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Abstract. The present study summarizes a feasibility study of the influence of the graded
indium profile that is set up by the diffusion of indium from an external source, on the
transport properties of PbTe crystals. PbTe crystals were grown by Czochralski technique.
The penetration profiles of indium, diffusing from an external gaseous source was determined
using Seebeck coefficient measurements in PbTe doped preliminary by Na impurity. The
Seebeck coefficient changed a sign as the indium concentration induced a change from p-type
to n-type character. Doping by indium generates deep impurity states lying close to the edge
of the conduction band. Electron concentration practically didn’t change along PbTe<In>
crystal while indium concentration changed from 3-10'° to 5:10%° cm™. The thermovoltage V'
of a PbTe crystal in which an In concentration profile had been established was determined up
to temperature =600 °C (in this case temperature of the cold side was constant =50 °C). It was
discovered that ¥ increases linearly with increasing temperature difference. This effect is
connected with practically constant value of Seebeck’s coefficient in a wide temperature range
through stabilization (pinning) of Fermi level by producing a concentration gradient of In

impurity in PbTe crystals.
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1. Introduction

In order for thermoelectricity to be an attractive energy
conversion alternative, to be able to challenge success-
fully competing conversion systems and to promote new
applications, the dimensionless figure of merit Z 7 must
attain an average minimum value of 1.5. This rationale
stands behind the systematic search for advanced ther-
moelectric materials that display a potential for maxi-
mum Z T values. The figure of merit ZT, is a function of
two dimensionless parameters ZF= F(B, ) [1]. The first
dimensionless constant is

B = &ukgqK,, 1)

where £ is the density of states in the conduction band, y
is the carrier mobility, K, stands for the phonon part of
the thermal conductivity, kp is Boltzmann’s constant, ¢
is the electron charge and T'is the absolute temperature.
Itis apparent from Eq.(1) that a promising thermoelectric
material is associated with a high value of electrical prop-
erties (mobility) and low heat conductivity. Such materi-
als, most likely semiconductors, should display a high
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density of states (four or more equivalent band minima,
N,, are necessary [1]). In accordance with these princi-
ples, the type IV-VI semiconductor compound PbTe is
one of the best thermoelectric materials. The room-tem-
perature mobility in heavily doped PbTe is higher than
that for Si and Ge (u=2000 cm?/Vsec), the phonon part
of the thermal conductivity is uniquely low (K; 0 2:102
W/cmK) and the density of states is high (N, = 4).

The second dimensionless constant, (3 is a parameter
that stands for the effect of the minority carriers. In the
presence of two types of charge carriers (electrons and
holes), B= E/kpT, where E, is the width of the band gap
and determines the bipolar term in the Seebeck coeffi-
cient, S, and in the thermal conductivity, K. The contri-
bution of the minority carriers to the Seebeck coefficient
and the thermal conductivity can be expressed in terms of
a second dimensionless parameter:

-AS ~ ePand AK ~ e (4 + B)?, respectively. @)

The thermal excitation of minority carriers plays an
adverse role in determining the figure of merit. At the op-
erating temperature, the presence of an operating mecha-
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nism able to reduce or suppress this process by lowering
the density of minority carrier is highly desirable. In
monolithic thermoelectric materials that are usually con-
sidered, the various material parameters along the oper-
ating temperature gradient do not display the optimal
properties. A higher efficiency than for traditional ther-
moelectric materials can be expected, if appropriate prop-
erty profiles are fitted to the temperature gradient. Three
approaches can be taken to achieve this goal: (a) by vary-
ing the carrier concentration (doping with shallow level
impurities), (b) by varying the width of the band-gap

(changing of composition), (¢) by producing a concen-

tration gradient of impurities that have deep lying levels.

Thermoelectric materials built according any of these

approaches are so-called FGM (Functionally Graded

Materials) and are the focus of much current interest [2].

In the present work we consider a graded material in

which the third of these approaches was applied. The

strong influence that impurities exert on the electron prop-
erties of PbTe is connected with the deep-lying states that
appear as a result of In doping. An indium impurity in

PbTe displays donor-like properties, yet in spite of the

high solubility of In in PbTe (20 mol % In), the original

NaCl-type rock-salt structure is retained and the electron

concentration does not exceed n [ (3-5)10'8 cm™ In con-

trast to shallow lying states, deep lying ones consist of
wave functions that belong to several bands. Consequently,
their energy levels are not connected to any particular

band edge E.and J,, they may lie in a band as well asin a

band-gap. The behavior of In in PbTe was subject of sev-

eral investigations [1-4]. It was established that:

* Atlow temperature the In energy level is close to Ec.
Its position doesn’t depend on the In concentration up
to Ny, =3 at %.

