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ABSTRACT: We report cross-plane thermoelectric measurements of SnSe and SnSe2 ﬁlms grown by the modulated element
reactant (MER) approach. These materials exhibit ultralow cross-plane thermal conductivities, which are advantageous for
thermoelectric energy conversion. The initially grown SnSe ﬁlms have relatively low cross-plane Seebeck coeﬃcients (−38.6
μV/K) due to signiﬁcant unintentional doping originating from Se vacancies when annealed in nitrogen, as a result of the
relatively high vapor pressure of Se. By performing postgrowth annealing at a ﬁxed Se partial pressure (300 °C for 30 min using
SnSe2 as the Se source in a sealed tube), a transition from SnSe to SnSe2 is induced, which is evidenced by clear changes in the
X-ray diﬀraction patterns of the ﬁlms. This results in a 16-fold increase in the cross-plane Seebeck coeﬃcient (from −38.6 to
−631 μV/K) after Se annealing due to both the SnSe-to-SnSe2 transition and the mitigation of unintentional doping by Se
vacancies. We also observe a corresponding 6-fold drop in the electrical conductivity (from 3 to 0.5 S/m) after Se annealing,
which is consistent with both a drop in the carrier concentration and an increase in band gap. The power factor S2σ increased by
44× (from 4.5 nW/m·K2 to 0.2 μW/m·K2) after Se annealing. We believe that these results demonstrate a robust method for
mitigating unintentional doping in a promising class of materials for thermoelectric applications.
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...; T′ and T = Ti, V, Cr, Nb, Mo, Ta, W, and Sn) and related
materials with rotational disorder between the layers.3−6 The
cause of this low thermal conductivity is explained by the large
anisotropy in elastic constants that suppresses the density of
phonon modes propagating along the soft direction.
Over the past several years, the Johnson group has
developed a controlled synthesis route that enables the
preparation of interdigitated layers of two or more constituents

ver the past two decades, signiﬁcant improvements in
thermoelectric eﬃciencies have been achieved through a
reduction of lattice thermal conductivity while maintaining
good electrical conductivity.1 Highly anisotropic materials with
weak van der Waals bonding across incoherent interfaces gives
rise to exceptionally low cross-plane thermal conductance.
Cahill and Johnson have shown that WSe2 “disordered layered
crystals” (i.e., solids that combine order and disorder in the
random stacking of two-dimensional crystalline sheets) have a
thermal conductivity that is only a factor of 2 larger than air.2
Subsequent investigations have shown that ultralow thermal
conductivity is a general feature of disordered layered crystals,
(MSe)m(TSe2)n, (T′Se2)m(TSe2)n, (where M = Sn, Pb, Bi, La,
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Figure 1. (a−d) Schematic diagrams of the device fabrication process and (e) optical image of the completed device.

open N2 atmosphere. A second set of samples was annealed in
a ﬁxed partial pressure of Se vapor after the initial annealing in
an open system, resulting in the formation of SnSe2 (referred
to as “SnSe2” henceforth).
To fabricate the cross-plane thermoelectric device, a bottom
metal 4-probe resistance temperature detector (RTD) is
patterned using electron beam lithography followed by metal
deposition of Ti/Au, as illustrated in Figure 1. Following this, a
layer of PMMA is spin-coated on the substrate, and an 12 μm
× 12 μm window is opened on the bottom RTD. The SnSe
material is then deposited on the substrate by physical vapor
deposition followed by a lift-oﬀ process and annealing in an
inert N2 environment at 350 °C for 30 min to form the
crystalline layered structure, as illustrated in Figure 2. After
annealing in a N2 environment, SnSe2 is obtained by annealing
in Se vapor at a ﬁxed Se partial pressure, which transitions the

that do not have an epitaxial relationship between their
structures.7 Within the planes, the constituent layers are
crystalline. From plane to plane, the layers are randomly
misregistered in x and y and rotated relative to each other. To
date, the constituent 2D layers include transition metal
dichalcogenides, rock salt structured layers (e.g., SnSe, PbSe,
BiSe, LaSe), Bi2Se3 and related compounds, more exotic
layered structures including Vn+1Se2n+2, and alloys of these
constituents.8−13 These materials are intermediate between
crystalline and amorphous and have been called ferecrystals
(from Latin fere, meaning almost). They are closely related to
misﬁt layered structures, which contain two constituent layers
with an epitaxial relationship along one of the in-plane axes and
no systematic rotational order.14 These disordered layered
crystals have been found to have extremely low cross-plane
thermal conductivity, with total thermal conductivity values
less than 0.10 W m−1 K−1 for a large number of diﬀerent
constituents (MoSe2, WSe2, PbSe, SnSe, and SnSe2) in a
variety of diﬀerent conﬁgurations.6 While cross-plane thermal
conductivities have been measured, the cross-plane electrical
and thermoelectric properties have not been reported for any
of these compounds.
In the work presented here, cross-plane thermoelectric
devices based on SnSe and SnSe2 are fabricated on a Si wafer
with a 300 nm insulating oxide. One set of samples was
annealed in an open system (i.e., ﬂowing N2 gas environment),
resulting in the formation of SnSe with some SnSe2 present
(referred to as “SnSe” in the following description). This ﬁrst
sample likely has some Se vacancies due to the annealing in an

