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Band-edge structure of indium-doped Pb,_, Sn, Te across the band-inversion region
investigated by the far-infrared magnetoplasma method
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Far-infrared magnetoplasma spectra in 1 at. % indium-doped Pb,_,Sn,Te single crystals are
measured across the band-inversion region (0.15 <x <0.40) at temperatures between 4.2 and 20 K,
where a large photoconductivity change is observed. From the photocarrier concentration depen-
dences of effective masses, the band-edge mass and the band gap are determined with use of the
two-band model. It is found that the band gaps do not change appreciably by doping indium, while
the edge masses become much heavier as compared with those of undoped Pb,_,Sn, Te. It seems
that the band-edge masses and the energy gaps do not reach zero at the band-inversion tin composi-

tion (x ~0.35).

I. INTRODUCTION

Lead-tin telluride (Pb,_,Sn,Te) is one of the well-
known narrow-band-gap semiconductors.! It has been
believed that the band gap (E, ) decreases with increasing
x and the conduction and valence bands cross each other,
i.e., Eg becomes zero near x =0.35 at 4.2 K and then in-
creases again with larger x.2 However, it is very difficult
to determine the band-edge structure near the band-
inversion region, since only high-carrier concentration
specimens (more than 10'® cm ™) are available due to the
deviation from the stoichiometric composition,3 and the
band-edge structure is hidden by the high-carrier concen-
tration and the low density of states due to the small
effective mass. It is known that the chemical potential
(Fermi level) of In-doped (1 at.%) Pb;_,Sn Te
(Pb;_,Sn, Te:In) is pinned by In impurities.*> The Fer-
mi level moves down from the conduction band
(x <0.23) to the band-gap region (0.23 <x <0.30) and
then to the valence band (x >0.30) with increasing x as
shown in Fig. 1.> The low-carrier-concentration speci-
mens with 10°-10'7 ¢cm ™3 are obtained across the band-
inversion region. Furthermore, a remarkable strong pho-
toconduction sensitive to infrared radiation is observed
below 20 K, as shown in Fig. 2.>® With changing tem-
perature between 4.2 and 20 K, the photocarrier concen-
tration varies greatly. We can obtain the information of
band parameters such as effective mass, etc., in a wide
range of carrier concentration in the In-doped specimen.

The origin of the Fermi-level pinning and the large
photoconductivity due to In impurities is explained by
the Anderson negative-U model at present as follows.>"%
The In ions in Pb;_,Sn,Te can be in three different
states as unoccupied, singly occupied, and doubly occu-
pied. Since the trapped carriers at In ions couple strong-
ly with the surrounding lattice with a large lattice relaxa-
tion, the energy of the doubly occupied state (E,— U) be-
comes lower than that of the singly occupied state (E).
If there are no other impurities and/or defects, the chem-
ical potential is fixed at E,— U /2.° The chemical poten-
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tial (E) is determined by the thermal equilibrium condi-
tion among the singly and doubly occupied states and
band electrons (holes) near the band edge. The Fermi
level is almost fixed at Ey—U/2 as long as the In-
impurity concentration (1 at. %) is much higher than that
of the remaining impurities and defects. The present ex-
periment satisfies the condition. The large photoconduc-
tivity at low temperatures is also explained based on this
model.> The photoexcited carriers in the conduction
(valence) band cannot easily return to the original impuri-
ty states, because there exists an energy barrier between
the conduction band and the impurity state caused by the
lattice relaxation at the impurity. Once electrons are ex-
cited from the impurities, the photocarriers excited in the
conduction band are accumulated due to a long relaxa-
tion time at low temperatures. With raising tempera-
tures, the photocarriers can get over the barrier more
easily due to a larger thermal energy, and the photocar-
rier concentration decreases. Owing to In impurities,
various phenomena such as the Shubnikov-de Haas—
type oscillation of carrier concentration,'®!! a sign inver-
sion of the Hall coefficient with respect to the magnetic
field,>!° and the avalanchelike I-V characteristics,'? etc.,
have been observed.

