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There exist a small number of compounds in which electrons and holes dominate transport simultaneously along different
crystallographic directions. Most materials that exhibit this axis dependent conduction polarity are either metals,
semiconductors with narrow band gaps less than 150 meV, or whose air sensitivity limits more detailed study and applications.
The discovery of sizable band gap semiconductors with this phenomenon would enable their potential application in
technologies that exploit the inherently efficient charge separation of thermally or optically excited carriers. Here we
experimentally demonstrate that PdSe,, an air-stable ~0.5 eV band gap semiconductor, exhibits this effect. We use PdSe; as a
model material for establishing how the interplay between extrinsic doping concentrations and thermal activation of carriers
controls the temperature above which axis dependent conduction polarity occurs. We show that lower concentrations of
either p-type or n-type dopants triggers this phenomenon to emerge at lower onset temperatures. Overall, this work
establishes PdSe, as the first technologically viable semiconductor with axis dependent conduction polarity, opening up new
opportunities across a myriad of energy harvesting technologies.
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Axis-dependent conduction polarity (ADCP) is a unique electronic
phenomena in which the charge polarity of carrier conduction can
differ from p-type to n-type depending on the direction of travel
through the crystal. Most materials that exhibit ADCP are metals,
and very few semiconducting materials exhibit this effect. Here, we
establish that PdSe,, a ~0.5 eV band gap semiconductor that is air-
and water-stable exhibits ADCP, through the growth and
characterization of the transport properties of crystals with
extrinsic p- and n-type doping levels of Sb and Ir, respectively, in
the 10%6-108 cm3. Electron doped PdSe, exhibits p-type conduction
in the cross-plane direction and n-type conduction along the in-
plane directions above an onset temperature of 100-200 K that
varies slightly with doping level. Lightly p-doped samples show p-
type thermopower in all directions at low temperatures, but above
~360 K the in-plane thermopower turns negative. Density
functional theory calculations indicate that the origin of ADCP
arises from the complementary effective mass anisotropies in the
valence and conduction bands in this material, which facilitate hole
transport in the cross-plane direction, and electron transport along
the in-plane directions. ADCP occurs at temperatures with
sufficient thermal population of both carrier types to overcome the
extrinsic doping levels to exploit the effective mass anisotropy. In
total, the development of this stable semiconductor in which
thermally or optically excited holes and electrons inherently
migrate along different directions opens up numerous potential
applications in a multitude of technologies.
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1. Introduction

Almost all electronic materials typically exhibit a single majority
carrier type, either electrons or holes, that dominates electronic
transport uniformly along all directions of a crystal. In
semiconductors, these n-type and p-type regions are then
brought together to create virtually all modern functional
electronic and energy conversion devices such as transistors,
diodes, solar cells, and thermoelectrics. However, there is an
emerging family of compounds that simultaneously exhibit
either p-type or n-type majority conduction depending on the
direction of travel through a single crystal'*?2, a phenomenon
often referred to as axis-dependent conduction polarity
(ADCP)3> 4 or goniopolarity. 2 Such materials promise to
overcome inefficiencies in existing technologies by facilitating
charge separation of electrons and holes. For instance, it has
been recently shown that by exploiting the ADCP in Re,Si;, a
new geometry of transverse thermoelectric modules can be
fabricated that have efficiencies rivalling commercial
longitudinal devices, but which do not suffer from the thermal
degradation and efficiency losses caused by the hot side
contacts. % 13-16

