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Calculation of Charge Carrier Mobility in PbTe
Based on Empirical Thermoelectric Parameters

The paper presents a comparative analysis of the charge carrier mobility in PbTe
calculated using expressions derived from the Drude-Sommerfeld model and the model of
a nondegenerate semiconductor with parabolic zones. The mobilities were calculated as
functions of the experimentally determined Seebeck coefficient and specific electrical
conductivity. The results are compared with the corresponding data obtained in the
relaxation time approximation.
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Introduction

Mobility is an important parameter of the electronic subsystem used to assess the
thermoelectric quality of materials [1-3]:

B:(—j N, —T. (1)

Here, Ncy is the density of states in conduction band (Nc) or valence band (Ny). The
thermoelectric figure of merit Z7 is related to B [3]:
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Citation: 1.V. Horichok, M.O. Halushchak, O.H. Kulyk, T.S. Potiatynnyk (2025). Calculation of
Charge Carrier Mobility in PbTe Based on Empirical Thermoelectric Parameters. Journal of
Thermoelectricity, (2), 36—48. https://doi.org/10.63527/1607-8829-2025-2-36-48

36 Journal of Thermoelectricity Ne2, 2025 ISSN 1607-8829


https://orcid.org/0000-0001-9748-3288
https://orcid.org/0009-0000-3693-4903
https://orcid.org/0009-0001-2499-6813
mailto:Ihor.Horichok@pnu.edu.ua

LV. Horichok, M.O. Halushchak, O.H. Kulyk, T.S. Potiatynnyk.
Calculation of Charge Carrier Mobility in PbTe Based on Empirical Thermoelectric Parameters

where A(n) and B(pn) are functions that depend only on the chemical potential and are
combinations of Fermi integrals with different indices. And the thermoelectric figure of merit,
as is known, is an integral characteristic of material and allows one to determine the efficiency
of thermal into electric energy conversion, in particular, according to the dependence [4]:

S L= NZT+1-1 3)
T, NZT+1+T,/T.

Thus, the parameter B reflects a combination of the main parameters of the material, including

the mobility of charge carriers. The numerical value of this quantity will determine the
fundamental possibility of the material's suitability for practical use in thermoelectric
converters. At the same time, the numerical values of the terms A(p) and B(p) can be relatively
easily optimized, for example, by doping, to achieve the maximum value of ZT at a given B.

The main experimental method for measuring the carrier mobility u is the study of the
Hall effect. However, conducting such studies is often a relatively difficult task, in particular at
high temperatures. A separate difficulty also arises when the concentrations of the majority and
minority carriers are of the same order of magnitude, which is also often the case at high
temperatures. The difficulty in this case lies in separating the contribution of the electron and
hole subsystems. Therefore, in [5] a relatively simple method of calculating u was presented.
The mobility expression presented by the authors was obtained in the approximate Drude-
Sommerfeld model of free electrons and involves the use of experimentally measured values of
the Seebeck coefficient and specific electrical conductivity for calculations:
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Here, mo is the mass of a free electron. According to [5], the thus determined mobility u,,

u

(w — weighted) is related to the Hall mobility ux through the effective mass of the density of

% 3/2
m
u, = uﬂ( m) (5)
0

That is, if in (4) instead of mo we immediately substitute m, ,, we obtain the Hall mobility.

states:

On the other hand, if S(7), o(7) and the Hall mobility ux(T) are measured, we can obtain the

temperature dependence of the effective mass of the density of states m;o (T ) , which was done

in particular in [6] and [7].
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In [6], the thermoelectric properties of SnS doped with sodium and selenium were
investigated. Based on the measurements of the Seebeck coefficient and specific electrical
conductivity, the authors calculated the mobility u,. Additionally, the Hall mobility was
measured, which allowed determining the temperature dependence of the effective mass of the
density of states using expression (5). The obtained dependence was characterized by non-
monotonic behavior, with a maximum around 750 K. The authors made the assumption that it
is at this temperature that the mutual arrangement of the three valence subbands is closest and
this is the reason for the growth of the effective mass of the density of states. Using the obtained
values of the effective mass, the authors calculated the thermoelectric quality of the material,
through which, in turn, they determined the thermoelectric figure of merit Z7. The results of
such a calculation are in good agreement with the results of the calculation of Z7 based on the
measured S, o, k.

