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ABSTRACT: Bulk crystals of undoped and In-doped (on the
order of 1%) SnSe, were synthesized using a solid-state
temperature-gradient method and characterized by diffuse
reflection, Raman scattering, ARPES and STM studies. An n-to-p
crossover was observed as a function of the indium concentration
in Hall measurements at 300 K, but the Seebeck coefficient is n-
type at that temperature for all studied indium concentrations. The
measured resistivity at 300 K reaches a maximum at the minimum
carrier concentration. Our results suggest a multiband semi-
conducting nature for doped SnSe,, which provides insight into the
exploration of enhanced thermoelectric performance and exotic
electric behavior.

Bl INTRODUCTION

Thermoelectric technology, with its capability to convert waste
heat directly into electricity, has received increased attention
due to the need for ecofriendly energy and stable, long-lasting
power sources.'~* In searching for thermoelectric materials
with higher performance, attempts have been made to increase
the Seebeck coefficient (S) as well as decrease the electrical
resistivity () and thermal conductivity () of semiconductors,
including band engineerin%, nanostructuring, and the fabrica-
tion of composite systems. -6

Among the material candidates for thermoelectric applica-
tions, 2D van der Waals semiconducting materials, including
layered metal dichalcogenides, such as MoS,, SnS,, and
SnSe,,*”™ have attracted research interest due to their
excellent electronic and transport properties.””'’ As one of
the promising candidates, SnSe,, with its layered triangular
lattice, suitable bandgap, and semiconducting band structure,
has often been studied in this context.”**'" Studies include
intercalation,"” doping,l3_15 layer engineering,S’lo‘lé and
microstructure modification,"” revealing its potential for
applications. As a commonly adopted material modification
technique, we hypothesize that doping may trigger distinct
behaviors, and introduce interesting properties to layered
SnSe,. As SnSe, itself is reported to be n-type (as confirmed
here), indium seems to be a promising dopant to employ for
Sn** substitution to achieve compensation due to its similar
atomic size and its +3 valence. However, the bulk crystal
growth and electronic properties of In-doped SnSe, have not
been reported. SnS,, the isostructural sulfide compound, has
been studied in an In-doped monolayer.'® The material was
obtained through mechanical cleavage from a chemically
vapor-transported bulk crystal, and a transition from n- to p-
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type behavior was reported. Meanwhile, In-doped SnSe, has
been synthesized as nanosheets using a hydrothermal method
and studied as a sulfur dioxide gas sensor."”

Undoped SnSe, is always an n-type semiconductor due to
the presence of a small number of vacant Se sites. In Kroger-
Vink notation, the defect chemistry of undoped SnSe, is

Seg, > Voo + 2¢' + Se(g)? (1)

yielding n-type behavior.

For indium doping, the subject of this work, the following
two processes appear to compete:

In substituting on the Sn site in

SnSe, — Ing, + h° (2)

In intercalating between the layers in

SnSe, — In{*® + 3¢’ (3)

Here we report the synthesis and electronic properties of a
series of SnSe, crystals doped with Indium, in the composition
range between 0.5 and 1.5%, obtained by cooling from a melt.
The low indium doping levels employed were designed to
compensate for the selenium vacancies normally present,
which lead to n-type behavior (eq 1). Various physical and
electrical properties were characterized by using comprehen-
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Figure 1. Structural characterization: (A) photos of SnSe, crystals. (B) PXRD patterns of undoped, and 0.5%, 1.0%, 1.5% In-doped sample
powders, ground from the as-grown crystals; Multiple polytypes may coexist in SnSe,, and thus the (001) peaks are labeled with the Miller indices
based on a single-layer unit cell. (C) The 0kl (top), h0l (middle), and hk0 (bottom) reciprocal lattice planes of one undoped SnSe, single crystal.
SEM images are shown with EDX element maps for undoped (D) and 3% In-doped SnSe, (E).

