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Bipolar Thermoelectrical Transport of SnSe Nanoplate in Low Temperature ∗
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Bulk SnSe is an excellent thermoelectrical material with the highest figure-of-merit value of ZT= 2.8, making it
promising in applications. Temperature-dependent electrical and thermoelectrical properties of SnSe nanoplates
are studied at low temperature. Conductivity drops and rises again as temperature is lowered. The Seebeck
coefficient is positive at room temperature and becomes negative at low temperature. The change of the sign of
the Seebeck coefficient indicates influence of bipolar transport of the semiconductive SnSe nanoplate. The bipolar
transport is caused by the Fermi energy changing with temperature due to different contributions from donors
and acceptors at different temperatures.

PACS: 73.50.Lw, 73.50.Gr, 73.63.Bd, 85.80.Fi DOI: 10.1088/0256-307X/37/1/017301

Thermoelectricity as a promising way of providing
eco-friendly energy generation is increasingly attract-
ing attention. Conventionally, it requires solid state
material incorporating heavy element for efficient en-
ergy harvesting in thermoelectric modules.[1] The en-
ergy conversion efficiency is characterized by figure-of-
merit 𝑍𝑇 = 𝜎𝑆2𝑇

𝜅l+𝜅e
, where 𝜎 is electrical conductivity,

𝑆 is Seebeck coefficient, 𝑇 is absolute temperature, 𝜅l

and 𝜅e are the lattice and electron thermal conductiv-
ity, respectively.[2,3]

So far, the energy conversion efficiency is very
low, and higher ZT is needed to improve the en-
ergy conversion efficiency. Generally, there are sev-
eral ways to improve ZT of thermoelectrical materi-
als: (1) using nano-materials to enhance the Seebeck
coefficient due to the quantum confinement and to re-
duce thermal conductivity due to the surface-phonon
scattering,[4−8] (2) imploring materials with complex
structures to reduce lattice thermal conductivity,[9−12]

(3) increasing spin-dependent Seebeck coefficient by
introducing magnetic groups as predicted in theory.[13]

Materials with ZT above 3 are required to be
comparable with main stream energy generation
methods.[14−17] Recently, SnSe rises to be a promising
thermoelectric material with ZT close to 3.[18] Thus,
SnSe is among the most promising thermoelectrical
materials,[19−21] and has been a hot spot since it is
first reported as a thermoelectrical material.[22−24]

The nano-structured thermoelectrical materials
have made great progress[25−27] as predicted in the-
ory, indicating a promising way to get better ther-
moelectrical properties. In this Letter, we inves-
tigate electrical and thermoelectrical properties of
SnSe nanoplates. Our results show a carrier type
change from hole to electron while the temperature
is changed, based on both electrical and thermoelec-
trical measurements. The nonmonotonic temperature
dependence and sign change of electrical conductivity
and Seebeck coefficient show a bipolar transport in
our SnSe nanoplates. The bipolar transport of SnSe
has been predicted in theory[28] and discussed in ex-
perimental results at high temperature (∼700 K), but
has never been observed at low temperature before.
We provide, for the first time, experimental evidence
of bipolar transport properties of SnSe below room
temperature, and experimentally investigate the sign
change of Seebeck coefficient.

Our SnSe nanoplates were synthesized using the
chemical vapor deposition (CVD) method[29] with dif-
ferent sizes growing vertically on the SiO2/Si sub-
strate, as shown in Fig. 1(a). Under an optical mi-
croscope, the bright ones are those that have fallen
on the substrate after growth and the black ones are
the upstanding SnSe nanoplates. The inset is a scan-
ning electron microscope (SEM) image of the upstand-
ing SnSe nanoplates. The surface tension makes the
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thin nanoplate curl, as shown. However, when the up-
standing sample is pulled down by an external force,
it lies down and sticks to the substrate perfectly and
flat. In our experiment, the samples of interest are
picked from the upstanding nanoplates with desired
thickness by a microtip.

An atomic force microscope (AFM) was used
to character the surface morphology of the sample.
Figure 1(b) shows a typical AFM image of an as-
synthesized SnSe nanoplate. The sample is flat and
uniform, with the thickness of 92 nm. The thickness
of the synthesized samples ranges from dozens to sev-
eral hundreds of nanometer.