In [7], the calculation of the mobility u,, and its comparison with the Hall mobility were
also used to estimate the change in the effective masses of the density of states with an increase
in the amount of introduced impurity.

Thus, this approach can be useful not only for calculating mobilities and further assessing
the thermoelectric quality of materials, but also for determining the effective mass of the density
of states, if such a parameter is unknown. However, it is worth bearing in mind the
approximation of the model within which expression (4) is obtained. The Drude-Sommerfeld
model at one time turned out to be very productive for explaining the properties of metals.
Degenerate superconductors often exhibit properties similar to metals. For example, the
temperature dependence of the specific electrical conductivity ¢ decreases with a rise in
temperature, as in metals. Also, in the case of strong degeneracy, the expressions for the kinetic
parameters may not depend explicitly on the scattering mechanism [8]. The corresponding
equations, like equation (4), will not contain the parameter r, which characterizes a specific
scattering mechanism (» = 0 for scattering on the deformation potential of acoustic (DA) and
optical phonons (DO), » = 1 for scattering on the polarization potential of optical phonons (PO),
r = 2 for scattering on an ionized impurity (ID))[8].

However, it is known that good thermoelectric materials are weakly degenerate
semiconductors. Therefore, the model valid for strong degeneracy may lead to an error in the
estimation of u. In this work, we compared the mobilities obtained by formula (4) and by
sequential calculation in the relaxation time approximation. We also analyzed the possibility of
using another expression for the mobility u as a function of o and S, obtained for non-degenerate
semiconductors with parabolic zones. The results were compared with experimental data.
Model calculations were performed for iodine-doped lead telluride PbTe:1, since doping with 1
does not form localized energy levels that can cause additional scattering mechanisms at certain
Fermi energy values. We also used the experimental dependences S(7), o(7) from [9], where
the hot pressing method was used to obtain experimental samples, which also excludes the
participation of grain boundaries in scattering processes. In addition, for PbTe there is sufficient
information on the effective masses [9], which, in general, makes this material a good model
object.
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Calculation method and results

The method of calculating u in the relaxation time approximation is presented, in
particular, in [3, 8, 10]. The mobility in these works is defined as:

Ty (T) I'(‘)+1.2 (n’B)

'130/2,0(11,[3)'

u=e

(6)

mn,O

Here, m,, is the effective mass at the bottom of the zone, 1o is the carrier relaxation time,

I'", (n.B) is the Fermi integral. According to [8]:

. 7 _% x’"(x+Bx2)ndx
zn,k(n,B)—ﬂ ij Gy (7)

Here, x = E/k,T is the reduced energy, n=n/k,T is the reduced Fermi energy, =k, T / E,

is the nonparabolicity index, f, = 1/ (l-l-e’“_") is the Fermi function. The Fermi energy was

determined by fitting the calculated values of o(7) to the experimental ones by varying .
The specific electrical conductivity was determined according to the dependence

G =une,, (8)

In which the carrier concentration n was defined as:

3
2m’, kT )?
n :%I;zo(nﬁ) > )

The relaxation time of carriers in the case of scattering on the deformation potential of
acoustic phonons:

2nhtpv;

0, (T)= , (10)

(ZmHVOkOT)% E}

where p = 8.24 g/cm? [10], E1 = 15 eV [10], vo = 1.92 km/s [11]).
When scattering on the deformation potential of optical phonons (for ko7 >> Ao):

2 )
To,(T)=g(m°j na’p _ an
Lo ) (2m, T2

where fimo =k 0 (8 =157.8 K[3]),a =6.461 A[10], Eo=26 ¢V [10].
When scattering on the polarization potential of optical phonons (for ko7 >> Awo):
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hZ
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(12)

where ¥ = 32.6 [10]; o = 400 [10].
The calculation took into account corrections for the Bloch form of the wave functions
and shielding. According to [8], this correction for acoustic phonons is defined as:

Fy(k)=1-21+ {19%2( ”L (13)
3 60 60

where v, and vr are the longitudinal and transverse components of the speed of sound. When
scattering on the deformation potential of optical phonons [8]:

8 13
F, =1-——L+—1I’ 14
kP 3 6 (14)

When scattering on the polarization potential of optical phonons [8]:

2 1
F,Jozl—gzn(1+<:)+ —§(4L—L2)B+L2C (15)

1+&

= (Zkro )2 , where k is wave number, 7y is shielding radius.

