y 4.45eV s 3.36 eV
A7(1) — A%(6) M, 5.75eV 549eV 4,08 eV

a Reference 22.
b PbS, PbSe.
¢ PbTe.

the signal decreased rapidly with increasing frequency.
100 Hz was chosen as the optimum frequency at
which to run, in spite of the relatively large phase
shifts which meant that the internal electric field as
a function of time was considerably distorted from
the square wave of the applied voltage. Because of this
distortion of the electric-field waveform, no attempt was
made to fit the shape of the electro-optic measurements
to the electro-optic functions, since the time variation
of the field, even if it were known, would lead to a
complicated time average in calculating AR/R or A«
so that the detailed shape of the electro-optic functions?”
F(n) and G(y) would not be obtained.

In addition to signal averaging due to the distorted
waveform, there exists the problem of the slow buildup
of the polarization layer at the electrolyte-semicon-
ductor interface, which usually took about 5 min and
results in an effective change of dc biasing conditions
during a measurement run. Measurements were taken
after equilibrium was reached in most cases, although
this was not completely necessary since the interpre-
tation of the results is limited to location and general
shape of structure in the electro-optic spectrum, which
is practically independent of this effect. The rough ex-
perimental shape and sign of Al were reproducible
among runs and represent valid information upon
which to base the analysis.
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F16. 3. The energy band structure of PbSe, calculated by
Lin and Kleinman (Ref. 22).

III. BAND STRUCTURE AND OPTICAL
PROPERTIES

The band structures of PbS, PbSe, and PbTe have
been calculated by Lin and Kleinman (LK) using the
pseudopotential method,? and the results of their
calculations are reproduced in Figs. 2-4. These figures
give the variation of E as a function of £ along high-
symmetry directions of the Brillouin zone. A list of
critical points appearing in these band structures is
given in Table I in order of increasing energy for PbS.
The notation of LK is used to identify the bands in-
volved in a transition, which labels the single and double
group representation of a particular band and its order
in terms of increasing energy with respect to other bands
of the same symmetry. The assignment of critical points
to structure in the reflectivity spectrum is that of LK.
The apparent type and the threshold energy, measured
from the energy band diagrams of Ref. 22, are given
for each critical point.

Since the band-structure calculations are based on
energy separations which are, in some cases, not con-
clusively identified as to type and location, and the
energy of the fundamental gap used is its 4°K value,
we consider a variation of as much as 0.4 eV from any
of the given energies to be possible, particularly for
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F16. 4. The energy band struc-
ture of PbTe, calculated by Lin
and Kleinman (Ref. 22).
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higher energies.® Although the £ direction bands are
not available for PbSe, we assume that they will closely
resemble those of PbS in accordance with the rest of
the band structure.

The reflectivity spectra of PbS, PbSe, and PbTe as
measured by Cardona and Greenaway? are reproduced
in Fig. 5. The dominant structures of each spectrum
have been labeled Ej, the first shoulder, E,, the highest
peak of the reflectivity spectrum, and Ej, a high-energy
shoulder on the main peak. Higher structure will not
concern us in this paper. The lowest edges E, are below
the region of the measurements of Fig. 5.

The structure in an electroreflectance spectrum is
related in a rather complicated fashion to structure in
the real and imaginary parts of the dielectric constant
€ and e in the presence of an electric field. Since the
parameters obtained from the microscopic theory are
€1 and e, some processing of the electroreflectance data
is necessary before comparing them with theoretical
predictions. One possible approach is to obtain Ae; and

4 Lin and Kleinman discuss the accuracy of their band-structure
calculations but put no limit on it. The determination of the
critical-point energy by measurement of the separation on the
energy band diagrams is an additional source of error, since it
will be noted that the energies obtained in this way are somewhat
different from those given in Table V of Ref. 22 for corresponding

transitions. In the interest of consistency, all energy differences in
Table I are determined graphically.

x

Ae; from the electroreflectance spectrum by using the
Kramers-Kronig relations.® Another approach® in-
volves the evaluation of the individual contribution of
Ae; and Ae, to the electroreflectance AR/R and the
evaluation of the possible line shapes for AR/R from
the theoretical shapes of Ae; and Aex. We follow this

T T
{E2 | ! 1 ’ o

REFLECTIVITY OF
180 PDS, PbSe AND PbTe

60} s
AT 297°K

I
(e}

R % (PbS)

R% (PbTe)
n
o

9] 5 10 15 20

F16. 5. Reflectivity of PbS, PbSe, and PbTe in the energy range to
25 eV, measured by Cardona and Greenaway (Ref. 7).
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F16. 6. The coefficients a(r,k) and B(n,k) for PbS, PbSe, and
PbTe in contact with a liquid of index of refraction n,=1.400,
calculated from the values of # and % of Cardona and Greenaway
(Ref. 7). Note displaced ordinates among these compounds.

last approach:
AR/R=qa(n,k)Ae;+B(n,k)Aes. (1)

The coefficients @ and B8 are obtained by differentiating
the Fresnel reflection formula for normal incidence.?
We have calculated o and 8 from the values of # and %
obtained by Cardona and Greenaway’ and the results
are given in Fig. 6 for PbS, PbSe, and PbTe in contact
with a liquid of index of refraction »=1.400. For
electroabsorption, only the change in e, is significant
if, as was true in our experiments, the absorption by
the sample is much larger than the loss by reflection.
In order to facilitate the analysis, we show in Fig. 7
the changes of the real and imaginary parts of the di-
electric constant with field, defined by Ae=¢(8)— €(0),
for all six possible cases?” (Mo, M, and M, transverse
and parallel, and M;). A broadening of I'=%%0 (see
Ref. 27) has been assumed to provide a more realistic
fit between theory and experiment.

