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Antimony as an amphoteric dopant in lead telluride
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We elucidate the amphoteric nature of antimony as a dopant in PbTe. Band-structure calculations show that
Sb substituting for Pb is a donor and that Sb on the Te site is an acceptor giving rise to a large excess density
of states (DOS). Experimentally, in Te-rich Pb,_,Sb,Te samples, 125Te NMR spectroscopy shows that Sb
substitutes for Pb and transport data reveal that it then acts as a simple donor. In Pb-rich PbSb, Te;_, samples,
125Te NMR shows that little Sb substitutes for Te when samples are prepared above 770 K and then quenched;
207ph NMR shows four types of charge carriers, but only a majority hole and a minority electron contribute to
transport. Sb acts as an acceptor in PbSb,Te,_,, but the large DOS calculated must correspond to a large
concentration of localized holes and the Seebeck coefficient is not enhanced.
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I. INTRODUCTION

Lead telluride is a compound semiconductor commonly
used in thermoelectric power generation from heat sources
around 770 K such as produced by combustion processes or
encountered in waste heat recovery applications. The ther-
moelectric figure of merit of PbTe, z7= TS%0/ k, where T is
the average temperature and S the Seebeck coefficient while
o and « are the electrical and thermal conductivity, is typi-
cally limited to 0.7 for p-type material and 1.1 for n-type
material. Recently, several PbTe-based material systems have
been identified that have z7>1,! some of which are based on
antimony-containing PbTe such as AgPb;sSbTe,, (Ref. 2)
and PbTe+Pb/Sb.? The conclusions we will reach here may
also shed light on the behavior of other antimony-containing
semiconductor chalcogenides that have important thermo-
electric applications such as Sb,Te; and AgSbTe,.

The behavior of antimony in PbTe has long been known
to be complex. Indeed, Strauss* indicates in 1973 that Sb
appears to be amphoteric in PbTe but states that the evidence
is not conclusive. He reports conduction to be p type or n
type as a function of whether the material is lead or tellurium
rich and of the annealing temperature. Lead-rich Sb-doped
samples, as grown or annealed at 1073 K are n type, while
those saturated at 773 K are n type at 77 K while p type at
300 K. Tellurium-rich Sb-doped samples saturated at 623 K
are n type while those annealed at 1073 K are p type. Strauss
attributes this amphoteric behavior to the ability of Sb to
occupy two different lattice sites. The purpose of this study is
to investigate the role of Sb in PbTe and to establish both
theoretically and experimentally that it is a donor when it
substitutes Pb and an acceptor when substituting for Te.

We present band-structure calculations that indicate that
Sb can act as either a donor or an acceptor in PbTe. When Sb
is placed on the metal sites, its energy level lies just above
the Fermi level and it donates electrons to the lattice. When
Sb is placed on the chalcogen site, its energy level lies just
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below the Fermi energy and slightly off of the Pb and Te
energy levels. Here, antimony will act as an acceptor. In
order to ascertain the role of antimony experimentally in
these compounds and verify the band-structure calculations,
we prepare PbTe samples in which we attempt to place Sb on
either the metal or the chalcogenide lattice sites of PbTe. The
nominal compositions of x=0.25% (=0.0025), 0.5%, and 1%
Sb (with either Pb or Te at unity and the other at 1-x) were
chosen as to stay within the solubility range® of Sb in PbTe
while at the same time introducing enough Sb into the lattice
to allow for conclusive evidence to be collected. In addition
to transport measurements, 125Te and ’Pb NMR with
magic-angle spinning was used to probe the local composi-
tion and charge-carrier concentration.

II. THEORY

Electronic structure calculations of disordered NaCl-type
structure Pb;_.Sb,Te and PbSb,Te,_, alloys have been per-
formed using the Green function Korringa-Kohn-Rostoker
method with the use of the coherent potential approximation
(KKR-CPA) to treat chemical disorder.®’ In all computa-
tions, the room temperature experimental value of lattice
constant (a=6.462 A)® was used. The self-consistent crystal
potential of muffin-tin form was constructed with the LDA
framework, using the von Barth-Hedin formula for the
exchange-correlation part. We restricted the KKR-CPA com-
putations in doped PbTe samples to only the spherical part of
the potential; to verify the validity of this hypothesis, we
have also employed the full-potential KKR method to com-
pute the electronic structure of ordered PbTe, where the full
form of the crystal potential over the whole atomic Voronoi
cells was applied, with [ truncation on each atom up to
l,,ax=3. For finally converged atomic charges below 1073¢
and potentials below 1 mRy, the total, site-decomposed, and
[-decomposed density of states (DOSs) were computed using
the integration tetrahedron method in reciprocal space
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(550 k-space points in the irreducible part of the Brillouin
zone). The Fermi level (Ep) was precisely determined from
the Lloyd method,” which appears to be particularly impor-
tant in systems close to the semiconductor-metal limit. In all
figures presented here, E is located at zero and nonspin-
polarized DOS curves are given in Ry~ per spin direction.
The core states were calculated fully relativistically, whereas
the valence states were treated in a nonrelativistic approach.
Notably, previous theoretical studies of electronic structure
of PbTe (Refs. 10 and 11) revealed that this compound ex-
hibited a direct energy gap (E,) at the L point in the Brillouin
zone and relativistic effects were important to correctly re-
produce the experimental energy gap (~0.2 eV). It was also
shown!®!! that the inclusion of spin-orbit interactions into
the computations did not markedly change the character of
bands in the vicinity of valence and conduction-band edges
but it strongly decreased the E, value. Consequently, semi-
relativistic  LDA  computations  without  spin-orbit
corrections'” yielded a much larger direct energy gap
~0.65 eV at L point. Bearing in mind the influence of spin-
orbit interaction on the energy gap, we focus mainly on the
effect of Sb doping on the electronic structure of PbTe, when
diluting antimony on either Pb or Te sites. We expect that
relativistic effects, neglected in this study, inevitably de-
crease the energy gap in disordered Pb;_Sb,Te and
PbSb,Te,_, samples, but they should not substantially
change the position of Sb-DOS peaks with respect to elec-
tronic states near the valence and conduction edges of pure
PbTe. The analysis presented here is based on the semirela-
tivistic KKR-CPA predictions, which appear very useful in
qualitative interpretations of our electron transport measure-
ments.