Of the dozen or so materials in which axis dependent
conduction polarity has been observed experimentally, only a
small number of semiconductors with this effect have been
discovered. This includes Re,4Si;, which has a 0.15 eV band gap,
CsBisTeg, which hasa 0.1 eV gap, NaSnAs, has a 0.64 eV gap, and
finally the Mott insulator k-(BEDT-TTF),Cu[N(CN),]Cl.% 10, 15,17,
18 Although NaSnAs does have a sizeable band gap, its lack of
air-stability, combined with the toxicity of As limits its potential
applications. The development of semiconductors with
appreciable band gaps that are also air and water stable, that
can be easily grown in single crystal form, and with tunable
doping levels, would enable the future exploration of this effect
in light-activated applications such as photocatalysis and
photovoltaics. In addition, such materials would enable a
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Figure 1. a) Crystal structure of orthorhombic PdSe,, as viewed along the b-axis, showing the tilting of the PdSe, square planes. The black spheres correspond to Pd
atoms and the red s%heres correspond to Se atoms. b) DFT calculated band structure of orthorhombic PdSe,. ¢) DFT calculated partial density of states for PdSe,
showing the orbital character near the band extrema. d) Crystal structure of orthorhombic PdSe,, as viewed along the c-axis, showin% the diselenide dianion shared at
the corner of four PdSe, square planes. e) DFT calculated Fermi surface near the conduction band minimum (CBM). Note the roughly prolate ellipsoidal shape of the
surface, indicating anisotropic transport with lowest electron effective masses along the in-plane axes. f) DFT calculated Fermi surface near the valence band maximum
(VBM), showing oblate ellipsoidal shape. g) Real comﬁonent of the wavefunction of the VBM at the I point showing the cross-plane anti-bonding character of the mixed
Pd 4d,2 and Se 4p, orbitals. h) Real component of the wavefunction of the lowest energy conduction band at S (near the CBM) showing the in-plane anti-bonding
character of the mixed Pd 4d,”.,? and Se 4p,and 4p, orbitals.

systematic understanding on the interplay between band ADCP, opening the door to tailoring systems for specific
structure, doping levels, and dopant activation energies on applications.

ADCP. Here, we show that PdSe,, one member in a family of

precious metal transition metal dichalcogenides that have

attracted considerable recent interesti9-?, satisfies all these 2- Results and Discussion

requirements and is an ideal model system for understanding

the emergence of ADCP in semiconductors. Through the growth 5 ¢ PdSe; Crystal and Band Structure

and characterization of the anisotropic transport properties of
PdSe, single crystals with extrinsic p-type Ir and n-type Sb
dopants in the range of 10%6-10!% cm3 we show that this
material exhibits ADCP at temperatures for which there is a
sufficient concentration of both majority and minority carriers.
A lower concentration of extrinsic dopants or sufficient
counterdoping will shift the onset of ADCP to occur at lower
temperatures. This furnishes the ability to control the onset of

The orthorhombic PdSe, polymorph (which we hereafter refer
to simply as PdSe;) is a layered semiconductor that crystalizes
in the Pbca space group (Fig 1a,b). Formally, the palladium can
be considered cationic, Pd?*, and the selenium forms a
diselenide dianion, Se,%. The layers are comprised of corner
sharing PdSe, square planes which have a small tilt away from
the c-axis mainly towards the a-axis. There are two layers per

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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unit cell. The Pd in one layer is almost on top of one of the Se
atoms in the diselenide in the layer below. The crystal structure
can be thought of as a derivative of the pyrite structure type but
with a significant Jahn-Teller distortion of the Pd?* d,? orbitals,
causing neighbouring layers to be held together mainly by van
der Waals interactions.

