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Transition metal pentatellurides HfTes and ZrTes have been studied for their exotic transport
properties with much debate over the transport mechanism, band gap, and cause of the resistivity
behavior, including a large low-temperature resistivity peak. Single crystals grown by the chemical
vapor transport method have shown a n-p transition of the Seebeck coefficient at the same temper-
ature as a peak in the resistivity. We show that behavior similar to that of single crystals can be
observed in iodine doped polycrystalline samples, but that undoped polycrystalline samples exhibit
drastically different properties; they are p-type over the entire temperature range. Additionally,
the thermal conductivity for polycrystalline samples is much lower, 1.5 Wm ™K ™!, than previously
reported for single crystals. It is found that the polycrystalline ZrTes system can be modeled as a
simple semiconductor with conduction and valence bands both contributing to transport, separated
by a band gap of 20 meV. This model demonstrates to first order that a simple two band model
can explain the transition from n to p-type behavior and the cause of the anomalous resistivity
peak. Combined with the experimental data, the two band model shows that carrier concentration
variation is responsible for differences in behavior between samples. Using the two band model, the
thermoelectric performance at different doping levels is predicted, finding 27" = 0.2 and 0.1 for p
and n-type, respectively, at 300 K, and 2T = 0.23 and 0.32 for p and n-type at 600 K. Given the
reasonably high 2T that is comparable in magnitude for both n and p-type, a thermoelectric device

with a single compound used for both legs is feasible.

I. INTRODUCTION

Thermoelectric (TE) materials are those that convert a
temperature gradient to a voltage or an electrical current
flow into a heat flow, with applications in power genera-
tion and Peltier cooling. This thermoelectric conversion
of heat energy into electrical energy, the Seebeck effect,
has been well studied, with compounds optimized for use
in various temperature ranges and applications. Mid-
and high-temperature thermoelectrics have been well in-
vestigated, including PbTe, SiGe, and Zintl compounds
[[-5]. However, there is a dearth of materials for ap-
plications at lower temperatures. To date, TE materi-
als for cooling applications fall into one of three fami-
lies, Bi;_,Sb, [6, 7], CsBigTeg [8, 9], or (Bi,Sb)2(Te,Se)s
[10, 11]. Furthermore, construction of thermoelectric
generators requires thermal and chemical stability and
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matching between n and p legs of the device [12]. Re-
cently, there has been interest in the use of layered tran-
sition metal pentatellurides for low temperature ther-
moelectric applications. ZrTes and HfTes have demon-
strated high power factors, though the thermal conduc-
tivity is relatively high [13, 11]. Measurement on needle-
like single crystals showed the thermal conductivity to be
in the ~4-8 Wm~1K~! range at room temperature [15].
In contrast, recent calculations indicated that the lattice
thermal conductivity should be much lower | ], and
thus the 2T higher than initially thought, warranting fur-
ther study [19].

However, the optimization of thermoelectric perfor-
mance through compositional tuning of the pentatel-
luride materials has been difficult due to a poor under-
standing of the underlying transport. Chemical vapor
grown single crystals of ZrTes; exhibit a peak in resis-
tivity (p) as a function of temperature and a change in
sign of the Seebeck coefficient («) at approximately 130
K. There have been many explanations for this behavior
over the years. Researchers first believed this was due to



charge density waves [20], but diffraction, magnetic field,
and compositional data indicated this was not likely the
cause of the peaked resistivity [21, 22]. Other explana-
tions have since been advanced but there has not been
a consensus on the cause of the transport phenomena
[23, 24]. The temperature-induced Lifshitz transition has
been studied as well as the quantum Hall effect and chiral
magnetic effect [25-30], but there remains a debate over
whether pentatellurides are topological insulators with a
small band gap or whether they are Dirac semimetals
[31-36].