IV. RESULTS AND DISCUSSION
A. PbS and PbSe

Because of the similarity between PbS and PbSe,
these will be discussed together and PbTe will be
treated separately in Sec. IVB. We consider first
electroabsorption results obtained with an epitaxial
film of PbS on an NaCl single-crystal substrate. This
PbS epitaxial film, of thickness 0.6 u as measured by

(Aes) parts of the dielectric constant in an applied electric field
for the six different cases of critical points in an arbitrarily
oriented electric field. A broadening I'=%#%60 has been assumed in
the solid curves; the dashed portions show the functions F (y) for
zero broadening. Energy increases to the right. Abscissa units are
%0 and the ordinate is placed at the threshold energy.

the quartz crystal monitor during evaporation, was
n type with #=2X10® cm™3, p=0.020 @ cm, and
pa=100 cm? V! sec™! as determined by a van der
Pauw® measurement. The experimental electroabsorp-
tion configuration was that of the conducting Ge
window with a thin electrolyte film. A 100-Hz square-
wave voltage with series dc bias was applied to the
PbS layer with the Ge window grounded. A square
wave plus dc bias is describable by two voltages which
represent the extremes of the wave, and these two
voltages of the PbS layer with respect to the Ge
window are given on the figures which follow. In every
case we use the convention that a positive value of
AI/I means that the fundamental Fourier components
of both AI/I (and therefore +AR and —Ac) and the
voltage applied to the sample are in phase (after com-
pensating for any phase lags in the system which are
determined by measuring the limiting phase as the
frequency approaches zero).

Figure 8 shows the electroabsorption results of the
PbS layer for two values of dc bias added to a con-
stant amplitude square wave. AI/I, proportional to
—Aca, is plotted as a function of energy. The low-
energy limit is determined by the detector and the light
intensity, the upper limit by the cutoff of the Ge
window. The two curves of Fig. 8 are very nearly
mirror images, indicating that it is possible to obtain a
maximum field of either sign for the appropriate bias
polarity, that is, one can go from zero field to a field
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F16. 8. Electroabsorption of nominal 0.6-u n-type epitaxial PbS
film on NaCl substrate, Units of AI/I are arbitrary but of the
order of 104 Uncertainties are indicated as bars in figure. Arrow
locates energy of measured first transmission interference maxi-
mum in film. Voltages shown are the limits of square wave plus

series dc bias.

directed either into or out of the PbS film simply by
changing the dc bias. The 180° phase shift is apparent
and results because the interface and electro-optic
effects depend on the magnitude and not on the
direction of the applied field. More explicitly, for
positive bias the most positive half of the square wave
is expected to result in the maximum field, and for the
negative bias the negative half gives the maximum
field, hence producing the apparent phase reversal with
respect to the phase reference, the fundamental ac
component of the square wave. In this configuration,
the phase lag between the fundamental harmonic of
the observed signal AI/I and the fundamental harmonic
of the applied square wave was 45°, which is relatively
small and indicates that the waveform of the electric
field is not too badly distorted from the square wave of
the driving voltage.

The curves of Fig. 8 can be qualitatively explained
as a composite of two phenomena: the electro-optic
effect associated with the fundamental edge located at
0.42 eV ? and the modulation of the optical properties
of the Gouy layer of the electrolyte adjacent to the
PbS film. The electro-optic effect appears as a dip
around 0.4 eV in the broad curve of the electrolyte
modulation. Modulation of the Gouy layer is apparently
the cause of the structure observed by Feinleib in the
electroreflectance of metals* and has been used to
study the properties of semiconductor-electrolyte inter-
faces.®® Use of the relatively high-resistivity electrolyte
propylene carbonate with high-conductivity semi-
conductors is expected to enhance this effect, since
more of the voltage drop will occur in the electrolyte.

4 J, Feinleib, Phys. Rev. Letters 16, 1200 (1966). See, however,

A. Prostak and W. N. Hanson, Phys. Rev. 160, 600 (1967).
4% W. N. Hansen, T. Kuwana, and R. A. Osteryoung, Anal.

Chem. 38, 1810 (1966).
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Phenomenologically, the modulation of the elec-
trolyte changes the optical matching between the PbS
and the electrolyte and therefore changes the light
transmitted through the film by a slight amount which
varies in phase with the applied voltage. Calculation
of the change depends upon a complicated but straight-
forward analysis of boundary conditions of plane waves
at normal incidence passing through several layers of
dielectric and possibly absorbing material. Since the
dielectric constant of the hypothetical layer whose
properties depend on the applied field is not known, a
calculation of this effect was not attempted. Results
to be presented for PbSe show the presence of inter-
ference modulation more clearly and we resume the
discussion of this effect at that point.