sive experimental probes, revealing unexpected behavior. An n-
to-p crossover is detected in the Hall-effect-determined carrier
concentration at 300 K, with the Seebeck coeflicient being n-
type for all SnSe, samples at the same temperature. This kind
of behavior is relatively rare in conventional semiconductors
like SnSe,, although it has been reported previously for
magnetic, disordered, and amorphous systems. Our evidence is
that processes (2) and (3) occur at the same time in In-doped
SnSe,, with the first process being dominant (yielding holes) in
the beginning stages of doping and the second process being
highly influential (i.e., yielding electrons) by a ~ 1.25% Indium
doping level.

B EXPERIMENTAL METHODS

Material Synthesis. The undoped and doped SnSe,
crystals were prepared by a temperature gradient method.”
Elemental starting materials (Sn granules, Alfa Aesar 99.5+%;
Se shot, amorphous, Alfa Aesar 99.999+%; and indium shot,
Alfa Aesar Puratronic 99.9995%) were weighed stoichiometri-
cally with formulas Sn;_,In Se,, with different indium doping
amounts (x = 0, 0.005, 0.0075, 0.010, 0.0125, 0.015), and
sealed under vacuum in quartz ampules. Batch sizes were on
the order of 5 g. They were heated to 750 °C, soaked for 12 h,
and then cooled at 5 °C/h to 550 °C. Samples were annealed
at 550 °C for 1 day and then cooled to room temperature at 3
°C/min. The crystals obtained were silvery in color with a
layered morphology.

Structural Characterization and Spectroscopy. Single-
crystal X-ray diffraction (SCXRD) was performed at 300 K on
a Bruker D8 Quest Eco diffractometer with a Photon III

CPAD detector and Mo Ka radiation (4= 0.71073 A)
primarily to determine the unit cell symmetry and dimensions.
Laboratory powder X-ray diffraction (PXRD) patterns were
collected at 300 K on a Bruker D8 Advance ECO
diffractometer with Cu K radiation (4 = 1.5406 A). Structure
refinement was performed using the SHELXTL Software
Package.'”*" Scanning electron microscopy (SEM) images of
as-grown crystals were collected with a Quanta 200 FEG
Environmental-SEM.

UV—vis diffuse reflectance data were collected on an Agilent
Cary 5000 spectrometer with an Agilent Internal DRA-2500
diffuse reflectance accessory. The reflectance data were
converted to absorption by using the Kubelka—Munk function,
and the band gap values were evaluated by using Tauc plots.
Raman spectra were collected on a Thermofisher DXR3xi
spectrometer at room temperature with baseline correction.”’
The Raman peaks were analyzed by using Gaussian fits with
Matlab R2024a.

STM. Samples were mounted on blank sample plates using
silver epoxy cured in a furnace at 150 °C under nitrogen gas for
an hour. They were then transferred into an Omicron low-
temperature scanning tunneling microscope chamber under
ultrahigh vacuum (UHV) conditions and cleaved in situ, after
which STM and scanning tunneling spectroscopy (STS) were
utilized for characterization after the samples were cooled to
liquid nitrogen temperatures (~77.5K) overnight at a base
pressure of 1.8 X 107! mbar. To survey the morphology of the
doped samples, the tip was first rastered over the cleaved
sample surface at 4 V and 10 pA for a sufficient amount of time
to sweep away the indium atoms that had been intercalated
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Figure 2. Optical characterization. (A) Pseudoabsorbance spectra of undoped and In-doped SnSe, powder samples, measured by diffuse reflectance
spectroscopy, with (B) the Tauc plots of indirect transitions. (C) Raman spectra of undoped, 1.0%, and 1.5% In-doped SnSe,. The results of the fits

are shown.

between the SnSe, atomic layers. The tip was then brought
closer to the sample surface for atomically resolved imaging.
STS spectra were obtained using a lock-in amplifier with the
modulation signal set at 26 meV in amplitude and 1.1 kHz in
frequency. The STM tip was calibrated by measuring reference
spectra on a silver substrate to avoid tip artifacts.