The electronic structure and density of states were
calculated by Density Functional Theory (DFT) using a hybrid
functional approach.?’31 The material is calculated to be a
semiconductor with an indirect 0.58 eV band gap and a direct
gap of about 1 eV. The indirect band lies between the I point in
the valance band maximum (VBM) and a point between the S
and Y points in the conduction band minimum (CBM), while the
direct gap runs along a line approximately midway between the
I and X points (Fig. 1c). The calculated band gap is within 100
meV of previously reported experimental values of the optical
gap, which we also confirm subsequently with absorption
measurements (section 2.2).32 The partial DOS (Fig. 1d) indicate
that the VBM and CBM are mostly mixed Pd 4d and Se 4p in
character. The VBM at I is mainly composed of Pd 4d,? and Se
4p, states in which the Pd 4d,?in one layer has a o* antibonding
configuration with the Se 4p, orbitals in neighbouring layers
(Fig. 1g). The CBM is dominated by o* interactions between Pd
4d,2.,? and Se 4p,and 4p, states within each PdSe, square plane,
but also has some partial Se 4p, character (Fig. 1h). The Pd 4d,?
character of the VBM and 4d,2.,2 character of the CBM coincides
with what one would expect the HOMO and LUMO to be for a
d® square planar coordination compound, or a Jahn-Teller
distorted octahedron. Because the VBM is predominantly
comprised of orbitals that point along the c-axis, the VBM has a
wide dispersion along the out of plane direction from I to Z and
is relatively flat along the I to X and T to Y in-plane directions
near the band edge. The valence band appreciably drops in
energy on going from I to Z, because the interlayer Pd 4d,,/Se
4p, o* antibonding character become largely nonbonding, as
shown in the wavefunction of the Z point (Fig. S1). This
anisotropy in dispersion causes the Fermi surface near the VBM
to have an oblate ellipsoidal shape (Fig. 1f). The strong 4d,2/4p,
orbital interactions in the VBM are also reflected in the
calculated effective mass tensors (Table 1), in which the c-axis
effective mass (m,;n*) is -0.25 mg, which is one and two orders
of magnitude lighter than the b-axis (myy» = -3.9 mg) and a-axis
(myh =-26.2 mp) tensors, respectively. The CBM, which has a
more prolate ellipsoidal shaped Fermi surface (Fig. 1e), has a-
axis (Myy*) and b-axis (m,, .*) effective masses of 0.24 mgand
0.26 mg which are about 2x lighter than the c-axis effective mass
(m,;*), 0.46 mo. The partial Se 4p, character in this antibonding
CBM reduces the degree of anisotropy compared to the valence
band. Still, the strong directional preference for hole
conduction along the cross-plane direction, combined with the
opposite preference for electron conduction along the in-plane
directions will lead to ADCP in PdSe,.

2.2 PdSe, Crystal Growth and Optical Characterization

This journal is © The Royal Society of Chemistry 20xx

To empirically demonstrate that PdSe, hosts ADCP, large
mm-scale crystals of PdSe, were synthesized using excess Se-
flux either via slow cooling from the melt in a box furnace based
off previous reports or using a vertical Bridgman method
developed in-house (Fig. 2a,d).3® Both methods yielded
comparable crystal sizes and transport behaviour, although the
Bridgman method had a much higher success rate for large
single crystals. The crystal structure and phase purity were
confirmed via powder x-ray diffraction (Fig. 2b). In addition, the
different crystallographic axes were determined by the
preferred orientation of diffraction peaks observed when
different facets of the crystal are oriented towards the
measurement plane, an example of the cross-plane orientation
is shown in figure 2c, the strongly preferred 00 2 and 0 0 4 peaks
can be clearly identified. Diffuse reflectance absorbance
(DRA) measurements of PdSe, powders confirm the
semiconducting behaviour (Fig. 2e,f). Reflectance data was
converted to absorbance using the Kubelka-Munk equation. To
deduce the direct and indirect optical gaps, the Tauc-Davis-
Mott relations assuming a three-dimensional (3D) DOS, were
applied to the absorbance data. The Tauc absorbance spectrum
that assumes an allowed indirect transition shows an optical
transition at 0.47 eV, while that which assumes an allowed
direct mechanism shows an optical transition at about 0.72 eV
(Fig. 2e,f). The small absorbance feature from ~0.82-0.91 eV is
a measurement artifact attributed to a second harmonic of the
O-H stretch of residual H,0 that is present in the BaSQO, salt used
as a diluent.

Table 1. Calculated electron and hole effective masses at the electron and hole pockets
near the band extrema. Masses are reported as factors of mg, the mass of a free electron.

