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Abstract. The theoretical analysis of carrier scattering mechanisms in electronic lead
chalcogenide crystals was carried out. The calculation of carrier mobility in wide temperature
(4.2-300 K) and concentration (10'°-1020 cm3) ranges is carried out from the viewpoint of
interaction of conductivity electrons with deformation potentials of acoustic and optical
phonons, polarizing potential of optical phonons, screening Coulombic and short-range
potentials of vacancies. It has been shown that the agreement of theoretical and experimental
results takes place when taking into account the carrier scattering both on phonons and
ionized vacancies.
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1. Introduction

The exceeding scattering mechanisms in lead chalco-
genides crystals of n-type conductivity were investigated
in various papers [1-25], but the separation and difference
at the obtained results requires an essential correction. The
analysis of experimental data upon transport phenomena
(mobility, thermal-e.m.f., Nernst-Ettinhshausen effect, to
an electronic thermal conductivity) shows that, in lead
chalcogenide crystals the carrier scattering caused by
interaction with proper point defects and thermal oscilla-
tions of a crystalline lattice [1-7] are dominating. The
relative contribution of these mechanisms is reduced to
the following.

According to majorities of the researches carried out,
in the very wide temperature range (beginning from 1 K
and to higher), with the greater or smaller exactness, it is
possible to limit ourselves by the carrier scattering on
acoustic phonons [1-10]. This conclusion is made by com-
parison between calculated and experimental depen-
dences of kinetic coefficients on temperature and con-
centration. In accord to [1,11], the mobility limited by
scattering on acoustic phonons should vary under the
77>/2 law, which is observed in experiment. The same
conclusion about significant role of scattering electrons

on acoustic phonons, down to low temperature fields,
indicate existence of superconductivity properties of
AVBV! compounds [8,9]. In the vicinity of the room tem-
perature, the analysis of data on thermoelectromotive is
possible to explain it by a combination of scattering on
acoustic and optical phonons [1,5,8,9].

The scattering on optical phonons is considered tak-
ing into account two components: polar and deforma-
tional optical phonons.

The scattering on short-wave phonons with passage
of carriers between equivalent valleys is an improbable
process for electronic crystals. This aspect of scattering
is realized with a higher probability in lead chalcogenides
of the p-type conductivity [1].

In the field of low temperatures, the carriers of a cur-
rent are dispersed mainly on charged vacancies [1,2].
Both the scattering on screening Coulomb potential of
vacancies predominates in the field of low concentration
and dominating becomes scattering carriers on a short-
range potential of vacancies (interior part of Coulomb
potential, which operates on lengths close to a constant
of lattice) in the field of high concentration.

The exceeding of scattering mechanisms in semicon-
ductors, as a rule, determine from associations of relaxa-
tion time from an energy, carriers concentration, or tem-
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perature [1,2]. At a simultaneous realization of different
alternative mechanisms scattering the summarized relaxa-
tion time is determined by Mattisen rule [13]:

=yt (1)

where 7; is relaxation time for i-type mechanism of scat-
tering.
At the calculated used Cane’s laws of dispersion:
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where (2) correspond to parabolic law of dispersion and
(3) correspond of nonparabolic law of dispersion, accord-
ingly. At these expansion k is the wave vector, 7 is
Plank’s constant, m* — the effective mass of the charge
carrier, &g is forbidden gap.

The analyses of received results led from compare
theoretical and experimental data of current mobility,
what calculated by:

elk)=

(13)
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where 1", (z; ) are two-parameter Fermi’s integrals,
tabulated in [13], tis the relaxation time for each sepa-
rate mechanism of scattering or when taking into account
contribution of several alternative mechanisms simulta-
neously, according to (1), e is the electron charge.

2. Theoretical representations of carriers
scattering

2.1. Relaxation time for scattering on acoustic
phonons

The relaxation time for electrons dispersed on the
deformational potential of acoustic phonons, when us-
ing the Cane law of dispersion, is determined by the rela-
tion [4]:

To, (X + ﬁxz)_ll 2
Ta(x) = - )
(1+2B0)[(1- A)* - B]
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where 7, = 220*C; 1 EL 2m*koT)*'?,
A=PBx(1-K)/(1+2Bx) , B=8px(1+ fr)K /3(1+2fx)> .