ARPES. The angle-resolved photoemission spectroscopy
(ARPES) experiments were carried out at the 10S beamline
at the Diamond synchrotron with an MBS electron
spectrometer and photons in the range of 60 to 105 eV. The
total instrumental energy resolution was ~8 meV. Angular
resolution was better than ~0.15 deg and 0.2 deg along and
perpendicular to the slit of the analyzer, respectively. The
samples were cleaved in the ARPES chamber (base pressure of
1 X 107 mb) and studied at 10 K. On some samples, small
doses of K were evaporated in situ to increase the filling of the
conduction band.

Transport and Thermopower Property Character-
ization. Resistivity and Hall effect measurements were carried
out using a Quantum Design PPMS-9 (DynaCool) on crystals
cut into rectangular pieces using a four-probe method with
electrodes made from silver epoxy. Temperature-dependent
resistivity was measured under zero magnetic field, while
magnetic-field-dependent Hall resistivity data were collected at
300 K. The presented Hall data have been antisymmetrized.
All transport measurements were performed on crystal plates
normal to the ¢ axis prepared by cleaving.

Thermopower measurements were conducted at room
temperature in an ambient atmosphere. The crystals were

11056

cut into rectangular pieces (about 1 mm X S mm, with the
thickness varying between 100 and 300 pm) for the
measurements. The crystal pieces were suspended by two
silicon substrates along the long direction, and a small amount
of thermal joint compound was used to ensure thermal contact
between the crystal and substrate. An 800 ohm heater was
fixed on one substrate with GE varnish to create a thermal
gradient across the sample. A Type E thermocouple was used
to measure the thermal gradient, and two small pieces of
cigarette paper were placed between the thermocouple joint
and the crystal to avoid shorting. The electrical contacts for the
thermopower voltage measurement were fixed with silver paint
on the sample. Thermopower (Seebeck coefficient) was

Av/L (the electric field and the

lcul [ ‘contact
calculated as S AT/L

thermocouple

thermal gradient were assumed to be approximately uniform
along the suspended part of sample), where L. is the
length between two thermopower contacts, and Liermocouple 15
the length between two thermocouple joints, and we used the
centers of the silver paint contacts to give best estimation of
these two lengths.

B RESULTS AND DISCUSSION

Examples of the undoped and In-doped SnSe, crystals
obtained are shown in Figure 1A. The PXRD patterns were
collected on the powders ground from the crystals. Similar
patterns are observed, confirming the triangular layered
structure for all materials (Figure 1B), both undoped and
doped; a strong preferred orientation of the (001) peaks can be

https://doi.org/10.1021/acs.jpcc.4c02926
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Figure 3. STM images of undoped SnSe, at (A) 1.2V, 50 pA and (B) 1.7 V, 30 pA, with the STS spectrum of the sample surface in (C); and 1.5%
In-doped SnSe, at (D) —1.8 V, 30 pA, where there are still mobile ions on the surface, causing the streaked appearance; and (E) —1.8 V, 50 pA,
after the local area has been swept clean by the scanning tip. The blue triangles label the surface defect features in In-doped SnSe,, and the STS

result for that surface is shown in (F).