By taking advantages of low carrier concentration and
large change of photocarriers in Pb;_,Sn, Te:In
(0.15<x <0.40), we have investigated the band-edge
structure by the far-infrared magnetoplasma method.'3

II. EXPERIMENTAL PROCEDURE

The specimens used in this experiment were single
crystals grown by a vapor-transport method. As-grown
crystals were cut into slices with (100) surface and they
were isothermally annealed in In vapor with Ar gas with
decreasing temperatures stepwise.” The doping concen-
tration of In was estimated to be about 1 at. %. The far-
infrared light sources were an HCN laser with 337 um in
wavelength and the optically pumped gas laser with 163,
184, 394, 419, and 433 pum in wavelength. The laser light
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FIG. 1. Tin composition (x) dependences of chemical poten-
tial of In-doped Pb,_,Sn,Te together with conduction- and
valence-band edge at 24 K.
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FIG. 2. Temperature dependences of resistivities in In-doped
Pb,_,Sn,Te at low temperatures (x =0.25 and 0.27) with and
without radiation. LED: illumination from photodiode. RT
radiation: room-temperature radiation.
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is guided into a stripline and the transmitted light
through it was detected by an InSb detector. A horizon-
tal magnetic field up to 4 T was applied to the specimen
by the split-type superconducting magnet. The magnetic
field direction with respect to the specimen could be
changed from (001) to (110) by rotating the strip-
line.!*!> The specimens were exposed to a room-
temperature blackbody radiation.

II. MAGNETOPLASMA THEORY
IN Pb,_,Sn, Te

The conduction-band minima and the valence-band
maxima of Pb,_,Sn, Te are located at the L points in the
Brillouin zone. There are four elongated Fermi surfaces
at the (111) valley and the other three equivalent val-
leys. According to the magnetoplasma theory in the
Drude model, the effective dielectric functions (€*) in the
Faraday configuration (B|/q||{001)) and the Voigt
configuration (BJ||{110), q||{001)) are expressed, respec-
tively, as Egs. (1) and (2) as follows:!*

p— . * p— ;
€ECRA T €Exx i€, and e€cp; =€, i€y, , (1)

where €,, and €,, are given in the Appendix. Consider
the following:

€r=¢, t€, /€, and €,=¢,, , (2)

where €,,, €,,, €,, and €,, are given in the Appendix.

The reflectivity (R) is calculated from the effective dielec-
tric function as

(e%)/2—1

(e*)V2+1

2 2

(e*)2—1

R:
(e* )12 +1

, (3)

1
2

where €% =€fg; and €* =€l for the Faraday
configuration, and €% =€y and €* =e¢j for the Voigt
configuration.

Since the reflectivity from the specimen in the far-
infrared region is near 100% and its change by magnetic
field is very small, we used the strip-line method, which
gives a strong contrast over change of reflection due to
multiple reflection of the incident light through the nar-
row space between the specimen and metal. Strictly
speaking, the transmission spectra from the strip line
have to be analyzed taking into account the mode prob-
lem in the same way as in the wave guide. This problem
has been solved and the calculated transmission spectra is
almost the same as that based on multiple reflection.'®
Therefore we used the nth power of reflectivity (R ") cal-
culated from the effective dielectric functions [Egs. (1)
and (2)] in the analyses of the transmission spectra.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

In Figs. 3 and 4, the magnetic field dependences of
transmission spectra in the Faraday and the Voigt
configurations,  respectively, for  Pb,;_,Sn, Te:In
(x =0.23) are shown with various laser wavelengths at
4.2 K. The dashed curves are the calculated spectra from
the multiple-reflection model as described before. The
dips in the spectra correspond to the dielectric anomalies
(e*=1), since the laser wavelengths used in these mea-
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surements are in the reststrahlen region (18—114 cm™!)
and the lattice dielectric function (e; ) of Pb,_,Sn, Te is
negative. The carrier concentration, the transverse and
longitudinal masses, and the TO-phonon frequency have
been determined from the laser-wavelength dependence
of the spectra. The temperature dependence of magneto-
plasma transmission spectra with A=337 um laser light
are shown in Figs. 5 and 6. With increasing temperatures
from 4.2 to 20 K, the dips become smaller and their posi-
tions shift to lower magnetic fields due to the reduction of
photocarrier concentration and cyclotron mass. The
temperature dependence of the photocarrier concentra-
tion is discussed qualitatively based on the Anderson
negative-U mode in other papers.!®!” By fitting these
spectra to the calculated ones, the photocarrier concen-
tration and the band mass have been determined for each
temperature. We have replotted these obtained band pa-
rameters as the photocarrier concentration dependence of
the transverse mass (m,*) in Fig. 7.

