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Effects of sulfur isotopic composition on the band gap of PbS
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Low temperature photoluminescence spectra of synthetic PbS crystals having the natural isotopic abundance
(95% ¥25) are compared with crystals grown using 99% 345 An anomalous decrease in the band gap energy of
6.5+2 cm™! with increasing § mass was observed. The unusual sign of this isotope shift can be related to the

temperature dependence of the band gap energy, which opposite to the behavior seen for most common
semiconductors, increases strongly between 2 K and 320 K. This temperature dependence was measured with
improved accuracy using absorption spectroscopy, and a fit to this data suggests that there should be virtually
no net renormalization of the band gap energy due to zero point motion at low temperatures. This must result
from a cancellation of the contributions from S and Pb, but the predicted “normal” isotope shift of the band gap

energy with Pb mass is too small to be measured.
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I. INTRODUCTION

Thanks to its availability in nearly perfect single crystal
form as the mineral galena, PbS is one of the earliest semi-
conductors to have been used and investigated.!> Thanks to
their direct electronic gaps which occur at infrared frequen-
cies, the lead chalcogenides have found applications in infra-
red detector and laser technology™* and as materials for re-
search into the properties and applications of quantum dots.’
Their thermodynamic,é’7 electrical, optical,8 photoelectric,9
and vibrational'™!3 properties have been thoroughly
investigated.'* PbS crystallizes in the rock salt structure
(space group Fm3m) and has four equivalent direct band
gaps at the L points of the Brillouin zone. Due to the small
electron and hole effective masses and the very large dielec-
tric constant,'* Coulomb bound states such as shallow neu-
tral donors and acceptors, and excitons, are not observed
even at the lowest temperatures.

One of the interesting features of PbS and the other lead
chalcogenides is the strong increase of the band gap energy
with increasing temperature,'*!> opposite to what is ob-
served for all of the more common semiconductors. This
behavior led us to investigate the dependence of the PbS
band gap energy in the low temperature limit on isotopic
composition, since the same two processes which determine
the temperature dependence of the band gap energy—the
renormalization of the band gap energy by the electron-
phonon interaction and the temperature dependence of the
lattice constant (together with the volume dependence of the
band gap energy)—also determine the dependence of the
band gap energy on the isotopic masses in the low tempera-
ture limit.'® The influence of the isotopic composition on the
physical properties of semiconductors has received consider-
able attention over the past two decades, as outlined in a
recent review,'© in part due to the availability of macroscopic
quantities of highly enriched stable isotopes of most ele-
ments at prices which allow for the synthesis of small bulk
crystals or epitaxial samples.

We have studied the dependence of the PbS band gap
energy on S isotopic mass by comparing the low temperature
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photoluminescence spectra of synthetic PbS crystals pro-
duced with S of natural isotopic composition (95% 38,
0.75% 338, 4.2% 3*S, 0.02% 3°S) and highly enriched (99%)
34$. The band gap energy was found to decrease by
6.5+2 cm™! for the heavier S isotope, opposite to the usual
increase in the gap with increasing mass. The temperature
dependence of the band gap energy from 2 to 320 K was
determined with improved accuracy using transmission spec-
troscopy on thin samples of natural PbS, since the existing
data'*!3 did not match well between the lowtemperature and
higher temperature regions, and was inadequate for a deter-
mination of the net renormalization of the band gap energy
due to zero point motion of the constituent atoms in the limit
of low temperature. The new temperature dependence data
was accurately fit with a three oscillator model, and indicated
essentially zero net renormalization of the gap at low tem-
peratures. Since a significant isotope shift was observed
when changing the S mass, this suggested a cancellation be-
tween the contributions of § and Pb to the net band gap
renormalization at 7=0, but the expected “normal” isotope
shift when varying the Pb mass will likely be too small to be
directly observed.