To verify that the as-synthesized samples are SnSe
single crystal, a Cs-corrected transmission electron
microscope (Cs-corrected TEM) was used to char-
acterize the structure of the sample. Figures 1(c)
and 1(d) are the Cs-corrected TEM image and the
selected area electron diffraction (SAED) pattern of
SnSe nanoplates. The 011 and 011̄ planes are clearly
resolved with lattice spacing around 3 Å and our
nanoplates are in 𝑏𝑐 plane, vertical to the 𝑎 axis of
SnSe. In addition, the SAED of SnSe shows the per-
fect single crystalline of our nanoplates with the or-
thorhombic phase (space group 𝑃𝑛𝑚𝑎).[29]
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Fig. 1. (a) The optical image of the synthesized SnSe
nanoplate. Inset: the SEM image of an upstanding SnSe
sample. (b) The AFM image of a SnSe nanoplate. (c)
The Cs-corrected TEM image. (d) The SAED pattern of
SnSe.

To obtain the thermoelectric properties of the SnSe
nanoplate, a micro-device[30,31] was utilized, as shown
in Fig. 2(a). The SnSe nanoplate was picked up using
a sharp probe with the aid of micro-manipulator,[32]

then dry transferred onto a new clean SiO2/Si sub-
strate with markers on it. The markers are used to
locate the sample with the help of an optical micro-

scope. After the sample was coated with PMMA, elec-
tron beam lithography (EBL) was utilized to make the
electrodes’ pattern, followed by development of the
generated pattern. Ni/Au[33] were then deposited us-
ing thermal evaporation, and the lift-off processes was
followed to complete the device.
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Fig. 2. (a) AFM image of the fabricated thermoelectric
device. (b) 𝐼–𝑉 curves from the two-probe electrical mea-
surement method (blue symbol) and the four-probe mea-
surement method (red symbol). (c) Thermovoltage as a
function of heating current. (d) Δ𝑇h (red symbol), Δ𝑇c

(blue symbol) and Δ𝑇 (green symbol) versus heating cur-
rent.

The thermoelectric device consists of a heater, two
thermometers and two other electrodes. Four-probe
electrical measurement was used to obtain the intrinsic
electric conductivity, ruling out the contact resistance.
The thickness of the sample shown in Fig. 2 is 113 nm.
The 𝐼–𝑉 curves are presented in Fig. 2(b). The blue
dots are the two-probe results, and the red dots are
the four-probe results. These two curves form straight
lines and almost coincide with each other, with a neg-
ligible contact resistance of about 4%. This indicates
that the contact between the SnSe and Ni/Au is good.
The measured conductivity is 0.3 S/cm, smaller than
bulk SnSe. This may be caused by surface scattering
and impurity scattering.

We also measured electrical properties of several
SnSe nanoplates with the van der Pauw method for
comparison, making sure that the above fabrication
method did not alter sample’s intrinsic properties.
The results show that the conductivities of SnSe
nanoplates are about 0.1–6 S/cm with the thickness of
about 80–140 nm, which is comparable with 0.3 S/m of
the thermoelectrical device in the thickness of 113 nm.

Figures 2(c) and 2(d) show the thermoelectrical
measurements. An AC method was used to obtain the
thermoelectric properties.[34] When a DC current was
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applied on the heater, the generated heat on the heater
would disperse across the measured sample, generat-
ing a temperature gradient inside the SnSe nanoplate,
which can be monitored by the resistant changes of
the two thermometers vertical to temperature gradi-
ent. AC voltages and currents were applied to the
thermometers to accurately measure the resistance.
The thermovoltage generated inside the nanoplate can
also be picked up by the two thermometers. Figure
2(c) is the negative thermovoltage (−𝑉th) as a func-
tion of heating current (𝐼heat), showing a parabolic
relationship. Figure 2(d) is the temperature increase
of the hot end (∆𝑇h) and the cold end (∆𝑇c) as well
as the temperature difference between the hot end and
cold end (∆𝑇 = ∆𝑇h − ∆𝑇c) as a function of heating
current, also showing a parabolic relationship. The
parabolic dependence to the current indicates that the
thermovoltage and temperature difference are linear
dependent on heating power. The Seebeck can be ob-
tained by the division of thermovoltage and temper-
ature difference between the same two thermometers
(𝑆 = −Δ𝑉th

