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Abstract: 

Tin selenide (SnSe) is a very promising thermoelectric material, but there are few 

reports related to the thermoelectric properties of its thin films, especially for n-type 

SnSe. In this work, n-type SnSe thin films were synthesized via thermal evaporation 

using powdered SnSe that was prepared directly by mechanical alloying. It was found 

that the crystallinity of the films gradually improved and the closer the elemental ratio 

of Sn and Se was to a ratio of 1:1 with increasing the current through the tungsten 

boat during the thermal evaporation of the SnSe precursor from 100 to 130 A. Further, 

the thin films obtained at 120 A show the highest power factor (0.13 µW/mK2) of all 

the samples fabricated in this study. The samples were then annealed, and the 

thermoelectric properties of the films were enhanced as this step improved their 

crystallinities. A Seebeck coefficient of over 100 µV/K could be achieved with an 

annealing time of 4 h. Combined with a recorded electrical conductivity of 47 S/cm, a 

maximum power factor of 120 µW/mK2
 at 473 K has been obtained for the annealed 

film with n-type conductive characteristics; this is nearly six times higher than that 

reported for polycrystalline n-type bulk SnSe at the same temperature. 
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1. Introduction 

Thermoelectric (TE) materials are attracting increasing attention owing to their 

promising applications in waste heat recovery and electronic cooling [1-3]. The 

performance of TE materials can be evaluated by the dimensionless figure of merit, 

ZT = S2
σT/κ, where S is the Seebeck coefficient, σ is the electrical conductivity, T is 

the absolute temperature, and κ is the thermal conductivity. A larger ZT value means a 

higher TE conversion efficiency of the corresponding device. Thus, to obtain a good 

device, excellent electrical transport properties, along with a low thermal conductivity 

to achieve a high ZT for the material, are required. As there is a constraint relationship 

between the electrical and thermal transport properties, the search for practical 

materials with large ZT values is challenging. Thin films with two dimensional 

structures have been received significant attention in the field of TE materials, 

because their thermal and electrical transport properties can be controlled 

independently [4]. In addition, flexible generators made using thin films have 

considerable potential for applications in the microelectronics industry [5,6]. 

Therefore, research into preparing high performance thin films has become important 

within the field of thermoelectricity [7]. 

Tin selenide (SnSe) crystallized with a layered crystal structure is known to be a 

narrow band gap semiconductor with an indirect band gap of 0.90 eV at room 

temperature and direct band gap of 1.30 eV at high temperatures (~750 K) [8]. It has 

been intensively investigated already as it is an earth abundant and environmentally 

benign component of photovoltaic devices such as thin film solar cells, where it is 

used because its band gap falls within the optimum range for photovoltaic 

applications [9, 10]. Recently, SnSe has been investigated for its suitability for TE 

applications because of its environmentally friendly composition and the high ZT 

value of single crystalline SnSe, which is attributed to its extremely low thermal 

conductivity and moderate electrical transport properties [11,12]. However, the 

layered crystal structure causes the poor mechanical properties of the single 

crystalline SnSe, since it can easily cleave along the (001) plane [13]. Therefore, 

researchers have focused their attentions on polycrystalline SnSe owing to its good 
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mechanical properties and easily controlled production conditions. To date, most 

studies on polycrystalline SnSe have focused on p-type SnSe, with only few reports 

related to n-type one [14,15]. In particular, reports on the TE properties of n-type 

SnSe thin films are scarce.  

In this work, n-type SnSe thin films were prepared by thermal evaporation. The 

precursor for the thermal evaporation step was synthesized by mechanical alloying 

using commercial Sn and Se powders; this is a simple and cost-effective approach for 

fabricating high-performance TE materials that has emerged in recent years [16,17]. 

The physical properties of thin films are extremely sensitive to the growth conditions 

and the type of deposition technique employed for their growth. Thus, we investigated 

the composition, microstructure, and TE properties with an emphasis on the effect of 

the synthesis conditions, including the applied current to the crucible holding the 

SnSe precursor during thermal evaporation as well as the annealing temperature.  