The fact that the curves of the experimental results
for the two bias conditions of Fig. 8 are nearly mirror
images of each other suggests that there exists some
dc bias condition for which a null signal could be
obtained. This, however, cannot be done, as is shown
in Fig. 9. The top two curves show the two dc biases
which most nearly give a null signal for the sample of
Fig. 8, one for 0.0 V and one for —0.1 V dc bias. These
biases tend to equalize the Gouy layer contribution
during each half-cycle, leaving what we take to be the
electro-optic contribution to AZ/I caused by the change
of e in the film itself. Since the fundamental edge is a
set of equivalent nearly spherically symmetric M,
critical points located at the L points,™ the electro-optic
spectrum should be fitted by the function F(y) if
excitonic effects are neglected.?” Keeping in mind the
fact that the sign of Ae, is ambiguous for the maximum
field condition, since the half of the square wave corre-
sponding to maximum field is not known e priori, the
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Fic. 9. Best null electroabsorption of PbS film of Fig. 8. The
lower curve presents data for nearest-null signal taken by mea-
suring Al and I separately and dividing. The upper two curves
are to same scale as in Fig. 8.
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zero dc bias curve could be approximated by a broad-
ened F(n) curve with a subsidiary oscillation. The
curve taken with 0.0 V dc bias can be fitted to a certain
extent by the broadened — Ae, curve given for the M,
edge in Fig. 7 if one subsidiary oscillation is kept. The
main peak should then be flanked by dips of equal
depth in Fig. 9, but this does not occur. On the basis of
Fig. 7, the energy gap should be at the zero crossing
which is estimated as being between 0.40 and 0.41 eV.
The bias can be changed to make the dips of equal
depth, as is shown by the remaining two curves of
Fig. 9, but in so doing, the fit to the broadened — Ae»
curve becomes worse. We obtain a shape which quali-
tatively resembles that of an exciton quenched in an
electric field, characterized by a relatively large and
sharp center spike flanked by two broad wings which
has, for example, been seen in the electroabsorption
spectra of Ge p-x junction diodes.* Because of the high
dielectric constant of PbS, this exciton would occur at
an energy nearly equal to that of the direct gap; we
note that the dip in the curve in Fig. 9 occurs at the
expected energy gap of 0.42 eV. The third curve in Fig.
9 shows an earlier measurement on the same sample at
nearest-null conditions, obtained by making separate
measurements of AI and I and dividing point by point.
Since the half-width of the structure of the lower two
curves is about k7'=0.026 eV, this also suggests the
excitonic electroabsorption effect. The measurements
given by the lower and middle curve of Fig. 9 were
taken two months apart (lower curve first), which gives
some idea of the stability of the films in a dry atmo-
sphere, but a somewhat overoptimistic view of the
reproducibility of the electroabsorption data. A doped
p-type epitaxial PbS film on NaCl gave similar results.
The equivalent electroabsorption spectrum for a
nominal 0.5-x PbSe epitaxial film deposited on a cleaved
NaCl substrate is shown in Fig. 10. This PbSe film was
p type and had the parameters p=7X10"® cm3,
p=0.016 Q@ cm, and uz=60 cm? V1 sec”l. Measure-
ments were made with a cooled PbSe cell in order to
provide detector sensitivity in an energy range below
the room-temperature energy gap of PbSe, 0.27 eV.¥
Figure 10 gives the results of nearest-null signal bias
and negative bias conditions. A curve for stronger
positive bias was also taken, which was essentially the
mirror image of the negative bias curve as in PbS, but
is not shown. The negative bias curve consists primarily
of oscillations resulting from interference in the PbSe
film. This is clearly shown by the arrows which give the
measured peak transmission (upward) and least trans-
mission (downward) energies for the same film,
measured on a Perkin-Elmer Model 337 dual beam
spectrometer. The presence of a third transmission
interference maximum is seen at about 0.58 eV.

46 Y. Hamakawa, F. Germano, and P. Handler, in Proceedings
of the International Conference on the Physics of Semiconductors
(The Physical Society of Japan, Tokyo, 1966), p. 111.

47 A. J. Strauss, Phys. Rev. 157, 608 (1967).
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Fic. 10. Electroabsorption of nominal 0.5-u p-type PbSe film
epitaxially deposited on a cleaved NaCl substrate for best null
and negative bias conditions. Arrows locate measured interference
transmission maxima () and minima (|) in film.

The fact that the period of the interference oscil-
lations fits so well the observed gross structure in the
electroabsorption oscillations demonstrates the depen-
dence of the latter on the former. We have observed
identical phenomena in GeTe and SnTe thin films,
which persist for several tenths of an eV above the
onset of the absorption edge and remain visible well
after the same interference pattern has vanished in
transmission. Under sufficiently high resolution, inter-
ference oscillations associated with the electrolyte film
can also appear and have been observed.

Structure in Fig. 10 below 0.24 eV is measured at
very low light intensities due to CO, absorption and
equipment limitations and should not be taken as an
effect in the crystal itself, but is rather probably due to
a slight offsetting of the reference channel zero which
can cause large errors at very low light intensities. It
should be pointed out that the intensities over the
remainder of the spectrum were sufficiently large to
prevent errors of this sort, and in particular the image
of the transmission interference in the AI/I spectrum
is caused by the interference modulation referred to
earlier and not to a change in I.

In further support of electroabsorption oscillations
produced by interference oscillations we show electro-
absorption results for a thinner PbSe epitaxial film on
an NaCl substrate in Fig. 11. This film was of nominal
0.4 p thickness, with p=4X10"® cm™3, p=0.016 & cm,
and puy=110 cm? V! sec™’. The spectrum is quite
different from that of Fig. 10 from the standpoint of
interference oscillations in the PbSe film. The notch at
0.36 eV in the two large curves is again the result of a
slightly incorrect zero adjustment in the reference or I
channel and represents division by ‘“zero” at the point
where C—H bonds of the electrolyte lead to particularly
strong absorption (3.4 w). This error is negligible else-
where, and except for the extremely low light intensities
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F16. 11. Electroabsorption of nominal 0.4-u p-type PbSe film
epitaxially deposited on a cleaved NaCl substrate for best null
and large bias conditions. Arrow indicates transmission maximum

of film.
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F16. 12. Electroreflectance of PbS film of Fig. 8 for various
positive biases. PbS, infrared phototube, and uv phototube de-
tectors are used in their optimum energy regions. Error bars refer
to appropriate uncertainties. Arrows indicate respective structures
in reflectance.
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Fic. 13. Electroreflectance of PbS film of Fig. 8 below 2.2 eV
for various conditions of bias and square-wave amplitude. Note
scale change below 1 eV.
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encountered below 0.24 eV using the cooled PbSe
detector, appears nowhere else in electroabsorption
measurements. The notch is missing in the nearest-null
bias curve.