10

A. PbTe

The density of states of pure PbTe is shown in Fig. 1,
where one can identify five valence bands (not shown) lying
below the Fermi level. Two of these bands form separate
s-like bands in lower-energy range: the lowest band, shown
in Fig. 1(c), is mainly attributed to Te s states, whereas the
higher lying one, shown in Fig. 1(b), corresponds in prin-
ciple to Pb s states. This interesting separation of s-like
bands in PbTe compound can be roughly related to signifi-
cant differences in atomic potentials of Pb (group IV) and Te
(group VI), arising from a particular interplay between inter-
atomic distances and a difference in atomic number of con-
stituent elements.

The higher lying block of bands is ascribed to Pb and
Te p states with a small admixture of Pb s states (Fig. 1(b)),
producing the Pb-DOS peak below E. The contribution of
Pb s states in formation of electronic structure below the
band gap can also be detected on Pb-DOSs in Pb,_Sb,Te
and PbTe,;_,Sb, (see below in Figs. 2 and 3, respectively). A
strong hybridization of Pb p states (dominating unoccupied
conduction bands) and Te p states (building mostly occupied
valence bands) results in an energy gap at the Fermi level.
The KKR value of E£,=0.68 eV remains in good agreement
with recent linear augmented plane wave (LAPW)
calculations!? and, as mentioned above, is much larger than
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FIG. 1. (Color online) Total (a) and site-decomposed (b, ¢) DOS
of pure PbTe as function of energy. The Fermi level is set on this
diagram at O Ry.

the optical value (~0.2 eV). Finally, from the DOS of PbTe
one can notice quite different DOS variations near the va-
lence (larger) and conduction-band edges; interestingly, we
note that experimentally the dependence of the Seebeck co-
efficient on carrier concentration is almost the same in con-
ventially doped n-type and p-type PbTe.
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FIG. 2. (Color online) Density of states of PbggoSbgTe; as a
function of energy (in the top left panel atom DOS is multiplied by
concentration, while in other panel DOS is given per atom).

B. Pb,_.Sh,Te

Figure 2 presents the calculated DOS in Pb¢9Sby; Te
alloy, assuming that antimony substitutes for lead. It is intui-
tive to expect that trivalent Sb donating one extra electron to
the system should behave as an electron donor. Indeed, Sb
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FIG. 3. (Color online) Density of states of Pb;Sbg 1 Teggg as a
function of energy (in the top left panel atom DOS is multiplied by
concentration, while in other panel DOS is given per atom).
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creates a large p-DOS peak at the bottom of the conduction
band, since five valence bands are already complete. E lies
on the increasing DOS slope which is in line with negative
thermopower observed in Pb;_,Sb,Te. This large DOS peak
from Sb may markedly modify the total DOS even at low
antimony contents. Hence, electronic structure changes upon
Sb doping on Pb site should not rigorously be interpreted in
terms of a simple rigid band model, but still Sb on a Pb site
does not noticeably reduce the energy gap. As expected, Sb p
states are also observed in the valence band and the anti-
mony contribution is comparable to that of lead. Strong over-
lap of p states from Sb and Pb confirms their bonding char-
acter in the energy range below the energy gap. Conversely,
the principal Sb-DOS peak occurring at the conduction band
edge exhibits a less bonded character.