To more specifically investigate the promise of ZrTes
as a thermoelectric materials, we have produced bulk,
polycrystalline ZrTes samples. Our undoped samples are
p-type over the entire temperature range, though substi-
tution of iodine for tellurium causes a transition to n-type
at low temperatures, in agreement with previous reports.
Using experimental Seebeck coefficient, thermal conduc-
tivity (k), and Hall data, we find that in the polycrys-
talline form, these pentatellurides can be modeled as a
narrow band gap semiconductor with effective contribu-
tions from a single n-type conduction band and a single
p-type valence band. We then use our model to explain
previous property observations in the literature, and are
able to explain the resistivity peak in terms of a n-type to
p-type thermally-induced crossover, shown schematically
in Fig 1. We also investigate predicted thermoelectric
properties from this model and show how to optimize
the zT for these polycrystalline materials, as well as note
their potential use for both n and p-type legs in the same
device.
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FIG. 1: Schematic of two band model for iodine doped
polycrystalline sample (or vapor grown single crystals)
showing movement of the Fermi level with increasing
temperature and the resulting properties.

II. METHODS

Bulk polycrystalline ZrTes_, I, samples were produced
by solid state reaction of Zr (Alfa Aesar, 99.95%),
Te (Alfa Aesar, 99.999%), and Tely (Strem Chemical,
99.9%), followed by hot pressing. Zr was mixed in a sto-
ichiometric ratio with Te and Tel4, placed in a quartz
ampule, evacuated to 10~° mbar, and torch sealed. Us-
ing a vertical single zone furnace, the heating profile was
90 K per hour from room temperature to 923 K, dwell
time of 12 hours, furnace quench (300 K per hour) to 748
K, dwell for 72 hours, and finally cooling to room tem-
perature at 90 K per hour. The resulting material was
ground in an agate mortar and pestle into a fine powder.
Powder was hot pressed in a half inch graphite die using
a maximum temperature of 723 K for 2 hours under flow-
ing argon, followed by ambient cooling. A series of grit
papers ending in 1200 grit was used to polish residual
graphite foils and produce samples of uniform thickness.

X-ray diffraction was used to monitor sample purity by
a Rigaku DMAX diffractometer. Netzsch LFA 457 was
used to measure the thermal diffusivity at high temper-
atures and the Dulong-Petit approximation was applied
for the heat capacity. Hall coefficient and p were mea-
sured using a 4-point van der Pauw technique with a 2 T
magnet under high vacuum while a light-pipe method uti-
lizing chromel-niobium thermocouples was used to mea-
sure the Seebeck coefficient [37, 38]. For low tempera-
ture measurements, a number of instruments were used
to measure the various properties. A Physical Prop-
erty Measurement System (PPMS, Quantum Design) was
used in the van der Pauw configuration as well as with the
Thermal Transport Option (TTO). For all PPMS mea-
surements, contacts were made out of silver paste, air-
dried, and were ohmic in the temperature range consid-
ered. Additional low temperature magnetotransport and
Hall measurements were done on square planar devices
with four-corner contacts applying the van der Pauw
method. The experiment was conducted in a Cryogenic
Ltd. cryogen-free 5 Tesla magnet system with helium
flow-cryostat using ac lock-in techniques (SR830).

To model and analyze the thermoelectric transport
data, the effective mass model is used [39]. This model is
frequently employed to guide the understanding and op-
timization of thermoelectrics. However, there are cases
where the effective mass model breaks down, namely due
to nonparabolic bands or multi-band effects [40-42]. We
consider two bands contributing to transport and restrict
the use of the model to higher temperatures where any
possible topological and phase coherence effects are su-
pressed. One valence and one conduction band are used,
both with a rigid band shape that does not change with
temperature or doping level. In this model, the effec-
tive mass and initial doping level for each band are fixed
along with the band gap. To calculate the Fermi level
at each temperature the charge neutrality condition is
used for the chemical potential relationship between two



bands with known gap. Charge neutrality is given by:
Nf+p=n+N, (1)

where NJ and N, are the number of ionized donors and
acceptors, respectively, and p and n are the concentra-
tions of holes and electrons. For a given band gap, £,
the relationship between the reduced chemical potentials
of the two bands is given by the expression

Eg
— 2
Ui T (2)

Once the masses, dopant level, and band gap are set
and the Fermi level at each temperature is calculated,
the properties of each band according to the effective
mass model can be determined. These are given below
for a two band system, though they can be generalized
to multi-band with the appropriate summations:

o101 + Qa0
atot:M (3)

g1 +02
Otot = 01 + 02 (4)

Ry 102 + Ry.003
Ry tor = 1% 5 1272 (5)

