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Abstract 

This work aims at improving the quality of the highly (100)-orientated SnSe thin 

films for thermoelectric applications. The as-deposited films were obtained by 

controlling the basic parameters including target-to-substrate distance, deposition time 

and growth temperature through pulsed-laser deposition. The films quality was further 

improved by vacuum thermal annealing. The microstructure and crystalline structure 

of the films were studied by X-ray photoelectron spectroscopy, X-ray diffraction, 

electron probe micro-analyzer, electron back-scatter diffraction, atomic force 

microscope and Raman spectroscopy. The SnSe thin films grown on SiO2/Si substrate 

at 673 K followed by thermal annealing at 673 K for 30 min show the best crystal 

quality and uniform orientation with mirror-like surface, and the corresponding 

Seebeck coefficient and power factor are about 383 V/K and 15.4 W/mK2, 

respectively. Angle resolved polarized Raman spectroscopy proved that the surface of 

the SnSe films is the b-c plane with preferred (100) orientation crystalline over a large 

area, providing an important way to prepare thermoelectric thin film devices by pulse 

laser deposition. 
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Introduction 

Thermoelectric materials (TE) are widely concerned and studied because they can 

be used in thermoelectric power generation, refrigeration and waste heat recovery based 

on the Seebeck and Peltier Effects [1-4]. The TE device exhibits many attractive 

advantages, including small size, light weight, controllable, cleanness without any 

environmental pollution, long service life [5]. Currently, the most commercially 

available materials for the thermoelectric industry are bismuth telluride (Bi2Te3-based) 

and lead telluride (PbTe-based) thermoelectric semiconductor materials [3]. However, 

it remains a significant challenge to realize the widespread application of this kind of 

devices due to the use of expensive rare, heavy metal toxic materials. Therefore, it is 

particularly important to seek the thermoelectric semiconductor materials with 

abundant earth, non-toxic and high performance. 

Recently, tin selenide (SnSe), an environmentally friendly TE materials, has been 

received much attention due to its intrinsically low thermal conductivity and record 

high performance [6-13]. Zhao et al. have established the world record performance 

with dimensionless figure of merit (zT = S2σT/κ) values of 2.6 and 2.3 at 923 K along 

the b- and c-axis, respectively [6], owing to the intrinsic low thermal conductivity 

coupled with a high hole mobility, where S is the Seebeck coefficient, σ is the electrical 

conductivity, and T is the absolute temperature. However, it is a big challenge to apply 

SnSe single crystals in practical TE devices due to the poor mechanical properties, 

complex crystal growth conditions, and high production costs. Therefore, efforts have 

been focused on growing and preparing high TE performance of polycrystalline SnSe 

with good mechanical property [14, 15]. Although it is easier to grow polycrystalline 

materials than single crystal, the main problem of polycrystalline materials is their 

relatively poor texture and orientation, which seriously affects the carrier mobility and 

overall performance. 

Since L. D. Hicks and M. S. Dresselhaus proposed that the low dimensionality of 

quantum well superlattice materials can greatly improve the zT value, the study of TE 

thin films has been promoted for modern micro-thermoelectric devices, such as 

microchips, minifridges, autonomous wireless sensors and wrist watches [16, 17]. To 



date, various of techniques have been used to fabricate SnSe thin films. M. R. Burton 

et al. reported the first thermoelectric generator based on SnSe films grown via a 

thermal evaporation method [18]. S. Anwar et al. synthesized SnSe thin films by spray 

pyrolysis technique in a simple and low-cost way [19]. -SnSe thin films produced by 

selenization of magnetron sputtered tin precursors was reported by V. Reddy et al [20]. 

Among these techniques, the texture of the films is not well controlled, leading to a 

decrease in carrier mobility, similar in polycrystalline materials. Wang et al. reported 

the SnSe (111) film with a rock-salt phase which was epitaxially grown on Bi2Se3 

surface by molecular beam epitaxy (MBE) method [21]. But, its complexity and high 

cost limited the widespread application. Pulsed laser deposition (PLD) is an effective 

technique for producing high quality thin film. T. Inoue et al. synthesized SnSe films 

on three kinds of different single-crystalline substrates by PLD using Se-rich targets 

[22], B. E. Matthews et al. also used PLD method to fabricate polycrystalline thin films 

of the metastable heterostructural Sn1xCaxSe on amorphous SiO2 substrate [23]. 

Therefore, it is particularly important to prepare large-area highly oriented SnSe films 

through a relatively simple PLD process. 