C. PbSb, Te;_,

Figure 3 presents the DOS in PbSb ;Te o9 alloy, where
antimony is assumed to substitute for tellurium. In this case
one might intuitively argue that when a Sb atom of valence
five substitutes for a Te atom of valence six, it delivers one
electron less to the system than the Te, and could act as an
electron acceptor. Indeed, the calculation shows that Sb cre-
ates a huge and narrow p-DOS peak (more than twice higher
than the equivalent one on the Pb site) on the border between
the valence-band edge and energy gap. Such a behavior is
not fully symmetric to that one seen above in the n-doped
Pb 99Sby o; Te, since this Sb peak is partly isolated from va-
lence states of the host. The rigid band predictions practically
fail in the case of Sb doping on the Te site. The energy gap is
now slightly decreased, unlike the case of Pbyg9Sby;Te.
Moreover, a very weak hybridization of this p-Sb peak
would indicate its nonbonding character; indeed, we will
show experimentally that the Sb level in this condition will
accept few and only thermally activated free electrons. On
the whole, the Fermi level lies on a strongly decreasing DOS
and its position is essentially governed by the antimony con-
centration. In view of our KKR-CPA results, E seems to be
almost confined in the Sb p-DOS peak and total the DOS of
PbSby y; Tey g9 is more strongly dependent on the impurity
electronic states than in the case of Pbg ¢9Sby o;Te. To further
illustrate this point, we show the Sb-content dependence of
the valence band structure for PbSb,Te,_,, with x=0,0.01
and 0.05 in Fig. 4(a). Sb substituting for Te visibly modifies
the valence-band edge close to L point, even at low concen-
tration. Along L-I', in particular, this band becomes more flat
near L, and modifications are also seen along K-I" direction.
Moreover, the energy gap slightly decreases, even though we
assumed the lattice constant to be independent of Sb content.
Comparing this result to the calculated evolution of the
bands with Sb concentration in Pb;_.Sb,Te, (Fig. 4(b)), we
note that Sb on the Pb-site affects the conduction bands near
Er much less.

III. EXPERIMENTS

Ingots of Pb,_,Sb,Te and of PbSb, Te,_, were prepared by
mixing stoichiometric amounts of pure lead, antimony, and
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FIG. 4. (Color online) Calculated band structure near Ep of
PbSb, Te,_, (a) and Pb;_,Sb,Te (b) for increasing Sb concentration.

tellurium in quartz ampoules. The ampoules were sealed un-
der vacuum and heated above the melting point of PbTe. The
ampoules were quenched in water followed by a three week
anneal at 773 K. Upon removal of the ingot from the am-
poule, parallelepipeds measuring approximately 1X1
X5 mm?® were cut using a diamond saw for galvanomag-
netic and thermomagnetic measurements. Disks between
1.5-2.5 mm thick were cut for thermal flash diffusivity mea-
surements. Coarsely powdered samples were used for the
NMR measurements.

The ingots were polycrystalline and homogenous, with
thermopower not varying by more than 2%-3% along either
length of the ingot or across the diameter of the sectioned
slices, indicating uniform carrier densities throughout the in-
gots. Powder x-ray diffraction did not indicate the presence
of any second phase (Sb,Tej; in particular) at a concentration
exceeding ~1%. Further, the samples were tested in a dif-
ferential scanning calorimeter over the temperature range of
303-823 K to test for phase changes and none were observed
except in the cases explicitly described further.

Electrical resistivity (p) and Hall coefficient (Rj) were
measured with an AC bridge while Seebeck (S) and isother-
mal transverse Nernst-Ettingshausen (N, further abbreviated
to Nernst) coefficients were measured using the DC method
with heater and sink in a conventional flow cryostat in the
temperature range of 77-580 K. The magnetic field was
stepped from —1.5 to 1.5 T at each temperature point. Any
errors in Seebeck measurements are due to the inaccuracy in
measuring the voltage and temperature at exactly the same
point and we estimate them to be on the order of 3%. The
error on the other quantities is dominated by uncertainties in
the geometry of the sample; due to this we estimate errors of
5%. The two-carrier analysis presented in this article is de-
pendent on transverse (Hall) resistance and on the magne-
toresistance and thus encompasses errors present in both; as-
suming these errors are independent of each other, these
quantities would be known to within about 7%. Further mea-
surements of electrical resistivity, and Hall and Seebeck co-
efficients from 1.85-80 K were taken on a Physical Proper-
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ties Measurement System by Quantum Design using the AC
transport and thermal transport options. Errors on the resis-
tivity and Hall coefficients are the same as stated for the
80-580 K range and errors on Seebeck are increased to 10%
below 50 K due to the effect of the physical size of the
Cernox thermometers on the accuracy of the measurement.

The thermal conductivity at the lower temperatures was
measured using a static heater and sink method. When using
this method above 250 K, heat losses may arise from thermal
radiation. To address that issue, flash diffusivity measure-
ments were taken on the Anter Corporation Flashline 3000
thermal diffusivity measurement system at room temperature
and above. Specific heat was also calculated on this instru-
ment using the comparative method relative to a standard
stoichiometric PbTe reference sample, with results that were
within the stated accuracy of 10% of the instrument as com-
pared to reference data.'? The thermal conductivity data from
the static heater-and-sink and the flash diffusivity system
match up well.

The nuclear magnetic resonance (NMR) experiments
were performed at 126 MHz for 125Te and 84 MHz for 207Pb,
on a Bruker Biospin (Billerica, MA) DSX-400 spectrometer
(magnetic field of 9.39 T). The coarsely powdered samples
were packed into plastic inserts with screw caps (from
Bruker) that fit tightly into a 4 mm zirconia rotor. Using a
magic-angle-spinning probe head (Bruker), the samples were
rotated at 8 kHz, which narrowed the lines significantly. The
/2 pulse length was ~3.5 us. Signals were detected after
saturation by 10 7/2 pulses and recovery followed by a
Hahn echo generated by a 7/2—t,— m-t, two-pulse sequence,
where ¢, denotes a rotation period. The 7 pulse and receiver
phase were cycled according to the EXORCYCLE scheme. '3
Measuring times generally ranged between 1 and 15 h per
spectrum, except for one spectrum as reported further, which
required six days. '*Te NMR chemical/Knight shifts were
referenced to Te(OH)y in solution,'* via solid TeO, at
+750 ppm as a secondary reference. >°’Pb NMR chemical/
Knight shifts were referenced to (CHy4),Pb in solution, via
solid Pb(NO;), at —3500 ppm as a secondary reference.