Since PbSe has essentially the same direct-gap band
structure as PbS, namely, four equivalent spherically
symmetric M, critical points at the L points of the
Brillouin zone at a room-temperature threshold of 0.27
eV, the electroabsorption spectra for the nearest-null
bias condition, where the electro-optic effect dominates,
should be quite similar to that of PbS. Some structure
is observable near the energy of the direct gap in both
Figs. 10 and 11, but is too poorly resolved to relate to
any electro-optic structure. This may be due to the
higher carrier concentration of the PbSe films with
respect to the PbS film measured earlier, which would
broaden exciton absorption and tend to lower the
internal field in the semiconductor by dropping a
greater fraction of the voltage in the electrolyte.

We next consider the electroreflectance results for
PbS and PbSe. Figures 12 and 13 give typical electro-
reflectance spectra for the same PbS film used in electro-
absorption measurements for a range of bias and
square-wave amplitudes. The phase lag between the
fundamental harmonics of the 100-Hz square wave
and the resultant change of intensity was 135°, which
means that the internal field was considerably distorted
from the driving voltage. For this reason we give as
ordinate variable the ratio of rms change in detector
voltage caused by AT to the dc value of the voltage for
phototubes, or shift from dark voltage for PbS or PbSe
detectors, which is proportional to I. This ratio is
proportional to +AR/R. Because neither the time
variation of AI nor the internal field is known, the
amplitude of the fundamental harmonic of Al cannot
be related to a change of intensity resulting from a
given internal field and therefore the constant relating
AR/R with the output voltage cannot be determined.
No information is therefore lost by using AVims/Vae
as the ordinate.

PbS, infrared phototube, and uv phototube detectors
are used in their optimum regions and the overlap
regions indicate the usual reproducibility. Spectra taken
with the infrared phototube are shown as dotted lines in
Fig. 12 in order to distinguish among the three types of
detectors. For comparison purposes we give the electro-
reflectance spectra of a thick natural PbS crystal in
Figs. 14 and 15. The cell phase lag for this crystal was
70°, compared to 135° in the thin films, indicating a
sizeable phase shift in the thin film is occurring because
of its higher resistance. Figures 13 and 14 show curves
taken at several different biases and square-wave ampli-
tudes in order to illustrate some of the changes in the
spectra which result from changing the voltage. As a
general rule we give the spectra corresponding to
maximum voltage, since the structure for these voltages
was most pronounced. The location of the peaks in the
structure is fairly insensitive to variations of driving
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the onset of electrochemical reactions imposes an upper
limit. These reactions generally occurred if the applied
potentials exceeded 1.5 V of either polarity for the
frequencies used, and were enhanced by shining light
on the interface. A tarnishing of the surface and sub-
sequent destruction of the film followed.

Similar results for the 0.4-u PbSe film used in electro-
absorption are presented in Figs. 16 (the lower set of
curves) and 17. Figure 17 shows a set of positive bias
measurements for this film which show the change of
peaks with bias and signal amplitude in the region
below 2 eV. For comparison, we present in the upper
set of curves of Fig. 16 the equivalent electroreflectance
spectrum of a PbSe film deposited on a cleaved mica
substrate, with nominal thickness 0.5 u, p=9X10!®
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Fi1c. 15. Electroreflectance of PbS crystal of Fig. 14 for
negative bias. Note ordinate scale change.
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F1c. 16. The upper set of curves shows electroreflectance of
nominal 0.5-u p-type PbSe film deposited on cleaved mica sub-
strate, for positive bias. The lower set gives the electroreflectance
spectrum of the PbSe film of Fig. 11 (NaCl substrate) under
similar conditions.

cm™3, p=0.011 @ cm, and ur=60 cm? V-! sec~’. The
use of mica as a substrate resulted in a more durable
film.

Comparison of the electroreflectance results for PbS
and PbSe, as, for example, Figs. 12-14 with Figs. 16
and 17, shows the similarity between the two com-
pounds, which is expected from the nearly identical
band structures and the similarity of their reflectance
curves given in Fig. 5. The energies of the various
structures in the reflectance curves, namely, the E,
structure at 1.83 eV (1.54 eV), the E, or reflectivity
maximum at 3.6 eV (3.1 eV), and the shoulder at E;
of energy 5.3 eV (4.5 €V) in PbS (PbSe), are indicated
on Figs. 12-17 by arrows at the appropriate energies.
We expect structure in the electroreflectance spectra
to correlate with the structure in reflectance, and find
to a certain extent that this is indeed the case.