II. SAMPLES

The samples used in the present study are identical to
those used in a recent investigation on the effects of tempera-
ture and S isotopic mass on the Raman spectrum of PbS, and
their characteristics and the method of preparation of the
synthetic samples are described in detail there.'* All of the
samples studied here were p-type, with hole concentrations
of 8.9 107 cm™ for the Pb**S sample, 1.7 X 10'® cm™ for
the synthetic sample grown using natural S, and
2.1 10'7 cm™ for the natural galena sample, as determined
by the energy of the plasmons edge measured by infrared
reflectance spectroscopy.'> The natural galena sample was
obtained from Creede, CO, and is referred to as such in the
earlier Raman studies.'>!3 The Creede material was used to
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determine the temperature dependence of the PbS band gap
using infrared absorption spectroscopy since it had the low-
est carrier concentration, and thus the greatest transparency
at energies below the band gap. It was also available as large
single crystals, from which the 45 um thick sample was ob-
tained by mechanical polishing. The synthetic samples were
smaller, with ~1 mm squared (100) faces having macro-
scopic (~0.1 mm) steps. These samples were used for the
photoluminescence study without further preparation.

III. EXPERIMENTAL RESULTS

For the photoluminescence measurements, the PbS crys-
tals were freely suspended in superfluid liquid helium in a
dewar having sapphire windows. Excitation was provided by
the multiline visible output of an Argon ion laser, at powers
of 50 and 5 mW in an unfocused beam with a diameter of
~3 mm. No change in the line shape was observed between
these two excitation levels, indicating that sample heating
was not significant. The luminescence was collimated by an
off-axis parabolic mirror and sent into the interferometer
through a CaF, window, with the path between the dewar
window and the interferometer window purged with dry N,
gas to eliminate interference from water vapor absorption
lines. The luminescence was analyzed using a Bomem DA
Michelson interferometer at a resolution of 0.5 cm™' with a
CaF, beam splitter and a liquid nitrogen cooled InSb photo-
voltaic detector. A 1038 nm long pass filter was placed be-
tween the interferometer and the detector to eliminate scat-
tered argon-ion laser light, and the scattered light from the
internal interferometer alignment laser (632.8 nm). The
room temperature blackbody background spectrum was col-
lected under identical conditions but with zero excitation
power, and subtracted from the photoluminescence spectra.
Spectra were collected from several crystals of each of the
two growth runs, and were found to be essentially identical.
Interestingly, no photoluminescence could be observed from
the natural galena sample from Creede CO, indicating that
although this material had the lowest free carrier concentra-
tion, it must also have contained recombination centers
which competed with radiative recombination.

In Fig. 1 we compare typical liquid He temperature pho-
toluminescence spectra of the synthetic Pb™'S and Pb**S
samples. The spectra are seen to be quite similar in shape,
with that of the Pb*'S sample being shifted down by
6.5 cm™! from that of the Pb™S sample. The uncertainty of
+2 cm™! reflects the small differences in the two line shapes,
together with the small shifts observed in spectra from dif-
ferent samples of the same materials.

As can be seen in the photoluminescence spectra of Fig.
1, the accurate measurement of the difference in band gap
energy between Pb™S and Pb*'S is made difficult by the
rather broad optical transitions resulting from the recombina-
tion of free electrons in the conduction band with free holes
in the valence band. In other semiconductors, the presence of
sharp excitonic luminescence and absorption transitions per-
mits the determination of small differences in band gap en-
ergy with remarkable precision,'® but in PbS this is not pos-
sible due to the vanishingly small binding energies of
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FIG. 1. Low temperature photoluminescence spectra of PbS
samples grown using natural S (~95% 325) and highly enriched g
are compared. The measured value of the peak shift is 6.5+2 cm™.

excitons and shallow impurity states resulting from the small
carrier effective masses and the large dielectric constant.'*
The spectra from the two materials are at least very similar in
shape, as would be expected from the fact that both received
the same purification, growth, and annealing treatments and
are therefore expected to have similar impurity and defect
content, as verified by their similar free carrier concentra-
tions. The luminescence spectra do have asymmetrical tails
towards higher energy, as would be expected from the re-
combination of a thermal distribution of electrons in the con-
duction band (at an effective temperature which may be
above that of the lattice) with a similar distribution of free
holes in the valence band (which may be at a different effec-
tive temperature). Unfortunately the luminescence lines do
not have the sharp low energy cutoff which would be ex-
pected from this simple plasma recombination model, show-
ing instead a weaker tail towards lower energy which likely
results from the impurity or defect-induced Urbach tails'” of
the band edges. The more pronounced low energy tail and
broadening of the Pb™'S sample are consistent with its ~2
times higher free carrier concentration. The stated shift of
6.5+2 cm™! between the two spectra is consistent with both
the shift between the two peaks and the shift between the
zero intercepts of a linear extrapolation of their low energy
edges.