In the above formulae: L = £ ,le—i—L+£ln(l+§)
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determined as [8] 7, = . The wave number k = \/ ’:2"0 E [HEE] , Where

g

E:lJ'E-g(E)-fO(E,u)dE, and n:J.g(E)-fO(E,u)dE. The density of states
0

3

2 2 1 2

g ( E) = m E2| 1+ £ 1+ ZE . The correction was taken into account by dividing the
21 E

g 4
corresponding values of 1o by the correction.

Fig. 1 shows the mobilities calculated in this way as a function of the carrier concentration
for impurity-free PbTe at 300 K and compared with experimental data [10]. It can be seen that,
firstly, the model describes the experiment well in the concentration range > 10" cm™, and,
secondly, the mobility in this range is determined to an approximately equal extent by DA, DO

and PO.
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Fig. 1. Dependence of electron mobility in PbTe on their concentration at 300 K. Sum is mobility
obtained with regard to three scattering mechanisms (DA+DO+PO); DA is partial contribution due
to scattering on the deformation potential of acoustic phonons, DO is partial contribution due to
scattering on the deformation potential of optical phonons, PO is partial contribution due to
scattering on the polarization potential of optical phonons. Dots are experimental data [10]

Fig. 2 shows the calculation of the temperature dependences of mobilities for iodine-
doped lead telluride PbTe:I in the relaxation time approximation and using the experimental
dependences S(7) and o(7) and expression (4). The calculation was performed for the effective

mass 1, , =0.142-(T/ 120)0‘4 -m,, which is known for PbTe [12], and also using the one

determined in [9] m;yo = O.25-(T/300)0'5 m, .

We see that when using the relaxation time method, the calculated and experimental
values correlate very well near room temperatures, and at higher temperatures the correlation
deteriorates. Formula (4) works well only in the high 7 region, while in the T,.on region the
calculated mobility and experimental values differ by a factor of three.

Given the approximation of formula (4), the obtained result is relatively satisfactory,
especially if we take into account that the only parameter required for the calculation is the
effective mass of the density of statesm, ,. In the case of the relaxation time, a much larger

number of parameters is required, in particular, the electron-phonon interaction constants, the
determination of which is a difficult task.

To establish the reasons for the observed discrepancies, in particular due to the influence
of the self-carriers »; on the result of the calculation of u,(7), we calculated their concentrations
in PbTe and the total concentration # for the studied material PbTe:I. The Fermi energy p and
the concentration n were obtained when calculating u in the relaxation time approximation. It
is important to note that the calculated value of n at 300 K is 3.1-10' cm™, which is in very
good agreement with the experimental 2.9-10" cm™ [9].
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Fig. 2. a — the dependence of the electron mobility in PbTe:l on temperature was obtained
in the relaxation time approximation (Sum) taking into account three scattering mechanisms
(DA+DO+PO), and by formula (4) at two different values of the effective mass of the density
of states; b — partial contributions of each of the scattering mechanisms were obtained when

calculating the mobility in PbTe:l in the relaxation time approximation (the designation

of the mechanisms is similar to Fig. 1). Experimental data — [9]

The calculation of n; was performed according to the dependence
n,=\N.N, exp(—Eg/ZkoT). In this case, the concentration for E, = Ec — Ey; and for
E,=FEc—Ey, was calculated separately. And n; was determined as the sum of the
concentrations obtained in these two calculations. The non-parabolicity of the zones (the

dependence m*()) was not taken into account, since p for the intrinsic semiconductor should
be near the middle of the band gap. The nonparabolicity of the zones (the dependence m*())
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was not taken into account, since u for the intrinsic semiconductor should be near the middle
of the band gap. The results of such a calculation are fully consistent with the data [13]. The
band gap width between the conduction band and the valence band of the light holes was taken
equal to Ec— Ey; = 0.19 —4-107*T, eV, and between the conduction band and the valence band
of heavy holes Ec — Ey, = 0.38 eV [3].