In the present work, smooth, continuous and large area of highly-orientated SnSe 

thin films were deposited by the PLD technique. Post-annealing process was performed 

at various temperatures to further improve the crystalline quality. Thin films were 

characterized using X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), 

electron-probe micro-analyzer (EPMA), electron back-scatter diffraction (EBSD), 

atomic force microscope (AFM) and Raman spectroscopy for a better understanding of 

the SnSe thin films. Growing (100)-oriented crystalline SnSe thin films over a large 

area by PLD technique provides an important way to prepare thermoelectric thin film 

devices in the future. 

2. Experiment method 

2.1 Target and substrates 

Pure Sn granules (99.999%) and Se powder (99.99%) were weighed carefully 

according to the stoichiometry of Sn : Se = 1.0 : 1.1 (SnSe1.1) [22, 24], and the samples 

were loaded into quartz tube and sealed under 5  104 Pa. The tube was heated up to 



1273 K over 12 hours, kept at that temperature for 10 hours, and then the furnace cooled 

to the room temperature subsequently. The obtained ingots (15 g) were crushed into 

powder, and it was densified to be the target by spark plasma sintering (SPS) with a 

graphite die (Φ = 2 inch) at 730 K for 5 minutes under a pressure of 45 MPa. Substrates 

with dimensions of 12  12 mm2 consisted of p-type Si wafers coated with a 200 nm 

film of thermal silicon dioxide. The substrates were pre-cleaned with neutral detergent 

and deionized water and then they were ultrasonically cleared in acetone and anhydrous 

ethanol for 30 minutes, respectively. 

2.2 Thin films deposition and annealing 

Thin films of SnSe were grown by a self-designed pulse laser deposition (PLD, 

CHI-VAC Research & Development Co., Ltd) system. UV pulses (duration 15 ns) from 

a KrF excimer laser (Coherent, Lambda Physik COMPexPro201F,  = 248 nm, 5 Hz 

repetition rate) were focused on the SnSe1.1 target. Prior to thin film deposition, pre-

sputtering process was done. A baffle was first placed between the target and the 

substrate, and the surface of the target was ablated with 3000 pulses (5 minutes) under 

vacuum with the 5 Hz repetition, to remove native oxides and contaminants on the 

surfaces of the target. Afterward the fresh SnSe exposed. The target rotates in the 

opposite direction from the substrate and the vacuum of the chamber was kept around 

2  104 Pa. The optimized deposition conditions were used for deposition SnSe on 

SiO2/Si substrate has been described in Table 1. 

The as-deposited SnSe thin films were loaded into the quartz tubes and sealed 

under 2  105 Pa. Then tubes were placed in the middle of the furnace (KSL-1200X) 

to make sure the actual annealing temperature is close to the setup temperature as 373, 

473, 573, 623, 673, and 773 K with a 5 K/min of heating ramp. The soaking time is 30 

min for all samples, and then cooled to room temperature naturally. The effect of 

annealing temperature on thin film quality, orientation, distribution and morphology of 

the as-deposited films was studied. Temperature-dependent thermoelectric properties 

of these SnSe films were also characterized and analyzed. 

2.3 Characterizations and analysis 

Structural Characterization: The crystal structure of the resultant thin films was 



characterized by X-ray diffraction (XRD) with Cu Kα radiation ( = 1.5418 Å). 

Additionally, either a PANalytical X’pert or a Rigaku Smartlab diffractometer was used 

with similar parallel beam optics. Out-of-plane  scans (2 = 31.2) as well as in-plane 

pole figure performed with the Rigaku Smartlab instrument. 

Micro-Raman spectroscopy was carried out in backscattering geometry using a 

confocal Raman microscope (Horiba HR Evolution) equipped with continues wave 

green laser ( = 532 nm) and 100  objective. The spectrum was recorded over the 

range of 40 cm1 to 200 cm1 under 1800 groove/cm holographic grating. The laser 

power on the sample was adjusted to  0.2 mW to avoid thermal effect and the 

acquisition time was 300 s for each spectrum. For angle resolved polarized Raman 

spectroscopy (ARPRS), a polarizer was placed between incident laser and film, an 

analyzer was placed between edge filter and detector to obtain the parallel and 

perpendicular polarization configuration. 

Morphological Characterization: The morphology and roughness of SnSe films 

were measured by AFM (Asylum Research, MFP-3D). EBSD was collected with a 

NordlysMax2 detector (Oxford Instruments) integrated with a JEOL JSM-7800F 

FESEM system. The acceleration voltage was 15 kV and the sample tilted at 70. The 

crystallographic orientation data was collected using the Aztec EBSD data acquisition 

software and post-analyzed using the HKL Channel 5 package for crystallographic 

orientation mapping. 