observed in all of the patterns (labeled with Miller indices
based on a single-layer unit cell in the figure), with a very small
position shift for some high angle peaks. SnSe, is commonly
noted to have P3m1 symmetry with a c-axis characteristic of a
single-layer structure (with Sn at the la and Se at the 2d
Wyckoff sites), but very small extra peaks can be observed in
our PXRD patterns, matching the PDF 00—038—10SS SnSe,
pattern in the PXRD database. These small extra peaks are due
to polytypes originating from differences in the layer stacking,
consistent with previous reports; more than ten polytypes have
been reported for SnSe,.”””** Single crystal refinements were
attempted in order to determine the structural details of an
18R structure (which has been reported previously in ref. 8);
however, the stacking faults and multiple polytypes present
made it impossible to do so, as has been seen in other SnSe,
studies, with the structures of the different polytypes usually
determined by electron diffraction.***** The reciprocal-lattice
planes of a single crystal of SnSe, are shown in Figure 1C, with
some streaking seen in the hO0l plane, confirming the presence
of the polytypism. For undoped SnSe,, our Le Bail fitting of
the PXRD pattern (Figure S1) resulted in a = 3.8128(1) A and
¢ = 55.223(1) A. The effect of stacking faults can be clearly
observed in the PXRD fitting through the asymmetric shape of
the small peaks. The structural analysis confirms our successful
synthesis of SnSe, with triangular layers and the existence of
polytypism in our materials with the 18R polytype dominant.

SEM images show the smooth surfaces of the SnSe, layers
(Figure 1D). EDX mapping reveals uniformly distributed Sn
and Se in about a 1:2 ratio for undoped SnSe, (Figure S2).

However, at indium doping ratios higher than 1.5%, the SnSe,
lattice reaches its limit to solubilize the indium dopant, and the
excess indium present crystallizes in a separate phase. As
shown in Figures 1D and S2, for example, in a 3% In-doped
SnSe, sample, a layer with obviously different morphologies
and much higher indium contents can be observed. Therefore,
in this report, our characterization focuses on SnSe, samples
with indium doping amounts no higher than 1.5%.

Diffuse reflectance spectra were collected on ground
powders of undoped and the 0.5%, 1.0%, and 1.5% In-doped
SnSe, samples (Figure 2A). Previous work has established
(confirmed by our ARPES data) that SnSe, has an indirect
transition, and thus the band gaps of the current materials can
be estimated using Tauc plots (Figure 2B) with the
equation:“’25

(ah)*® = K(hv — E,) (4)

where K is a constant and «a is the absorption coeflicient
(ecm™). The absorption between 750 and 1200 nm is
attributed to the band gap absorption and is relatively
consistent for the measured samples. Therefore, consistent
with expectations at the relatively low indium doping levels
studied here, the band gap is relatively independent of doping
and is estimated to be about 1.0 eV. The Tauc plot method,
although commonly adopted, can sometimes underestimate
the band gap energy as it ignores subband gap contributions
that can be misinterpreted as an indirect transition.”® Our
obtained band gap value is consistent with the literature for the
indirect transition of bulk undoped SnSe,””** A weak
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Figure 4. The momentum-resolved electronic structure of SnSe,. (A) ARPES intensity at the Fermi level, E = 0 (Fermi surface), and (B) at E =
—1.26 eV, the energy corresponding to the VBM; (C) ARPES intensity along the k, = 0 line, corresponding to the GM line in the BZ, indicating
dispersion of the valence band and position of the conduction band minimum. (D) Wide energy range experimental band structure of the pristine
SnSe, surface along the GM and GK high symmetry lines. The black and red arrows indicate the magnitudes of indirect (1.26 eV) and direct (1.6
€V) transitions, respectively. (E) Photoemission spectrum of the shallow core levels in the pristine SnSe,. In (A-C), the small dose (<0.1
monolayer) of potassium was evaporated on the surface to increase the occupation of the conduction band. The photon energy used in (A—C) and

(D,E) was 70 and 100 eV, respectively.

absorption tail can be observed for the doped samples at
around 1300 nm, corresponding to an additional transition at
around 0.6 eV, which can be attributed to transitions from a
defect band introduced by the doping within the band gap,”
consistent with our STM data.