Figure 2. Schematic illustration of a precursor designed to form a
layered structure of SnSe when annealed in an inert atmosphere under
optimized conditions. Upon heating in Se vapor for 30 min at 300 °C,
the layered SnSe converts to SnSe2. Se and Sn atoms are represented
in orange and blue, respectively.
B
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Figure 3. Temperature calibration of the bottom RTD of a 50 nm SnSe2 ﬁlm after Se-vapor annealing. (a) Resistance of the RTD measured at
diﬀerent temperatures. (b) Normalized resistance (R/R0, where R0 is the resistance at 300 K) plotted as a function of temperature. (c) Resistance
changes of the RTD under various heating currents. (d) Temperature change of the metal RTD plotted as a function of heating power.

SnSe into SnSe2 (see Methods). The top metal RTD is
patterned in the same fashion as the bottom metal RTD. The
samples are then capped with a 50 nm insulating ﬁlm of Al2O3
deposited by atomic layer deposition (ALD) at 200 °C using
trimethylaluminum (TMAl) and water as precursors. Lastly, a
serpentine metal heater with 5 nm Ti and 35 nm Pd is
patterned on top of the Al2O3 layer. The heater also contains
four probes in order to measure the heating power precisely.
The device fabrication process and an optical microscope
image of a completed device are shown in Figure 1.
Once the thermoelectric device is fabricated, the top and
bottom RTDs are calibrated in a vacuum, temperaturecontrolled stage, as shown in Figure 3. First, the resistance
of the RTD is measured from 300 to 330 K in increments of 5
K. To anneal out any strain induced in the samples due to
thermal expansion, several thermal cycles are performed until
the resistance becomes stabilized. The resistance is normalized
with respect to the room temperature resistance (i.e., R/R0,
where R0 is the resistance at 300 K) and ﬁtted to a linear
function of the temperature (see Figure 3b). The RTDs’
resistance measurement is performed as a function of the
heater current (see Figure 3c). Based on this relation and the
data in Figure 3b, we establish the relationship between the
temperature change and applied heater power, as shown in
Figure 3d. A similar temperature calibration is carried out for
the top RTD, as shown in Figures S1−S3 of the Supporting
Information.
The thermoelectric voltage (ΔV) is then measured as a
function of the temperature diﬀerence between the top and
bottom RTDs (ΔT), and the Seebeck coeﬃcient is obtained
from the slope of this data. Figure 4 shows the thermoelectric
voltage plotted as a function of the temperature diﬀerence

Figure 4. Cross-plane Seebeck coeﬃcient of the 50 nm SnSe ﬁlm
before Se-vapor annealing.

across the as-grown SnSe device (without Se-vapor annealing).
The thermoelectric voltage measurement was performed with
both positive and negative heating voltages, which provide
nearly the same result, indicating that the voltage drop across
the device is in fact a thermoelectric eﬀect rather than a
potential diﬀerence induced by the heater voltage. Also, the
leakage currents between the Pd heater and the top RTD is
less than 50 pA for applied bias voltages up to 5 V (>GΩ), as
shown in Figure S4 of the Supporting Information. All data
sets were ﬁt to linear functions with the slope corresponding to
the Seebeck coeﬃcient (S), as indicated in the ﬁgure. Here, the
cross-plane Seebeck coeﬃcient of the SnSe ﬁlm without SeC
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vapor annealing is −38.6 μV/K and the electrical conductivity
is 3S/m.
Figure 5 shows the cross-plane Seebeck coeﬃcient of the
SnSe2 ﬁlm after Se-vapor annealing at a ﬁxed Se partial

Figure 6. Specular X-ray diﬀraction (XRD) patterns of SnSe ﬁlms.
Both samples were annealed in a nitrogen atmosphere, and one was
subsequently annealed in a selenium atmosphere (the blue pattern)
resulting in a conversation to SnSe2. Miller indices are provided for
select reﬂections. The intensity was plotted on a log scale to enhance
weak reﬂections.

