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a b s t r a c t

SnSe single crystals have been demonstrated to possess excellent thermoelectric properties. In this work,
we demonstrate a grain size control method in growing nanocrystalline SnSe thin films through a
glancing angle pulsed-laser deposition approach. Structural characterization reveals that the SnSe film
deposited at a normal angle has a preferred orientation along a axis, while by contrast, the SnSe film
deposited at an 80� glancing angle develops a nanopillar structure with the growth direction towards the
incident atomic flux. The glancing angle deposition greatly reduces the grain size of the thin film due to a
shadowing effect to the adatoms, resulting in significantly increased power factor for more than 100%.
The maximum Seebeck coefficient and power factor are 498.5 mV=K and 18.5 mWcm�1K�2, respectively.
The enhancement of thermoelectric property can be attributed to the potential barrier scattering at grain
boundaries owing to the reduced grain size and increased grain boundaries in the film. Given this
enhanced power factor, and considering the fact that the nanopillar structure should have much lower
thermal conductivity than a plain film, the zT value of such made SnSe film could be significantly larger
than the corresponding single crystal film, making it a good candidate for thin film-based thermoelectric
device.
© 2017 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Recent progress of thermoelectric (TE) materials study is
attracting the increasing number of researchers to devote their
effort to explore high-efficiency materials with higher figure of
merit, zT, approaching large scale energy harvesting applications. In
the meantime, the interest in TE thin film study is also increasing,
especially when the low-dimensional materials (such as 2D mate-
rials) are being extensively studied worldwide. Besides the pro-
found physics behind the TE thin film study, such as quantum
eramic Society.

roduction and hosting by Elsevie
confinement effect [1] and phonon dragging effect [2], etc., the
main driving force for the TE thin film study is the potential
application in integrated cooling devices and electronic devices
such as IC chips, where the hot spot issue should be addressed
through local cooling [3]. The TE thin films are also robust for
supplying electrical energy to micro- and nano-devices where a
thermal gradient exists. However, compared to those being
extensively studied bulk TE materials, thin film-based TE materials
and devices are relatively less studied. Nevertheless, there are still
many materials that have been made into thin film form, such as
Bi2Te3, Bi2Se3, Pb2Te3 [4e9] and traditional semiconductors SiGe
[10].

Recently, there are some state-of-the-art TE materials such as
Cu2Se and SnSe [11e13], among those materials, SnSe shows su-
perior TE properties including ultralow thermal conductivity. At
room temperature, SnSe is a layered orthorhombic structure, with
space group Pnma (a ¼ 1.149 nm, b ¼ 0.444 nm, c ¼ 0.4135 nm)
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Fig. 1. XRD patterns of the SnSe thin film deposited at a normal angle and the sub-
strate temperatures of Ts ¼ 250 �C, 310 �C, 330 �C, 350 �C. The patterns are compared
to the SnSe simulation pattern (JCPDS #48e1224).
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[11,14]. Along the b-c plane, there are SnSe double layers with
strong zigzag Sn-Se bond; while in direction along a-, the double
layers are linked by weak van der Waals force. There are a few
research studies based on the thin film form of SnSe, however, most
of them are mainly for transport and optical properties that are
related to an optoelectronic field [15e20]. This motivates us to
study the growth and TE properties of SnSe thin film, and investi-
gate the enhancement of those properties by controlling the grain
size.

In order to enhance the TE performance, there are several ap-
proaches such as quantum confinement effect [1], band structure
modification [21] and heavy band convergence [22,23] to enhance
the Seebeck coefficient. zT is a dimensionless figure of merit gov-
erning the TE performance, and zT¼ sS2T=ðkL þ keÞ, where s, S, T, kL
and ke are electrical conductivity, Seebeck coefficient, absolute
temperature, lattice thermal conductivity and carrier thermal
conductivity respectively. zT consist of two parts, the first part is an
electronic part called power factor, in which power factor ¼ sS2;
while the second part is a thermal part (kL þ ke). zT can also be
improved by reducing the thermal conductivity, with aid of all-
scale hierarchical architecture [24] and nanostructure [25]. Be-
sides those approaches, the TE performance can also be improved
by introducing grain boundaries; the influence of grain size on
Seebeck coefficient, thermal conductivity and electrical conduc-
tivity has been investigated by different researchers at bulk scale
[26,27] and thin film scale [28,29].

