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Experimental observation of band inversion in the PbSnTe system
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The band inversion in the PbSnTe compound has been observed by optical and electrical
measurements. The samples, high quality Pb12xSnxTe epitaxial layers, have been grown by
molecular-beam epitaxy on~111!BaF2 substrates. Optical transmission measurements have revealed
a change in signal of the energy gap temperature derivative for samples with 0.35,x,0.70. In the
same samples and at the same temperature, a minimum in the resistivity has been observed, showing
a interrelation between the optical and electrical measurements. However, the temperature, for
which the inversion occurs, is not that predicted by the band inversion model. This discrepancy is
supposed to be due to the relatively high hole concentration of these samples. ©1999 American
Institute of Physics.@S0021-8979~99!08624-7#
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The lead-tin telluride alloy system has been investiga
for many years and applied mainly in the fabrication of
frared photodetectors and diode lasers.1–3 New interesting
research possibilities were opened by alloying with ra
earth and magnetic elements such as Eu, Yb, and Mn.4,5 The
growth of lead salts on silicon to obtain monolithic integr
tion of detector arrays with silicon read-out circuits, has
cently received much attention.6,7

According to the band inversion~BI! model,8 the
Pb12xSnxTe energy gap (Eg) initially decreases as the S
composition increases, and vanishes for an intermediate
loy composition. Further increasing the Sn composition,
Eg starts to increase, with the band edge states inverted
to the SnTe value. The Sn composition for which the ba
inversion should occur varies fromx;0.35 tox;0.65 as the
temperature increases from 4 to 300 K. However, it is v
difficult to determine the band edge structure near and
yond the band inversion region, since only high carrier c
centration samples can be obtained.9 The energy gap of
Pb12xSnxTe has been experimentally determined only fox
,0.25. The Burstein–Moss shift, caused by the high h
concentration, which is observed in the samples with hig
tin composition, imposes difficulties in the determination
the ‘‘real’’ gap by optical-absorption measurements.10,11 For
higher x, the onlyEg experimental data available has be
determined by tunneling measurements in Al/Al2O3/SnTe
structures.12 The real Eg of pure SnTe (p;1020cm23) is
0.18 eV, while the ‘‘optical energy gap’’ (Eg

opt) was found to
be near 0.5 eV.10,11

Using In doping to reduce the carrier concentratio
Takaokaet al.13 have determined the effective masses a
Eg as a function ofx, across the band-inversion region b
the far-infrared magnetoplasma method. They have obse
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7190021-8979/99/86(12)/7198/3/$15.00

Downloaded 01 Jun 2005 to 150.163.34.25. Redistribution subject to AIP
d

-

-

al-
e
up
d

y
e-
-

e
r

f

,
d

ed

much heavier effective masses in these doped sample
compared to the values expected for undoped Pb12xSnxTe
and an energy gap which does not go to zero, in contrar
the BI model. They concluded that it would be difficult t
say if this behavior is essential for PbSnTe or just a resul
In doping. Therefore, although the BI model is widely a
cepted, its direct observation, for the Pb12xSnxTe system,
has not been achieved yet.

Recently, we have reported on the growth of high qua
PbSnTe samples, covering the whole composition rang14

The layers were grown on~111!BaF2 substrates by
molecular-beam epitaxy using solid PbTe and SnTe sour
at temperatures between 250 and 300 °C. The samples
characterized by high-resolution x-ray diffractio
temperature-dependent resistivity, Hall mobility, and infr
red transmission. The films, grown using stoichiomet
PbTe and SnTe sources, have shown a hole concentra
between p5131017cm23, for Pb0.85Sn0.15Te, and p52
31019cm23, for SnTe. The value, observed for SnTe, is
least one order of magnitude lower than the one previou
reported in the literature. Details about the electrical char
terization of these layers have been published previously15