Otot

where «, 0, and Ry are the Seebeck coefficient, electrical
conductivity, and Hall coefficient, respectively. The sub-
scripts 1 and 2 denote the contribution from each of the
two bands (in this case, one conduction and one valence,
though this analysis can be applied to two bands of the
same type). The total thermal conductivity (ko) is then
given by:

Ktot = kL + T (L1071 + Laoa)

2
+T (6103 + 0203) — —(01a1 + 7202) (6)
o1+ o2

Here the first term, lattice thermal conductivity (k)
is set in the model to have some temperature depen-
dence. At high temperature, Umklapp scattering domi-
nates, which has a T~ dependence. The second term
is the electronic thermal conductivity, which depends
on the temperature, electrical conductivity, and Lorentz
number (L). The third term is bipolar thermal conduc-
tivity.

III. RESULTS AND DISCUSSION
A. Synthesis and Characterization

Most previous reports of ZrTes properties have been
for single crystals grown by a chemical vapor transport
method. For these crystals, the Seebeck coefficient is lin-
ear at low temperature, changes from n to p-type near

130 K, and has an absolute value of ~100-200 VK1,
while the temperature-dependent resistivity has a peak
around 130 K which is a few times higher than the room
temperature value [13, 14, 43-49]. Recently a tellurium
self-flux growth technique was used to synthesize single
crystals, an alternative to the traditional vapor trans-
port growth [25]. These flux grown crystals exhibit sim-
ilar behavior as chemical vapor transport single crysals
in general, though there are some key differences when
compared with vapor grown crystals. For example, p
does not trend toward zero at 0 K, the n-type « is signif-
icantly larger in magnitude, and most importantly, the
temperature is much lower for the n-p transition and re-
sitivity peak, around 60 K. This indicates that synthesis
techniques are very important in determining the proper-
ties of ZrTes. In addition to the influence on differences
in the TE properties, both the vapor growth and self-
flux techniques produce needle-like single crystals which
are small and can present challenges for property mea-
surement and sample loading. Finally, there are seldom
reports of the thermoelectric properties above 300 K [13],
which would provide a more complete understanding of
the transport. To resolve these issues, we synthesized
ZrTes; samples by solid state reaction and hot pressing,
producing large, bulk, polycrystalline samples for study
across the entire temperature range, approximately 0 to
700 K.
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FIG. 2: Seebeck coefficient and resistivity for
polycrytalline ZrTes; and ZrTey g51g.15. Dashed line at
130 K indicating resistivity peak and Seebeck coefficient
crossing zero for ZrTey g51p.15. Undoped ZrTes, by
contrast, has a lower temperature resistivity peak and
stays p-type over the full temperature range.

ZrTes_, 1, samples were prepared by solid state reac-
tion and hot pressing with powder XRD used to monitor
sample purity at room temperature (Fig. S1). Rietveld
refinement was performed by the WinCSD program pack-



age on the hot-pressed undoped sample and the result is
shown in Figure S2 [50, 51]. All compositions labeled in
the text and figures are the nominal composition. Ad-
ditional details on X-ray diffaction, Rietveld refinement,
and raw transport data can be found in the Supplemen-
tal Material [52]. Samples were nearly phase-pure af-
ter solid state reaction as well as following hot pressing.
The geometric density of the hot pressed samples was
greater than 98% of the theoretical density for ZrTes.
The Seebeck coeflicient and resistivity for polycrystalline
ZrTes_,1, samples are shown in Figure 2. While the
ZrTey g515.15 sample exhibits properties largely similar to
previous reports on chemical vapor grown single crystal
samples, the behavior of undoped polycrystalline ZrTes
is quite different (Fig. 2). The Seebeck coefficient for the
latter is always positive and the resistivity peak is shifted
to a lower temperature, closer to 60 K, in addition to be-
ing smaller in magnitude relative to psoox-

2+ .
0 1 " 1 N 1 " 1 " 1
(b) — 22K2zrTe, | T
0.04 —— 152K ZrTe,

299K ZrTe,

0.02
®-
~0.00
oy
(0
0.02
— 20K ZrTe, | .. -
0.04 —— 150K ZrTe, |, .
% 300K ZrTe, |, ..
-4 2 0 2 ¢

FIG. 3: Resistivity (a) and Hall resistance (b) for both
ZrTes and ZrTey 851015 at select temperatures (well
below, near, and well above the transition).