Glancing angle deposition of thin films has been demonstrated
to be able to control the grain size of the films [30e32]. In glancing
angle deposition, a substrate surface is nearly perpendicular to the
target. During the deposition, the small angle of adatoms to the
substrate causes a large shadowing effect between nuclei and
prevents grains frommerging, so that a film structure of nanopillar
array inclined towards the target could be formed. In this work, we
demonstrate the enhancement of TE performance of SnSe thin films
through an approach of grain size control by the glancing angle
pulsed-laser deposition method.

2. Experimental

In growing the SnSe thin film, pulsed laser deposition (PLD) was
used, because it is designed for growing the chalcogenide film
[33e35]. Moreover, the source flux in PLD is directional to the
substrate, which is favorable for growing the nanopillar structure in
glancing angle deposition. Laser source used in the experiment was
KrF excimer laser, with a wavelength of 248 nm and a repetition
rate of 10 Hz. The deposition time of film grown at normal angle
was 30 min, while that of film grown at 80� glancing angle was
doubled because of the slower glancing angle film deposition rate.
The base pressure in the experiment was around 10�5 Torr. The
target for SnSe growth was stoichiometric SnSe polycrystal. Silicon
(100) was selected as the substrate, which had a top layer of
300 nm-thick amorphous SiO2 that acted as an insulating layer
between the grown SnSe film and the silicon substrate, so as to
reduce the influence of the substrate to the TE performance of the
film. To investigate the optimal deposition temperature of SnSe film
in PLD, the substrate temperature (Ts) was varied from 250 �C to
350 �C. After the optimized deposition temperature was confirmed
by transmission electron microscope (TEM) (JEOL 2100 F, operated
at 200 kV) and X-ray diffraction (XRD) (Rigaku SmartLab), samples
were grown based on the optimized deposition temperature, using
a normal angle deposition or an 80� glancing angle deposition.

Crystalline phase and orientation of the thin film were deter-
mined by XRD, with Cu Ka1 source. The microstructure of the thin
film was determined by TEM and the composition was confirmed
by energy dispersive spectroscopy (EDS) in TEM. The thickness of
the film was determined by atomic force microscope (AFM)
(Asylum MFP 3D Infinity). The morphology of the as-grown film
was obtained by cross-sectional scanning electron microscopy
(SEM) (JEOL 6330 F) and AFM. Seebeck coefficient and electrical
conductivity at a temperature range from 300 to 575 K were ob-
tained by NETZSCH SBA 458 Nemesis. Thermal conductivity in the
out-of-plane direction from 200 to 340 K was obtained by the well-
accepted 3u method [36].
3. Results and discussion

Fig. 1 shows the XRD patterns of the SnSe films deposited at 250,
310, 330 and 350 �C, respectively. Among all these samples, the
peaks at 2q ¼ 15.4�, 31.1� and 64.8� correspond to the (200), (400)
and (800) diffraction peaks of orthorhombic SnSe (a ¼ 1.149 nm,
b ¼ 0.4153 nm, c ¼ 0.444 nm, JCPDS #48e1224), respectively. This
implies that the SnSe films are preferentially grown along a-axis,
which is consistent with the layered structure characteristic of SnSe
along a-axis.

