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Abstract: Ⅳ-Ⅵ SnSe single crystal is an attractive thermoelectric (TE) material due to its outstanding TE behavior 

and environment friendly charactistic. In this work, an effective way for SnSe single crystal growth was explored, and 

the mechanical property of the as-prepared product was investigated. Undoped SnSe single crystal with accurate 

stoichiometric ratio was successfully grown via a vertical Bridgman method. The as-grown SnSe single crystal has 

standard orthorhombic Pnma space group at room temperature. It is easy to cleave along (100) plane because of its 

weak link between adjacent Sn-Se layers. Microindentation test reveals that SnSe single crystal is a very soft material 

as its average Vickers microhardness HV is only 53 MPa under 0.01-0.05 kg applied loads. However, it displays 

excellent fracture toughness due to strong heteropolar bonds between Sn and Se atoms inside (100) plane. The friction 

coefficient COF on (100) is increased from 0.09 to 0.8 as the scratch load is added from 5 to 300 mN. This work is of 

great significance to provide the mechanical property of SnSe single crystal. 
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During the past decades, thermoelectric (TE) material 
has attracted much attention as it can transfer heat dire-
ctly into electricity and vice versa[1-3]. The conversion 
efficiency is evaluated by the dimensionless thermoe-
lectric figure of merit ZT= (S2Tσ)/(ktot), where S is the 
Seebeck coefficient, T is the absolute temperature, σ is 
the electrical conductivity, and ktot is the total thermal 
conductivity[4]. Therefore, the searching of TE material 
with excellent ZT has become a significant target. In 

recent years, there is a Ⅳ-Ⅵ SnSe single crystal has 

been investigated extensively due to its outstanding TE 
behavior and environment friendly charactistic. In 2014, 
Zhao, et al[5]reported that the p-type SnSe single crystal 
showed an unprecedented ZT of 2.6 along (100) plane 
due to the ultra-low thermal conductivity. From then on, 
the research of SnSe single crystal had become a hot 
point around the world, and high ZT values were reported 
also in several groups[6-7]. And the n-type SnSe single 
crystals with ZT values of 2.2 and 2.8 were also achieved 
by PbBr2 and Bi doping[8-9]. Therefore, it is no doubt that 
the breakthrough of SnSe single crystal opens up a bright 
future for TE application. 

However, it should be pointed out that most of the 

present researches about SnSe single crystals are focused 
on its TE properties, other equally important information 
such as the mechanical performances are serious in 
shortage. It is imaginable that if SnSe single crystal is 
processed for TE module fabrication and then put into 
service, the material will inevitably experience com-
plicated shocks and stress. Under this condition, the 
mechanical properties of SnSe single crystal would be 
essential to estimate whether it is proper for commercial 
application or not. According to publications, most of the 
work related to mechanical properties rely on SnSe poly-
crystalline, which usually prepared through hot pressing 
(HP) or spark plasma sintering (SPS) techniques[10-11]. 
Only a few study about SnSe single crystal is delivered 
up to now. For example, Zhao, et al[12] revealed the 
lowest ideal strength of SnSe single crystal is 0.59 GPa 
under the (100)/<001> shear load by density functional 
theory calculation. In present work, we aim to inve-
stigate the mechanical behaviors of SnSe single crystal 
through micro-indentation and nanoscratch approaches. 
Pure SnSe single crystal is successfully grown via a 
vertical Bridgman method in the experiment, then, 
several mechanical parameters such as microhardness, 
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fracture toughness and friction constant on (100) are 
declared. 

1  Experimental 

1.1  SnSe crystal growth 
99.999% purity Sn and Se elements were used as raw 

materials for polycrystalline synthesis. They were wei-
ghted according to the standard stoichiometric ratio and 
the total weight was 98.6 g. In order to prevent SnSe 
from oxidation once the utilized quartz ampoule was 
crack, an outside ampoule was simultaneously employed 
and they were all sealed with ~10–2 Pa vacuum. Sn and 