Raman spectra were collected on undoped, 1.0% In, and
1.5% In-doped SnSe, crystals (Figure 2C), the latter of which
are very close to the minimum electron concentration. Two
Raman-active phonon modes can be observed: an in-plane
stretching mode (E,) at around 100 cm ™', and an out-of-plane
stretching mode é‘hg) at around 174 cm .'"*° For the
potential impurity In,Se,,*" there should be Raman-active In—
Se stretching modes in the range of 100—250 cm™!, which
were not seen in our In-doped SnSe,. Comparing the spectrum
of undoped and 1% doped batches, the peak positions do not
obviously move, but the peaks turn a bit wider (especially for
the E, mode), suggesting that the small amount of indium
dopant present slightly might distort the in-plane lattice.

When the Raman spectrum of 1.5% In-doped SnSe, is
compared (Figure 2C bottom), a peak shift of the out-of-plane
stretching mode can be observed together with the peak
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widening, consistent with our conclusion that the indium is
now exceeding the hosting ability of the Sn sublattice and
clearly intercalating between the SnSe, layers, which more
obviously affects the out-of-plane stretching.

The high-resolution STM images in Figure 3A,B confirm the
triangular lattice of the pristine SnSe, layers. Undoped SnSe,
has a low defect density but has a relatively high n-type carrier
concentration due to the presence of the small number of
vacant Se sites (eq 1). This leads to a conduction band
minimum (CBM) close to the Fermi level, as seen in the STS-
measured results (Figure 3C). The band gap is close to 1 €V,
which is consistent with the diffuse reflectance measurement.
Figures 3D,E show the STM images of 1.5% In-doped SnSe,,
which are distinct from those of undoped SnSe,. The doped
sample has defect features on its surface (shown as dark dots
and bright defect areas, as labeled in the images), which may
correspond to in-plane doping, and a distinct doping feature is
detected with a band gap at ~0.6 eV from STS in Figure 3F
(consistent with the estimated value of the weak absorption
transition from defect bands, seen in the diffuse reflectance
spectra).
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Figure S. Electrical characterization. (A) Temperature-dependent resistivity () and (B) magnetic-field-dependent Hall resistivity (ny) of SnSe,
crystals. The resistivity (top), net Hall carrier concentration (middle), and Seebeck coefficient (bottom) at 300 K are plotted versus indium doping

ratio in (C).

Additionally, different from the flat and clean cleaved surface
of undoped SnSe,, there are mobile ions on the surface of 1.5%
In-doped SnSe,, making it challenging to reach atomic
resolution. Figure 3D illustrates such a surface, where, in this
case, the mobile ions have not been completely swept away by
the scanning tip. This is likely related to the fact that at these
doping levels, the indium intercalates between the SnSe, layers
in significant amounts. For real-space exploration of the indium
intercalation between the SnSe, layers, high-resolution
scanning transmission electron microscopy studies (such as
HAADF-STEM)'*** may be of future research interest.

Figure 4 shows the momentum-resolved electronic structure
of SnSe,, obtained directly from our ARPES study. The cleaved
pristine sample (in panels D and E) shows almost no intensity
at the Fermi level. The top of the valence band (VB) is near I,
but not exactly—there are 6 valence band maxima (VBM)
along the I'-M lines, slightly displaced from I'. At energies
slightly below the VBM, the VB forms six ellipsoidal contours,
as illustrated in the panel (B). In the case of low hole doping,
these contours would form the first hole pockets. In the
pristine samples, the Fermi level is pinned to the bottom of the
conduction band (CB). However, only traces of intensity at
the Fermi level, just above the noise level, could be found at M
points in the Brillouin Zone (BZ). To make these electron
pockets more visible and to determine their position, shape,
size, and dispersion, we have deposited small amounts of