The temperature dependence of the band gap energy
shown in Fig. 2 was determined by measuring the absorption
edge of a 45 um thick sample of the natural Creede galena
mounted freely between two sapphire plates in He gas in a
Varitemp dewar having ZnSe windows, and using the same
interferometer and detector as for the photoluminescence
measurement, together with a quartz-halogen white light
source. The temperature of the Cu block upon which the
sapphire plates enclosing the sample were mounted was
regulated by a Lakeshore 805 temperature controller and a
calibrated Si diode temperature sensor.

IV. DISCUSSION

The connection between the temperature dependence of
the band gap energy and its dependence on the isotopic
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FIG. 2. The temperature dependence of the band gap of natural
PbS as determined by absorption spectroscopy is plotted from 2 to
320 K. The solid line is a fit to the data using a three oscillator
model as described in the text. The dashed line, which has a slope
of ~0.45 meV/°K, is an extrapolation of a linear fit to the model in
the high temperature limit. The near-agreement of this extrapolation
and the observed 7=0 band gap energy indicates that there is es-
sentially no net zero-point renormalization of the band gap energy
at low temperature in PbS.

mass(es) has been investigated in many semiconductors, and
has recently been reviewed in considerable detail.'® Both
phenomena have the same two fundamental causes—the
renormalization of the band gap energy by the electron-
phonon interaction, and the variation of the band gap energy
with changing lattice constant, together with the dependence
of the lattice constant on the vibrational amplitudes of the
constituent atoms. In most semiconductors the contribution
of the electron-phonon effect dominates over that of the
change in lattice constant, and it is often considered to be the
only important term.'® While detailed information on the
temperature dependence of the lattice constant is not avail-
able for PbS, the values available for 7> 35 K,'® together
with the bulk modulus of 50 GPa at room temperature!® and
the room temperature pressure derivative of the band gap
energy of —9.1 X 107® eV/bar (Ref. 20) can be used to esti-
mate that half of the change in band gap energy with the
temperature seen in Fig. 2 results from the change in lattice
constant. In the absence of more detailed information, we
will hereafter consider only the net effect of both the
electron-phonon interaction and the changes in lattice con-
stant, since both of these terms have a similar dependence on
the phonon population factors, the vibrational amplitudes,
and the atomic masses.

The temperature dependence of the band gap energy
shown in Fig. 2 can be used to determine the net renormal-
ization of the band gap energy due to zero point motion in
the limit of low temperature, or in other words, the energy
difference between the observed low temperature band gap
energy and the (not directly observable) “bare” band gap
energy which would be obtained in the limit of zero ampli-
tude atomic motion (or, in other words, the limit of infinite
atomic masses). If the temperature dependence data extends
to the high temperature limit, where it becomes accurately
linear, then the net renormalization can be determined as the
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difference between the observed low temperature band gap
energy and the value obtained by extrapolating to 7=0 the
linear high temperature behavior. However, the data in Fig. 2
does not extend to the high temperature limit, as a small
negative curvature is observable even at the highest tempera-
tures. In such cases the net 7=0 renormalization can still be
obtained from an accurate fit to the available data using a
multioscillator model.'®

To fit the data of Fig. 2 we have used a model consisting
of three Bose-Einstein oscillators which can be represented
by:

1 1
E(T)=E0+El(2>< m+l>+E2<2Xm+l>

1
+E3<2XW+1) (1)

where E is the “bare” band gap energy, E|+E,+Ej5 is the net
renormalization energy at 7=0, and f;, f,, and f; are the
energies of the three oscillators, for which we have used,
respectively, 50, 93, and 225 cm™!. These oscillator frequen-
cies were obtained from the phonon density of states for PbS
(Refs. 10 and 11), and small changes in their values do not
affect the quality of the fit, or the physical results obtained
from the fit. The parameters obtained from the best fit
(shown as the solid line in Fig. 2) are E;=290.6 meV,
E,=5.4 meV, E,=383 meV, and E;=-44.8 meV. Thus the
net renormalization of the band gap energy at 7=0 is found
to be —1.1 meV, which is equal to zero within the expected
accuracy of the procedure.