Se reacted in a 900 ℃ rocking furnace which worked at 

a 20–25 r/min speed to enhance SnSe synthesis homo-
geneously. After that, SnSe single crystal growth was 
carried out in a homemade vertical Bridgman furnace. 
Fig. 1(a) shows the schematic diagram of the furnace, 
and the sealed quartz ampoule with SnSe polycrystalline 
was placed into the chamber and supported by a steel 
pillar. Fig. 1(b) exhibits the temperature profile of the 
furnace along vertical direction. The heating zone was 
about 200 mm in height, and the highest temperature was 

designed about 950 ℃. After SnSe polycrystalline was 

totally melted, SnSe crystal growth was executed through 
the lowing system at a 1.0 mm/h rate, and the temperature 

gradient for crystallization was 10–15 ℃/cm. After all 

solution was exhausted, the furnace was cooled to room 
temperature naturally. 

1.2  Characterization 
The phase structure and crystal direction of SnSe 

crystal was analyzed by X-ray diffraction (Bruker D8, 
Germany) using Cu Kα radiation (λ=0.15406 nm) at 
room temperature. The X-ray rocking curve of SnSe 
crystal was detected by D8 Discover (Bruker AXS, 
Germany). The configuration of crystal surface was 
examined by Energy Dispersive Spectrometer (Oxford 
Instruments, Britain), and the composition was tested by 

an EDAX system (Gemsis Software V 4.61). Vickers’ 
microhardness equipment (Wilson-Wlpert Tukon 2100B) 
with a diamond square pyramid indentor was employed 
to induce indentations by keeping the indentor to the 
crystal surface for 10 s in all cases. The distance of 
indentations were enough far from each other so that the 
surface effects could be avoided. As for friction property 
evaluation, the nanoscratch tests were carried out via a 
Hysitron Triboindenter (MTS Systems Co., Oak Ridge, 
USA). A 90º cono-spherical diamond tip was used for 
scratching, and the scratch speed was set as 0.5 µm/s. 

2  Results and discussion 

Fig. 2(a) shows the as-grown SnSe crystal that is 
broken into parts by hand. It is noticed that the fracture 
surface display bright mirror gloss which is much similar 
to those of other SnSe single crystals prepared by vertical 
gradient frozen (VGF) and horizontal Bridgman (HB) 
methods[6-9]. Such crack behavior is contributed mainly 
by the special layer structure of SnSe. In a single 
crystalline layer, each Sn(Se) atom connects to three 
neighboring Se(Sn) atoms though strong heteropolar 
bonds, however, the adjacent layers are weakly bonded 
with each other as the bonding between them is van der 
Waals forces[12]. As a result, SnSe single crystal is easy to 
cleave along the (100) plane[5]. The SEM configuration 
in Fig. 2(b) shows this type of cleavage habit. 

In Fig. 3(a), a 5 mm× 10 mm SnSe wafer along bc 
plane peels off from the crystal. XRD measurement 
indicates that the cleavage facet is precisely (100) as only 
(400) peak is detected in the range of 20°–50° diffraction 
angle. For comparison, the X-ray powder diffraction 
pattern of SnSe is also demonstrated. Obviously, all 
diffraction peaks are found matched well with the stan-
dard PDF#48-1224 card, which means that the present 
SnSe single crystal has an expected orthorhombic Pnma 
space group at room temperature. However, it should be 
noted that the strongest peak in the XRD pattern is (400) 

 

 
 

Fig. 1  Schematic diagram of vertical Bridgman furnace (a) and temperature profile along vertical direction (b) 
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Fig. 2  As-grown SnSe crystal (a) and SEM morphology of the cleavage plane (b) 
 

 
 

Fig. 3  XRD of (100) SnSe single crystal and powder (a) and X-ray rocking curve of (100) single crystal surface (b) 
 

but not (111), which is inconsistent with the standard 
map. This result can be explained as SnSe powder is apt 
to possess (400) orientation when the crystal is ground 
due to its great cleavage inertia. Based on the XRD data, 
the crystal lattice parameters a, b and c are calculated to 
be 1.1493, 0.4156 and 0.4441 nm, respectively, by a 
general structure analysis system, which match well with 
the previous result[13]. Fig. 3(b) shows the X-ray rocking 
curve of (100) SnSe single crystal, which indicates the 
full width at half maximum (FWHM) is ~0.42°. In order 
to clarify the chemical composition of SnSe, EDS 
analysis is carried out. The mole ratio of Sn to Se is 

detected nearly 0.99 : 1 that is slight deviated from 
standard stoichiometric ratio, as shown in Fig. 4(a). 