 

2. Experimental details 

SnSe thin films were prepared by thermal evaporation using powders that were 

directly prepared by mechanical alloying with commercial Sn (99.999%) and Se 

(99.999%) powders as the raw materials according to the nominal composition of 

SnSe. The thin films were fabricated on 20 mm × 20 mm × 2 mm BK7 glass 

substrates under 4 × 10−3 Pa by using a FJL-520 ultra-high vacuum system with 

different current of 100, 110, 120, and 130 A on tungsten boat. The substrate glass 

slides were cleaned using air-laid paper after being cleaned in an ultrasonic bath of 

(sequentially) acetone, alcohol, and deionized water for 20 min each prior to thermal 

evaporation. After the thermal evaporation step, the films were annealed at 473, 573, 

and 673 K for 1 h under an argon atmosphere at 440 Pa. 

The phase structures of the SnSe thin films were probed using X-ray diffraction 

(XRD, Ultima IV, Rigaku, Japan) with the conventional θ – 2θ mode. The 

microstructures were observed via scanning electron microscopy (SEM, Supra 55 

Sapphire, Zeiss, Germany), and the composition was analyzed by energy dispersive 

spectroscopy (EDS). The thicknesses of all the films were measured by a Dektak3 ST 
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surface-profile measurement system (Ultima4, Rigaku, Japan). The Seebeck 

coefficient and electrical conductivity were recorded simultaneously as a function of 

temperature (from 300 to 473 K) using a Seebeck coefficient/electrical resistance 

measuring system (SBA458, Netzsch, Germany). The Hall mobility and Hall 

concentration were measured using a Hall effect measurement system (HL5500, 

Nanometric, USA). The uncertainty of Seebeck coefficient and electrical conductivity 

measurements is within 5%. Therefore, the combined uncertainty for all 

measurements involved in power factor (PF=S2
σ) determination shown in the plot is 

estimated to be 10%. The standard deviation of the measured power factor below 450 

K is within 5% for three different samples with the same composition and preparation 

technology. 

 

3. Results and discussion 

The phase structure and microstructure of SnSe powder prepared by mechanical 

alloying before thermal evaporation were firstly observed using XRD and SEM. The 

results indicated that all the locations of diffraction peaks of the powder corresponded 

well to those of the standard SnSe (JCPDS#48-1224), indicating that a single, 

orthorhombic SnSe phase was synthesized. The synthesized powder, with nonuniform 

particle size of 100-500 nm in diameter, are aggregated to a certain extent. The 

average ratio of Sn to Se detected by EDS are close to the stoichiometry of SnSe. Fig. 

1 shows the XRD patterns of unannealed SnSe thin films deposited at different 

crucible currents during the thermal evaporation. It shows that the samples are 

amorphous when the applied current is below 110 A. As the current was increased, the 

as-deposited thin films started to show some characteristic diffraction peaks related to 

the (111), (311), and (411) plane of SnSe, indicating that the crystallinity of the films 

gradually enhanced. The SEM images of all samples are shown in Fig. 2. There are no 

obvious crystalline grains for the films deposited with currents of 100 and 110 A. 

However, when the current was increased, more and more crystalline grains appear in 

the films [18]. The ratios of Sn to Se of the as-deposited films obtained under 

different currents were detected by EDS which are presented in Table 1. We found 
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that the ratio of Sn to Se of all the films deviated from 1:1, although the ratio in the 

precursor was nearly 1:1. The content of Sn is obviously greater than that of Se. With 

increasing the applied current, the Se content increased and the ratio gradually started 

approaching 1:1. This means that the evaporation of Se is sensitive to the current 

during the thermal evaporation, which is likely caused by the different saturated vapor 

pressures of Sn and Se [10].  

Fig. 3(a) shows the temperature dependence of the electrical conductivity for all 

unannealed films. The data show that the electrical conductivity increases along with 

the temperature above 350 K owing to thermal excitation, which indicates 

semiconducting behavior. With increasing temperature, the lattice is expanded and the 

orbital overlap between atoms is enhanced. This makes the energy band dispersion 

stronger, which consequently reduces the band gap. Thus, the smaller band-gap at a 

higher temperature made it easier for the carriers to be excited and thereby the carrier 

concentration would be increased. As a result, the electrical conductivity, which can 

be expressed as neσ µ=  (where n is the carrier concentration, µ is the carrier 

mobility and e is the electron charge), increases with increasing temperature. In 

addition, the electrical conductivities show a weak dependence on the thermal 

evaporation current, and the values for the films obtained at different conditions do 

not differ significantly. Around room temperature, the electrical conductivities are 

about 0.25 S/cm. When the temperature increases, the values rise to about 1.5 S/cm at 

450 K. Compared with the reported results for bulk polycrystalline samples, the 

electrical conductivities of our films are lower, which is mainly owing to their lower 

carrier concentrations and mobility [19]. In fact, the Hall carrier concentration and 

mobility at room temperature of a representative film obtained at 130 A were 

measured to determine its transport properties. The results indicate that the carrier 

concentration was 2.56×1017 cm−3, and the carrier mobility was only 2.80 cm2/Vs 

which is nearly one order of magnitude lower than that reported for a comparative 

bulk sample [20]. As discussed above, the crystallinity of that film sample appears to 

be poor. Therefore, we attribute the lower carrier concentration and mobility to the 
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poor crystallinity.  