On the other hand, a clear isotope effect of the S mass on
the band gap energy was observed, as seen in Fig. 1. From
the shift of —=3.5+1 cm™!/amu (-0.43+0.12 meV/amu), the
net 7=0 band gap renormalization due fo S can be calcu-
lated, since for a given constituent the renormalization from
both the electron-phonon effect and the lattice constant effect
vary as the inverse square root of the mass of the atom in-
volved. Thus the total net band gap renormalization at 7=0
due to the zero point motion of the S atoms is found to be
+234+70 cm™! (+29+9 meV). In order to account for the
negligible total renormalization of the band gap energy ob-
tained from the temperature dependence data, we must there-
fore assume that the contribution of the zero point motion of
the Pb cancels that of the S, or in other words that the net
T=0 band gap renormalization due to the zero point motion
of Pb is approximately —234 cm™' (—29 meV). Using again
the fact that the renormalization for a given constituent goes
as the inverse square root of the mass, we can predict a
“normal” isotope shift for Pb in PbS of approximately
+0.55 cm™!'/amu (+0.068 meV/amu). Given the range of
stable isotopes of Pb which are available, and the lack of
sharp excitonic transitions in PbS, it is unlikely that this
small isotope shift expected for Pb can be directly verified.

These results for PbS are similar in many ways to earlier
results obtained for CuCI?! and the other cuprous halides.?
The cuprous halides also have anomalous positive tempera-
ture coefficient of the band gap energy, although to a lesser
extent than PbS (for Cul the coefficient tends to zero in the
limit of high temperature). They also show the “anomalous”
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decrease in band gap energy with increasing Cu mass which
was observed here for S in PbS. A fit to the temperature
dependence of the cuprous halide band gap energies also
suggested a cancellation between the contributions of the
zero point motions of Cu and the halogen species on the
renormalization of the band gap in the limit of low tempera-
ture. For Cul the cancellation was essentially complete, simi-
lar to what we report here for PbS. However, unlike the
present case, for CuCl and CuBr the isotope shifts of the
band gap energy in the low temperature limit could be ob-
served directly for both the Cu and the halogen constituents,
and the net band gap renormalization remaining after the
partial cancellation of their contributions agreed well with
net renormalization predicted from the temperature depen-
dence of the band gap energy.?!-?

Information about the separate contributions of Pb and §
to the zero point renormalization of the gap can also be ob-
tained from the fitted energies E,, E,, E; of Eq. (1) if one
knows the average displacements of the Pb and S atoms
(eigenvectors) which correspond to the average frequencies
f1> f>, and f3. The highest frequency f3 corresponds to LO
phonons which involve predominantly the vibrations of S
atoms. Since the E; obtained from the fit in Fig. 2 is nega-
tive, there must be another band of sulphur-related vibrations
with a positive value of E. The large LO-TO splittings found
in the lead chalcogenides'®!! suggests that the average fre-
quency f, corresponds not only to LA vibrations involving
lead but also to TO vibrations of sulfur. A large positive
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contribution of the f, vibrations to £, may overcompensate
the negative contribution of E3 and thus account for the sign
of the mass dependence reported in Fig. 1.

V. CONCLUSIONS

We have reported the observation of an isotope shift of
the band gap of a lead chalcogenide by comparing the pho-
toluminescence spectra of PbS samples synthesized using ei-
ther natural S (~95% 32S) or highly enriched **S. The band
gap energy was found to decrease with increasing S mass,
opposite to what is normally observed in other semiconduc-
tors. The temperature dependence of the band gap energy
between 2 and 320 K was measured with improved accuracy,
and a three oscillator fit to this data was used to determine
that there is essentially no renormalization of the band gap
energy due to zero point motion at 7=0. This result suggests
that the contributions of Pb and S zero-point motion must
therefore cancel. The predicted small positive isotope shift of
the band gap energy with increasing Pb mass is likely to
remain too small to be directly measured.
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