As can be seen from Fig. (3), n is at least an order of magnitude greater than the
concentration of intrinsic carriers n;. And at room 7, this difference is about three orders of
magnitude. Consequently, intrinsic carriers are not the cause of the discrepancy between u,, and
Uexp, especially at T.om. However, it can be assumed that taking them into account (n;) could
improve the correlation with experimental data for the relaxation time method at high 7.

20 -
19 - e o ¢ 0

18 A

lg(n. cm )

15 T T T T 1
1 1.5 2 2. 3 35

1000/7, 1/K

Fig. 3. Calculated temperature dependence of carrier concentration
in PbTe:I (n), and the intrinsic carrier concentration in Pble (n;)

Fig. 4 shows the dependence of the chemical potential on the temperature obtained when
calculating the specific electrical conductivity and mobility in the relaxation time
approximation. As we can see, at 300 K p is deep in the conduction band: deeper than 5 k7. At
600 K — about 2 £T. That is, at 300 K the material is closer to strong degeneracy (10 £7) than at
600 K. One could assume that with stronger degeneracy the Drude-Sommerfeld model, and
hence formula (4), should give values closer to the experimental ones. However, the situation
is the opposite.

In the region of weak semiconductor degeneracy (—4-k7T < pu < 10-k7) it is difficult to
obtain simple analytical expressions, such as (4), for the kinetic parameters. But it would be
interesting to evaluate the differences between the results of using formula (4), valid for the
case of carrier degeneracy, and the formula obtained in the approximation of a non-degenerate
semiconductor. It can be obtained using the dependence for the Seebeck coefficient known for
this case:
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k, ol n
S—g(rJrZ Zn[ch], (16)
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where N, =2 T — the density of states in conduction band. Whence we obtain:

S
nch-exp£r+2— } (17)
ky /e,
Since u = /ne, , then
c S
U= ~exp[ —(r+2)]. (18)
Nce, ko /e,
02 -
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Fig. 4. The temperature dependence of the electron Fermi energy u calculated
in the relaxation time approximation while simultaneously taking into account
three carrier scattering mechanisms (DA+DO+PO).

So, in this case, unlike expression (4), in addition to m;,o it is necessary to know the

scattering parameter ». With a known dependence Gex,(7) it can be determined by the slope of
the dependence /n(c) — In(T) (Fig. 5). The parameter r itself, as noted above, can take on three
values (0, 1, 2). These three values of r correspond to three different values of the tangent of
the angle of inclination of the dependence o(7) in logarithmic coordinates [8]. In the case of
n-PbTe, it is additionally necessary to take into account the temperature dependence of the
effective mass m” = f{T). Then, when scattering electrons on the deformation potential of
acoustic and optical phonons, the tangent of the angle will be — 2.5, and when scattering on the

44 Journal of Thermoelectricity Ne2, 2025 ISSN 1607-8829



LV. Horichok, M.O. Halushchak, O.H. Kulyk, T.S. Potiatynnyk.
Calculation of Charge Carrier Mobility in PbTe Based on Empirical Thermoelectric Parameters

polarization potential of optical phonons — — 1.1. For most A*B® compounds, it is believed that
scattering on the deformation potential of acoustic phonons (DA) almost always prevails over
other mechanisms. However, as can be seen from Fig. 5, the slope of the experimental
dependence is — 2.1. Based on this, it can be assumed that DA will not be the only determining
scattering mechanism, as is obtained in the relaxation time approximation (Fig. 2, b).