Effective Mass (mg) Effective Mass Tensor
-26.2 My *
Hole Pocket -3.9 myyn*
-0.25 My, n*
0.24 My, o *
Electron Pocket 0.26 Myye™
0.46 My, *

2.3 Doping Control

We will show in 2.4 that ADCP is observed when there is a
sufficient concentration of both electron and hole carriers,
which, requires higher temperatures for samples with higher
extrinsic doping concentrations. However, at low temperatures,
the sign of the thermopower remains the same along all the
directions of the crystal, indicating a single carrier type
dominates transport due to the presence of extrinsic p-type or
n-type dopants. Initial syntheses yielded crystals that exhibited
either p-type or n-type behaviour at low temperature. The
presence and rough estimates of the concentration of extrinsic
elements were then determined via Neutron Activation Analysis
(NAA). All crystals analysed were estimated to have iridium
concentrations in the range of 3-10 ppm (about 6:10¢ — 2-10%7
cm3), which was a reported impurity of the Pd source material.
The n-type crystals were found to contain about 20 ppm Sb
(about 7-:107 Sb-cm3). It is important to emphasize that the
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Figure 2. a) Image of an n-type PdSe, crystal (crystal D from main text) with a ruler for scale. The black lines on the bottom of the image mark one mm spacing. b) Red:

Experimental powder X-ray diffraction

attern of PdSe, showing phase pure materi
oriented along the [00¢] facet of crysta

i

D. The prominent [002] and [004] peaks in the pattern show the expected

al. Black: Reference pattern for orthorhombic PdSe,. c) Red: X-ray diffraction pattern
referred orientation along the cross-plane direction

of a single crystal. Black: Expected peak positions from the reference pattern. d) Image of a p-type crystal after cleaving for use in a measurement device. The

background grid is a one-mm grid. e) Tauc

lot, assuming an allowed 3D indirect transition, showing the 0.47 eV optical band gap extracted by Kubelka-Munk treatment

on a combined DRA and DRIFTS data set of PdSe,. f) Tauc plot, assuming an allowed 3D direct transition, showing a 0.72 eV optical band gap extracted by Kubelka-Munk

treatment on a combined DRA and DRIFTS data set of PdSe,.

NAA measurements were qualitative in nature and designed for
the identification of trace elements, therefore, the precise
concentration of dopants are likely to be within an order of
magnitude of these values. Still, the fact that Sb can act as an
n-type dopant in PdSe, was confirmed by the intentional
incorporation of roughly 107 Sb-cm3 during synthesis (crystal E
in Fig. 4a). Iridium substitution onto the Pd site (Irpq) is expected
to lead to p-type doping assuming it remains divalent, as Ir?* (d7)
would have one less electron than Pd?* (d8). Thus far, it is not
well understood why Sb incorporation leads to n-type doping.
Substituting Se for Sb (Ses,) is expected to result in p-type
doping due to the removal of a valence electron. It is possible
that with sufficiently an intercalation dopant rather than a
substitutional dopant. Further work is necessary to more fully
elucidate the chemical environment of antimony dopants in
PdSe,. Regardless of the exact nature of the dopant site, the
ability to reliably achieve both p-type and n-type doping using
different extrinsic dopants is demonstrated here and is of great
technological importance for this emerging semiconductor.

2.4 Anisotropic Transport Measurements of p-doped Crystals

To characterize the anisotropic electronic transport in p-
type PdSe,, we employed standard cryostat measurements over
a broad range of temperatures spanning from about 80 K to 560

4| J. Name., 2012, 00, 1-3

K. The measurements were conducted on crystals that were
wired into devices according to the general configuration shown
in figure 3a and b. This measurement scheme allows for
simultaneous thermal and electrical characterization.

Due to the Ir impurities in the PdSe, source material, hole
conduction dominates the transport behaviour at lower
temperatures. Here, the thermopowers sit near 700 uV-K! (Fig.
3c), reaching values as large as 1200 pV-K! for temperatures
less than 100 K (Crystals A, B, C, Fig. S2). The in-plane and cross-
plane thermopowers both decrease sharply with temperature
above 300 K (Fig. 3c). While the cross-plane thermopower
plateaus with increasing temperature near 200 uV-K?, the in-
plane thermopower continues dropping, crossing to negative
values near 360 K, confirming ADCP. The in-plane thermopower
plateaus near -300 pV-K?! (Fig. 3c) at temperatures >450 K.
Again, based off the calculated effective masses, we expect hole
conduction to dominate cross-plane transport and electron-
conduction to dominate in-plane transport. This is reflected in
the signs of the thermopowers at high temperatures. In total,
the magnitude of the in-plane thermopowers and the crossover
temperatures are relatively consistent across several crystals
with similar doping concentrations (Fig. S2a)