In this work, we focus attention on the optical charact
ization of these layers, measuring the temperature dep
dence of the energy gap.Eg has been determined from th
transmission spectra, measured using a Fourier-transform
frared spectrometer in the range from 4500 to 800 cm21,
with a resolution of 2 cm21. A liquid He cryostat was used to
cool down the samples between 5 and 300 K. At each
sired temperature, the transmission spectra of a clean B2

substrate, taken just before the sample, was used as a b
ground reference. Figure 1 showsEg as a function of tem-
perature for two samples outside the BI region. As expec
the energy gap increases with temperature, for the sam
with x50.15, while it decreases, for the sample withx
50.82. But, in contrast to the model, the absolute values
8 © 1999 American Institute of Physics
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the energy gap temperature coefficients (dEg /dT) were very
different. This occurs because the energy gap taken from
transmission spectra isEg

opt, which takes in account the ef
fect of the band filling, Burstein–Moss~BM! shift. For
Pb0.85Sn0.15Te (p5331017cm23), the BM shift is negligible
and the measured values ofEg anddEg /dT are the expected
ones.16 On the other hand, for the sample withx50.82 (p
5131019cm23), Eg

opt is higher thanEg by almost 230 meV
and the optical energy gap temperature coeffici
(dEg

opt/dT) is almost three times lower. The observed te
perature dependence is a combination of the change inEg

and in the position of Fermi level with temperature. Prelim
nary calculations of the absorption coefficient, using the f
mulas proposed by Anderson,17 which include the BM shift,
can reproduce this decrease indEg

opt/dt for PbTe samples
with high hole concentration, showing that the band filing
the responsible for this behavior. The results of these ca
lations will be published elsewhere.

The behavior ofEg
opt is completely different for the

samples withx between 0.35 and 0.7, for which the ban
crossing should occur according to the BI model. Figure

FIG. 1. Optical energy gap as a function of temperature for two Pb12xSnxTe
samples outside the band inversion region. The solid lines are best line
to the data.

FIG. 2. Optical energy gap as a function of temperature for two Pb12xSnxTe
samples in the band inversion region. The lines are guides to the eye.
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shows the temperature dependence of the energy gap for
Pb12xSnxTe samples withx50.39 andx50.56. In contrast
to Fig. 1, Eg

opt first reduces, reaches a minimum and th
starts to increase. Again, due to the relatively high car
concentration of the samples~above 1018cm23!, the tempera-
ture coefficient ofEg

opt is much smaller than the expecte
value. The change in signal ofdEg

opt/dT, is a direct evidence
of the band inversion in this alloy system.

The electrical characterization of these PbSnTe lay
has also revealed two distinct behaviors, for samples, in
and outside the band inversion region. For Pb12xSnxTe lay-
ers with x outside the BI region, the resistivity always in
creases as a function of temperature. On the other hand
samples with Sn composition in the BI region exhibit a we
defined minimum in the resistivity curve and a correspon
ing maximum in the mobility. Figure 3 shows the resistivi
as a function of temperature for two samples in the BI reg
~the same shown in Fig. 2!. This anomalous behavior is sup
posed to be related to the band crossing since it happens
for samples in the band inversion region.

Besides that, the temperature where the minimum in
sistivity occurs correlates perfectly with the temperature
minimum Eg

opt. This coincidence can be clearly seen in F
4, where we plot the temperature of minimum resistivity a
minimum Eg as a function of Sn content for all sample
measured. The band crossing temperature expected from
BI model is also plotted in this figure. It can be observed t
the experimental data are close to values predicted by
model only for samples with low tin composition and th
difference between theory and experiment increases a
function of tin composition. This discrepancy, observed b
tween the model and the experimental values, is not
clearly understood, but we believe that the increasing car
concentration in the Pb12xSnxTe system withx, is respon-
sible for this effect. As we have already mentioned, the h
carrier concentration of the PbSnTe samples produce
strong Burstein–Moss shift, leading to a big change in
temperature dependence and absolute value of theEg

opt.
Since the BI model does not take this effect in account,

fit
FIG. 3. Temperature dependence of resistivity for the same Pb12xSnxTe
samples which are shown in Fig. 2.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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believe that this is probably the reason for the observed
ference.

We have observed the change in signal ofdEg
opt/dT for

Pb12xSnxTe samples with 0.35,x,0.70. This is the first
direct experimental observation of the band inversion in t
alloy. Besides that, we have shown that the band invers
can also be observed by means of electrical measurem
through the minimum in the resistivity as a function of tem
perature. The Burstein–Moss shift, which appears in
PbSnTe system due to the high hole concentration, prod
a big change in the temperature dependence and abs

value ofEg
opt. This effect is probably the reason for the di

FIG. 4. Temperature of minimum resistivity (s) and of dEg
opt/dT50

(3) as a function of tin composition (x). The solid line is the band crossin
temperature calculated from the band inversion model.
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crepancy between the inversion temperature values pred
by the BI model and our experimental data.
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