The temperature dependence of the Seebeck coefficient of the fabricated films is 

shown in Fig. 3(b). It can be seen that all the values are negative, which indicates that 

these samples are n-type conductors with electrons as the dominate carriers. As 

mentioned above, the ratio of Sn to Se of all the films deviated from 1:1, and the films 

exhibited a lack of Se. Thus, Se vacancies will introduce more electrons, leading to an 

n-type conductive mechanism. This result is in agreement with a recent report in 

which a bulk sample with extra Sn was determined to be n-type with a negative 

Seebeck coefficient [21]. Moreover, similar to the electrical conductivity results as 

mentioned above, the Seebeck coefficient also shows a weak dependence on the 

applied current. As shown in Fig. 3(b), the absolute Seebeck coefficient for all the 

films roughly increased as the temperature was increased. Around room temperature, 

the absolute value was about 10 µV/K; when the temperature increased to 450 K, it 

improved to 27 µV/K. However, because of poor crystallinity, all the values were still 

much lower than those reported for bulk samples [13]. Nevertheless, the Seebeck 

coefficient was greatly increased after annealing, which would be discussed below. 

Combing the electrical conductivity and Seebeck coefficient, the power factors 

of the unannealed films were calculated as shown in Fig. 3(c). It can be seen that the 

power factor increases as the temperature increases, and that it rises sharply from 350 

to 425 K. As a result, a slightly higher power factor of 0.13 µW/mK2 was obtained for 

the film prepared at 120 A (as-deposited) because of its slightly higher absolute 

Seebeck coefficient. As discussed above, although the crystallinity of the film was 

enhanced as the Sn:Se ratio approached 1:1 when the thermal evaporation current was 

increased from 100 to 130 A, both the Seebeck coefficient and the electrical 

conductivity displayed weak dependence on the evaporation current. And the values 

of the electrical conductivity and Seebeck coefficient were relatively low because of 

the films' poor crystallinity. Therefore, to improve the TE properties, the films 

prepared at 130 A with the best crystallinity were annealed at 473, 573, and 673 K, 

respectively.  

Fig. 4 shows the XRD patterns of the annealed films. All the samples display 
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three major diffraction peaks, which can be assigned to the (111), (311), and (411) 

planes of SnSe (JCPDS#48-1224). It should also be noted that some characteristic 

diffraction peaks in the range of 2<theta> = 45° to 70° appeared in the films after 

annealing, indicating that the crystallinity had improved. The surface morphologies 

for the annealed films are shown in Fig. 5. The images show that the grains grew after 

annealing. The average grain sizes for the films annealed at 473, 573 and 673 K were 

approximately 27, 50 and 71 nm in diameter respectively, which increased with 

increasing the annealing temperature. Furthermore, the porosity of the films increased 

along with the temperature. It is reported that thermal induced elements segregation 

and evaporation took place in the sample and lead to phase separation as well as 

formation of large voids in the materials [21]. After determining the composition by 

EDS, we found that the Sn content decreased with increasing the annealing 

temperature. Since the film before annealing was Sn-rich sample as mentioned above, 

thus, it is deduced that the Sn elements might segregate preferentially and evaporate 

during thermal treatment, resulting in the formation of voids and reduction of the 

density of the film. The Sn to Se ratio was nearly 1:1 when the annealing temperature 

was either 573 or 673 K. Moreover, the thickness of the film without annealing is 

around 550 nm. After the films were annealed at 473, 573 and 673 K, they have 

gradually reduced to 520, 500 and 100 nm, respectively. Notably, the decrease in 

thickness for the film annealed at 673 K is very pronounced, indicating that the films 

volatilized dramatically. In fact, when the annealing temperature was raised to over 

673 K, no or a few products can be found on the glass substrates because of the 

volatilization, thus practically limiting the annealing temperature to 673 K. 