Detailed XRD pattern investigations show that there are (200),
(400) and (800) planes for the SnSe films deposited at 250 �C,
310 �C, 330 �C and 350 �C, while the (200) and (800) diffraction
peaks significantly decrease when the deposition temperature
reached 350 �C. Other than those preferential peaks mentioned,
there are additional peaks (302) and (122) planes present in the
SnSe film grown at low temperature of 250 �C. It is apparent that
these peaks decrease when the deposition temperature reached
310 �C, and when the deposition temperature reached 350 �C, the
(302) and (122) planes vanish. One can also see that some addi-
tional peaks (201), (311) and (511) planes present at higher depo-
sition temperature (330 �C and 350 �C). Based on these detailed
XRD results, it can be concluded that 330 �C is close to the opti-
mized deposition temperature of SnSe thin film.

To understand the microstructure and chemical composition of
the as-grown thin film, TEM investigations and EDS analysis were
performed. Fig. 2a shows a typical high-resolution TEM image
(HRTEM) of the SnSe thin film deposited at 330 �C. The detailed
analysis on the lattice plane distances and angles between those
lattice planes indicates that the film is orthorhombic SnSe
(a ¼ 1.149 nm, b ¼ 0.4153 nm, c ¼ 0.444 nm), which is consistent
with the XRD result mentioned above. The EDS pattern shown in
Fig. 2b indicates that the film is composed of Sn and Se (noted that
the Cu peak belongs to the copper grid), and the quantitative EDS
analysis shows that the ratio of composition of Sn and Se is around
1:1, suggesting the formation of SnSe compound.



Fig. 3. XRD patterns of the thin film deposited at a normal angle and an 80� glancing
angle with Ts ¼ 330 �C. The patterns are compared to the SnSe simulation pattern
(JCPDS #48e1224).
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To study the effect of glancing angle deposition on the
morphology and the grain size, the other SnSe thin film was
deposited at 330 �C at an 80� glancing angle. Its XRD pattern is
shown in Fig. 3. The indexing of the diffraction peaks in the XRD
pattern indicates that, compared to the thin film grown at a normal
angle, (200) and (800) orientation do not present in the thin film
grown with a glancing angle, suggesting that the growth direction
and orientation is not preferential. In addition, there are many
different grain orientations in the film, besides the (201) plane at
2q ¼ 25.45� and (311) peak at 2q ¼ 37.86� which are also present in
the film deposited at a normal angle, the sample deposited with a
glancing angle has also (111) diffraction, locates at 2q ¼ 30.5�, (511)
plane at 2q ¼ 49.73�, (610) peak located at 2q ¼ 52.47� and (420)
orientation at a diffraction angle of 2q ¼ 54.21�. Those orientations
indicate that the samplewas not grown along a axis. The patterns of
the two samples deposited with the normal and glancing angles are
different because of their distinct morphologies and growth ori-
entations. The film grownwith glancing angle exhibits a nanopillar
structure, and since the diffraction at the tip of pillar is different
from that on a plain film, the XRD patterns would be different.
Nevertheless, it should be noticed that the glancing angle deposited
film possesses the same crystal structure as the normal angle
deposited film, even their microstructures are different.

To observe the thickness and surface morphology of the SnSe
thin films grown with the normal and glancing angles, AFM and
SEMwere performed to obtain their top view images. Bymeasuring
the height difference between the bear substrate and the thin film,
the thickness of SnSe thin film is 730 nm for the sample grownwith
the normal angle deposition for 30 min, while it is 300 nm for the
sample grownwith the glancing angle deposition for 60min. Fig. 4a
and b shows the morphology of thin films deposited at the normal
and glancing angles respectively, and they can be compared with
the SEM top view images as shown in Fig. 4c and d. It can be
observed that the film deposited at a normal angle (Fig. 4a and c)
shows some local maximum points while there are large grains
locate between those maximum points. In contrast, for the sample
grown at a glancing angle, the top view images in Fig. 4b and
d shows that a nanopillar structure rather than a continuous film on
the substrate. These nanopillars incline towards a specific direction,
suggesting that the pillars grow towards the direction of the inci-
dent flux [30,31]. In addition, the nanopillars are grown with a
relatively high density. In terms of grain size, the SnSe film
deposited at a normal angle has an average grain size of ~730 nm
with the root-mean-square surface roughness (Rq) of the film of
17 nm, while that deposited at a glancing angle has a grain size of
~120 nmwith the Rq of 54 nm. These results indicate that the grain
size of film grown at a normal angle is about six times larger than
that of sample deposited at a glancing angle. Meanwhile, the film
Fig. 2. (a) HRTEM image and (b) EDS spectrum of SnSe th
grown at normal angle is much smooth than that grown at glancing
angle.