There is a decrease resistivity with increasing
temperature, expected for a non-degenerately doped p-doped
semiconductor. The resistivities range from 10° to 102 Q-:m

in

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. a) Schematic illustration of a typical cross-plane measurements device. The base plate is a wafer of alumina. The yellow contacts signify brass or copper current

spreaders and heat sinks. The block in the middle of the schematic is the crystal in the appropriate geomet

for measurement. The salmon-coloured plate is a resistive

heating unit which furnishes the thermal gradient for the thermal measurements. The wires contacting the device and baseplate are all copper except for those denoted
by the red arrows, these are constantan wires for the thermocou;}les. b) Schematic illustration of a typical in-plane measurement device. All elements of the schematic

are the same as previously described for the cross-plane device ¢

Measured in-plane and cross-plane thermopowers for p-type PdSe,. d) Measured in-plane and cross-

plane resistivities for p-type PdSe,. e) Measured in-plane inverse Hall coefficient. f) Thermal conductivity measurements on p-type PdSe,. %) Arrhenius treatment of

the lightly doped p-type PdSe, showing that in the lower temperature regime the acceptor states have an activation energy of 59-71 meV,

ut the high temperature

regime shows intrinsic behaviour with the activation barrier corresponding to roughly half the band gap. c-g) were all measured on the same crystal, crystal A. h)

Approximate location of the chemical potential of Ir acceptor states in PdSe,.

along the cross-plane direction and about 3 x 101 to 5x 103 Q-m
along the in-plane direction (Fig. 3d). The resistivities of multiple
lightly doped crystals are quite close and within a factor of three
(Fig. S2b). Next, in-plane Hall effect measurements were
collected on this lightly doped crystal (crystal A) (Fig. 3e). The
Hall coefficients were positive across all temperatures. A
rigorous analysis of the anisotropic mobilities and electron and
hole concentrations is complicated by the two-carrier nature of
this moderate gap However,
temperatures the transport properties should be dominated by

semiconductor. at  low
extrinsic dopants. Thus, we decided to estimate dopant levels
using the single carrier approximation and the low temperature
For Crystal A,

from 100-200 K, the hole density was estimated to range from

values to make comparisons between crystals.

2-3 x 1016 cm3, which is well within the uncertainties expected
from the NAA measurements. In addition, the 200 K Hall

This journal is © The Royal Society of Chemistry 20xx

mobility using this single carrier model is estimated to be 30
cm?V-is?

The thermal conductivity measurements give a decrease in
thermal conductivity with temperature. This is expected for
semiconductor materials for which lattice thermal conduction
dominates. The in-plane thermal conductivity ranges from
about 40 W-m™-K-! at 80 K to about 15 W-m-K-1 at 400 K (Fig.
3f). The cross-plane thermal conductivity is significantly
supressed relative to the in-plane values as expected for a van
Here, the 80 K cross-plane thermal
conductivity is less than 3 W-m™-K! and drops to around 0.5
W-m-1-K-1 at 400 K (Fig. 3f). The in-plane thermal conductivities
of several lightly-doped crystals are all within the measurement
uncertainties of each other (Fig S2c).

Next, we evaluated the temperature dependence of the
resistivity using an Arrhenius
treatment to determine the activation energies of the different

der Waals material.

carrier concentration and

J. Name., 2013, 00, 1-3 | 5
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Figure 4. a) Measured in-plane and cross-plane thermopowers for 2 different n-type PdSe, crystals. b) Measured in-plane and cross-plane resistivities for the n—tyr)e
samples. c) Measured in-plane inverse Hall coefficient on Crystal D. d) Thermal conductivity measurements on the n-type samples. e) Arrhenius treatment on crystal D
showing the activation energy following Sb doping. Slopes extracted via equations 1 and 2 from the main text (section 2.4).

transport regimes. The Arrhenius treatment is based on the
formulae (1) and (2), which assume diffusive transport,