Here E,,.— deformational potential of the conductiv-
ity band, C; — combination of elastic constants, K = 1.5
is ratio of deformational potentials of acoustic phonons
for conductivity and valence bands, m* — carrier effec-
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tive mass, 7' temperature, k,— the Boltzmann constant,

x=¢&y/kyT —reduced energy, 8 =¢/¢g; —parameter of
nonparabolicity, £; — width of forbidden band, € — car-
rier energy (according to the law of variance).

2.2. The scattering of carriers on polar optical
phonons

In the case of a simple isotropic parabolic model, the
relaxation time for polar longitudinal optical phonons
has the form [5]

2k
1 1
Topt ~ 5 Jqdq > ®)
vk o

where v — velocity of carriers, if the integral takes into
account all phonons with a wave vector ¢,

L 2kgTe? (el —egh) 6
Topt = 3 . (6)
hov
where ¢, and g, — high-frequency and static dielectric
constants, accordingly. The difference e2! -& s de-
termined by polarity of crystal and determines a longwave
part of a potential polar mode of lattice oscillations.
Significant difference between values g, and ¢_ is
motive necessity of the registration of screening effects
[1-4].
The registration screening effects is carried out with
the factor [5]

1-8.In(1+82h (7

where 6., = (2kr,, )_2 .
The account of nonparabolicity in the two-band model
gives the following expression for the radius of screening r,,
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In cases that concern values kr,, =1, the screening
effects carry on to a diminution of appropriate values of
a relaxation time by the indicated factor twice. Besides
the power association of a relaxation time also varies
through a power association §., .

Combining the screening effects and nonparabolic
ones, the authors [1,5] have received an expression of a
relaxation time for the case of polar scattering
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In the formulae that determine polar optical phonons,
there are no adjustable parameters, therefore, their con-
tribution can be estimated rather precisely.

2.3. Scattering on polar optical phonons at the
Debye temperature

Near Debye temperatures, relaxations cannot be used.
However, account of nonparabolicity and the use of a
quasielastic approximation gives the following expres-
sion for the mobility [3]
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expression on —(2k )2 , &g — carriers energy on the
Fle

Fermi level. The changeable integration ¢ arises through

replacement of an element of integration for ¢ on
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the Fermi level, 7, = [ J —radius of screen-

dne’p(er)
ing, p(ep) —density of states on the Fermi level (in all
ellipsoids).

2.4. Scattering of carriers on the deformational
potential of optical phonons

To recent time deformational optical phonons in crystals
lead chalcogenides were not practically taken into ac-
count. For the first time, some attention was paid to them
by Zayachuk [2] when analyzing the carrier mobility in
n-PbTe crystals at 300 K. He found that this mechanism
can be dominating in a definite concentration range.

A possible contribution of the deformational poten-
tial of optical phonons can be represented according to
(3), using relations for 7, [2] in the following form:
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where Ko =E,, /E,., ais the lattice constant, p — den-
sity of crystal, @y — frequency of an optical phonon, E,,
and E,. — constants of deformational potential for va-
lence and conductivity bands, accordingly.

2.5. Scattering of carriers on screening
Coulomb potential of vacancies

The relaxation time of carrier scattering on the screen-
ing Coulomb potential inherent to vacancies can be cal-
culated according to [2]:
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where & = (2kr, )2, k is the wave vector of carriers, r, — is
radius of screening of vacancies potential, x =¢/koT —
reduced energy, 8 =¢/€e; —parameter of nonparabolic.
The concentration of vacancies is assumed to be equal
N, =210 cm™3 for n < 4-10"® cm3, and N, = n/2 for
n24108cm>.

2.6. Scattering of carriers on the short-range
potential of vacancies

The scattering of carriers on a short-range potential of
vacancies, as well as scattering on deformational poten-
tial of acoustic phonons, can be expressed as in (4) with a

replacement 7(, on 7., :

(13)

Tocore =7 -BH Im*@m* kgD 2UZeN, .
3. Results

From Figs 1, 2 and Table one can see that the account of
all mentioned scattering mechanisms gives a good ac-
cordance between theoretical and experimental results,
and correctly describes appearances of transposition in
lead chalcogenides electronic crystals.