Structure which occurs in both PbS and PbSe below
1.2 eV is due to optical matching of the electrolyte in
the back-reflected signal similar to that seen in electro-
absorption and is not due to critical-point structure in
the crystals themselves. This is seen immediately by
comparing the epitaxial film results of Fig. 12 for PbS
with that of the thick natural crystal given in Figs. 14
and 15. The interference vanishes when the optical
density of the film becomes sufficient to cut off the back-
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Frc. 17. Electroreflectance of PbSe film of Fig. 11 below
2.3 eV for various bias conditions.

reflected light component. The off-scale travel of the
electroreflectance signal in all curves at 0.6 €V is due
to the onset of absorption in the electrolyte and is not
produced by the band structure of the epitaxial films,
as can be seen by the complete lack of electroabsorption
structure in this region in Figs. 8 and 9, from the
absence of any transitions in the energy range from the
band-structure calculations, and from the fact that the
structure occurs at the same energy for each material
(PbTe included).

In contrast to the electroabsorption measurements,
considerable distortion of the resulting internal field
from the applied voltage square wave was present in
electroreflectance as evidenced by the large phase lag,
which has been discussed in connection with the use of
AV:ms/Vao as the ordinate variable. This distortion also
affects the electro-optic function shape, particularly in
the subsidiary oscillations, since it averages over a
range of fields per cycle of driving voltage. This can be
seen as follows. The measuring system takes the first
Fourier component of the relatively complicated
periodic function AI(#), which consists of a broadened
electro-optic function combination for a range of fields.
Since the primary effect of the field is to change the
period of oscillations in energy of the electro-optic
functions, which varies as #%#0= (¢28%/2uh)'?, the sub-
sidiary oscillations for photon energies off threshold
will tend to average each other out; since the functions
all add in phase at photon energy equal to threshold,
electro-optic structure will tend to be unaffected at
this energy. This leads to a relative enhancement of
electro-optic structure at the threshold energy itself.
Spatial variation of the electric field within the film
further increases this effect. For this reason we assume
that all electroreflectance structure occurs at the
threshold of the critical point, and that the only
legitimate shape analysis is that of the sign of the change
of reflected intensity with field. This sign can be related
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to possible critical points through Figs. 6 and 7. The
spatial and time averages will further modify the
broadened F function shown (i.e., Ae; for the M, edge)
so as to suppress the subsidiary oscillation, which cuts
into the peak just above threshold (for M,) and
weakens it considerably. The dominant peak in this
function thus tends to be that arising from the sharp
peak at threshold in the unbroadened F function?;
hence we consider structure arising from broadened F
functions to have the sign of this peak.

In the analysis of the electroreflectance spectrum of
PbS and PbSe we consider first the structure which
occurs at 2.3 to 2.4 eV in PbS and 2.05 eV in PbSe
and which dominates the spectrum in Figs. 12-17
(except Fig. 13, where it occurs beyond the energy
range). Since its peak energy position is reasonably
independent of the bias, it seems logical to assume that
this peak represents a critical point and is not a sub-
sidiary oscillation of a critical point several tenths of an
eV away. In any event such a subsidiary oscillation
would be expected to have a much smaller amplitude
than the main peak due to space and time averaging as
discussed earlier. Since the inversion of the sign of the
peak with changing dc bias (compare Fig. 14 with Fig.
15) shows that the nonzero half of the square wave
represents the maximum field condition, we look for a
critical point such that the reflectance decreases at its
threshold energy with the application of an electric
field, because AR/R is out of phase with the ac com-
ponent of the applied voltage for positive bias. At 2.3
eV for PbS, Fig. 6 shows AR/R is proportional to 4 Aes.
The proper negative sign at the critical point for the
observed change in reflectivity is obtained only with
M, or M, transitions, either for electric field parallel or
transverse to the axis of mass of odd sign, as Fig. 7
shows. The same considerations apply to PbSe.

No M, transition appears in this energy region for
either PbS or PbSe, although several M, transitions are
present. A particular M transition which may have a
sufficiently large effect to show up strongly in the
electroreflectance spectrum is the 2;5(3) — Z:5(2)
transition 0.58 of the way from I' to K in Fig. 2 which
has a threshold energy of 2.5 eV in PbS. Continuing
along 2, we find that the band separations at T' and K
are 6.6 and 6.0, respectively, suggesting a fairly small
positive mass in the 2 direction. In the two perpen-
dicular directions, there is first the intersection with
A, 0.87 of the distance from I' to X ; the energy sepa-
ration here is about 7.0 €V by Fig. 2, which again is
likely to lead to a small positive mass toward A. The
remaining direction perpendicular to both Z and Z— A
intersects A 0.87 from I to L. Here the energy separation
of 2.0 €V leads to a fairly large negative mass. Assuming
monotonic variation of £ with k in these directions, the
21%(3) — Z45(2) transition is therefore an M transition
with a [100] negative mass appreciably larger than that
of the two positive masses in the perpendicular di-
rections, Assuming a reasonable matrix element, the
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statistical weight of eight critical points transverse to
the [100] field, in combination with the large negative
mass which increases the density of states, should result
in a contribution to the electroreflectance spectrum.
The remaining Z transitions, 2,5(3) — Z,5(4) at 1.5 eV,
2P(1)—>Z5(4) at 2.85 eV, and Z8(1) — Z,5(4) and
2P(1) — 25(2) at 3.9 eV, apparently do not have such
a large negative mass or matrix element and therefore
may not contribute. This assignment should be checked
by an estimation of the matrix elements of the tran-
sitions in the 2 direction, and also by obtaining the
location of the corresponding X transitions in PbSe
from band-structure calculations when the necessary
calculations become available. On the basis of the
present status of theory and experiment, it appears
that the transition given is responsible for this dominant
peak.