The resistivity (pz-) and Hall resistance (R,) as a
function of magnetic field are shown in Figure 3 for these
polycrystalline samples. At low temperatures, pg.(B)
shows an antilocalization minimum at B = 0 typically as-
sociated with strong spin-orbit coupling typical to the va-
lence band and also the conduction band for narrow-gap
materials [53]. This could also be attributed to topologi-
cal surface states, possibly at grain boundary interfaces.
Numerous unconventional effects have previously been
observed in single crystals at low temperatures, includ-
ing the chiral magnetic effect [28, 29], Lifshitz transition
[25, 54], Van Hove singularity [55, 56], Zeeman splitting
[57, 58], and topological effects [31, 33, 34, 53, 54, 59].
This measurement demonstrates that some of the un-
conventional effects previously observed at low tempera-
tures in single crystals persist in polycrystalline samples
as well. However, at higher temperatures, these effects
are less important in their contributions to the transport
behavior. As the temperature increases, p,.(B) in Fig.
3(a) is less dependent on magnetic field over the relevant
magnetic field range, deviating at most +25% around the
mean value, with a sharp curvature only at the lowest
temperature. Thus we define an arbitrary 150 K cutoff
above which we argue that a Drude-like model with no
consideration of phase-coherent effects can approximate
the observed behavior, but below which a more careful
model including weak anti-localization would be needed.
The Hall resistance for ZrTes g5lg.15 is consistent with
previous measurements [25] and with Seebeck coefficient
measurements showing n-type conduction at low temper-
atures and switching to p-type at higher temperatures,
while undoped ZrTe; remains p-type at all temperatures,
again consistent with Seebeck coefficient measurements.
Both of the polycrystalline samples show non-linearity
of R., with B at lower temperatures, possibly indicat-
ing more than one carrier contributes to conduction. As
the temperature increases, R;, becomes linear with B,
indicating a single charge carrier dominates.

B. Two Band Modeling

Although there are prominent features in the low-
temperature magnetotransport associated with spin-
orbit coupling and phase coherent scattering, as we shall
demonstrate, the higher temperature properties above
150 K can be reproduced with a simple two-band model
for all of the transport coefficients in this high tem-
perature range. In addition, the qualitative trends at
low temperature can also be reproduced with the same
parametrization. We therefore propose a simplified two
band model that clarifies the significantly different prop-
erties observed in ZrTes samples produced by different
methods (polycrystalline, flux, or vapor grown) and of-
fers insight into the phenomena of the resitivity peak and
Seebeck coefficient switching from n to p-type. Using this
simple two band model with one valence and one conduc-
tion band, we can describe the thermoelectric properties
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thermal conductivity using the model are shown. The modeled mobility is shown in (f) with dashed lines

representing 7—3/2.

observed for various samples by changing only the doping
level.

The effective mass model used here is similar to the sin-
gle parabolic band (SPB) model commonly used in ther-
moelectrics, but considers contributions from two bands
(one conduction and one valence). To construct the
model, we fix a number of parameters based on previous
experimental and computational studies and then deter-
mine the mobility needed to explain the experimentally
measured transport properties. The Boltzmann trans-
port equations have previously been derived assuming
Drude model for mobility and an energy dependent scat-
tering time 7 = 79E*~ /2 (A = 0 for acoustic phonon)
[60]. For the fits to the polycrystalline ZrTes_, I, samples
we fix the isotropic electron and hole Seebeck mass as m,
= 0.5 mg and my, = 0.15 my, respectively, and the band
gap as I/, = 0.02 eV. The number of donors for the iodine
doped sample is fixed at Ny = 1.1 x 10'® (cm™2) while
for the undoped ZrTes; sample the number of acceptors
was N, = 4.5 x 107 (cm™3). To appropriately fit the
data, it was found that the masses, their ratio, and the
band gap, were required to be within a relatively narrow
range. For example, it was only possible to fit the model