* Each In atom occupying a Pb lattice site contributes
one free electron and two states. Thus, the impurity
level is half-filled.

* Atlow temperature, the Fermi level practically coin-
cides with the impurity level (pinning of the Fermi
level).

» The position of the impurity level with respect to Ec
can be varied by changing the alloy composition e.g.
in Pby,Sn,Te or the temperature.

* Additional doping of PbTe<In> with I (one-fold
charged donor) or Na (one-fold charged acceptor)
practically doesn’t affect the electron concentration
until the additional impurity concentration reaches
the concentration of In.

2. Experimental technique

PbTe crystals doped by acceptor impurity — Na were
grown by the Czochralski technique. The large, 25-30
mm diameter crystals were grown at 2 cm/h growth rate
and 0= 0.5 1/s rotation speed. Structural characteriza-
tion was performed using a Rigaku D/MAX-2000 com-
puter controlled diffractometer. Small 4x4x4 mm? sam-
ples were cut from the single crystals and subjected to
diffusion doping with In.
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The indium diffused into the PbTe lattice originated
from a gaseous phase. According to this approach, indium
atoms were transported onto the PbTe crystal surface from
an IngTe; vapor source, as described below [5]. Using
this approach, a constant level of surface In concentra-
tion was maintained during the entire diffusion anneal.
These anneals were carried out in the 600 to 750 °C tem-
perature range, for 25 to 200 hour long durations. At the
completion of the diffusion anneals, the samples were
rapidly quenched to room temperature. During the diffu-
sion anneal the sample was kept in sealed and evacuated
10-12 mm inside diameter and 6-8 cm long quartz am-
poules. The ampoule was built at its end with a round
reservoir that contained the IngTes powder, used as a
source for the gaseous In. The reservoir was connected
by a thin neck (~ 2 mm diameter) to the rest of the am-
poule and contained also some PbTe powder, from the
same source as the sample, to maintain the crystal stoi-
chiometry. The evacuated and sealed ampoules were in-
serted into a horizontal oven that had a zone of uniform
temperature longer than the full length of the ampoule.

After doping anneal the samples were examined by
optical microscopy for signs of surface damages. The
room temperature Seebeck coefficient along the sample
was measured at 10 pm intervals using a 5 pm diameter
«hot» probe. The temperature of probe was kept con-
stant within £0.1 °C. The Hall effect and conductivity
were measured over the 100 to 400 temperature range.

3. Results and discussion

The variation of the Seebeck coefficients, measured in a
direction parallel to the penetration of In by diffusion in
a p-type PbTe crystal, is shown in Fig. 1. The Seebeck
coefficient for the crystal in which no In penetration took
place has, as expected, a constant positive value (line 1).
The S values for all crystals in which In had diffused
(curves 2 to 5) drop at the front-end of the crystal to a
large negative value reflecting the effect of the large In
addition that over-compensates the presence of the ini-
tial Na acceptors and transforms the initial p-type PbTe
into a n-type PbTe. The values of S as one proceeds into
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Fig. 1. The variation of the Seebeck coefficient, measured at
room temperature along the penetration profile of In into p-type
PbTe crystal.
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the crystal, increase (algebraically), according to the pen-
etration profile of In, change sign and revert to the posi-
tive value, characteristic of In-free PbTe. Clearly, the
ability of In, that originates from a gaseous source is
significantly more effective than In diffusing from the
liquid state, in penetrating the PbTe lattice. The large In
concentration gradient that prevails at the interface be-
tween the In surface-layer and the PbTe crystal, for sam-
ples in which In diffused from the liquid phase, leads pos-
sibly to the formation of intermetallic compounds that
act as diffusion barriers impeding the penetration of In in
the PbTe lattice. Above certain In concentration, the
value of S stays at a constant value. According to [6]:

s-FEr-Ec 2k

3
T . ©)

where E. is the edge of conduction band and Ef is the
Fermi level. The constant value of the Seebeck coeffi-
cient, S, in samples having reached a certain In concen-
tration indicates that (Er - E.) remains constant and
doesn’t depend on the indium concentration This effect is
related to the pinning of the Fermi level by the presence
In level with respect to the edge of the conduction band, E,..
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Fig. 2. The variation of the Seebeck coefficient, measured at
room temperature along the penetration profile of In into a n-
type PbTe crystal.