IV. RESULTS AND DISCUSSION

A. Nuclear magnetic resonance

125Te and 2°’Pb NMR can identify the bonding environ-
ment of tellurium and lead nuclei via chemical shifts of the
resonance frequencies. Even more importantly, NMR can be
used to determine the carrier concentration of various regions
within one sample by the Knight shift and spin-lattice relax-
ation time 7, which are due to hyperfine coupling between
the nuclear spin and polarized charge carriers.'”> One can
distinguish between p- and n-type PbTe based on the oppo-
site signs of their Knight shifts.!® In >Te NMR, signals of
n-type PbTe resonate to the left of, and p type to the right of,
—1885 ppm,'7 and in **’Pb NMR, analogously on either side
of +1300 ppm. The absolute value of the carrier concentra-
tion can be determined over more than three orders of mag-
nitude from the value of the T relaxation time.'”!® In order
to remove the broadening by chemical or Knight-shift aniso-
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FIG. 5. '%Te MAS NMR spectra of (a, b) Pbg 9975Sb 0025 Te and
(c, d) PbSbg gp25Ten9975- (2) Spectra of Pby gg75Sbg o925 Te for vari-
ous saturation-recovery delays. Thin line: 0.3 s; dashed line: 3 s;
thick line: 10 s saturation-recovery delay (fully relaxed). (b) Spec-
trum with 0.3 s recovery delay shown with eightfold vertical expan-
sion, which reveals the resonance of Te bonded to Sb at around
—1530 ppm. (c) Spectra of PbSby ggo5T€g.9975 With 0.3 s (thin line),
1 s (dashed line), and 100 s recovery delay (thick line, fully re-
laxed). (d) Spectrum with 8 s recovery delay shown with eightfold
vertical expansion. Measuring time: 6 days. The boundary between
the Knight shifts of n- and p-type materials is indicated by a dashed
vertical line.

tropy, spectra were measured with 8 kHz magic-angle spin-
ning (MAS) of the sample.”

Figure 5 compares MAS '*Te NMR spectra of
Pbgg975SboooasTe  and  PbSbyggosTegg975.  Spectra  of
Pb 9975Sbg g0o5Te with 0.3 ms and 3 s recycle delays are
compared in Fig. 5(a). Two components with different T}
relaxation times (0.3 and 2.6 s) and frequency positions are
recognized. The Knight shifts are characteristic of n-type
PbTe, with the left short-7; component corresponding to the
higher n. Figure 5(b) shows the 0.3 ms spectrum with eight-
fold expanded vertical scale. This reveals a small additional
signal, chemically shifted by +250 ppm to around
—1530 ppm, which is assigned to Te bonded to Sb,'” con-
firming that Sb is incorporated into the Pb sublattice. The
125Te spectra of PbSbypsTeq o975 are drastically different,
see Fig. 5(c). They show two resolved peaks with T, relax-
ation times differing by a factor of 40. The Knight shift and
short relaxation time 7,=0.11 s of the right peak
(=1965 ppm) are characteristic of a significant p-type carrier
concentration. Figure 5(c) shows that the maximum of the
broader left peak at ~—1880 ppm shifts to the right with
increasing recycle delay, indicating a distribution of
moderate-to-low n-type carrier concentration. The vertically
expanded spectrum in Fig. 5(d) shows little signal chemi-
cally shifted by ~-250 ppm from the main PbTe peak, i.e.,
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FIG. 6. 2’Pb MAS NMR spectra of (a) Pbg g975Sbg 0025Te and
(b, ¢) PbSbg gp25Ten.9975- (2) Thin line: fully relaxed spectrum (1 s
recycle delay). Dashed and thick lines: spectra with 0.3 and 0.03 s
recycle delays, respectively. The right half of the spectrum, which
does not show any signal, was acquired with 0.4 s recycle delay and
irradiation at +400 ppm (center) and —1300 ppm (right). (b) Fully
relaxed, composite spectrum of PbSb gy5T€( 9975, measured with
three different irradiation frequencies (+1300, -400, and
—2100 ppm). (c) Partially relaxed spectra of PbSby og25T€0.9975, for
the saturation-recovery delays given next to the spectra. The bound-
ary between the Knight shifts of n- and p-type materials is indicated
by a dashed vertical line.

near —1650 ppm, corresponding to Te bonded to Sb, unlike
the case in Fig. 5(b). The signal-to-noise ratio, limited by the
long T relaxation time, remained marginal even after six
days of measurement. It is reasonable to conclude that even
if a signal were present near —1650 ppm, the amount of Te
bonded to Sb would be in a significantly lower concentration
in PbSby gpp5Te.9975 than in Pby g975Sbg go25Te-