𝛥𝑇 ). The Seebeck of the device shown in
Fig. 2(a) is 472µV/K. The positive value indicates the
p-type semiconductor at room temperature. The See-
beck coefficient of our SnSe nanoplate is higher than
hole doped bulk SnSe (∼160µV/K) while comparable
to that of undoped (intrinsic) bulk SnSe (∼500µV/K).
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Fig. 3. (a) Electrical conductivity as a function of tem-
perature between 100K and 320K. (b) Seebeck coefficient
as a function of temperature between 100K and 320K. (c)
Power factor as a function of temperature between 100K
and 320K.

The temperature-dependent electric properties
were performed between 100K and 320 K in a vac-
uum probe station. Figure 3(a) presents the four-
probe electrical conductivity as a function of tem-
perature. The electrical conductivity first decreases
with decreasing temperature down to 205K and in-
creases with further decrease of temperature, forming
a non-monotonous trend. The minimum conductivity
at 205 K is 0.11 S/cm, and the maximum conductivity
is 0.45 S/cm at 320 K.

Thermoelectrical measurement of the same device
is presented in Fig. 3(b) as a function of tempera-
ture. The Seebeck coefficient is positive at room tem-
perature, decreasing with temperature-drop down to
205 K. The further decrease of temperature results in a

negative Seebeck coefficient, its amplitude increases at
first and then decreases again at temperature close to
100 K. A clear sign change of the Seebeck coefficient is
presented. The maximum amplitude of the measured
Seebeck coefficient in the negative range is −92µV/K
at 176 K. The maximum of the Seebeck coefficient in
the positive range is 537µV/K at 320 K.

The feature of nonmonotonic temperature depen-
dence of electrical conductivity and the sign change
of Seebeck coefficient of SnSe nanoplates are observed
for the first time and shared by multiple measured
samples. One explanation of such a drastic change
could be due to semiconductor-to-metal transition.
On the other hand, such a phase transition of SnSe
has not been predicted and is not consistent with our
large Seebeck coefficient measured at low tempera-
tures. The other possible reason for the sign change
and the non-monotonous trend is the change of a ma-
jority of carriers that form bipolar thermoelectrical
transport.

The bipolar transport indicates that both electrons
and holes contribute to electrical and thermoelectri-
cal properties at the same time.[35,36] The measured
Seebeck coefficient is a combination of the negative
Seebeck coefficient from the electrons and the posi-
tive Seebeck coefficient from the holes.[37,38] The sign
change of the total Seebeck coefficient is determined
by the proportion of the electron Seebeck coefficient
and the hole Seebeck coefficient. The total Seebeck
coefficient is expressed as[39,40]

𝑆 =
𝑆e𝑛𝜇e + 𝑆h𝑝𝜇h

𝑛𝜇e + 𝑝𝜇h
, (1)

where the 𝑆 is the total Seebeck coefficient; 𝑛 and 𝜇e

are carrier concentration and mobility for electrons,
respectively; 𝑝 and 𝜇h are carrier concentration and
mobility for holes, respectively.

The electron and hole exist simultaneously inside
the crystal. The previous theoretical calculation pre-
dicts that the bipolar transport is expected when
bandgap decreases from 0.61 eV (𝑃𝑛𝑚𝑎) to 0.39 eV
(𝐶𝑚𝑐𝑚) at ∼800 K.[22] However, the theoretical cal-
culated bandgap by Loa et al.[28] below room temper-
ature shows that the 𝐸g slightly changes from 0.84 eV
at 100 K to 0.86 eV at 320K. Thus, the 𝐸g difference
between 100 K and 320 K can be neglected when con-
sidering origin of the bipolar transport.

The fact that the sign of Seebeck coefficient
changes from positive to negative means that the
electron and hole concentration changes differently
with temperature, which is related to the Fermi
energy.[35,36] The transition from p-type to n-type
with decreasing temperature suggests the move-
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ment of the Fermi energy away from the valence
band to the conduction band, which is caused by
the decreased contribution from acceptors at lower
temperature.[35,36] We can attribute the electrical con-
ductivity and Seebeck coefficient bipolar transport to
Fermi energy shifting caused by the different thermal
generation electrons and holes at different tempera-
tures. Our bipolar transport below room tempera-
ture is different from the bipolar transport previously
investigated above room temperature.[22,41,42] To our
best knowledge, this is the first time that the ther-
moelectrical bipolar transport has been investigated
at 100K–320 K, accompanied with a sign change of
Seebeck coefficient[43,44] and nonmonotonic electrical
conductivity trend.