Cross-sectional SEM investigations were also performed to
further understand the morphology of the film. Fig. 4e and f shows
the SEM images of the two samples grown at the normal and
glancing angles, respectively. As shown in Fig. 4e, the sample
deposited at a normal angle shows a continuous columnar struc-
ture pointing upward. In contrast, the sample deposited at a
glancing angle shows many slanted nanopillars on the substrate
surface, which is well consistent with the AFM results. These
detailed studies indicate that the samples grown at a normal angle
and a glancing angle have totally different morphologies and
crystal orientations.

TE measurements were performed on the samples deposited at
the normal and glancing angles, and the results are shown in Fig. 5,
including Seebeck coefficient (Fig. 5a), electrical conductivity
(Fig. 5b), power factor (Fig. 5c) and out-of-plane thermal conduc-
tivity (Fig. 5d). In terms of Seebeck coefficient, both films show the
positive Seebeck coefficients, indicating that the SnSe thin films are
the p-type material. In addition, the temperature dependence of
Seebeck coefficient on the two samples is similar within the tem-
perature range of 300e578 K, which can be described in two re-
gions. In the first region, the Seebeck coefficient increases with the
temperature from room temperature and reaches their maximum
at 477 and 426 K for the films deposited at the normal and glancing
angles, respectively. Specifically, the maximum Seebeck coefficient
of the film deposited at a normal angle is about 193.7 mV=K at
477 K, while the maximum Seebeck coefficient of the film
in film deposited at a normal angle with Ts ¼ 330 �C.



Fig. 4. AFM images of SnSe thin films deposited at (a) normal angle and (b) glancing angle and Ts ¼ 330 �C. Top view SEM images of films deposited at (c) normal angle and (d)
glancing angle and Ts ¼ 330 �C. Cross sectional SEM images of films grown at (e) normal angle and (f) glancing angle and Ts ¼ 330 �C.
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deposited at a glancing angle is much higher, 498.5 mV=K at 426 K.
After reaching the peak, the Seebeck coefficients of the two films
decrease, and converge in the second region in which the co-
efficients reach negative at the highest measured temperature of
~579 K. According to previous study [27], this phenomenon is due
to the increasing intrinsic electron carrier concentration by thermal
excitation.

For the temperature dependence of electrical conductivity, both
samples show the semiconducting characteristic. From 300 to
426 K, the electrical conductivities of the samples increase steadily,
after 426 K, both samples are thermally activated such that the
conductivities increase exponentially, which is consistent to the
drop of Seebeck coefficient. Both films show the same trend
without a significant difference in terms of electrical conductivity.

As shown in Fig. 5c, the power factor of SnSe film deposited at a
glancing angle shows the highest value of 18.5 mWcm�1K�2 at
478 K. Compared to the film grown at normal angle, the power
factor of the film deposited at glancing angle is enhanced signifi-
cantly (>20 times higher). The enhancement of power factor is
mainly contributed by the increase of Seebeck coefficient. The
increment of Seebeck coefficient via the grain size control strategy
can be explained by potential barrier scattering at grain boundaries.
This concept has been investigated in theoretical and experimental
ways, for bulk and thin film scales [26,27,29]. Given a TE material
with one type of mobile carrier, after a constant thermal gradient is
applied onto the material, the carriers in the material will move
from the hot side to the cold side by diffusion so as to induce the
Seebeck voltage. Consequently, a potential difference will be
developed on the both sides, drifting themobile charge carrier back
to the original position and diminishing the Seebeck voltage.