potassium on the cleaved surfaces of undoped SnSe,. This
resulted in electrons entering the CB in significant amounts. At
the M point, at a coverage of only 0.06 monolayers of
potassium, ellipsoidal electron pockets are already well formed;
their intensity is comparable to the intensity at the VBM. This
is shown in Figure 4A—C. The pockets grew proportionally
with increasing potassium coverage, enabling not only an
estimation of their volume but also, by extrapolation zero
coverage, yielding an estimate for the electron concertation of
the undoped sample. By approximation of the pockets with
ellipsoids, the carrier concentrations are approximately n = 3 X
10" cm™ and 9 X 10" cm ™, for the potassium-dosed (Figure
4A—C) and undoped samples, respectively. The calculation of
carrier concentration via ARPES involves measurement of the
Fermi surface volume and is therefore sensitive to the
dimensionality of the system. For a three-dimensional system,
the measurements should also include the determination of the
Fermi wavevectors in the out-of-plane direction (k,). However,
in that direction, the accuracy of ARPES is very limited due to
its limited probing depth. The band structure calculations for
this material’ and our photon energy dependent studies
indicate that although the system is quasi 2D, the dispersion
along k, is not negligible. Therefore, our carrier concentration
estimate has been done on the assumption that the electron
Fermi pockets are ellipsoids with a long axis along "M and
that the other two axes are equal and two times shorter.
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Table 1. Transport Activation Energy (Ea), as Well as Hall Coefficient (Ry), Net Hall Carrier Concentration (n;), Hall
Mobility (py), and Seebeck Coefficient (S) at 300 K, of Undoped and In-Doped SnSe, Samples

In% Ea (eV) Ry (cm® CY)
0 0.01 —5.67

0.5% 0.12 —201

0.75% 0.17 —1.84 x 10°
1.0% 0.11 7.01 x 10°
1.25% 0.27 624

1.5% 0.27 650

gy (cm™) sy (em? V71Tl S (uv K1)
—1.1 x 10'® 43.8 —399
—3.1 x 10'¢ 2.8 —828
—3.4 x 10" 17.0 -935
8.9 x 10" 41.0 —799
1.0 X 10% 9.1 —-535
9.6 x 10 12.7 —849

Nonetheless, the carrier concentration and type (electrons)
obtained in this way agree amazingly well with the Hall
measurements on the undoped sample.

The VB was rigidly shifted down during the K-deposition by
the same amount as the CB, with no other visible changes,
keeping the gap between them constant. It is clear from Figure
4D that the gap in SnSe, is indirect, with a magnitude of about
1.2 eV. The minimal direct gap occurs at the M point, with a
magnitude of about 1.6 eV.

The temperature-dependent resistivity p of SnSe, samples
between 300 and 175 K is plotted in Figure SA. All of the
samples show semiconducting behavior. The approximate
resistivity activation energy Ea can be calculated by the linear
fitting of In(p) versus 1/T plots and is listed in Table 1. The
very small value of Ea, especially for undoped SnSe,, is a
reflection of its n-type nature, consistent with the ARPES
measured results, for example, which show a significant
number of electrons in the conduction band even at 10 K.

Hall measurements were conducted at 300 K at different
indium doping ratios, and the Hall resistivity p,, is plotted
versus magnetic field in Figure 5B. The sign of the slope
indicates the dominant carrier type (positive slope for the p-
type and negative slope for the n-type), while a smaller slope
corresponds to a higher net Hall carrier concentration. It is
observed that our undoped SnSe, is n-type with a relatively
high carrier concentration, while with indium doping, the
resistivity obviously increases and the Hall effect becomes less
n-type. A switch from n- to p-type behavior in the Hall effect
can be observed between 0.75% and 1.0%. In-doped SnSe, and
both 0.75% and 1.0% samples are observed to have relatively
high resistivity in the p vs T plots.