Figure 5. Cross-plane Seebeck coeﬃcient of the 50 nm SnSe2 after Sevapor annealing.

annealed ﬁlm, which is indicative of a lower degree of
alignment with the substrate.
In-plane XRD measurements were collected for ﬁlms
annealed under both conditions, as shown in Figure 7, in

pressure at 300 °C for 30 min. The cross-plane Seebeck
coeﬃcient (Figure 5) of the SnSe2 device after Se-vapor
annealing is −630.8 μV/K, and the electrical conductivity is 0.5
S/m. This corresponds to a factor of 16× improvement in the
Seebeck coeﬃcient, reﬂecting the transition from SnSe to
SnSe2 and the mitigation of unintentional doping caused by Se
vacancies.
X-ray ﬂuorescence (XRF) measurements were collected to
monitor the amount of each elemental species (including
oxygen) present in each sample under the two annealing
conditions (see Table 1). Here, the Sn counts are roughly the
Table 1. XRF Integrated Counts and Counts per Layer for
Both SnSe Targeted Films Annealed under Diﬀerent
Conditions

N2 anneal
N2 and Se
anneal

Sn
counts

Se
counts

O
counts

Sn counts/
layer

Se counts/
layer

1.975
1.946

2.912
5.908

0.007
0.006

0.23
0.23

0.035
0.071

Figure 7. In-plane X-ray diﬀraction (XRD) patterns for targeted SnSe
samples. Both samples were annealed in a nitrogen atmosphere, and
one was subsequently annealed in a selenium atmosphere (the blue
pattern) resulting in a conversation to SnSe2. The reﬂections are
indexed to SnSe and SnSe2 with one substrate peak (marked with the
asterisk) in the Se-vapor annealed sample.

same for both annealing conditions, as expected. The oxygen
counts are negligible, indicating that the ﬁlms are not degraded
upon annealing, and annealing under diﬀerent conditions does
not cause excessive oxidation. After annealing in Se vapor, we
observe an approximate doubling in the total Se counts
measured. This data further suggests that Se vapor annealing
results in a conversion from SnSe to SnSe2.
Specular XRD patterns for the nitrogen-annealed and Se
vapor-annealed samples are shown in Figure 6. In the N2
annealed sample, only (00l) reﬂections are observed, which
correspond to the c axis lattice constant of the SnSe structure.
This results from an alignment of the material with the
substrate in the c axis direction while remaining randomly
oriented in the ab-plane.15 After Se annealing, the reﬂections
shift to lower 2θ angles and can be indexed to the SnSe2
structure. This change is consistent with the doubling of Se
counts measured with XRF (see Table 1). Reﬂections that do
not correspond to the (00l) were also observed for the Se-

order to study the structure of the compound in the ab-plane.
Here, the reﬂections for both patterns are indexed to either
SnSe or SnSe2, with the underlying substrate peak identiﬁed
with an asterisk. For the SnSe ﬁlm annealed in a N2
atmosphere, all the reﬂections are indexed to (hk0) reﬂections
of either SnSe or SnSe2. Here, reﬂections for both constituents
have nearly equal intensities, indicating that there are nearly
equal amounts of both crystallinities present. The lack of (00l)
reﬂections for the SnSe2 ﬁlm is likely the result of the preferred
alignment of the SnSe constituent obscuring the SnSe2
constituent from specular diﬀraction.15 The presence of
SnSe2 in the N2‑annealed sample indicates that there is extra
D
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The ﬁlms were prepared using a modiﬁed method of that
described by Fister et al.16 Sn was deposited with an electron
beam gun, and Se was deposited with a Knudson eﬀusion cell.
Elemental layers were deposited sequentially to obtain a
precursor with compositional modulation that mimics the
desired ﬁnal product. A quartz crystal microbalance was used
to monitor the deposition rates, and pneumatic shutters
positioned above the sources controlled the ﬂux of material to
the substrate. The deposition parameters were calibrated using
X-ray ﬂuorescence (XRF), X-ray reﬂectivity (XRR), and X-ray
diﬀraction (XRD) to ensure that the amount of material
deposited in each layer was correct for crystallization of the
desired product. The ﬁlms were deposited on Si with a native
SiO2 layer for structure and composition characterization, as
well as patterned substrates for cross-plane transport measurements and fused silica for in-plane transport measurements.
After deposition, all ﬁlms were annealed on a hot plate at 350
°C for 30 min in a nitrogen environment to facilitate
crystallization of the desired materials. Some ﬁlms were
subsequently annealed in a sealed quartz tube with a Se
vapor pressure provided by powdered SnSe2.17 The tubes were
heated in a single zone Carbolite tube furnace at 300 °C for 3
h.
X-ray Diﬀraction Characterization of Sn−Se-Containing
Films. X-ray ﬂuorescence spectra were collected using a Rigaku
ZSX Primus II with a rhodium source. Counts were
determined by integrating the area under the intensity line at
the °θ range where a ﬂuorescence peak is expected for each
element in question. The integrated area is proportional to the
atom/area for the element in question. X-ray reﬂectivity and
specular X-ray diﬀraction patterns were collected using a
Bruker D-8 Discover diﬀractometer in a locked-coupled θ−2θ
geometry. In-plane X-ray diﬀraction spectra were collected
with a Rigaku Smartlab diﬀractometer using an in-plane
gracing incidence geometry. All diﬀraction experiments were
conducted using Cu Kα radiation.