Fig. 6 shows the electrical transport properties as a function of temperature for 

the films after heat treatment. The electrical conductivity as shown in Fig. 6(a) 

increased after annealing, and generally enhanced along with the annealing 

temperature. After the film was annealed at 673 K for 1 h, the electrical conductivity 

improved to 1.0 S/cm at room temperature, and then increased to 5.0 S/cm as the 

temperature increased to 450 K, which is twice higher than that of the unannealed 

films. Notably, this conductivity is also much larger than that reported for n-type bulk 
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polycrystalline SnSe0.8 at the same temperature [22]. This enhanced electrical 

conductivity might be caused by the increased carrier concentration and carrier 

mobility owing to the heat treatment (which causes a recrystallization), since the 

annealed films have a better crystallinity and larger grain sizes [23,24]. Actually, the 

measured carrier concentration and carrier mobility of the film annealed at 573 K at 

room temperature were 1.53 × 1018 cm−3 and 3.72 cm2/Vs, and those of the film 

annealed at 673 K were 1.69×1018 cm−3 and 4.21 cm2/Vs. These values are larger than 

those of the unannealed film, which were 2.56×1017 cm−3 and 2.80 cm2/Vs, 

respectively. Additionally, it also shows that both of the carrier concentration and 

carrier mobility for the sample annealed at 673 K are slightly higher than those of the 

sample annealed at 573 K. According to the XRD and SEM as mentioned above, the 

annealed films have a better crystallinity and larger grain sizes, which means that the 

grain size has increased and some types of crystal defects gradually disappear during 

the annealing process. Thus, better crystallinity, larger grain size, fewer boundaries 

and defects would all result in the improvement of the carrier concentration and 

mobility because of weak scattering [25,26]. 

The Seebeck coefficients of the films after annealing are shown in Fig. 6(b). All 

the values are negative, suggesting the samples are n-type conductors. The absolute 

Seebeck coefficients are significantly increased compared with that before annealing; 

this was particularly the case for the samples annealed at 573 and 673 K. As discussed 

above, the absolute value for the unannealed film was below 27 µV/K across the 

entire measured temperature range. However, it has improved to 200–250 µV/K after 

the sample was annealed at over 573 K, thus increasing the Seebeck coefficient by 

one order of magnitude compared to the unannealed film. Furthermore, the Seebeck 

coefficient displayed weak temperature dependence, which is similar to the behavior 

reported for n-type bulk polycrystalline SnSe0.8 [22]. Combined with the improved 

electrical conductivity of over 5 S/cm as mentioned above, the power factor is 

significantly enhanced, as shown in Fig. 6(c). A maximum power factor of 21 

µW/mK2 at 450 K was achieved for the film that was annealed at 673 K, which 

displays n-type characteristics. It is worth noting that the power factor in this work is 
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comparable with that reported for n-type bulk polycrystalline SnSe0.8 [22].  

These results indicate that annealing is efficient for improving the TE properties 

of SnSe thin films. Thus we decided to conduct an additional experiment and increase 

the annealing time further to 4 h. We found that the electrical transport properties 

were further enhanced so that they were even comparable to those reported for p-type 

bulk polycrystalline SnSe at the same temperature [20]. As shown in Fig. 7, the 

electrical conductivity was around 25 S/cm at room temperature. As we increased the 

measurement temperature to 473 K, the conductivity increased further to 47 S/cm, 

which is nearly one order of magnitude greater than that of the film annealed for 1 h. 

The measurement results for the carrier concentration and mobility indicate that the 

significant enhancement of the electrical conductivity can be attributed to both the 

increased carrier concentration and mobility. The value of the carrier concentration at 

room temperature is 8.09 × 1018 cm3, while that of the mobility is 19.31 cm2/Vs; these 

values are comparable to those reported for bulk samples. After observing the phase 

structure of the annealed films by XRD, it is found that a small amount of impure 

