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THE FERMI LEVEL IN Pb,_,Sn,Te, Pb,_.Sn.Se AND PbS,_,Se,
By M. GRUDZIEN AND A. ROGALSKI
Institute of Technical Physics, Military Technical Academy, Warsaw*
(Received May 10, 1980)

Results are presented of calculations of the dependence of the Fermi level on the con-
centration of carriers for Pb;-xSnyTe (0 < x < 0.30), Pb;—4SnxSe (0 < x << 0.12) and
PbS; —~xSe; (0 << x < 1) in the temperature range 50 to 300 K. The calculations have been
performed in terms of the Kane model, using the generalized Fermi-Dirac integral.

PACS numbers: 71.20.+c¢

1. Introduction

The development of the technology of Pb, ., Sn, Te, Pb, _ . Sn,Se and PbS, _,Se, solid
solutions is related to the wide use of those materials in infrared techniques. In view of
some specific properties characteristic of semiconductors with a small and controlled
energy gap (very small effective masses, high carrier mobilities, anomalous values of the
dielectric constant, etc.) these compounds have been widely investigated. However, to
interpret some of their optical and electric properties it is necessary to know the relationship
between the Fermi level and the concentration of carriers for various molar compositions
x in a wide range of temperatures.

In the present work the calculations of the Fermi level have been performed for
Pb, _,Sn.Te (0 <<{x<0.30), Pb;_,Sn.Se (0 <<x<C0.12) and PbS,_,Se, 0 <x<)
for several carrier concentrations, and temperatures, 50-300 K. Also calculations of the
temperature dependence of the carrier concentrations where the Fermi level touches the
band edges are performed.

2. Calculations and results

In vicinity of the energy gap in lead chalcogenides we observe a system of three
conduction bands and three valence bands which should be accounted for in accurate
calculations of the bands structure. The Dimmock model provides for them by precisely
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taking into account the interactions between the nearest extremes of the valence band
L} and conduction band L, and accounting for the interaction with more remote bands
in the second approximation in terms of the perturbation theory [1]. It occurs, however,
that the generalized Kane model is much simpler for interpreting experimental results.
This model is in good agreement with experiment and is a common working model [2, 3].

For the generalized Kane model, the relationship between the Fermi level and carrier
concentration can be expressed as [4]
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where mj, is the density-of-states effective mass at the band edge, k is Boltzmann’s constant,
h is Planck’s constant, f = [exp (z—#)+1]"' is the Fermi-Dirac distribution function,
z = EJkT is the reduced energy, n = Eg/kT is the Fermi level reduced energy, f = kTJE,,
E, is the energy gap. The integral in expression (1) denoted as °L.3% is a specific form of
the general Fermi-Dirac integrals "Lk(#, ) tabularized in [5] and describing the thermo-
dynamic, magnetic and transport properties of carriers in non-parabolic ‘bands. The
density-of-states effective mass can be obtained from the longitudinal and transverse mass
components according to m} = N2*(m;im}*)*/3 where N, = 4 is the number of equivalent
band extrema.

The effective masses are determined by a contribution due to the conduction valence
band interaction, m, and a far band contribution m;. The longitudinal and transverse m.,
and my data are known from Shubnikov-de Haas measurements in Pb; ,Sn,Te [6, 7] and
Pb,_.Sn.Se [8, 9] at liquid helium temperature. In the first approximation the tempera-
ture and x-dependence of the effective masses are due to the variation of the band gap,
which influences m¥,. The x and T dependencies of the four effective masses: my, (conduc-
tion band, transverse), m; (valence band, transverse), m} (conduction band, longitudinal),
mY (valence band, longitudinal) may then be obtained fromﬁthe general expression [9]
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These functions are summarized in Table I for Pb; _,Sn,Te, Pb, _,Sn,Se and PbS; _,Se,
according to paper [9]. It is important to keep in mind that these expressions hold only for
the band edges.

Exact knowledge of E(x, T') dependences for the ternary compounds is required for
reliable calculations over a wide range. However, quite different relationships for the
energy gap -especially for Pb, _.Sn,Se, can be found in the literature [9]. The E,(x, T)
expressions given in Table I [9] showed very good agreement with experimental data for
Pb;_.Sn,Te [10-14] Pb,_,Sn,Se [15-18] and PbS, _,Se, [19].

The calculations of the dependence of the Fermi level on carrier concentration were
performed on a computer using relation (1) and taking into account the m*(x, T) and
E(x, T) expressions given in Table I. In the calculations of m?, (see Eq. (1)) the values of
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Fig. 1. Temperature dependence of the Fermi
level of Pb;—Sn,Te for carrier concentrations:
a) 1022 m™3, b) 10** m3, ¢) 10*#m3
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Fig. 2. Temperature dependence of the Fermi level
of Pb; —xSn,Se and PbS —xSe, for carrier concen-
TiK) trations: a) 10*2 m~3, b) 10%* m-3, ¢) 102* m3
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the effective masses of electrons were taken. For the case of the mirror-symmetric band
structure of lead chalcogenides, the values of the effective masses of electrons and holes
are almost identical (see Table I).

The temperature dependences of the Fermi level for Pb, -, Sn.Te, Pb;_,Sn.Se and
PbS,_,Se, for carrier concentrations 10?2 m~3, 102*-m~3 and 10>*-m~3 are plotted in
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Fig. 3. Temperature dependence of the carrier concentrations for which the Fermi level of Pb;—xSn.Te
touches the bottom of the conduction band
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Fig. 4. Temperature dependence of the carrier concentrations for which the Fermi level of Pb;—xSnxSe
and PbS;—xSex touches the bottom of the conduction band
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Figs 1, 2. In Figs 3, 4 the temperature dependences of the carrier concentrations for which
the Fermi level touches the bottom of the conduction band for the above ternary compounds
are presented.
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