Carrier scattering on vacancies (Fig. 1, curves 2, 3,
Fig. 2, curves 3, 4, Fig. 2, curve 5, table) and their short-
range potential in the part that operates on lengths close
to the lattice constant (Fig. 1, Fig. 2, curve 1, the table))
gives a noticeable contribution at the temperatures 77—
300 K only in the of high concentrations (~10'° cm and
higher). At the liquid helium temperature, scattering on
vacancies is dominating and to a great extent determines
appearances of transposition. Such conclusion coincides
with results of antecedent researches, in particular, with
those by Ravych [3,4] and Zayachuk [2]. The scattering
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Fig. 1. Relation between the current carrier mobility and their
concentration in PbS crystal at the temperature 77 K: a — in view
of scattering carriers on: / — short-range potential of vacancies,
2, 3 — Coulomb potential of vacancies, 4 — summarized scatter-
ing on /-3; b — in view of scattering free carriers on phonons: / —
on deformational potential of acoustic phonons, 2 — on polarizing
potential of optical phonons, 3 — on deformational a potential of
optical phonons, 4 — summarized scattering on /-3; ¢ — for sum-
marized mechanisms of scattering: / — registration of summa-
rized scattering of carriers on potentials of vacancies, 2 — regis-
tration of summarized scattering through an electron-phonon in-
teraction, 3 — simultaneous registration of all aspects of scattering
(till curve /-2). Experimental values from [15].
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Fig. 2. Relation between the current carrier mobility and their
concentration in PbS crystal at temperatures: ¢ — 4.2 K, in view
of scattering free carriers on: / — short-range potential of vacan-
cies, 2 — deformational potential of acoustic phonons (and to-
gether with it summarized scattering on oscillations crystalline
lattice), 3 — coulomb potential of vacancies (at N, = 2:10!8 cm3),
4 — Coulomb potential of vacancies (at N, = n/2), 5 — simultaneous
registration of all aspects of scattering, 5 — summarized scatter-
ing on vacancies (till a curve 1, 3, 4); b — 77 K, in view of
scattering carriers on: / — short-range potential of vacancies
(and together with its summarized scattering on vacancies), 2 —
deformational potential of acoustic phonons, 3 — deformational
potential of optical phonons, 4 — polarizing potential of optical
phonons; 5 - coulomb potential of vacancies (at
N, = 2:10'8 cm™), 6 — simultaneous registration of all aspects of
scattering (till a curve /-5), 7 — summarized scattering of carri-
ers on phonons (till a curve 2—4); ¢ — 300 K, in view of scattering
carriers on: / — short-range potential of vacancies (and together
with it summarized scattering on vacancies), 2 — deformational
potential of acoustic phonons, 3 — deformational potential of op-
tical phonons, 4 — polarizing potential of optical phonons; 5 —
simultaneous registration of all aspects of scattering (till a curve
1-4), 6 — summarized scattering of carriers on phonons (till a
curve 2—4). Experimental values are taken from [15,16].
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Table. Concentration and temperature limits of dominant separate scattering mechanisms on lead chalcogenides electronic crystals