The first electroreflectance structure occurs just
below this main peak, and consists of two peaks located
at 1.85 and 1.98 eV in PbS, and 1.53 and 1.78 eV in
PbSe, as shown most clearly in Figs. 13 and 17. The
lower energy structure of the pair coincides with, and
therefore must be, the same transition(s) that results
in the E; shoulder in reflectance. The type of critical
point involved can be determined with the help of
Fig. 6, which shows that the electroreflectance spectrum
at these energies also comes from -+ Aez. Since Al and
the applied voltage are in phase for positive bias, the
reflectivity and therefore e must increase with in-
creasing field because the maximum field is associated
with the positive half of the square wave for positive
bias. Figure 7 shows this behavior is characteristic of
an M, threshold and opposite that of an M, for either
parallel or transverse field orientation. On this basis
the structures are assigned to M transitions.

Barring critical points at general points in the zone,
there are four possible M, or M-like transitions at L,
by Table I, which are close enough in energy to cause
this structure. Although the transitions L;*¥(1)—
L% (2) and L;5(1) — Ly*(2) may be M, at the point
L itself, the band structure shows that they are located
very near the minimum energy separation which ap-
parently occurs just off L along A, and therefore would
be expected to have some M -type structure associated
with them at slightly lower energy. These M, critical
points should be separated by approximately the same
splitting as the bands at L.

The transition L,8(2) — L3*’(1) at 2.25 eV in PbS
and 2.00 eV in PbSe can be eliminated because it would
make the PbS peak separation greater than the PbSe
separation for any of the remaining M, transitions,
since it can be safely assumed that both peaks arise
from the same transitions in each compound. If only
one of the L;*(1), L3*(1) — L% (2) transitions were
chosen, the question of why the matrix element of the
other should be so much less, since they arise from the
doubly degenerate L; representation in the absence of
spin-orbit splitting, would have to be answered. How-
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ever, it should be noted that the calculated spin-orbit
splittings of 0.08 and 0.15 eV are less than the measured
separations of 0.13 and 0.25 eV for PbS and PbSe,
respectively; this discrepancy is probably not serious
and in any event the correct greater separation for
PbSe is obtained. Assuming that for some reason the
L;%(1) transition were not visible, no better agreement
would result by assigning the remaining transition
L:8(2) — L% (1) to the lower peak and Lj*(1) —
Ly%'(2) to the upper peak, for then the separations
would be 0.20 and 0.37 eV, respectively. Considering
that the two transitions L3*3(1) — L34 (2) and L38(1) —
L% (2) should be of roughly equal strength and be-
havior, these must be considered as the transitions
responsible for the 1.85- and 1.98-eV peaks in PbS, and
the 1.53- and 1.78-eV peaks in PbSe. The £ reflectivity
structure therefore must arise from the transition
Ls#%(1) — Ly%(2) in PbS and PbSe, and the spin-orbit
splittings at L between L;¢(1) and L;*(1) are 0.13 and
0.25 eV in PbS and PbSe, respectively.

At higher energies Fig. 6 shows that the electro-
reflectance spectrum is given essentially by AR« —Ae;
in the range of 3 to 4 eV in PbS and from 2.4 to 2.8 eV
in PbSe. Beyond these energies, we have approximately

AR« —Ae;—3Ae;
for PbS, and
AR« -—Ael— Aez

for PbSe.®® Since all peaks in these energy ranges
appear as intensity decreases with positive bias at
maximum field, the structures responsible must have
Ae>0, and probably have Ae,>0, upon the appli-
cation of a field. These inequalities are satisfied at the
critical-point energy only by the M, critical point for
Agy, in both parallel and transverse field orientations,
and by the M, or M3 edges if Ae. is observable. Since
we expect Ae; to dominate in these regions, structure
above 3 eV is apparently caused by M, critical points
most probably located along A or at X. Accordingly,
we can make the following (speculative) identifications.
The large peak at 3.3 eV in PbS and 3.0 eV in PbSe is
probably A8(4) — AS(5), occurring at 3.0 and 2.8 eV
in PbS and PbSe, respectively; 3.7 and 3.3 eV from
A7(1) — A%(5) at 4.0 and 3.8 eV; 4.0 and 3.8 eV from
A%(3) — A%(5) at 4.1 and 3.9 eV; 4.6 and 4.6 eV from
A%(4) — A8(6) at 4.4 and 4.6 eV, respectively. This by
no means exhausts the critical points available to be
fitted and should not be taken as a final description
of the high-energy electroreflectance structure, since
the electroreflectance signals are too broad to be inter-
preted uniquely as being due to transitions of the M,
type. The electroreflectance technique enhances the
structure but reaches its limitation in PbS and PbSe at
these energies with respect to detailed interpretation
of the critical-point structure.

4 The difference between these expressions of AR for PbS and

PbSe may not be real, but may be produced by inaccuracy in the
Kramers-Kronig analysis of R used to obtain « and g.
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B. PbTe

Due to the larger spin-orbit splitting of Te, the band
structure of PbTe, as calculated by Lin and Kleinman
and given in Fig. 4, is somewhat different from that of
PbS and PbSe. The column of energies for PbTe in
Table I, obtained from Fig. 4, shows that the critical
points are ordered quite differently in energy, with the
major changes occurring in the Brillouin zone region
about the fundamental energy gap where the L,.%'(2)
conduction band of PbS and PbSe has been inverted
with the band L3¢ (1). One effect of this is to make the
M, critical points of the fundamental threshold highly
anisotropic.'%% In spite of these changes, the reflectivity
spectrum of PbTe is quite similar to that of PbS and
PbSe except for being shifted to lower energy, as seen
in Fig. 5. The dominant reflectivity features in the
range of interest here are the £; shoulder at 1.25 eV,
the E, reflectivity peak at 2.3 eV, and the E; shoulder
at 3.5 eV.