The variation of the Seebeck coefficient in parallel to
the penetration in n-type PbTe crystals is shown in Fig.2.
Straight line (1) stands for the measured low value of S'in
the original crystal doped with shallow level impurities
(from the PbI2 a source) and in which no In had yet been
introduced. The large In concentration at the front-end
of the crystals in which In has diffused decreases S to
large negative values (curves 2 to 5). From the front-end
on, the S values increase (algebraically) according to the
penetration profiles of In towards the initial low negative
value of In-free n-type PbTe. As for p-type PbTe crystals,
the origin of the In diffusing into the crystals affected to a
significant extent its penetration profile. It is also note-
worthy that the initial large negative S value in the n-
type PbTe crystal (~ -120 mV/K) is less negative than for
the p-type crystal (~ -200 pV/K). This observation can be
accounted for in terms of the energy level schemes of ini-
tially n and p-type PbTe, respectively, in which In has
diffused, shown in Fig. 3. The left-side figure shows the
energy scheme in an originally p-type crystal into which
In had diffused.

The presence of In generates a narrow impurity band
(Ery) at room temperature. Some of electrons from the
band Ep, annihilate the holes that initially were present
in the valence band of p-type PbTe. The Fermi level (Er)
in the In-containing p-type PbTe crystal is located slightly
below the In band. In n-type PbTe, even though some of
the original electrons of the conduction band dropped
into the In-band, the Fermi level is still located in the
conduction band. According to Fig.3, clearly (Efp—E,)
has a negative value in formerly p-type PbTe (Fig.3a),
while in initially heavily doped n-type PbTe, it has a
positive value. Thus, according to eq.3, the absolute value
of S'in the formerly p-type will be higher than in the for-
merly n-type crystal.

A 2 mm thick slice was cut from the p-type PbTe sam-
ple that had been doped with In originating from the gas-
eous phase. The portion that was cut coincided with the
region in which an gradient was set up as determined by
the Seebeck coefficient measurements. The two end-sur-
faces of the graded crystal were polished and positioned
between two flat surfaces. The lower surface was kept at
constant 50 °C and the temperature of the upper surface
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Fig. 3. Schematic band diagram for In-doped PbTe.

a) - in an originally p-type PbTe crystal.

b) -
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in an originally heavily doped n-type PbTe crystal.
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Fig. 4. The thermovoltage of a graded PbTe<In> crystal as a
function of the temperature difference.

increased up to 430 °C. The measured thermovoltage, V,
of the graded n-doped PbTe<In> is shown in Fig.4. It is
noteworthy that the dependence V(AT) is linear within a
close approximation. Thus, the Seebeck coefficient S =
V(AT)is practically constant (S =-250 pV/K) over a wide
temperature range. That behavior of S(7) is very differ-
ent from that in homogeneous n-type PbTe (doped only
by iodine). The electrons present in the In-generated band
annihilate the minority hole carriers whose influence is
significant ordinarily at high temperature. Thus, the term
AS (Eq. 2) can be neglected and S does not decrease at
elevated temperature.

Conclusions

* In the course of a diffusion anneal at 700 °C during
75 hours, indium soluted from an external vapour
phase generates in PbTe crystals a penetration pro-
file that extends over a depth of =1 mm.
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» The presence of the deep, In-generated, impurity level
(narrow band) lying close to the edge of the conduc-
tion band and the annihilation of minority carriers at
elevated temperature by the electrons originating in
that band allow to achieve an optimal carrier concen-
tration over the 100 to 500 °C operating temperature
range. The Seebeck coefficient stays at a practically
constant value over that range.

The performance of n-type PbTe crystals with a graded
structure is improved as compared to that of homoge-
neous materials. The measured Seebeck coefficient
values suggest that the figure of merit in such crystals
will attain ZT= 1 over a temperature range up to 600 °C.
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