Figure 6 shows 27ph NMR spectra of Pbg g9755bg ggo5Te
and PbSby ggr5T€( 9975. They show similar features as the cor-
responding '“Te NMR spectra, but with higher resolution
due to the ~20-fold larger Knight shift of *’Pb relative to
125Te in PbTe.'® The spectra of Pby g975Sby goosTe in Fig. 6(a)
match nicely with the corresponding 12Te NMR spectra of
Fig. 5(a) and confirm the presence of two main components
with different Knight shifts and 7 relaxation times, due to
different n-type carrier concentrations. The measured 207py
T, relaxation times of 0.08 and 0.4 s can be converted to
n~7x10"% cm? and 1 X 10'® cm?, respectively,!”!® and are
consistent with the '*>Te relaxation data. This matches with
the Hall-effect data of n~9 X 10'® c¢cm™, as discussed in the
next section. From the spectra and relaxation curves, the ra-
tio of the components is near 60:40. The *°’Pb NMR spectra
of PbSby g025Te( 9975 €xhibit greater complexity, with at least
four distinct components. The range of Knight shifts is so
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FIG. 7. (Color online) Resistivity, carrier concentration, See-
beck coefficient, and Nernst coefficient of n-type Pb;_,Sb,Te
samples. The symbols are: red plus — Pbg 9975Sbg ggo5Te, green tri-
angle — Pby 995Sbg gosTe, and blue diamond — PbS g9bg o, Te.

large (>4000 ppm) that the spectrum had to be obtained as
a composite of measurements at different irradiation frequen-
cies. As in '*Te NMR, there is a sharp component with a
p-type Knight shift (to the right at —1850 ppm) with a very
short 7' relaxation time of 1 ms, which corresponds to a high
hole concentration of p~ (1 to 2)X 10" cm™."® This ac-
counts for ~20 to 40% of all Pb atoms. Another sharp peak,
at +1370 ppm, with a Knight shift and long 7, ~ 1.2 s char-
acteristic of low electron concentration n=<0.3 X 10'® cm™,
dominates the fully relaxed spectrum (~40% of all Pb);
again, a corresponding peak had been identified in '*Te
NMR. A shoulder with intermediate 7; ~0.4s and slight
Knight shift to the left (at +1600 ppm) can be assigned to a
moderate n-type carrier concentration, n~1X10'% cm™
(~25% of all Pb), while the broad resonance near +800 ppm
with shorter 7,=0.02 s, see Fig. 6(c), must be attributed'® to
a moderate p-type carrier concentration p=1.3X10'® cm™
(~15% of all Pb). Four carriers types are thus identified by
NMR, but only two of these (p~1.3X 10" ¢cm™ and
n~1x10"7=0.3x10" cm™) will be seen in the transport
data that follow.

B. Transport in n-type Pb,;_,Sb,Te

Galvanomagnetic and thermomagnetic data of materials
in which Sb substitution is at the Pb site are shown in Fig. 7
as function of temperature at zero magnetic field. The Hall
and Nernst coefficients reported are the slopes of the Hall
resistance and Nernst voltages at zero field. The data in Fig.
7 are interpreted as follows.

All Pb,_,Sb,Te samples are n type and degenerately
doped, so that we assume the presence of only one type of
carrier as indicated by NMR for x=0.25%. Under these cir-
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cumstances, the carrier concentration is given by the Hall
coefficient Ry, using:?°

1
n=ry (1)
Ryq
where ¢ is the electron charge and ry is a prefactor that
depends on the nature of the electron scattering mechanism.
We assume, for simplicity, that the energy dependence of the
relaxation time follows a power law:

nE) = n,E* (2)

where w is carrier mobility and A is the scattering exponent
that takes the value of —1/2 for acoustic phonon scattering
and 3/2 for ionized impurity scattering. For illustration pur-
poses, in nondegenerately doped semiconductors, the Hall
prefactor takes the values® of r,;~3/8~1.18 for acoustic
phonon scattering and ry~3157/512~1.93 for ionized im-
purity scattering. When acoustic phonon scattering domi-
nates, the Hall prefactor remains close to unity, but ry> 1
when A > 1. The nature of the scattering mechanism and the
value of A, can be deduced from the Nernst coefficient N.
This fact is illustrated for the case of nondegenerately doped
semiconductors where the Nernst coefficient is related to the
scattering exponent by’

N == (kg/q) pAA 3)

where w is carrier mobility. While we further use the full
transport equations instead of Eq. (3) to derive quantitative
information about A, the “method of the four coefficients,”?!
Eq. (3) provides a simple visual means to identify the nature
of the scattering mechanism from a plot of the Nernst coef-
ficient. Referring to Fig. 7, we see that N is small for all
samples at temperatures above 300 K, with x=0.25% having
the largest Nernst. The values of N at 7>300 K indicate
that acoustic phonon scattering dominates, and thus that
A~-1/2 and ry~ 1. The increase in N as the temperature is
lowered, particularly in the 0.25% sample, is due to the pro-
gressively increasing role of ionized impurity scattering at
T<200 K.