We consider first the electroabsorption measure-
ments. Figure 18 shows the electroabsorption spectrum
of a nominal 0.5-u p-type epitaxial PbTe film of re-
sistivity 0.044 @ cm, p=7X10" cm=3, and ux=260
cm? V-1 sec™, deposited in the usual manner on a
cleaved NaCl substrate. In this material the spectrum
is quite similar to that of PbS and PbSe. The electro-
absorption structure can be obtained from the condition
of best null. The gap measured in Fig. 18 is 0.30 eV
from the best null curve. The energy gap for PbTe at
room temperature as determined by resistivity and
Hall-effect measurements is known to be 0.32 eV.%5
The difference is probably due to a certain amount of
strain present in the film, since this crystal rapidly
developed a crazed appearance following measurement
and disintegrated soon afterward. The indirect valence-
conduction band transition at 0.36 eV *® may be con-
tributing some structure at this energy but the struc-
ture present does not constitute a demonstration of this

T 1
PbTe

i

=

r4

2

>

@

s

a

[

1]

a

<

1

Yo
S —
q

f 1 1 1 1 1 1 1
0.3 0.4 0.5 06

hw—-ev

Fic. 18. Electroabsorption of nominal 0.5-u p-type epitaxial
PbTe film on NaCl substrate, for various conditions of bias.
Arrow locates measured interference transmission maximum.
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transition. Further measurements are being planned
in an attempt to observe this transition.

Because of the greater durability of the PbTe films
epitaxially deposited on mica, the reflectivity measure-
ments were carred out on a film of PbTe nominally 0.5
thick dep.sited on this substrate. This film had the
properties p=1.2X10¥ cm=3, p=0.040 @ cm, and
ur=130 cm? V! sec™l. Results of electroreflectance
measurements on this film from 0.6 to 5 eV are shown
in Figs. 19 and 20. The usual epitaxial film interference
oscillations appear below 0.8 eV until the optical density
is sufficient to inhibit back-reflection effects. The in-
version of the electroreflectance signal with dc bias

PbTe
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Fic. 19. The upper set of curves show electroreflectance of
nominal 0.5-u p-type PbTe film deposited on mica substrate, for
negative bias. The lower set of curves give electroreflectance of
same film for positive bias. Arrows locate structure in reflectivity.
PbS, infrared phototube, and uv phototube detectors are used in
in their optimum regions, with uncertainties shown.
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F1c. 20. Electroreflectance of PbTe film of Fig. 19 in energy
region below 2.5 eV for various bias conditions.
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which occurred for PbS and PbSe is absent in PbTe,
shown by comparing the upper and lower sets of curves
in Fig. 19. This indicates that surface shielding is
passing only the ac component of the applied voltage.
With effectively no dc, equal fields (of opposite sign)
should presumably result from the applied square wave
voltage. This means that the maximum-field half of
the square wave is not directly obtainable, in contrast
with PbS and PbSe. This absence of phase reversal
indicates as well that what is seen in electroreflectance
is an electro-optic effect and probably not an effect
associated with the Gouy layer, since the Gouy layer
caused interference oscillations seen in electroabsorp-
tion in Fig. 18 inverted sign with an inversion of dc
bias.

The band structure of Fig. 4 indicates that of the
transitions at L, only those arising from L5(2), the
upper valence band, will be of the type Mo The re-
maining will be relatively complicated, probably being
M, at L, but since the bands reach their minimum
separation very near L, will have a very close M,
transition, lying along A, associated with them. All
transitions at L occur at energies below 3 e€V; hence any
structure at higher energies must involve A, 2, X, A,
or some arbitrary point of the zone.

The first electroreflectance structure beyond the
band edge is seen most clearly in Fig. 20 and appears
from 1.18 to 1.25 eV, coming out quite rapidly with
higher applied voltage as is to be expected from an
electro-optic effect. The width of the structure, about
100 meV, is also consistent with the electro-optic
interpretation. In fact, of all electroreflectance struc-
tures observed in the lead salts, this is the only one
which appears to be a clear-cut electro-optic effect. Of
the several possible transitions listed in Table I and
1.2 eV for PbTe, the most reasonable appears to be the
215(3) = 245(2) transition at 1.15 eV. This transition
is of the M type with a negative mass somewhat larger
than the two transverse positive masses and lving along
the (100) perpendicular from = which intersects A.
Therefore, the electro-optic spectrum should result
from 12 essentially transverse-type M spectra since
the field probably lies in the (111) direction.®*® Even
for random orientations of PbTe, the small transverse
masses would dominate the large longitudinal negative
mass and cause a predominantly, if not completely,
transverse electroreflectance spectrum. In any event
only the transverse M spectrum should appear.

