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The SnTe, Sn1−xEuxTe and Sn1−xSrxTe �x�0.06� films were prepared by hot wall epitaxy. The
ternary alloy films prepared in cation rich condition had hole concentration around 1�1019 cm−3

with high mobility exceeding 2000 cm2 /V s at room temperature. Optical transmission spectra
were also measured in the temperature range from 100 to 400 K and compared with theoretical
calculations. Optical transmission spectra of the SnTe were simulated successfully assuming
bumped band edge structures. A band inversion model was proposed for the Sn1−xEuxTe and
Sn1−xSrxTe systems, and the optical transmission spectra were also simulated successfully assuming
the band inversion model. © 2010 American Institute of Physics. �doi:10.1063/1.3446819�

I. INTRODUCTION

It is well known that the Pb1−xSnxTe system shows band
inversion with the SnTe content x,1 and the band gap �Eg� of
the Pb1−xSnxTe with x�0.3 has been studied by laser emis-
sion or optical transmission measurements.2 The materials
are useful for infrared device applications such as infrared
lasers and detectors.2–4 On the other hand, alloys with high
Sn content have not been studied well because they show
very high hole concentration. Typical SnTe films have carrier
concentration as high as 1020 cm−3, and mobility as high as
200 cm2 /V s. The hole concentration can be decreased by
growing the films by cation rich conditions or adding Bi
donors.5,6 Recently we prepared Sn1−xEuxTe films and EuTe/
SnTe superlattices by depositing SnTe and Eu simulta-
neously or alternately.7 The Sn1−xEuxTe films and superlat-
tices showed hole concentration as high as 1�1019 cm−3,
and very high carrier mobility above 2000 cm2 /V s at room
temperature. Figure 1 shows the band gaps of Pb1−xSnxTe
and Pb1−xEuxTe ternary alloys.8 The band gap of Pb1−xSnxTe
decreases with the alloy content and shows a band inversion.
Since the exact band gap of Pb1−xSnxTe with high SnTe con-
tent was not clear, the band gap was drawn by linear extrapo-
lation of the band gap of the Pb1−xSnxTe with x�0.3. Figure
2 shows two kinds of band inversion models of the
Pb1−xSnxTe which have been proposed before.1 In the model
in Fig. 2�a�, band structure of SnTe can be expressed by
simple two-band energy–wave number �E–k� relationship.
On the other hand, band structure of SnTe has a bump around
L-point of Brillouin zone in Fig. 2�b� as expected by empiri-
cal pseudopotential and k ·p perturbation calculations.9,10

The band gap of Pb1−xEuxTe as well as Pb1−xSrxTe increases
rapidly with the alloy content as shown in Fig. 1. Consider-
ing the band inversion in the Pb1−xSnxTe, band gaps of the
Sn1−xEuxTe and Sn1−xSrxTe may also show band inversions
with the Eu and Sr content. To clarify the band structures of

the SnTe and SnTe based alloys, we prepared Sn1−xEuxTe
and Sn1−xSrxTe films, and measured electrical and optical
properties.

II. ELECTRICAL PROPERTIES

The Sn1−xEuxTe and Sn1−xSrxTe �x�0.02� films were
prepared by simultaneous deposition of SnTe, Eu, and Sr on
BaF2�111� substrate using hot wall epitaxy system.7,8 Low
carrier concentration SnTe film with p=2�1019 cm−3 was
also prepared by Sb donor doping. Substrate temperature
during growth was 300 °C. SnTe and Eu source tempera-
tures for Sn1−xEuxTe growth were about 500 °C and
470–500 °C, respectively. The Sr source temperature for
Sn1−xSrxTe growth was comparable with the Eu source tem-
perature. Growth rate of the films were about 1 nm/s. The
Sn1−xEuxTe and Sn1−xSrxTe films with hole concentration
around 1�1019 cm−3 were obtained for x�0.01. Figure 3
shows dependence of the lattice constants of Sn1−xEuxTe and
Sn1−xSrxTe films on the EuTe and SrTe contents. The EuTe
and SrTe contents were determined from energy dispersive
x-ray spectroscopy measurement. Standard samples were not
used to determine the absolute value of the Eu and Sr con-
tents, and errors of the Eu and Sr contents are considered to
be about 0.5%. Lattice constants of the Sn1−xEuxTe and
Sn1−xSrxTe were determined by 2�-� x-ray diffraction mea-
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FIG. 1. �Color online� Band gaps of PbTe based alloys. Pb1−xSnxTe shows
band inversion and band gap of Pb1−xEuxTe increases with the alloy content.
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surement, in which the lattice constants were calculated by
the deviations of �222� reflection peaks from that of BaF2