In (pr) = In (po) + 5 M

E4

In (Ruz~") =1n (Ruo~") — s

@

Where pr is the resistivity at temperature T, po is a pre-
exponential resistivity factor, RH,T_1 is the inverse Hall
coefficient at temperature T and is proportional to the carrier
density, Ryo~ lisa pre-exponential inverse Hall coefficient
factor, E4 is the activation energy, kg is Boltzmann’s constant,
and T is the temperature in K. The Arrhenius treatments were
performed using the in-plane transport data, since the cross-
plane transport measurements have much higher uncertainties
and noise due to the inherently thin c-axis crystal dimensions.
When the natural logarithm of resistivity or inverse Hall
coefficient is plotted as a function of inverse temperature, the
slope is the activation energy divided by Boltzmann’s constant.
This treatment allows for extraction of the activation energy of
the thermally activated carriers and gives an approximate
position of the acceptors or donors relative to the band
extrema.

Figure 3g shows an Arrhenius treatment of the resistivity
and carrier densities, which both give similar values for the
activation energies of carriers. This treatment covers two
regimes, the lower temperature regime (180 to 300 K), and the
high temperature regime (400 to 560 K). These two
temperature windows give different slopes and activation
barriers, indicative of two different thermal excitation regimes.
The transition between the two different activation energy

6 | J. Name., 2012, 00, 1-3

regimes in these in-plane is very similar to the temperature at
which the in-plane thermopower changes sign. The lower
temperature regime is calculated to have a 59 — 71 meV
activation energy. Here, because the lower temperature
thermopowers are positive, it can be assumed that the system
is p-doped, thus we attribute this activation energy to the
position of Ir acceptor levels above the VBM. At higher
temperatures, an activation energy of 285 to 350 meV is
observed. This corresponds to half the band gap, and thus
indicative of thermal excitation of carriers across the band gap.

PdSe, with higher Ir concentrations of ~5 x 107 cm=3 were
synthesized (Crystals F, G, H - Fig. S3). The in-plane
thermopowers of these crystals are positive across all measured
temperatures and do not turn negative, even up to 400 K (Fig
S3a). The observed thermopowers sit near 600 uV-K? (Fig. 3c),
reaching values as large as 900 uV-K for temperatures less than
100 K. These values are smaller than the more lightly Ir-doped
crystals. This suppressed thermopower would be expected with
greater doping. The in-plane resistivities range from 5 x 102 to
1x 103 Q-m which is lower than in the lightly doped crystals (Fig.
S3b), again, as would be expected. The Hall coefficients again
were positive across all temperatures, and using a single carrier
approximation, from 100-200K ranged from 1-5 x 1017 cm3 (Fig.
S3c). The in-plane thermal conductivity of these more heavily
doped samples ranged from about 28-32 W-m™-K! at 80 K to
about 12-15 W-m™-K? at 400 K (Fig. S3d). These values are
essential identical to lightly doped samples, within variance,
indicating that even at this higher doping level the lattice
component dominates the thermal conductivity. The Arrhenius
treatment of the carrier concentration and the resistivity show
an activation energy of 61-68 meV. (Fig. S3e) This is essentially

This journal is © The Royal Society of Chemistry 20xx
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identical to the more lightly doped samples further suggesting
that this barrier reflects the activation energy of the Ir acceptor
level above the valence band maximum (Fig. S3f). In these
heavily doped samples, the intrinsic activation energy of E,/2 is
not observed in the Arrhenius plot up to 400 K in contrast to the
more lightly p-doped crystals. This is expected, since the greater
extrinsic doping level requires a higher density of thermally
activated carriers to reach the intrinsic regime.

Together, this data shows that the temperature range in
which ADCP in PdSe, is observed for the p-type samples is highly
dependent on the extrinsic doping level. When the chemical
potential is far from the intrinsic level, carriers will require
greater thermal energy for the electrons to populate the CBM,
and holes to populate the VBM. Sufficient quantities of both
electron and hole carriers is essential to observe ADCP. In other
words, when one carrier type is in excess over the other by a
critical amount, the thermopower along all dimensions will be
dominated by the excess carriers over a large temperature
range.