Fig. 4(b) displays the linear EDS map of elements, it is 
observed that both Sn and Se are homogeneously 
distributed in a 80 µm scanning length. 

Fig. 5(a) shows the schematic diagram of micro- 
indentation for mechanical properties evaluation, where 
d1(d2) and 2c1(2c2) represent the length of indentation 
diagonals and cracks, respectively. Vickers micro-   
hardness HV is an important parameter, describing the 
ability of blocking hard objects. it is usually calculated 
according to the following formula[14]: 

 
2

1.85HV 44
P

d
     (1) 

Where P is the applied load in kilogram, d is the average 
indentation diagonal length in micrometers measured 

 

 
 

Fig. 4  Composition analysis on (100) plane of SnSe single crystal (a) and linear EDS map of Sn/Se elements (b) 
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through a filar micrometer eyepiece. In the experiment, 
three loads (P=0.01, 0.025 and 0.05 kg) are adopted for 
testing. The relationship of d and HV with P display in 
Fig. 5(b). It is found that d linearly increases from 19.07 
to 41.24 µm as P is added. However, the corresponding 
HV varies slightly with the average value of about 
53 MPa. This HV is on the same level compared to that 
of Sn0.985Na0.015Se polycrystalline (69.6 MPa) fabricated 
by SPS, but is much lower than those of Bi2Te3-based, 
PbTe-based and half-Heusler alloys[15-18], which means 
SnSe single crystal is a very soft material.  

Fracture toughness Kc is another significant parameter 
to estimate the resistance to cracking. The calculation of 
Kc depends on the ratio of c/a[14]: 

 3/2
c ( / )K kP c   c/a > 2.5     (2) 

 1/2
c ( / )K k P al   c/a≤2.5   (3) 

Where a is half of diagonal length, l= c–a is the mean 
crack length, the constant k is 1/7 for Vickers indenter. 
The insert picture in Fig. 5(b) illustrates an indentation 
pressed by 0.05 kg load. It is noticed that little or no 
cracks are taken place from the diagonal points, such 
phenomenon means that the crack length l is nearly zero 
and Kc is infinity. Besides, it should be paid attention that 
the crystal surface around indention is sunken or arched 
up, which is seldom observed in other brittle mater-
ials[19-21]. These results declare that SnSe single crystal 
has wonderful fracture toughness which mainly benefits 
from the strong heteropolar bonds between Sn and Se 
atoms inside (100) plane.  

Fig. 6(a) displays the relationship of friction coeffi-
cient COF with scratch time by 5 mN scratch load. It is 
observed that COF is frequently waved around an 
average value ~0.09. Fig. 6(b) is the dependence of 
horizontal force Fz on scratch time. Fz demonstrates 
regular change and the periodic time is about 0.67 s. As 
the applied load is added to 100 mN, COF varies 
intensely along with scratch time in Fig. 6(c). This 
phenomenon is mainly attributed to the deeper pressing 

depth of nanoindenter on crystal surface after the load is 
increased. As nanoindenter keeps moving forward, 
multi-layer SnSe sheets are lifted up due to the weak van 
der Waals force between SnSe layers, as a result, the 
oscillation of friction coefficient is happened. The 
average COF value under 100 mN load is ~0.35, which is 
almost four times as high as that under 5 mN load. 
Fig. 6(d) is the corresponding relationship of Fz with 
scratch time. It shows that Fz randomly fluctuats in the 
course of nanoindenter moving, verifying the irregular 
variation of COF under 100 mN load. 

Furthermore, as the applied load is increased to 300 mN, 
the change of COF with scratch time becomes much 
regular in Fig. 6(e). COF value changes from peak 
(trough) to trough (peak) in every 2.5 s, and the average 
COF is near 0.8 (the highest and lowest COF is 1.2 and 
0.4, respectively). Fig. 6(f) shows the dependence of Fz 
on scratch time, it is found that Fz would reach a lowest 
value during a period time which matches well with the 
change of COF. This phenomenon is mainly due to the 
special adhesion-slip motion of nanoindenter on (100) 
SnSe surface. At the beginning, nanoindenter is pressed 
into the crystal. Then, as nanoindenter is scratched, the 
movement of nanoindenter would be opposed remarkably 
by the plastic deformation of SnSe and protruding 
portions of the material in front of nanoindenter. As a 
result, the Fz value increases gradually. When Fz is 
accumulated to a certain extent, crystal slip will induce 
COF to decrease sharply. After that, the above process 
will circularly happens with the COF/Fz curves periodic 
ally changed.   