3.8 7
[ ]
3.6 A
= y=-2.0893x + 8.8635
L
=
»vn 3.4 A+
o
B
3.2 A
3 1 L L 1
24 2.5 2.6 2.7 2.8

lg(7, K)

Fig. 5. Linear approximation of the temperature dependence of specific electrical
conductivity in logarithmic coordinates for PbTe crystals: I. Dots are
experimental data [9], straight line is the approximation dependence

Fig. 6 shows the calculation of u(7) using the obtained expression (18) for two values of
r: 0 and 1. Also used m;’o = 0.142-(T/120)0'4 -m, from [12] and m;o =O.25-(T/300)0'5 -m,

from [9]. We see that in the case of » =1 and the effective mass from [12] at temperatures up to
450 K, the calculated mobility describes the experimental data well. But at higher temperatures,
the model of dominance of scattering by optical phonons, for which »= 1, is more correct. Thus,
for a quantitatively correct interpretation of the experimental data, it is necessary to take into

account two scattering mechanisms simultaneously.
In [9], the authors calculated the effective mass of conduction electrons by fitting the

calculated curve u(7) to the experimental ux(7). In doing so, the authors used the model of
dominance of scattering on the deformation potential of acoustic phonons. Fig. 7 shows the
dependence obtained in [9] in comparison with the one known for lead telluride

my,=0.142- (T/ 120)0'4 -m, . Also in the figure, the dots represent the effective mass calculated

by us according to the method described in the review. That is, first u,, was calculated according

to (4), and then m:,,o, according to (5). We see that the difference from the other two

dependences is significant.
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Fig. 6. The temperature dependences of the mobility obtained using
expression (18) and experimental values from [9]
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Fig. 7. Dependence of the effective mass of the density of states on temperature according
to data from [12] (m}, =0.142-(T /120)"* -m, ), [9] (my, =0.25-(T /300)" -m,)
and obtained on the basis of calculations using formulae (4) and (5) (dots)

Conclusions

Calculation of the charge carrier mobility u as a function of the Seebeck coefficient S and
the specific electrical conductivity ¢ in the Drude-Sommerfeld approximation makes it possible
to obtain satisfactory numerical values in the temperature range 7> 450 K. However, at room
temperatures, the difference between the values of u calculated in this way and the experimental

46 Journal of Thermoelectricity Ne2, 2025 ISSN 1607-8829



LV. Horichok, M.O. Halushchak, O.H. Kulyk, T.S. Potiatynnyk.
Calculation of Charge Carrier Mobility in PbTe Based on Empirical Thermoelectric Parameters

ones is = 300 %. Using the expression obtained in the approximation of a nondegenerate
semiconductor for calculating u makes it possible to obtain numerical values that, with the correct
choice of the scattering parameter r, agree much better with the experiment.

Using the method of calculating the effective mass of the density of states through the
calculation of the mobility u,, for PbTe:I leads to values that differ significantly from the known
literature data.
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Po3paxynok pyxuiuBocTi HociiB 3apsiny y PbTe Ha ocHoBi
eMIIPUYHHUX TEPMOeJEKTPUYHUX IapaMeTPiB

Y pobomi nposedeno nopisHsanvHull ananiz pyxausocmi Hociie 3apsody y PbTe pospaxosanoi
3 GUKOPUCIMAHHAM SUPA3I6 OMPUMAHUX HA 0CHO8I Modeii [[pyde-3omepghenvoa ma mooeni
He8UPOOIICEHO20 HANIBNPOBIOHUKA 3 napaboriunumu 3onamu. Ilpu yvomy pyxaugocmi
PO3PAX0BYBANUCH K (DYHKYIT eKCnepuMeHmanbHo UsHaueHux Koeghiyienma 3eebexa ma
numomoi enekmponposgionocmi. Pesynbmamu cniscmaeneno 3 6i0n08iOHUMU OAHUMU

OMPUMAHUMU 8 HAOTIUIICEHHT YacCy peraKcayii.
KarouoBi ciaoBa: pyxmmBicTe, koedimieHT 3eebeka, THTOMAa EIEKTPOIPOBITHICTD,
edeKTUBHA Maca.
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