The effective mass becomes smaller with decreasing
carrier concentrations as shown in Fig. 7 due to the band
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FIG. 3. Magnetic field dependences of strip-line transmission
spectra in In-doped Pb,_,Sn,Te (x =0.23) in Faraday
configuration at 4.2 K with various laser wavelengths. Solid
and dotted curves are measured and calculated spectra, respec-
tively.
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nonparabolicity. Since the band gaps (E, ) of the present
specimens (0.15 <x <0.40) are very small (E, <80 meV),
the two-band-model theory is applicable to describe the
band-edge structure. According to the two-band theory,
the effective mass (m *) with energy E is expressed as'®

m*=my(1+2E/E,) @)

where mg is the band-edge mass. The carrier concentra-
tion (N) by the two-band theory is given as

N= [ D(E)f(E,TdE , (5)

where D (E) and f (E,T) are the density of states and the
Fermi distribution function, respectively, and are ex-
pressed as

D (E)=L2(m,20m,0)1/2(2/ﬁ2)3/2
21

X[E(1+E/E,)]"*(1+2E/E,) (6)

and
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FIG. 4. Magnetic field dependences of strip-line transmission
spectra in In-doped Pb;_,Sn,Te (x=0.23) in Voigt
configuration at 4.2 K with various laser wavelengths. Solid
and dotted curves are measured and calculated spectra, respec-
tively.
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1
1+ exp[(E —Ep)/ksT] ’

f(E,T)= (7

where m,; and m;, are the transverse and longitudinal
effective mass at the band edge, respectively. The energy
(E) in Eq. (4) which most effectively contributes to the
cyclotron-resonance transition is considered to be the
maximum of the function

D(E)f(E,T)D(E +#w )[1— f(E +fiw,,T)], (8)

where #iw is the incident laser energy (3.7 meV for A=337
pm).

We have calculated the carrier-concentration depen-
dence of the effective mass from Egs. (4)—(8) as shown by
the solid line in Fig. 7. The adjustable parameters are E,
and m,, in this fitting. The other parameters such as
TO-phonon frequency, etc., have little influence on the
calculations. Strictly speaking, E, and m,, vary slightly
between 4.2 and 20 K. The amount of variation is es-
timated to be small enough to neglect due to the satura-
tion effect of temperature dependence of E, and m,, at
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FIG. 5. Magnetic field dependences of strip-line transmission
spectra (A=337 um) in In-doped Pb,_,Sn,Te (x =0.23) in
Faraday configuration at temperatures between 4.2 and 20 K.
Solid and dotted curves are measured and calculated spectra, re-
spectively.
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low temperatures (E, <3 meV).!> We have determined
E, and m,, of Pb,_,Sn, Te:In for various x as shown in
Figs. 8 and 9, respectively. The dashed lines in these
figures are the extrapolated values of undoped
Pb,_,Sn,Te from the experiments with smaller x.>2%0
The solid circles in Fig. 9 are the effective masses with
N=5.5X10"7 cm™3 for x=0.15 and N=3.7x10"
cm ™3 for x =0.40, respectively, because the variations of
carrier concentrations with temperatures in these speci-
mens are not enough to determine the band-edge masses.
The band-edge masses in these specimens are smaller
than the solid circles.

V. DISCUSSION

As seen from these figures, m, are much heavier than
those of undoped Pb,_,Sn,Te, while E, do not change
remarkably except in the band-inversion region. Accord-
ing to the two-band theory, the band-edge mass (m) is
expressed as'®

mo=E, /2P, ©)
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FIG. 6. Magnetic field dependences of strip-line transmission
spectra (A=337 um) in In-doped Pb;_,Sn,Te (x =0.23) in
Voigt configuration at temperatures between 4.2 and 20 K.
Solid and dotted curves are measured and calculated spectra, re-
spectively.
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FIG. 7. Photocarrier concentration dependence of transverse
effective mass in In-doped Pb,_,Sn, Te (x =0.23). Solid curve
is calculated from two-band model. The fitting parameters are
energy gap (E,) and transverse band-edge mass (m,,).