In order to better understand the friction performance 
of (100) SnSe crystal, a ramping load mode is also 
introduced. Fig. 7 shows the data that measured under 
0–300 mN load within 30 s. It is noticed that as the load 
is evenly increased, the indentation depth is linearly 
added, and the final depth reaches 0.18 mm. As for COF, 
three stages could be divided from the shape of diagram. 
Firstly, COF is kept on a low level in early 7.5 s which 

 

 
 

Fig. 5  Schematic diagram of microindentation (a), dependence of average indentation diagonal  
length d and microhardness HV on applied load (b) 
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Fig. 6  Relationship of friction coefficient COF and horizontal force Fz with scratch time under 5 mN (a-b),  
100 mN (c-d) and 300 mN (e-f) applied load 

 

 
 

Fig. 7  Relationship of nano-indentation depth, friction coef-
ficient COF and horizontal force Fz with ramping load from 0 
to 300 mN 

 
means that the crystal surface is much smooth under 
small load. This phenomena is in consistent with the result 
as Fig. 6(a) illustrates. Secondly, in range of 7.5–13.5 s 
time, the applied load is increased from 75 mN to 135 mN. 
During this stage, the COF variation follows the trend as 
Fig. 6(c) described. Finally, as the applied load is further 
raised, COF starts to change periodically. These COF 
variation rules repeatedly declare the different friction 
mechanisms as exhibited above. As for Fz, the value is 
almost linearly increased, however, several tortuous 
points might attribute to the slight press fluctuation of 
nanoindentation on (100) SnSe single crystal surface. 

3  Conclusions 

SnSe single crystal is an attractive thermoelectric ma-
terial. The as-grown SnSe crystal has standard orthorho-
mbic Pnma space group at room temperature by vertical 

Bridgman method. The average Vickers microhardness Hv 
is measured to be only 53 MPa under 0.01–0.05 kg load, 
which implies SnSe single crystal is a very soft material. 
Nevertheless, it exhibits excellent fracture toughness as 
none crack is propagated from the indentation diagonal 
points. The friction coefficient COF on (100) is measured 
as 0.09, 0.35 and 0.8 under 5, 100 and 300 mN scratch 
loads, respectively. 
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坩埚下降法生长 SnSe 单晶及其力学性能研究 

金 敏 1, 白旭东 1,2, 赵 素 1, 张如林 1, 陈玉奇 1, 周丽娜 1 
(1. 上海电机学院 材料学院, 上海 201306; 2. 上海理工大学 材料科学与工程学院, 上海 200093) 

摘 要: Ⅳ-Ⅵ SnSe 单晶是一种引人注目的热电材料, 不仅热电性能优异而且还具有环境友好的特征。本工作探索了

一种制备 SnSe 单晶的技术, 并对产品的力学性能进行研究。利用坩埚下降法成功生长了化学计量比准确的非掺杂

SnSe 单晶, 其在室温下具有标准 Pnma 正交相结构。由于 Sn 层与 Se 层之间的结合力非常弱, SnSe 单晶很容易沿(100)

面解理。显微压痕测试表明 SnSe 单晶十分柔软, 0.01~0.05 kg 载荷下的平均显微维氏硬度 HV 仅为 53 MPa。然而, 得

益于层内 Sn和 Se原子之间强烈的极性耦合, SnSe单晶沿(100)面却展现出了优异的断裂韧性。纳米划痕实验显示 SnSe

单晶(100)面在 5~300 mN 划痕压力范围内的摩擦系数 COF 可从 0.09 增加到 0.8。本工作对完善 SnSe 单晶的力学性能

信息具有重要意义。 

关  键  词: SnSe 单晶; 坩埚下降法; 力学性能 
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