to experimental data when the band gap is set between
approximately 0.015 and 0.03 eV. Previous experimen-
tal studies using a variety of techniques have found that
the band gap of ZrTes can be anywhere from 100 meV
to a gapless semimetal [27, 28, 31-35, 54, 61]. However,
recent ARPES studies observed a 40 meV band gap at
255 K which decreases with decreasing temperature [54],
while another measured a gap of 18-29 meV [62]. We
found that the model worked best with a gap of 20 meV.
As this is an effective mass model, we can not defini-
tively determine each of the parameters without more
experimental data, we can only suggest general ranges
and ratios of the parameters. Additionally, an isotropic
model is used here whereas the transport properties in
Zr'Tey are anisotropic [58, 63, 64]. The transport proper-
ties are expected to be anisotropic due to the structure of
Zr'Tes and needle-like growth of single crystals. However,
the solid state reaction, grinding, and hot pressing pro-
cedure used here produces a sample that is not textured,
as seen in the Rietveld refinement. Instead the sample
is a collection of randomly oriented grains such that the
properties for each direction are averaged out, allowing
the use of a simpler, isotropic model here.



The experimental properties for both polycrystalline
samples, as well as the model using two different dop-
ing levels, are shown in Figure 4. The model fits the
data reasonably well in the 200-600 K range. The resis-
tivity as a function of temperature is well described by
this effective mass model across the entire temperature
range (Fig. 4(a)). The Seebeck coefficient data fits well
at high temperature (Fig. 4(b)). The model deviates
from the experimental data at low temperatures, though
this is to be expected. As discussed previously, the un-
conventional transport effects start to dominate in these
polycrystalline samples at low temperature. The mod-
eled Hall coefficient qualitatively reproduces the trends
observed in the experimental Hall coefficient (Fig. 4(c)),
which was determined using a linear fit to the low field
R;y vs. B data.

The resistivity and Seebeck coefficient behavior for the
ZrTey g51p.15 sample is very similar to previous reports
for chemical vapor grown single crystals, showing n-type
behavior at low temperature. The Seebeck coefficient is
n-type at low temperature and increasing in magnitude
as the Fermi level is initially in the conduction band and
moving toward the gap with increasing temperature. The
temperature where the Seebeck coefficient crosses zero
and the resistivity is at a maximum (~130 K in this case)
is where the Fermi level nears the middle of the gap.
With increasing temperature, the Fermi level continues
toward the valence band as the material becomes more
p-type. Finally, after the Seebeck coefficient reaches its
maximum p-type value it then decreases linearly with
temperature, when the Fermi level becomes effectively
pinned within the valence band (see Fig. 1). As will be
demonstrated later, the initial position of the Fermi level
in the conduction band is what controls the temperature
at which @ = 0 and the resistivity is peaked. On the
other hand, for the undoped polycrystalline ZrTes, the
Seebeck coefficient is always positive due to the Fermi
level residing in the valence band. At low temperatures,
the Fermi level moves toward the gap leading to the linear
increase in «, and eventually is pinned within the valence
band.

The model for « (Fig. 4(d)) considers Umklapp scat-
tering as well as the electronic and bipolar contributions
to total thermal conductivity. Umklapp scattering domi-
nates at higher temperatures and has a T~! dependence
which fits the data well at higher temperatures, in the
area of interest for zT predictions. Below 200K, the
model fit to experimental data is not as good, partly
due to the use of a PPMS for low temperature measure-
ments which uses a direct measurement technique that
is uncorrected for radiation. The fit below 200 K is not
expected to be exact as the measurement technique dif-
fers and other scattering mechanisms (i.e. point defect
or boundary scattering) may play a role at lower temper-
atures. Due to the layered crystal structure, s is fairly
low. Though ZrTe; was predicted to have a lattice ther-
mal conductivity of 1.8 Wm™tK~1 at 300 K [19], initial
reports in single crystal ZrTes found x ~8 Wm 1K1

However, due to the small size and needle-like shape of
the single crystals measured previously, there may be a
significant error in the initial report of thermal conductiv-
ity. These measurements demonstrate a much lower to-
tal thermal conductivity, experimentally confirming the
prediction (Fig. 4(d)), in line with previous measure-
ments [65]. This difference in the thermal conductivity
is expected, due to the polycrystalline nature, but is also
partly due to the measurement technique allowed by the
larger size and shape of these samples. Our polycrys-
talline ZrTes samples exhibit a total thermal conductiv-
ity four times lower than that measured for single crystals
along the a-axis, so while the power factor is reduced, the
overall 2T (Fig. 4(e)) is higher.