substrate. Lattice constants of the Sn1−xEuxTe and
Sn1−xSrxTe increased linearly for x�0.1, and lattice constant
of Sn1−xEuxTe obeyed Vegard’s law.

In the electrical property, films with Eu or Sr contents
around 1% gave highest mobility, owing to the decrease in
carrier concentration. Figure 4 shows dependence of hole
mobility on hole concentration for the Sn1−xEuxTe and
Sn1−xSrxTe �x�0.02� films. The decrease in hole concentra-
tion resulted in high hole mobility, and films with mobility
higher than 2000 cm2 /V s were obtained both for the
Sn1−xEuxTe and Sn1−xSrxTe films. Figure 5 shows tempera-
ture dependence of carrier concentration and mobility for a
Sn1−xEuxTe film �x�0.01�. The carrier concentration was
independent of temperature, and low temperature mobility
was restricted to less than 10 000 cm2 /V s probably owing
to alloy and vacancy scatterings.

III. OPTICAL PROPERTIES

The SnTe has direct gaps near the L-points of Brillouin
zone. However, the detail of band edge structure has not

been studied owing to the high carrier concentration.11 Ab-
sorption coefficient of direct gap IV-VI compound semicon-
ductor is given by12

�0���� = A
DJ����

��
, �1�

where A is a constant, DJ���� is the joint density of states
between valence and conduction bands, and � is a incident
phonon frequency. Considering the carrier and temperature
effects on the interband absorption coefficient, known as
Burstein–Moss effect, the absorption coefficient for sym-
metrical band is modified as12

����� =
�0����

1 + exp�2EV − 2EF − �� + Eg

2kT
� , �2�

where EV and EF are valence band edge energy and Fermi
level, respectively.

If we assume a simple two-band E–k nonparabolicity
given by

�E −
Eg

2
��E +

Eg

2
� = ��2kl

2

2ml
+

�2kt
2

2mt
�Eg, �3�

where kl and kt are wave numbers of carrier in longitudinal
and transverse directions, respectively, ml and mt are corre-
sponding effective masses and E is measured from the mid-
point between the valence and conduction band edge ener-
gies. Then the density of states and joint density of states for
the nonparabolic bands are given by
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FIG. 2. Band inversion models of PbSnTe: �a� simple two band model and
�b� bumped model.
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FIG. 3. �Color online� Dependence of the lattice constants of Sn1−xEuxTe
and Sn1−xSrxTe films on the EuTe and SrTe contents.
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FIG. 4. �Color online� Dependence of hole mobility on hole concentration
for Sn1−xEuxTe and Sn1−xSrxTe �x�0.01� alloys. The hole mobilities in-
crease remarkably with the decrease in hole concentration.
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FIG. 5. Dependence of hole mobility and hole concentration on temperature
for a Sn1−xEuxTe film.
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where Vk is the k-space volume surrounded by constant en-
ergy surfaces, M�=4� is the number of equivalent valleys.

Tsang et al.9 proposed a bumped band edge structure by
empirical pseudopotential calculation, in which E–k rela-
tionship is parabolic along 
 direction �longitudinal direc-
tion� and it is bumped perpendicular to the 
 direction
�transverse direction�. Similar band structure had also been
proposed by Rabii.10 In this band structure, the constant en-
ergy surface near the band edge has a doughnut-shape and
the density of states has a large value with a step at the band
edge. To investigate the band structure, we first measured
optical transmission spectra of SnTe and compared with the-
oretical values.