The turnup point for the electrical conductiv-
ity and Seebeck coefficient is almost the same at
about 205 K. The consistency makes it clear that
the reason behind comes from the same mecha-
nism. As the electrical conductivity and amplitude
of Seebeck coefficient both increase with temperature
above 228 K, there appears a unique feature against
commonly observed different trends between electri-
cal and thermoelectrical dependence. It is easy to
reach the conclusion that the power factor (PF =𝜎𝑆2)
will keep increasing in this range. As shown in
Fig. 3(c), the power factor increases with temperature
above 228 K. The maximum power factor measured is
0.13µW·cm−1K−2 at 320 K, whereas lower than the
intrinsic bulk SnSe power factor due to the low elec-
trical conductivity.

To further study the bipolar transport, a two-band
model is used to calculate the Seebeck coefficient as
a function of Fermi energy. When both electron and
hole contribute to the Seebeck coefficient, the total 𝑆
can be expressed as Eq. (1). The Seebeck coefficient
can be expressed as[5]

𝑆e = −𝑘B
𝑒

{︃(︀
𝑟e + 5

2
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𝑛 =
4𝜋
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e𝑘B𝑇 )
3
2 𝐹 1

2
(𝜂e), (4)

𝑝 =
4𝜋

ℎ3
(2𝑚*

h𝑘B𝑇 )
3
2 𝐹 1

2
(𝜂h), (5)

where 𝐹𝑟 (𝜂) =
∫︀∞
0

𝑥𝑟𝑑𝑥
𝑒(𝑥−𝜂)+1

is the Fermi–Dirac inte-
gral of order 𝑟, both 𝑟e and 𝑟h are −0.5,[40] 𝜂e =

𝐸𝑓

𝑘B𝑇

and 𝜂h = −𝐸𝑓+𝐸g

𝑘B𝑇 are Fermi energies of electrons and
holes; respectively; and 𝑘B is the Boltzmann constant.
The band gap 𝐸g is 0.86 eV as reported; 𝑚*

e and 𝑚*
h

are the effective masses of electron and hole and take

the value of 0.13𝑚0 and 0.14𝑚0, respectively;[45] and
ℎ is Planck’s constant.

Figure 4 shows the calculated Seebeck coefficient
at 300 K as a function of −𝐸𝑓 (as the sample at 300 K
is p-type). The Seebeck coefficient is non-monotonic
and changes from positive to negative with decreasing
−𝐸𝑓 . The amplitude of the Seebeck coefficient first
increases to the positive maximum, then decreases
and crosses zero, and increases to the negative maxi-
mum, finally decreases close to zero, which is consis-
tent with our bipolar transport. The non-monotonic
and sign change in our calculation shows the similar
bipolar transport behavior, which indicates electron’s
and hole’s contribution should be both considered.[36]

Thus, the non-monotonic relationship of the electrical
conductivity and temperature together with the sign
change of the Seebeck coefficient can be explained by
the two-band transport model.

0 S

1.00.50.0

-Ef (eV)

Fig. 4. Calculated Seebeck coefficient as a function of
−𝐸𝑓 at 300K based on the two-band model.

In summary, the CVD synthesized SnSe
nanoplates show an outstanding Seebeck coefficient,
which is comparable to the intrinsic bulk SnSe. For
the first time, low-temperature dependent electrical
conductivity and Seebeck coefficient are shown, re-
vealing a non-monotonic trend due to the bipolar
transport of SnSe nanoplates. More interestingly, the
Seebeck coefficient changes sign with temperature,
which is caused by the Fermi level shifting due to the
decreased contribution from accepters at lower tem-
perature, described by the two-band model. Above
228 K, the electrical conductivity and the amplitude
of the Seebeck coefficient increase simultaneously with
temperature, leading to the same trend in power fac-
tor. Thus, the bipolar transport is non-negligible and
can heavily affect the thermoelectric property of these
materials.
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