where P is the momentum matrix element between the
conduction and valence bands. The enhancement of m,,
by doping In was already observed in a Pb;_,Sn,Te film
specimen.21 However, there are some complicated situa-
tions, such as the valley splitting due to the strain in the
film caused by the mismatch between the film and the
substrate, and only one specimen was measured. We
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FIG. 8. Tin composition (x) dependence of E, in In-doped
Pb,_,Sn,Te. Dashed line is expected value of undoped
Pb,_,Sn, Te.
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FIG. 9. Tin composition (x) dependence of transverse band-
edge mass (open circles) in In-doped Pb,_,Sn,Te. Solid circles
are, respectively, transverse effective masses with N =5.5X 10"’
cm™3 for x=0.15 and N=3.7X10"7 cm™> for x=0.40.
Dashed line is expected band-edge mass of undoped
Pb,_,Sn, Te.

could not trace the enhancement effect to its origin.
From the present investigation, it may be concluded that
the enhancement of m, by doping In impurities is mainly
due to the reduction of the matrix element.

The reason why the matrix element is reduced by In
impurities is unclear at present. However, there are a few
discussions about it, as follows. One of the possibilities of
enhancing m, is the polaron effect.?>?* A strong evi-
dence of the polaron effect would be observation of a
measured frequency dependence of the effective mass.
But an appreciable frequency dependence has not been
observed between 23 and 61.3 cm ™!, as shown in Figs. 3
and 4. The local vibration mode of In atoms in
Pb,_,Sn,Te was observed at 160 cm™! by the far-
infrared-absorption measurement.?* The measured fre-
quency range is far from the local-mode frequency and
the frequency dependence may be too small to observe.
Another possibility is that the matrix element is reduced
by the static potential of In ions.

It is also very interesting to know whether E; and m,
become really zero or not in the band-inversion region.
As seen in Figs. 8 and 9, it seems that m, do not reach
zero, and the conduction and valence bands do not cross,
but instead repel each other at finite E,. In the perfect
crystal, it is expected that E, can be zero from group
theory.>?* Substituting Sn for Pb and/or the doping In
impurities will break the crystal symmetry and the two
bands might repel each other. It is very difficult to say
whether the nonzero effect of E; and m, is essential in
Pb;_,Sn, Te or as a result of doping In from this mea-
surement. We cannot reach a definite conclusion about
this problem at present. It would be important to investi-
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gate the doping In concentration dependence of the
band-edge parameters. Further systematic investigations
are necessary to make clear the band-edge structure at
the band-inversion point and the anomalous effect of In
impurities.

VI. SUMMARY AND CONCLUSION

The band-edge structures (m, and E,) of
Pb,_,Sn, Te:In across the band-inversion region were
determined by the far-infrared magnetoplasma reflection
method using a large amount of change of photocarrier
concentration. By doping In (=1 at. %), E, are not
different from the expected values of undoped
Pb,_,Sn,Te, while m, become much heavier than those
of undoped Pb;_,Sn,Te. From these results and the
two-band model, it was concluded that the momentum
matrix element between the conduction and valence
bands is reduced by doping In. Some origins about the
reduction and the band-edge structures at the band-
inversion region were discussed.
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APPENDIX

In the Faraday configuration (B||z||{001) and q]|z),
the dielectric tensors of Pb;_,Sn,Te are given by the
Drude model as

e —¢ _4mNe’ 12K+11  w+il
ok m, 3 K o (o+il')’—w?

b

and
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1/2
I w+ill

o (0+il)—w? ’

€xy

_4mNe’ | K +2
m, 3K

where K =m;/m, is the anisotropy ratio of the trans-
verse and longitudinal effective mass, w,=eB /m,c[(K
+2)/3K]'?, and T is the reciprocal of the relaxation
time of carriers.

In the Voigt configuration (B||x||{110) and q||z), the
dielectric tensors of Pb;_,Sn, Te are given by the Drude
model as

— _2mNe’ 1 2K +4
G LT T T (@il 2K +1
_2mwNe®’ |K+2 3 1 eo+il
m, 3K 2K+1 |0 (0+iT)P—a?,
_ 2mwNe? 1 w+il
€y~ €L PN

m, o (0+il)P?—w?,

w—+ill
(@+iT)—w?,

_ 2mNe? 1 K+2
m, o 3K

b

_ 4mNe’ 1 2K +1 w+il

€, = ’
z "L m, o 3K (0+il')?—e?
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2 172 2
€. = — 2mNe __1_ 2K +1 Weq
vz m, o 3K (0+iT)—w?,

’

172 2
S U I R
K (0+iT)?—w?,
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1/2

eB
=— and @, =

_ 2K +1
m,c

3K

eB
m,c
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1
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