SnSe2 phase appeared after annealing the films for 4 h. Thus, we propose that the 

enhanced carrier concentration is caused by the SnSe2 impurities, since SnSe2 is an 

n-type conductor [3]. Additionally, the absolute Seebeck coefficient remained at a 

high value (around 140–160 µV/K) across the whole measured temperature range, 

even though it decreased slightly because of the increased carrier concentration. Thus, 

a large power factor of 120 µW/mK2 was achieved at 473 K by annealing the thin 

SnSe film for 4 h owing to the combination of an enhanced electrical conductivity and 

a moderate Seebeck coefficient. This power factor is nearly six times higher than that 

of n-type bulk polycrystalline SnSe0.8 at the same temperature [22]. Usually, the 

thermal conductivity of thin films is lower than that of the corresponding bulk 

material because of the increased scattering introduced by boundaries. Therefore, a 

higher ZT value than that reported for n-type bulk polycrystalline samples would be 

obtained in this work via a larger power factor and a lower thermal conductivity. This 

suggests that using low dimensional films is actually a promising way of achieving 

good properties in n-type SnSe. Moreover, better TE properties should be achievable 
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if the electrical conductivity were further increased by doping the films. In fact, the 

electrical transport property in the present work is much lower than that of the SnSe 

single crystal with Na doping because of the lower electrical conductivity and 

Seebeck coefficient [12]. Since Na doping can lower the Fermi level and increase the 

number of carrier pockets, therefore, the TE properties of the film can be optimizing 

by Na doping. Furthermore, compared with the SnSe thin films by pulsed laser 

deposition [10,27], the present results are comparable to those of the film prepared in 

normal angle deposition, while lower than that prepared in glancing angle deposition. 

It is reported that the glancing angle deposition can greatly reduce the grain size of the 

thin film and improve the Seebeck coefficient and power factor [27]. Thus, combining 

with doping and regulating the microstructure, better TE properties should be 

realizable. 

 

4. Conclusions 

A series of n-type SnSe thin films were fabricated via thermal evaporation using 

a powder that was directly prepared by mechanical alloying. The results indicate that 

the crystallinity of the film is gradually enhanced when the current used in a thermal 

evaporator to supply the evaporation crucible with power is increased from 100 to 130 

A. The evaporation of Se is sensitive to the current applied to heat the crucible, 

leading to the deviation from the ideal 1:1 ratio for Sn to Se. The TE performance 

shows a weak dependence on the thermal evaporator current. However, after 

annealing the films, their electrical transport properties improved significantly. The 

combination of the high Seebeck coefficient of 209 µV/K together with the enhanced 

electrical conductivity of over 5 S/cm results in a maximum power factor of 21 

µW/mK2 for an n-type conductive film prepared with a thermal evaporation current of 

130 A and an annealing temperature of 673 K. Additionally, the electrical conductivity 

was further improved to 47 S/cm by increasing the annealing time. Thus, an even 

higher power factor of 120 µW/mK2 was achieved when the annealing time was 

increased to 4 h, indicating that annealing is an efficient way to improve the TE 

properties of SnSe films. 
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Figure captions 

Fig. 1. XRD patterns of the as-deposited films obtained at different crucible currents 

during the thermal evaporation of the powders. 

Fig. 2. SEM images of the as-deposited films obtained at different crucible currents 

during the thermal evaporation of the powders, namely at (a) 100 A, (b) 110 A, (c) 

120 A, and (d) 130 A. 

Fig. 3. Electrical transport properties as a function of temperature for the films 

obtained at different thermal evaporation current intensities. Panel (a) shows the 

electrical conductivities, panels (b) shows the Seebeck coefficients, and panel (c) 

shows the power factors. 

Fig. 4. XRD patterns of the as-deposited films after heat treatment at different 

temperatures. 

Fig. 5. SEM images of the as-deposited films after heat treatment at different 

temperatures, namely at (a) 473 K, (b) 573 K, and (c) 673 K. 

Fig. 6. Electrical transport properties as a function of temperature for the SnSe thin 

films annealed at different temperatures. Panel (a) shows the electrical conductivities, 

panel (b) shows the Seebeck coefficients, and panel (c) shows the power factors. 

Fig. 7. Electrical transport properties as a function of temperature for the films after 

annealing for either 1 or 4 h. Panel (a) shows the electrical conductivities and the 

Seebeck coefficients, and panel (b) shows the power factors. 

 

Table 1 The composition of Sn to Se of the as-deposited films obtained under 

different thermal evaporation current as detected via EDS. 

Current intensity (A)  Sn (at％％％％)  Se (at％％％％)  Sn/Se ratio  
100  99.4  0.6  165.5  
110  71.7  28.3  2.5  
120  62.7  37.3  1.7  
130  57.2  42.8  1.3  
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Highlights 

1. N-type tin selenide thin films were synthesized by thermal evaporation. 

2. The electrical transport properties of the films after annealing have greatly 

improved. 

3. A maximum power factor of 120 µW/mK2 was achieved at 473 K for the annealed 

film. 