The carrier densities n represented in Fig. 7 are calculated
from the measurements of Ry using Eq. (1) with ry=1. The
reported values of n have a slight temperature dependence,
due to the gradual change in the nature of the dominant
scattering mechanism from acoustic phonon scattering at 500
K to ionized impurity scattering (i.e., ry(T) rather than the
assumed value of 1). Therefore we can assume that n is
temperature independent and has the value reported at 300
K. For x=0.25% (or 3.7 10" Sb atoms per cm?), the car-
rier concentration is 9 X 10'® cm™ at 500 K, corresponding
to a doping efficiency of about 0.25 electrons per Sb atom.
Increasing antimony content increases the carrier concentra-
tion, as expected, but it does not do so monotonically. With
x=0.5%, n(500 K)~3.7Xx10" cm™, corresponding to a
50% doping efficiency, but at x=1%, the doping efficiency
falls back to about 0.3 electrons per Sb atom.

The electrical resistivity p of the samples is also shown in
Fig. 7. We see an increase in resistivity with increasing tem-
perature, which is metallic in nature. While the decrease in
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FIG. 8. (Color online) Absolute value of the thermopower vs
carrier concentration (“Pisarenko relation”) at 300 K. S is negative
for electrons, positive for holes. The solid black line is the calcu-
lated thermopower for PbTe assuming acoustic phonon scattering;
due to the high symmetry between conduction and valence bands,
|S(n)| is the same for both bands. The symbols are black X —
PbSbg p25Te( 9975, green inverted triangle — PbSby oosTe( 995, blue
square — PbSb (1 Te( g9, red plus — Pby 9975Sbg o925 T, green triangle
— Pby 995Sbg gps Te, blue diamond — Pbg 9¢9Sby ¢; Te, and orange star —
Pby 9sSbg oz Te.

resistivity from x=0.25% to x=0.5% is due to the increasing
carrier concentration, the increase in resistivity for x=1%
over that of x=0.5% indicates an increase in scattering. To
confirm this, we prepared an additional sample with x=2%
that has a 300 K electrical resistance of 2.3X107° Q m
(compared to 2.44X107° Qm for x=1%) while it has
slightly more carriers (5.6 10" cm™ vs 49X 10" ¢cm™
for x=1%). This confirms that the additional antimony acts
as scattering centers. It is the balance between these ionized
impurity and acoustic phonon scattering mechanisms that
also leads to the shape of p(T), which displays a broad
“hump” around 150-200 K.

We see an almost linear increase in the Seebeck coeffi-
cient S with temperature at 7>200 K as expected from the
Mott relation for degenerate semiconductors. The x=0.25%
sample shows signs of compensated behavior as the ther-
mally excited holes begin to compensate the material at
T>500 K. Plotted in Fig. 8 as a full line is the calculated
“Pisarenko relation” S(n) at 300 K. For carrier concentra-
tions below 1X 10! c¢cm™, the calculated line is given for
nondegenerate semiconductors by:2%

kgl 5 2(mikpTI2wh?)3"
s=-2 §+A+1n gk ) (4)

q n

with m; the density of states effective mass; for higher car-
rier concentrations, S can be calculated from the full trans-
port integrals,?! and is slightly in excess of the value pre-
dicted by Eq. (4). The solid line in Fig. 8 is calculated with
A=-1/2, and is quite well approximated by Eq. (4) below
110" cm™. Almost all room temperature experimental
data points gathered for PbTe doped either n type or p type,?
follow the calculated line, as do the samples studied here.
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FIG. 9. (Color online) Resistivity, Hall, Seebeck, and Nernst
coefficients of p-type PbSb,Te;_, samples. These traces are taken
on the way up from cryogenic temperatures. The symbols are: red
plus — PbSby gpo5Teg 9975, green triangle — PbSb ggsTeq 995, and blue
diamond — PbSb o, Te( go.

PbTe has symmetry in the highest valence band and lowest
conduction band, thus resulting in similar absolute values of
thermopower for n-type and p-type samples with the same
carrier concentrations. The data points shown are from
samples in this study where the nonlocalized carriers, de-
duced from the Hall effect measurements, are plotted on the
abscissas. Only the thermopower of samples in which there
is a change in scattering parameter’> or resonant energy
level, such as in PbTe:TL,! exceeds that line. We conclude
from Fig. 8 that Sb does not form a resonant level at the
concentrations studied here in spite of the sharpness of the
maximum of the density of states calculated and shown in
Fig. 2.

The low-temperature (7<<200 K) Seebeck coefficient S
of the higher antimony concentration samples does not ex-
trapolate to zero at 0 K: the slight upturn probably originates
from the increase in Seebeck coefficient that results from the
ionized impurity scattering as the A term in Eq. (4) increases
at low temperature.

C. Transport in p-type PbSb,Te;_,

Figure 9 gives the galvanomagnetic and thermomagnetic
data as measured for the samples with Sb on the Te site of
nominal composition PbSb,Te,_, where x=0.25%, 0.50%,
and 1%. A phase transition is observed in these materials at
~525 K, which drastically and irreversibly changes the
electronic properties. Samples heated to between 525 and
700 K and cooled again below 525 K stay n type. This
change in the samples’ condition between 500 and 550 K is
metallurgical in nature and will not be addressed here further.