Se present and that longer annealing times are required to form
only the monoselenide. The ﬁlm annealed in Se vapor shows
only reﬂections corresponding to SnSe2, but also contains non(hk0) reﬂections. The presence of these extra reﬂections along
with the 00l axis supports the fact that the sample loses a
considerable degree of alignment upon converting from the
monoselenide to the diselenide.
One potential concern in the measurement of these
extremely thin ﬁlms (∼50 nm), which are on the same order
as the thickness of the metal RTDs (30 nm), is that the
temperature and voltage drops at the contacts would
signiﬁcantly aﬀect the measurement, resulting in substantially
underestimated values of the Seebeck coeﬃcient. In order to
verify the validity of this measurement technique, we measured
samples with diﬀerent thicknesses. Figure S5 of the Supporting
Information shows the Seebeck measurements of 50 nm-thick
and 100 nm-thick SnSe ﬁlms grown in the Johnson lab. Other
than the thickness, these ﬁlms were prepared under identical
conditions. Both samples show nearly the same Seebeck
coeﬃcient (diﬀering by <3%), which veriﬁes the validity of the
measurement and indicates that the eﬀect of the contacts is
negligible for this material system. That is, the voltage and
temperature drops across the contacts seem to have a
negligible eﬀect on the measurement. This is an important
result, which indicates that the relatively low Seebeck
coeﬃcients observed in Figures 4 and S5 are not simply due
to the measurement technique and instead reﬂect the true
nature of the material composition. Another important
consideration in this general measurement approach is the
relative resistance of the RTDs and the heterostructure
structure itself. If the resistance of the heterostructure is
smaller than that of the RTDs, there will be electrical shorting
of the RTD through the thin ﬁlm of interest material,
rendering the RTDs ineﬀective. Typically, the RTD resistance
is approximately 4Ω, and the cross-plane resistance of these
samples is around 120Ω, which is well within the reliable range
of operation. We estimate that reliable results can be obtained
below a ratio RRTD/Rfilm of approximately 10%.
In conclusion, we report an enhancement in the cross-plane
thermoelectric properties of SnSe ﬁlms due to Se vapor
annealing, which induces a SnSe-to-SnSe2 (i.e., monoselenideto-diselenide) transition and mitigates the eﬀects of unintentional doping. This results in an extremely high Seebeck
coeﬃcient (−631 μV/K), and increased power factor (0.2
μW/m·K2). Our XRF measurements show a doubling in the
total Se counts, which is consistent with a transition from SnSe
to SnSe2, stoichiometrically. This SnSe-to-SnSe2 transition is
corroborated by specular and in-plane XRD measurements.
After the Se vapor annealing, the diﬀraction peaks can be
indexed to the SnSe2 structure. By conducting postgrowth Se
annealing at a ﬁxed Se partial pressure, the compound changes
to SnSe2 and alleviates unintentional doping due to Sevacancies that resulted in the relatively low Seebeck coeﬃcients
observed in our previous work on disordered layered SnSebased materials. As a result, we observe a 16-fold increase in
the cross-plane Seebeck coeﬃcient (from −38.6 to −631 μV/
K), and a 44-fold increase in power factor (from 4.5 nW/m·K2
to 0.2 μW/m·K2). A corresponding 6-fold drop in the electrical
conductivity is observed, which is consistent with the drop in
the free carrier concentration.
Methods. Preparation of Sn−Se-Containing Thin Films.
The targeted SnSe ﬁlms were crystallized by heating designed
precursors prepared by high vacuum physical vapor deposition.
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