2.5 Anisotropic Transport Measurements of n-doped Crystals

Despite the presence of Ir in our Pd source, we discovered that
with sufficient quantities of Sb counter doping (10%¢17), n-type
behaviour could be observed (Crystals D, E, Fig. 4). In both
crystals, both the cross-plane and in-plane thermopower start
negative at low temperature (<180 K). But, as temperature
increases so do the cross-plane thermopowers, ultimately
peaking around 550 uV-K?! and 200 uV-K? for crystal D and E,
respectively. Both crystals gave very similar in-plane
thermopowers that remained negative over the entire
temperature range, dropping to about -150 pV-K* at 400 K (Fig
4a). The differences in CP thermopowers are likely due to small
differences in the antimony concentrations.

Electronic transport measurements on these n-type crystals
show decreasing resistivity with increasing temperature, again,
expected for non-degenerately doped semiconductors. The
resistivities ranged from 7 x 102 to 103 Q-m from 100 to 400 K
(Fig. 4b). The differences in resistivity values between the two
samples for the in-plane and cross-plane directions are within
the variance, although small differences between the two
samples are likely to reflect different doping concentrations.
The 200K in-plane Hall effect measurements on Crystal D (Fig.
4c) reflect an electron doping level of 2-5 x 10%® cm3 and a Hall
mobility of 270 cm? V-1 s using a single carrier approximation.
This is indicative of a greater quantity of Sb than the native Ir
impurity concentration introduced by the Pd source material.

Thermal conductivity measurements show the expected
T~ trend indicating Umklapp scattering in a lattice dominated
structure (Fig. 4d). The low temperature values peak at about
55 W-m-K?! for the in-plane direction and 15 W-m-K! in the
cross-plane direction. The 400 K values, on the other hand, drop
to about 15 W-m*-K'* and 5 W-m™-K? for in-plane and cross-
plane, respectively. These values are within the variance of the
p-type samples.

This journal is © The Royal Society of Chemistry 20xx

The Arrhenius treatment for the n-type crystals is given in
figure 4e and, again uses equations 1 and 2, to determine an
activation energy of 108 — 113 meV. The fact that there are
both Sb and Ir counterdopants complicates the exact
assignment of the activation energy. One interpretation is that
the activation energy extracted from the resistivity and Hall
data could approximate the energy level of the Sb donor states
relative to the CBM. While this activation energy might be
related to the donor activation energy, it might also correspond
to a polaronic or impurity band hopping activation energy.
Regardless of the mechanism, the presence of Sb clearly results
in n-type doping in PdSe,.

3. Conclusions

We have shown that PdSe, is a semiconductor, with an
indirect band gap of about 0.5 eV, that exhibits ADCP.
Furthermore, we have established how to extrinsically dope this
semiconductor both p-type and n-type using iridium and
antimony, respectively. We show that the extrinsic doping level
can control the onset of ADCP. Overall, this work indicates that
there is a critical window of extrinsic doping concentrations,
wherein simultaneous positive and negative thermopowers
along orthogonal directions occurs. The size of this window is
expected to depend on the band gap and effective mass
anisotropies of both the conduction and valence bands. The
ability to access ADCP in semiconductor materials is expected
to be highly beneficial for applications that rely on carrier
separation for functionality, such as thermoelectrics, solar cells,
or optoelectronics.

4. Experimental
Crystal Growth Methods

Crystals of PdSe, were grown by two different methods. The
first method is a simple self-flux with a 4-molar excess of
selenium (molar ratio of 1:6 Pd:Se). Taking care not to overload
the fused-silica ampoule with volatile selenium, a typical 850-
mg charge of elemental Pd (99.95% Alfa Aesar) and Se (99.999%
Alfa Aesar) powder is ground and added to the ampoule. The
ampoule is then evacuated to typical vacuum pressures of
around 60 mtorr (8 x 10 atm) and flame sealed. The ampoule
is then heated to 850°C over the course of twelve hours and
held at 850°C for 50 hours. Crystallization occurs upon slowly
cooling to 450°C in 400 hours. The ampoule is finally allowed to
cool with the furnace from 450°C to room temperature. After
the growth, the product ingot is extracted from the selenium
flux by melting it off under a thermal gradient at 500°C. Single
crystals grown by this method typically have in-plane
dimensions on the order of 5 mm and cross plane thicknesses
of <0.5 mm.