In the whole procedure, the diffusion produces the Seebeck
voltage and the drift subtracts it. Therefore, if there is a potential
barrier to retard or even stop the drift of carriers, the Seebeck co-
efficient can be enhanced. Here in this study, the grain boundary is
the potential barrier to filter and scatter the carriers, such that the
carriers with lower energy compared to the barrier are stopped,
while the carriers with higher energy can pass through the barrier.
The SnSe thin film grown with the glancing angle increases the
surface area of grain boundary and scatters the carriers much
effectively. Moreover, similar to the previous study [26], the effect
of grain size on the Seebeck coefficient is temperature dependence.
In Fig. 5a, the two samples have a relatively large Seebeck coeffi-
cient difference at low temperatures, but the difference becomes
very small as their Seebeck coefficients converge at high temper-
atures beyond 426 K. This is because the carriers do not have
enough energy to overcome the potential barrier at low tempera-
tures, so the large number of grain boundaries existed in the film
deposited with the glancing angle can scatter the carriers effi-
ciently, resulting in a large increase of Seebeck coefficient. At high
temperatures, the drift cannot be stopped as the carriers have
enough kinetic energy to pass through the grain boundaries,
resulting in the inefficient enhancement of Seebeck coefficient even
for the film deposited at a glancing angle. Therefore, the Seebeck
coefficients of the two films converge eventually at high
temperatures.

The out-of-plane thermal conductivities of the two films have



Fig. 5. TE properties of SnSe thin films as a function of temperature. (a) Seebeck coefficient. (b) Electrical conductivity. (c) Power factor and (d) Thermal conductivity.
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been measured with a temperature range from 200 to 340 K. In
Fig. 5d, from 200 to 300 K, the film deposited at a normal angle has
higher thermal conductivity, while beyond 300 K, the conductiv-
ities of the two as-deposited films do not have significant differ-
ence. The overall temperature dependence of thermal
conductivities of films is increasing with the temperature, and they
reach the highest value of ~0.189 W/mK at 340 K. The temperature
dependence of thermal conductivity may be due to the lower
dimension of thin film, contribution of phonon to thermal con-
ductivity is confined, and charge carriers dominate the conduction
of heat. Therefore, similar with the trend of electrical conductivity,
thermal conductivity increases with temperature.

When compared the TE performance of SnSe thin film sample
deposited at a glancing angle with its bulk single crystal counter-
part [11], the film in the present study has a lower operation
temperature than the bulk material. For the bulk material, the SnSe
single crystal has the highest power factor of 10.1 mWcm�1K�2 at
~973 K. The lower operation temperature of the thin film compared
to the bulk single crystal may be due to the reduction of material
dimension. Compared to the SnSe thin films deposited by other
researchers [16], the room temperature Seebeck coefficient of the
sample in the present study (262.2 mV=K) is lower, while the room-
temperature Seebeck coefficients in previous study on different
substrates were from 432 mV=K to 505 mV=K . Compared to the bulk
single crystal SnSe [11], the increasing trend of out-of-plane thin
film thermal conductivity is different from that of bulk SnSe, which
has a decreasing trend. The films in this study have much lower
thermal conductivities, and we believe that the difference should
be due to the grain and surface boundary scattering. Since the out-
of-plane thermal conductivity cannot be used directly with in-
plane electrical properties to evaluate zT, we will not give a
particular value of zT in this paper, even based on a very conser-
vative estimation the zT value could be much higher than the bulk
single crystal. Wewill report the in-plane thermal conductivity and
zT value elsewhere.

4. Conclusion

Polycrystalline SnSe thin films were prepared by using PLD at a
normal and an 80� glancing angle on silicon substrates with a
300 nm-thick of silicon oxide. The results reveal that the glancing
angle deposition can greatly reduce the grain size of the thin film
and significantly enhance the Seebeck coefficient and power factor.
The enhancement thermoelectric property can be attributed to the
potential barrier scattering at grain boundaries owing to the
reduced grain size and increased grain boundaries in the film. This
study provides an alternative strategy to enhance the thermo-
electric performance of thin films.
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