We discuss the Seebeck coefficient first. It is nearly linear
with temperature from 240 to 400 K, though with a slight
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concave bend. If a straight line or tangent is drawn through
these data we see that it will roughly intersect S=0 near
T=0 K; this the behavior of a nearly degenerate semicon-
ductor. In this regime the holes dominate the electrical prop-
erties of the material, which behaves like a degenerately
doped p-type semiconductor with a temperature-independent
hole concentration. Referring to Fig. 8, the thermopower vs
carrier concentration for these samples falls on the line for
the calculated Pisarenko relation at 300 K. As in the previous
section, we conclude that Sb on the Te site does not create a
resonant level in PbTe. Above the phase transition tempera-
ture, the Seebeck coefficient is negative due to the presence
of electrons, and remains so upon subsequent cooling. Below
80 K, the Seebeck coefficient also becomes negative, but it
turns positive again at the lowest temperatures and forms a
large positive peak at 7<<10 K with a maximum near 6 K.
We attribute the latter to phonon drag, but the fact that the
peak is positive implies that holes are still present, in spite of
the negative diffusion thermopower and the negative Hall
coefficient. The Hall coefficient is much too large for the
sample to have p~10'"> cm™ holes as one of the compo-
nents seen by NMR, but the other electron and hole concen-
trations in NMR are on the order of 10'8~10'" cm™. NMR
and the behavior of S(7) suggest that the sample must have
at least two, if not three different types of charge carriers. In
order to limit the number of adjustable parameters, we will
consider a two carrier regime, with one type of holes and one
type of electrons.

In order to analyze the samples further, we measured the
magnetoresistance p,,(B,) and the transverse (Hall) resistiv-
ity p,,(B,) as a function of magnetic field B, from 1.5 to 1.5
T (raw data not shown). We invert the data to give the lon-
gitudinal [o,,(B,)] and transverse [o,,(B,)] conductivities:

L (5)

o-.xx
;oand py=—7—"7
T+ 0y

Pxx= "3
Tt 0y

and use the expressions for two-carrier conduction,

n-q-He P-q- My
= 22 T 252
I+u,B, 1+ u,B;

XX

o MdpeB: peg- B
S ,ufB? 1+ /.LiB?

(6)

to derive the concentrations of the electrons (n) and holes (p)
and their mobilities (u,,u;). In practice, Taylor series expan-
sions were used around B.=0 for magnetoresistance (Ap/p)
and Hall coefficient as a function of magnetic field knowing
that magnetoresistance is an even function and Hall is odd
since the crystal has cubic symmetry. Fitting these at each
temperature as a function of field yields n, p, u,, u;, and
therefore the partial hole and electron conductivities at zero
field:

Op=pqpp, T, =N4le, O=0,+0,. (7)

The results of these fits are shown in Fig. 10 for one sample.
The other two samples closely follow the behavior shown in
Fig. 10 and are not included, for clarity. Furthermore, calcu-
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FIG. 10. (Color online) Partial conductivities and carrier con-
centrations as shown for a representative PbSb go5Te 995 sample.
Blue filled circles are for electrons; red open boxes for holes. The
conductivity and carrier concentration of the holes is not shown
above 500 K as the samples become dominated by electrons and
the data for the holes becomes incalculable. The insert shows a
schematic diagram of the bands in PbSb,Te;_,, with a small
(~10"7 cm™3) background concentration of electrons and a higher
concentration of Sb atoms acting as acceptors with an ionization
energy of ~25 meV.

lated data are not shown below 80 K due to the loss of
numerical accuracy.

Figure 10 makes it possible to derive the following model
for PbSb,Te,_,, which is schematically represented as the
bottom frame in the figure. At 7<<525 K, when most Sb
atoms are not on the Pb sublattice and thus presumably sub-
stitute on the chalcogens sublattice, they are acceptors. The
hole concentration from 80 to 500 K follows a In(p) o 7"!
law quite closely, with an activation energy of about 25 meV.
The doping efficiency of Sb as an acceptor is not near
unity, as 0.5 at. % Sb results in a saturated concentration of
mobile holes of only 10'® cm™, or 1/40 of the concentration
of Sb atoms. On top of these holes, the samples have a
background concentration of mobile electrons of about
n~1x10"7 cm™ that is nearly temperature independent up
to 400 K. Additionally, the concentration of holes is indepen-
dent of Sb concentration. The '>*Te NMR spectrum Fig. 5(d)
indicates that indeed a small amount of Sb atoms possibly
may have Te neighbors and may thus reside on Pb sites,
where they would act as donors.

The *°’Pb NMR spectra at 300 K of Fig. 6 showed
four types of carriers: (1) a hole concentration of
p~(1 to 2)x 10" cm™ which we do not see contribute to
transport, and (2) a second hole concentration of
p~13%x10" cm™ which is mobile; (3) an electron
concentration of n~1X 10" c¢m™, which is not visible in
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transport, and (4) an electron concentration of n~1Xx 10"
=0.3X 10" cm™, which is also mobile. We represent the
conclusions in the cartoon in Fig. 10 (inset). Sb has a p-type
doping efficiency of 1 mobile hole (type 2) per 40 atoms, but
the other (type 1) p~ 10" carriers are localized; logically,
these can be associated with the large peak in DOS in Fig. 3.
The (type 4) mobile electrons might originate from the re-
sidual concentration of Sb atoms that are on the Pb sites in
spite of the Te deficiency of the samples, while the (type 3)
n~10" ¢cm™ are also localized. This model leads to one
more very important conclusion. It has been mentioned often
in the thermoelectric literature that a peak in the DOS should
lead to a strong increase in the Seebeck coefficient exceeding
the Pisarenko relation. While this is a necessary condition, it
is not a sufficient one, as is illustrated here by comparing
Figs. 3 and 8. Indeed, the Mott relation which underlies the
enhancement of S(p) reads:**
kg 1 (da(E))
E=E,