The second method is a Bridgman type growth from the
melt. Elemental Pd powder is mixed with a large excess of
elemental Se powder (molar ratio of 3:97 Pd:Se). The typical 7-
gram charge is loaded into a fused-silica ampoule with 2-3 mm
thick walls and a tapered end. It is important to ensure that
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even if all of the Se was volatilized, the pressure generated
would be much less than the critical hoop stress of fused silica
(< 50 MPa). The ampoule is evacuated and sealed under a
typical vacuum pressure of around 60 mTorr (8 x 10> atm). After
sealing, a small fused-silica hook is welded to the ampoule
opposite the tapered end. The ampoule is then suspended by
this hook within a vertical single-zone tube furnace using
nichrome wire to suspend the ampoule. To grow the PdSe,
single crystals, the ampoule is suspended in the vertical furnace
which is ramped up to 850°C in 24 hours. The temperature is
held at 850°C for 50 hours before the ampoule is dropped
through the natural thermal gradient of the vertical furnace at
a rate of 1 mm hrt over the course of ~100 h. The temperature
is then dropped to room temperature over twelve hours. Single
crystals grown by this method typically have in-plane
dimensions on the order of 3 — 6 mm and cross plane
thicknesses of <1 mm.

Doped crystals were grown using growth method 2 by
introducing the appropriate quantity of dopant element to the
reagent mixture before synthesis. To achieve the 106 to 10'8
cm3 concentrations of dopants a solid-state serial dilution was
performed. An initial concentration of the dopant was mixed
into a known quantity of Se. The dopant concentration was then
reduced by diluting a portion of the previous mixture in fresh
Se. This dilution process was carried out several times before
the final concentration was reached. Thorough grinding
between each dilution was crucial for maintaining mixture
homogeneity.

Optical measurements

Optical characterization was performed using a PerkinElmer
Frontier dual-range IR spectrometer for the low energy range of
the Kubelka-Munk absorption plots. The high energy range was
collected via a PerkinElmer Lambda 950 UV/vis
spectrophotometer with an integrating sphere. Data was
collected on the IR instrument in diffuse reflectance infrared
Fourier transform spectroscopy mode (DRIFTS) while the data
from the UV-Vis instrument was collected under diffuse
reflectance absorption mode (DRA).

Transport measurements

Thermoelectric transport properties were measured using a
standard liquid N, cryostat at temperatures ranging from 80 to
400 K, and in a high temperature cryostat from 300 — 560 K. A
small brass sheet was attached to the top of the crystal
underneath a resistance heater, and an alumina sheet acted as
a heat sink, to ensure uniform heat flow. Copper—constantan
thermocouples were attached at two points along the crystal
with Ag or Au epoxy to measure the temperature gradient, and
the copper legs of the thermocouples were also used to
measure the Seebeck voltage. Thermal conductivity
measurements were collected along the in-plane direction
using the classical heater-and-sink method. Here, the amount
of heater power divided by the temperature drop across the
sample gives the thermal conductance, which is subsequently
converted to conductivity using the sample dimensions. For the
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collection of 4-probe resistivity measurements, copper current
wires were attached to the top and bottom of the crystals. For
Hall coefficient measurements along the in-plane direction, an
additional set of copper wires were attached in a direction
transverse to both heat flow and the applied magnetic field. The
magnetic field was varied from -1.9 T to +1.9 T. The stated
carrier densities and Hall mobilities were estimated using a
single carrier-type approximation. Thermopower and resistivity
measurements were first performed in the in-plane orientation,
and then, contacts were removed and reattached in the cross-
plane orientation, allowing for measurements in both directions
to be collected on the same single crystals.

Calculations

The DFT calculations were performed on a PdSe, primitive cell
within the Vienna Ab initio Simulation Package using Perdew-
Burke-Ernzerhof implemented in the meta-GGA SCAN
functional together with van der Waals corrected functionals.?’-
31 The relaxed configuration was obtained using a 4x4x4 k-point
grid and a plane-wave energy cutoff of 400 eV.
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