Figure 6 shows theoretical optical transmission spectra
for SnTe with carrier concentration of 2�1019 cm−3 at 100
K, 200 K, 300 K, and 400 K, respectively, assuming the E–k
relationship given by Eq. �3�. Corresponding absorption co-
efficients and absorption coefficients for zero carrier concen-
tration film are also indicated as dashed-dotted and dotted
lines, respectively. To calculate the optical transmission

spectra, we assumed band structures and corresponding den-
sities of states shown in Fig. 7 We assumed the band gap of
SnTe varies as

Eg�SnTe� = 
− 340 + �400 + 0.256T2�1/2
�meV� , �6�

which is deduced from the analogy of the band gap of
Pb1−xSnxTe �x�0.3�.13 In Eq. �6�, the band gap varies as
dEg /dT=−0.5 meV /K for T�100 K. Though there are no
reliable data on the effective mass of SnTe, we assumed the
band edge effective masses are proportional to the band gap
as expected from simple two band model with the values
mt=0.024m0Eg /186 and ml=0.24m0Eg /186, respectively,
where m0 is free electron mass. The values are consistent
with the effective mass data used to calculate the tunneling
properties of SnTe by Tsu et al.14 If the band edge structure
is given by simple two-band model in Fig. 2�a�, a large
absorption-edge shift with temperature is expected by both
Burstein–Moss effect and negative temperature dependence
of the band gap.

0
20
40
60
80

0

1

2
at 300K

10002000300040000
20
40
60
80

0

1

2
at 400K

Wavenumber(cm-1)

Tr
an
sm
itt
an
ce
(%
)

0
20
40
60
80

0

1

2
at 200K

A
bs
or
pt
io
n
co
ef
fic
ie
nt
(1
04
cm

-1
)

Eg=|-340+(400+0.12T 2)1/2|

0
20
40
60
80
100

0

1

2

3
at 100K SnTe 2.0×1019cm-3 1.4�m

FIG. 6. �Color online� Temperature dependence of theoretical optical trans-
mission spectra �solid lines� of SnTe film with hole concentration of 2
�1019 cm−3 assuming simple two band model in Fig. 2�a�. Dashed-dotted
and dotted lines are corresponding absorption coefficients and absorption
coefficients for zero carrier concentration, respectively.
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FIG. 7. �Color online� Band edge structures and corresponding densities of
states used to calculate the theoretical spectra in Fig. 6.
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FIG. 8. �Color online� Optical transmission spectra �solid line� of Sb doped
SnTe with hole concentration 2�1019 cm−3 at 100, 200, 300, and 400 K,
and simulated spectra �dashed lines� and corresponding absorption coeffi-
cients �dashed-dotted lines� assuming the bumped band model in Fig. 9.
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However, no significant shift of the absorption edge was
observed in the experimental ones as shown by solid lines in
Fig. 8, as if the band gap had positive temperature depen-
dence. In order to explain the experimental spectra, we simu-
lated the spectra �dashed lines� and corresponding absorption
coefficients �dashed-dotted lines� shown in Fig. 8 assuming
bumped band edge structures in the following way. In the
bumped structures, we assumed the same E–k relationships
given by Eq. �3� along the 
 axis �longitudinal direction�.
Along transverse direction, we assumed the same E–k rela-
tionship just at the bottom of conduction band and top of
valence band, beside the L-point. We also assumed the posi-
tion of the extremum exists on the asymptote of Eq. �3� in
the zero-gap limit, as indicated in Fig. 9. Very good agree-
ments between the experimental and simulated spectra were
obtained assuming the band structures and corresponding
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FIG. 9. �Color online� Bumped band edge structures and corresponding
densities of states of SnTe film obtained by the simulation between experi-
mental and theoretical spectra.
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FIG. 10. �Color online� Experimental �solid line� and simulated �dashed line� optical transmission spectra for �a� Sn0.99Eu0.01Te, �b� Sn0.97Eu0.03Te, and �c�
Sn0.96Eu0.04Te films at 100, 200, 300, and 400 K. Corresponding absorption coefficients are indicated by dotted-dashed lines.
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densities of states shown in the Fig. 9. In the simulation,
bumped band gap at the smallest point was assumed to vary
as

Eg�SnTe� = 
− 215 + �400 + 0.12T2�1/2
�meV� , �7�

where dEg /dT=−0.35 meV /K for T�100 K. In this as-
sumption, temperature dependence of the band gap at the
L-point becomes dEg /dT�−0.45 meV /K which is compa-
rable with that in Eq. �6�.