42K

77K 300 K

Screening Coulomb potential of vacancies

PbS 1-10%6-5-1018, 5-1018-1-101° 1-10%6-5-1017 -

PbSe 1-10%6-2-1018,7-1018-1-101° - -

PbTe 1-1017-2-1017 - -
Short-range potential of vacancies

PbS 1-101°-1-10%0 2:101%-1-1020 8-1019-1-1020

PbSe 2:10%-1-1020 5-1019-1-1020 8:101°-1-1020

PbTe 1-109-1-1020 8.5-1019-1-10%0 >1-1020
Polar potential of the optical phonons

PbS - 1:10'6-8-1018 1-10'6-1-1018

PbSe - 1-10'6-8-10'7 1-10%6-6-10'7

PbTe - 1-10'6-8.5-1017 1-10'6-7-1018
Deformational potential of optical phonons

PbS - - 5-1018-1-1020

PbSe - - 1-1019-2,5-10%°

PbTe - - 8:1018-1-1020
Deformational potential of acoustic phonons

PbS 5-1018-5-1017 1-10'-1-1020 5-1018-1-1020

PbSe 1-10'6-8-101° 1-1017-7-101° 6:1017-1-1020

PbTe 1-10%6-1-1020 8-1017-1-1020 ~ 1-1020

of carriers on polar optical phonons is dominating in the
field of low and average concentrations at temperatures
77 and 300 K (Figs 1 and 2, curve 4, table). At higher
carrier concentrations their influence on appearance of
transposition decreases, and mechanisms of scattering
on the deformational potential of acoustic and optical
phonons predominate. The relative share of scattering
on optical polar phonons decreases with lowering the tem-
perature below the nitrogen one. At 7' < 10 K polar opti-
cal phonons are not excited, therefore polar scattering is
insignificant. The account of this mechanism gives the
actual agreement between the theory and experiment in
the temperature range 20-300 K. The essential role of
optical polar phonons at these temperatures is confirmed
by an experimentally observable diminution of the car-
rier mobility at low concentrations (Figs 1, 2).

The carrier scattering on the deformational potential
of optical phonons up to date was not practically taken
into account, though, as was shown in [2], at 300 K it is
rather essential. The researches carried out by us con-
firm the important role of this scattering mechanism at
room temperatures for lead chalcogenide crystals. The
use of expression (10) for a considered relaxation time in
a combination with polar optical and acoustic phonons
enables to reach the good agreement between the theory
and experiment (Fig. 2, curve 3). With this purpose, to
describe 7, using the expressions (10) magnitude E,.
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should be taken equal to 26 eV. The contribution of the
optical deformational potential, as seen from Fig. 2 (curve
3), at the room temperature is rather essential, and at
high concentrations is even dominating in carrier mobil-
ity. At temperatures of liquid helium, scattering on opti-
cal deformational phonons is less essential (Fig. 1b,
Fig. 2b,c, curve 3).

Acoustic phonons influence on kinetic parameters of
lead chalcogenides crystals in all the considered tempera-
ture (4.2-300 K) and concentration (10'°-10%° cm™3)
ranges. Let us note that, in the low concentration range,
some deviation of experimental results from data of cal-
culations (Fig. 1, 2) takes place. Therefore, it is possible
to assume the necessity of considering inelastic effects
when evaluating scattering mechanisms.

4. Conclusions

1. The dominating mechanisms of carrier scattering
in electronic lead chalcogenide crystals are both scatter-
ing on vacancies and on thermal oscillations of the lat-
tice. In the range of low temperatures, carrier scattering
on vacancies predominates, while at high temperatures —
on thermal oscillations of crystalline lattice.

2. Role of optical polar phonons are significant at
temperatures 77 and 300 K for concentrations 10'0—
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10'® cm3. At magnification of concentration the scatter-
ing on optical phonons is hindered due to screening.

3. Athigh concentrations (higher than 10'° cm), the
scattering on optical phonons is exhibited due to their
deformational potential, the role of which in the total
scattering at definite concentrations (see Table) becomes
most essential at the room temperature, in particular, for
lead sulphides and tellurides.

4. The scattering of carriers on acoustic phonons
becomes essential at all considered temperatures in the
whole researched concentration range. In the field of low
concentrations at helium temperatures, for the agreement
of theoretical calculations with experimental data, it is
necessary to take into account inelastic effects at scatter-
ing of carriers on acoustic phonons.

5. The scattering on a short-range potential of va-
cancies is realized at high concentrations, and with in-
crease of temperature the prevalence of this mechanism
is displaced into the side of higher concentration values
and decreases in the series PbS-PbSe-PbTe.

6. The Coulomb potential of vacancies dominates at
low concentration and it payment in the total scattering,
as in the case of a short-range potential of vacancies,
decreases in the series PbS-PbSe-PbTe.
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