The half of the square wave which results in the
largest field can be deduced from the change in the
peak magnitude even though the dc bias is almost
completely blocked by interface effects. We note from
Fig. 20 that the signal is greatest for a 1.5 V amplitude
square wave with —0.75 V dc bias, and conclude that
the negative swing of the square wave, where the
electrolyte is positive with respect to the crystal,
results in the highest field. Therefore, since intensity
change and square wave are in phase for the lower
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energy and out of phase for the higher energy part of
the electroreflectance structure, we look for Ae; and
Ae; such that AR decreases with field at lower energies
and increases at higher energy. Figure 6 shows that to
a good approximation only +Ae will contribute to
AR/R for PbTe in contact with a #=1.400 electrolyte
at this energy. Figure 7 shows that the particular
variation observed in Fig. 20 is opposite to that of the
M, and M, parallel electro-optic effect, but correct for
an M, transverse effect. Since the energy is reasonably
close as well, it appears that the structure is due to the
2:5(3) — Z45(2) transition. The alternate choice of the
Lyf(1)— L3 (1) Mo+M, complex can probably be
eliminated because it occurs at too high an energy and
may have appreciable o behavior. The remaining
possible transitions are all M, and can be eliminated.

This transition is also responsible for the E; structure
in reflectance since it occurs at precisely the same
energy. We here disagree with LK, as they assign the
M, transition L;8(2) — L% (2) to the E; reflectivity
structure. This occurs quite close in energy as well but
the electroreflectance spectrum observed is that of an
M, structure and not M, which eliminates the L
transition as the cause of the E; shoulder. We note that
the structure at 1 eV appearing in the large negative
bias curve of Fig. 20 can only come from the M+ M;
complex of L;#(1)— L3% (1) at 0.98 eV in Table I,
from the sign of the structure and lack of other tran-
sitions which could give M;-like behavior.

To obtain the type of critical point associated with
the large peak at 1.6 eV, we note from Fig. 6 that
AR/R is given by almost equal contributions of —Ae
and +Ae, at this energy. The decrease of reflectance
with field observed in Figs. 19 and 20 therefore requires
a critical point satisfying Ae;> and Ae;<0. But this
can only come from an M critical point; either parallel
or transverse field orientation is permitted. The M,
critical point can be eliminated by the equal contri-
bution of —Ae; and +Ae, given in Fig. 6, since for this
threshold Ae; and Ae; are approximately equal, are of
the same sign, and would therefore tend to cancel each
other. The only possible M, transition listed in Table I
is the lowest-energy one, that of the AS%(4) — AS(5)
transition at 1.8 eV. This is quite close to the value of
1.6 eV observed for this structure, and it therefore
appears that this is the critical point responsible for the
transition.

The next structure, which appears most strongly in
the positive bias curve of square-wave amplitude 1.0 V
in Fig. 20, occurs at 2.2 €V and is also of negative AR/R.
Figure 6 gives the major contribution as that of —Aeg
for this peak, which requires a critical point producing
Ae>0. Once again the only possible choice is an M,
critical point. Once this has been determined, the only
possible M, transition along a high-symmetry direction
is the A7(1) — AS(5) transition at 2.6 eV. The 0.4-eV
discrepancy seems rather large, yet on the basis of the
assumptions going into the analysis the M, nature of
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the critical point follows unambiguously, which elimi-
nates all remaining transitions in the energy range.

One of the curious features of PbTe is the almost
complete lack of electroreflectance structure in the
region of the E, reflectivity peak at 2.4 eV. Pronounced
structure corresponding to the Ej shoulder is observable
at 3.5 eV, but the E; peak apparently yields nothing
but an inflection point in the electroreflectance spec-
trum. This behavior is conceivable for a self-cancellation
of the electroreflectance spectrum between Ae; and
Aez, which contribute approximately as AR/Re« —Ag
—1Ae. An M, threshold, where Ae; and Ae, are of
opposite sign, could possibly produce this behavior.
It may be possible for the Lz#(1) — L% (2) complex
at 2.5 eV assigned by LK to this peak to provide this
cancellation, although it is also conceivable that the
electro-optic spectrum of this peak is too small because
of large masses in all directions.

We conclude by noting that on the basis of the sign
of AR/R at the E; peak in Fig. 19, this structure is
consistent with M transitions but probably not M,
transitions, since AR/Rx —Ae;—3Ae:>0 if we inter-
pret the structure on the basis of the electro-optic
effect. Remaining structure is too vague for a definite
assignment. Strain measurements may yield more in-
formation about these peaks and lead at least to a
narrowing of the choices available.

V. CONCLUSION

We have measured the electro-optic effect in PbS,
PbSe, and PbTe in electroreflectance over the range of
0.6 to 5.5 eV, and electroabsorption from 0.25 to 0.65
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eV, on an assortment of epitaxially deposited films and
one natural crystal of PbS. Strong enhancement of the
reflectivity spectrum was obtained, as expected with
the electro-optic effect, and in addition peaks appeared
which had no observable correlation with the reflectance
spectrum. These structures have been related to critical
points in the band structure calculated by Lin and
Kleinman,?? and in general support the theoretical
calculations. It was not possible to make unique identi-
fications of the critical points in the optical spectrum
in most of the energy range over 2.5 eV, a shortcoming
which may be resolved by the use of strain measure-
ments in conjunction with the electroreflectance results.

The use of a conducting transparent window in the
infrared for electroabsorption measurements permitted
measurements to be made in an energy region where
the electrolyte was absorbing, and yielded structure in
PbS which under certain bias conditions appeared
excitonic rather than looking like the theoretical
electro-optic curves calculated on the basis of no
Coulomb interaction. This method should have general
applications for electro-optic measurements in other
low-gap semiconductors with energy gaps in regions
where the usual electrolytes absorb strongly.®®

Interpretation of the results could be placed on a
firmer basis (or shown to be incorrect) if the transition
probabilities for the various critical points could be
obtained. Certain structures, such as the twin-peaked
structure occurring below 2 eV in PbS and PbSe, could
be unambiguously determined if this information were
available. Strain measurement will also yield more
information about these critical points.