In most thermoelectric materials, it is sufficient to as-
sume solely acoustic phonon scattering for modeling pur-
poses, as they tend to be investigated at temperatures
above 300 K. However for these pentatelluride systems,
the thermoelectric behaviors of interest occur below 200
K, where other scattering mechanisms can play a signif-
icant role. For example in Si and Ge, ionized impurity
scattering dominates the temperature dependence of mo-
bility at low temperatures while acoustic phonon scatter-
ing is more important at higher temperatures [60]. The
Fermi integrals used in this model are for A=0, acous-
tic phonon scattering, since we are primarily concerned
with high temperature properties while the model is not
expected to fit precisely at low temperatures due to the
reasons discussed previously. The mobility used to fit the
measured properties is shown in Figure 4(f). The mod-
eled mobility for both the conduction and valence bands
have a temperature dependence close to T~3/2 above 100
K, in agreement with acoustic phonon scattering.

In addition to low temperature effects discussed pre-
viously, there is another contribution to the discrepancy
between measured and modeled Seebeck and Hall coeffi-
cients. Due to the complex nature of the pentatellurides
with a small band gap and layered structure, DFT calcu-
lations of band structure have not always been in agree-
ment [31, 34, 61, 66]. Additionally, the calculated band
structure is sensitive to the parameters used, including
the temperature, stress/strain induced by chemical sub-
stitution, and pressure [27, 58, 59]. However, calcula-
tions typically show a single hole pocket centered around
I" with much higher energy than other pockets, while the
conduction band has numerous pockets at comparable
energy levels. As T increases, these pockets contribute to
conduction leading to an increase in the Seebeck effective
mass. This is due to carriers being thermally generated
across the small gap due to broadening of the Fermi-Dirac
distribution with increasing temperature. A better fit to
the experimental data can be achieved by either adding
a third band or employing a temperature dependent ef-
fective mass or band gap. But because exact fits are not
expected due to the unconventional effects at low temper-
atures as previously discussed, the introduction of addi-
tional fitting parameters is not warranted. Nonetheless,
this model does qualitatively reproduce the trends as a



function of temperature for the various property mea-
surements.

C. Effect of Varying Carrier Concentration

The two band model fit to experimental data can be
extended to simulate properties at carrier concentrations
not used for modeling, as shown in Figure 5. This is done
by adjusting the initial doping level in the calculations,
akin to experimental carrier concentration tuning using
external dopants. As the p-type carrier concentration is
increased, the peak in the Seebeck coefficient moves to a
higher temperature and lower magnitude while the resis-
tivity peak decreases in magnitude. As the n-type carrier
concentration is increased, the n-type Seebeck coefficient
crosses 0 at a higher temperature for higher doping lev-
els, while the resistivity peaks at a lower magnitude but
higher temperature. This qualitative behavior is in good
agreement with previous measurements on single crystals
with different carrier concentrations. Reports of iodine-
vapor grown crystals show ny of approximately 1 x 10'®
cm ™3 at room temperature and an n-p transition temper-
ature of about 130 K while self-flux grown single crystals
had values of 5 x 1016 cm ™2 and 60 K [13, 24, 25]. The
trends from the two band model in Seebeck coefficient
and resistivity are also in agreement with experiments
where rare earth elements are substituted for the tran-
sition metal (Figure S5 and Ref. [67]). The model pre-
dicts that at high n-type carrier concentrations, a nega-
tive Seebeck will persist to higher temperatures, as has
been experimentally found for Hfy g9Tag g1 Tes up to at
least 300 K [68].