The Hall coefficient Ry; and net Hall carrier concentrations
ny can be calculated based on the measurements and are also
presented in Table 1. The carrier concentration of undoped
SnSe, is close to the value estimated by ARPES. Thus, as
viewed in Figure SC, at 300 K, the In-doped SnSe, series can
be separated into two parts with the n-to-p crossover point
based on Hall measurements. With initially increasing indium
content (the left branch), the net carrier concentration
measured by the Hall effect obviously decreases, reaches a
minimum value at the n-to-p crossover, and then rebounds in
value (the right branch). Meanwhile, the resistivity at 300 K
varies with the opposite trend, which, with more indium added,
increases first, reaches a maximum at about 1% doping, and
then decreases. The 1.25% and 1.5% samples have similar net
carrier concentrations and close resistivity values at 300 K,
associated with the “overdoping” mentioned previously. Thus,
the trends observed in the resistivity and Hall measurements
are consistent with an increase in p-type doping with increasing
In-for-Sn substitution, as expected. The Hall mobility pyy at
300 K can also be estimated using the Drude model (

My =

e where e is the charge of electron) based on the
H

measured results. The calculated value for our undoped SnSe,,
about 44 cm®V'S'", is of the same magnitude as that reported
by others.” Unfortunately, the estimates of mobility with the
Drude model assume a single dominant carrier type, and errors
are likely to be introduced when the mobilities are estimated
for the doped samples.

Thermopower measurements, on the other hand, indicate
that the material has a negative Seebeck coefficient (S) for
both undoped and Indium-doped SnSe, at 300 K. The
estimated values of § are listed in Table 1 and Figure SC. For
the undoped sample, S is around —400 xV K™', which is again
consistent with the literature.”> With indium doping, the
absolute value of the negative Seebeck coefficient increases,
with the highest value obtained at 0.75% In-doped SnSe,,
consistent with expectations for a lower carrier concentration
semiconductor. As high thermopower is favored for thermo-
electric applications, this doping-induced increase in the
Seebeck coefficient may be of future research interest, although
the dramatic increase in resistivity may limit the usefulness of
this material.

While relatively rare, opposite signs in Hall and Seebeck
measurements have been observed previously in other doped
semiconducting systems,”* and can be explained by a
multiband system where two types of carriers coexist in the
material, consistent with our picture for In-doped SnSe,. As a
defect band (or an “impurity band”) was observed in our
diftuse reflectance and STS measurements, we can apply a two-
band model, with Ry; and S represented by”> ™"

1 m =g
nye e(nhp'h + nep'e)z (5)

AV Sy, — Sp,
AT Ky, + 1, (6)

where n; is the carrier concentration, y; is the mobility, and S; is
the Seebeck coeflicient for each carrier. With two different
types of carriers in the system at 300 K, the different values of
n, S, and especially p of the holes and electrons may result in
an opposite sign for the Hall and Seebeck coeflicients. An
alternate explanation may be the temperature variation of the
signs for Hall and/or Seebeck coeflicient, such as for doped
LaZnOP, transition-metal-doped InP, and Ni-doped
CoSb;.>*7** As the two temperature-dependent changes are
not required to occur at the same temperature, there can be a
temperature range where Hall and Seebeck coefficients have
opposite signs (thus, measurements at different temperatures
may be of future interest). Another possible explanation is that
for layered semiconducting materials, there may be a surface
accumulation layer with different dominant carrier type than is
seen in the bulk.”
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B CONCLUSIONS

Using a temperature gradient solid-state method, bulk crystals
of undoped and In-doped SnSe, were prepared. With
increasing indium doping, an n-to-p crossover was observed
in Hall measurements at 300 K, with the Seebeck coefficient,
however, showing n-type behavior for all doped SnSe, samples
at the same temperature. Our data are consistent with the
presence of a competition between In substitution and In
intercalation for all compositions, and thus, mixed n- and p-
type conductivity. The maximum In for Sn substitution
possible for obtaining single-phase layered Indium-doped
SnSe, appears to be between 125 and 1.5%. This study
provides further insight into the doping of SnSe,, and it may
inspire its design, fabrication, and modification for new
functional materials, which have potential capabilities for
applications in next-generation electronic devices.
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