=3 q(kBT)E 1B

mk 1dg
——(km(——
3 ¢ gdE

_ Ldp
- * ,udE) ®

where o(E) is the partial electrical conductivity of a carrier
at energy E, and g(E) is thus the density of delocalized states
of energy between E and E+dE. States that have a localized
character do of course not contribute to conduction or ther-
mopower. In this context, we point out that it has been dem-
onstrated that in a given solid, a state at energy E must be
either localized or delocalized.”

This model for PbSb, Te,_, allows us to explain the other
transport properties. The Seebeck and Hall coefficients are
negative around liquid nitrogen temperature, because they
both are weighted averages between the partial Seebeck co-
efficients of electrons and holes, weighted by the partial con-
ductivities (or mobilities square, for the Hall coefficient). As
shown in Fig. 10, the partial conductivity of the holes at 80
K is an order of magnitude lower than that of electrons, thus
driving the Seebeck coefficient negative. Additionally, the
positive phonon drag peak in the Seebeck coefficient is thus
explained due to the higher concentration of holes than elec-
trons at low temperatures. The Nernst coefficient for two-
carrier systems is a function not only of the partial Nernst
coefficients of electrons and holes, but also contains a term
that is proportional to the difference between the partial elec-
tron and hole Seebeck coefficients.?’ In systems that contain
both electrons and holes, these Seebeck terms add and
become dominant, leading to the very high values at
T<150 K reported in Fig. 9.

The electrical resistivity curves for all three samples fol-
low the same trends, having peaks at 125 K and at 500 K.
Starting from the lowest temperatures, conduction below 100
K is dominated by the more mobile electron, and phonon
scattering results in a positive temperature dependence of p.
The negative slope of p(T) after the first peak is due to the
thermal activation of the antimony acceptors forming holes
in the valence band. The resistivity drops until it bottoms at
300 K, where the activation of the acceptors is saturated and
phonon scattering of the carriers imparts a positive slope to
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FIG. 11. (Color online) Thermal conductivities for the samples
in this study. The symbols are: red plus - 0.25% Sb, green triangle
—0.5% Sb, and blue diamond — 1% Sb.

p(T>300 K). The second peak occurs in the temperature
region of the phase transition. The rapid drop of the Seebeck
coefficient at temperatures exceeding 500 K is related to a
phase transition, whereby a fraction of the antimony presum-
ably leaves the tellurium sites and looses its acceptor action.
When cooled back below 520 K, samples remain perma-
nently n-type.

D. Thermal conductivity

Thermal conductivity data of both Pb,_,Sb,Te and
PbSb,Te,_, are shown in Fig. 11. There is an increase in
thermal conductivity of Pb,_,Sb, Te with increasing x due to
increased electronic thermal conductivity. The x=1% sample
has a lower thermal conductivity at low temperatures than
the x=0.5% sample, which is presumed to be due to alloy
scattering, while the high temperature values are almost
equivalent from the balance of a slightly increased electronic
thermal conductivity term with a decreased lattice thermal
conductivity. The x=0.25% sample has lower thermal con-
ductivity over all temperatures, which results from its higher
electrical resistivity.

The thermal conductivity of PbSb,Te,_, is shown in the
bottom half of Fig. 11. The conductivities for the three
samples are approximately equal above 300 K, with differ-
ences at lower temperatures attributed to increased alloy
scattering with increasing Sb content. At the concentrations
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of impurities studied here, we see that the usage of alloy
scattering to lower-lattice thermal conductivity is limited to
low temperatures and does not have any discernable effect
on higher temperature thermal conductivity, as witnessed in
samples that have similar electronic thermal conductivities.

V. CONCLUSIONS

In this study we investigated the role that Sb takes on both
the metal and chalcogen lattice positions in PbTe. Band
structure calculations were confirmed in their predictions that
Sb is an amphoteric dopant depending on lattice position. In
Te-rich PbTe, Sb fills the Pb lattice position, as confirmed by
NMR, with doping efficiencies between 0.3-0.5 in low-
doped samples and a decreasing efficiency with increasing
Sb. In Pb-rich samples prepared by quenching from the melt,
most Sb atoms fill the Te site and far fewer Sb-Te bonds are
seen by NMR. NMR also reveals four types of carriers, a

PHYSICAL REVIEW B 80, 125208 (2009)

high concentration of holes that do not contribute to conduc-
tion, about 10'® c¢cm™ mobile holes with a thermal activation
energy of 25 meV from transport data, about the same con-
centration of localized electrons, and an order of magnitude
lower concentration of mobile electrons. The 10'® ¢m™ mo-
bile holes do not depend on the amount of Sb introduced in
the samples, suggesting that there is a limited solubility of Sb
on the Te site in Pb-rich PbTe. Heating the Pb-rich samples
above 525 K results in an irreversible metallurgical phase

transition.
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