We analyzed optical transmission properties of the
Sn1−xEuxTe and Sn1−xSrxTe films accordingly. Here we as-
sumed the bumped and simple band structures before and
after band inversion regions, respectively. Figure 10 shows
optical transmission spectra �solid lines� of Sn1−xEuxTe films
for �a� x=0.01, �b� x=0.03, and �c� x=0.04 at 100, 200, 300,
and 400 K with the simulated spectra �dashed lines� assum-
ing theoretical interband absorption coefficients taking the
Burstein–Moss effect into account and free carrier absorption
which increases proportionally to the wavelength square.
Corresponding absorption coefficients are also indicated by
dashed-dotted lines. Band edge structures of Sn1−xEuxTe ob-
tained by the simulations are shown in Fig. 11. In the
bumped region �before band inversion�, we assumed the
band gap with same temperature dependence term of Eq. �7�
as

Eg�x� = 
EB�x� + �400 + 0.12T2�1/2
�meV� , �8�

where EB�x� is a constant depending on the composition x. In
this region the band gap has a temperature dependence of
�0.35 meV/K for T�100 K. On the other hand, in the re-
gion after band inversion, band gap was of the form with
same temperature dependence term of Eq. �6� as

Eg�x� = 
E0�x� + �400 + 0.256T2�1/2
�meV� , �9�

where E0�x� is another constant depending on the composi-
tion x and dEg /dT=0.5 meV /K for T�100 K.

Figure 12 shows optical transmission spectra of
Sn1−xSrxTe films for �a� x=0.01 and �b� x=0.03 at 100, 200,
300, and 400 K with the simulated spectra �dashed lines� and
corresponding absorption coefficients �dashed-dotted lines�.
Band edge structures obtained by the simulations are shown
in Fig. 13. Very good agreements between experimental and

simulated spectra were also obtained with the same assump-
tions used in Sn1−xEuxTe films.

Figure 14 shows the determined band gap of Sn1−xEuxTe
and Sn1−xSrxTe from the simulations at 300 K. The solid
line for the Sn1−xEuxTe corresponds to Eg�x�= 
−110
+5500x
�meV�, and dashed line for Sn1−xSrxTe corresponds
to Eg�x�= 
−110+7700x
�meV�. After band inversion, it is
observed that the band gap increases proportionally to the
EuTe content for the Sn1−xEuxTe films.

IV. CONCLUSION

The Sn1−xEuxTe and Sn1−xSrxTe �x�0.06� films were
prepared by hot wall epitaxy, and electrical and optical prop-
erties were measured. The ternary alloy films prepared in
cation rich condition had hole concentration around 1
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FIG. 11. �Color online� Simulated band edge structures of Sn1−xEuxTe films
from the optical spectra in Fig. 10.
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FIG. 12. �Color online� Experimental �solid line� and simulated �dashed
line� optical transmission spectra for �a� Sn0.99Sr0.01Te, �b� Sn0.97Sr0.03Te
films at 100, 200, 300, and 400 K. Corresponding absorption coefficients are
indicated by dotted-dashed lines.
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�1019 cm−3 with high mobility exceeding 2000 cm2 /V s at
room temperature. Optical transmission spectra were mea-
sured in the temperature range from 100 to 400 K to deter-
mine the band gaps of the alloys, and compared with theo-
retical calculations taking Burstein–Moss effect into account.
Band inversions similar to Pb1−xSnxTe system were observed
in the Sn1−xEuxTe and Sn1−xSrxTe systems. In the region
after the band inversion, the band gaps of the Sn1−xEuxTe
and Sn1−xSrxTe increased with the contents and the optical
transmission spectra were explained by the simple two band
model. On the other hand, the optical transmission spectra of
the alloys before band inversion were explained well with
bumped band edge structures. For the Sn1−xEuxTe and
Sn1−xSrxTe, room temperature band gap varied with the
EuTe content x as Eg�x�= 
−110+5500x
�meV� and Eg�x�
= 
−110+7700x
�meV�, respectively.
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