As was previously discussed, the synthesis route used
to produce ZrTes samples has a dramatic effect on the ob-
served properties. Our model shows that the cause of the
various properties found in different crystals is the car-
rier concentration variation due to processing. The tradi-
tional route for making single crystals of ZrTes;, chemical
vapor transport synthesis, was thought to produce pure
samples. Iodine is used as the vapor transport agent, so
even though crystals are washed after this procedure, it
is unlikely that all iodine is removed. Substitution of I
for Te would act as an electron donor, causing n-type
transport at low temperatures before the higher mobility
p-type conduction dominates as carriers are thermally
activated. Our model demonstrates how variations in
the carrier concentration, in this case due to uninten-
tional doping with iodine, change the properties. This
is experimentally verified by measurements on undoped
and iodine doped polycrystalline samples. Additionally,
the differences between Te self-flux grown single crystals
and undoped polycrystalline samples can be explained
in the context of this model. ZrTes is considered a line
compound, though there is actually a finite phase width.
So while both the flux and solid state reactions consist
of only Zr and Te (no I), the ratio of the two elements
may vary in the samples produced by different meth-
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as a function of temperature in polycrystalline ZrTes for
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ods. This Zr to Te ratio would lead to changes in carrier
concentration due to differences in actual (not nominal)
stoichiometry. For example, Te vacancies caused by the
high vapor pressure of tellurium would act as electron
donors. Our model shows that the temperature and mag-
nitude of the p peak, as well as the n-p transition of «
can be tuned by adjusting the carrier concentration, ac-
complished through careful control of the Zr to Te ratio
or dopant concentration.

D. Tuning Model to Optimize Thermoelectric
Performance

Due to the reasons previously stated, we do not ex-
pect the model to be accurate at low temperatures, but
the properties are well fit in the 200-600 K range where
the peak 2T is observed. Figure 6(a) shows the 2T as



a function of temperature for various doping levels while
Figure 6(b) shows 2T vs doping level for both p and n-
type samples at various temperatures. With low doping
levels, bipolar conduction sets in by 200 K, leading to
modest zT. However, as the doping level is increased,
the maximum zT increases as the Fermi level is pinned
into one band or the other. Controlling the carrier con-
centration allows for optimization of the zT in a desired
temperature range.
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FIG. 6: For polycrystalline ZrTes, (a) the 2T as a
function of temperature at various acceptor (solid) or
donor (dashed) levels, and (b) the 2T as a function of
dopant concentration for temperatures ranging from
200 to 600 K.

Using the model for predictions, strategies can be de-
vised for optimizing the thermoelectric performance of
ZrTes. By increasing the band gap, minority carrier con-
tributions can be suppressed, increasing the 27 to ~0.4
at 300 K. This could be done by substitution of Se for Te,
as demonststrated previously [68]. Using our two band

model, we can estimate the z7T contributions of each band
independently. From this, we observe that engineering
the composition such that the mobility of the minority
carrier is reduced by a factor of 10 would also increase
the 300K zT to approximately 0.35 for p-type. A two to
three-fold reduction in the lattice thermal conductivity
through grain size reduction, softening of the lattice, al-
loying, or other strategies would potentially lead to a 2T
near 1 at room temperature. Furthermore, by control-
ling the carrier concentration through doping, n and p
legs can be made in the ZrTes system. This provides the
opportunity to make modules out of single compound,
thus mitigating issues with chemical and thermal com-
patibility.

IV. CONCLUSIONS

The details of transport in the HfTe; and ZrTes sys-
tems have been debated for many years due to the exotic
transport properties observed in single crystals. Mea-
surement of polycrystalline ZrTes samples revealed p-
type behavior at all temperatures, leading to a conjecture
that the system could be explained as a semiconductor.
Doping ZrTes with iodine led to properties similar to pre-
vious reports on single crystals, with a n to p transition
near 130 K, suggesting that prior work on pentatellurides
may have been contaminated by residual iodine from the
typical iodine vapor transport synthesis. A two band
model was constructed which accurately describes the
properties of polycrystalline samples as well as explains
the behavior of both flux and vapor grown single crystals.
The model has a temperature independent band gap of
0.02 eV, a valence band with a higher mobility, and a
conduction band with a higher effective mass. The ex-
perimental data is consistent with a semiconductor hav-
ing a positive finite gap where the anomalous resistivity
peak and change in Seebeck coefficient can be simultane-
ously explained. Finally, the model allows for prediction
of zT' by carrier concentration tuning and other strate-
gies to optimize the thermoelectric performance. ZrTes is
promising for practical applications, as a thermoelectric
device could be constructed out of single material used
for both legs.
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