Photoelectron Spectroscopy: Surface analysis of the films was performed on an X-

ray photoelectron spectroscopy (Thermo Scientific EscaLab 250Xi) using a 

monochromatized Al anode x-ray source (h = 1486.6 eV) equipped with an ion sputter-

gun. The ultra-high vacuum chamber with a base pressure of 1  1010 mbar. Sputtering 

was performed with 1 kV Ar+ for 30 s leading to a typical sputtering depth of 1 nm. As 

a result, the SnSe film surface was exposed and the possible contaminations such as C 

and O were partially removed. The resolution was determined to be 0.43 eV, which 

gives an uncertainty of ± 0.05 eV for the banding energy. The spectra were calibrated 

by the C 1s peak at 284.6 eV. XPS core levels of Sn and Se were not affected by the 

measurement angle, and the data shown were measured at 90° (perpendicular to the 



substrate). 

Electron probe micro-analyzer (EPMA, JXA-8530F Plus, JEOL, Japan) was used 

to determine the distributions of Sn and Se in the annealing SnSe thin film with a spatial 

resolution of 1 mm. The EPMA was equipped with fives X-ray spectrometers and 

operated under an acceleration voltage of 8 kV and 10 nA stabilized beam. Full 

wavelength dispersive spectrometry (WDS) mode was employed. 

The thicknesses of the SnSe films on SiO2/Si substrates were determined by cross-

sectional scanning electron microscopy (SEM) (Thermo Fisher, Quattro S), and the 

uniformity of film thickness was characterized by a film thickness gauge (F50, 

Filmetrics, USA) with a 1.5 mm spot size. 

The Seebeck coefficient and the conductivity of the films were characterized by 

the MRS system from JouleYacht at a temperature range from RT to 573 K; the Seebeck 

coefficient was measured by a dynamic method, and the conductivity was measured by 

a four-point probe method. 

3. Result and discussion 

Both Sn and Se doublets from the as-deposited SnSe thin film were examined by 

the high resolution XPS and the results are shown in Figure 1(a) and (b), respectively. 

Distinctive Sn 3d and Se 3d peaks indicate the orthorhombic phase in our SnSe thin 

film, where the 3d3/2 and 3d5/2 peaks for Sn appear at 493.55 eV and 485.14 eV, 

respectively, with a separation of 8.41 eV. While 3d3/2 and 3d5/2 peaks for Se appear at 

53.89 eV and 53.02 eV, respectively, with a separation of 0.87 eV, indicating that the 

Sn-Se bonding is agree with the binding energies of Sn2+ and Se2 in the previous 

reports [18]. It is apparent that the sharp peaks with full width half maximum (FWHM) 

< 1 eV indicate a single bonding environment with no evidence of a Sn4+ peak at 486.7 

eV or a Se4+ peak in the region of 58~59 eV [25]. 

The distributions of Sn and Se in the 673 K annealed film were unambiguously 

revealed by EPMA color mapping as shown in Figure 1(c, d). One can see that the two 

elements are evenly distributed over the 10  10 mm2 area, and a random line is selected 

for scanning to get composition ratios of the sample. Figure 1(e) shows that the Sn : Se 

atom ratio is around 1, suggesting a stoichiometric proportion. 



XRD patterns for the SiO2/Si substrate and as-deposited thin film were shown in 

Figure 1(f). According to XRD analysis, the peaks in these patterns with negligibly 

weak in accord with the JCPDS 48-1224, which is the low temperature orthorhombic 

phase (space group Pnma (#62)) of SnSe. As depicted, the main peaks are 

corresponding to the (h00) preferential atomic planes of SnSe [26]. This texturing was 

further demonstrated macroscopically by the strong intensity at the center of the (400) 

pole figure for the SnSe thin film as shown in Figure 2(a), which represents normal 

hemispherical stereographic projections of the specific crystal planes, and only (400)-

orientation grains can be observed clearly [26]. Furthermore, the orientation factor f of 

(h00) plane using Lotgering’s method had been calculated from the XRD data to 

estimate the degree of orientation for the annealed SnSe thin films [26, 27]. It was 

evaluated by following equations: 

 𝑓 =
௣ି௣బ

ଵି௣బ
 (1) 

 𝑝 =
∑ ூ(௛଴଴)

∑ ூ(௛௞௟)
 (2) 

 𝑝଴ =
∑ ூబ(௛଴଴)

∑ ூబ(௛௞௟)
 (3) 

where I and I0 are the intensities of the XRD peaks for the sample and the reference, 𝑝 

and 𝑝଴ represent the relative quantity of (h00) reflections to that of all reflections for 

the sample and the reference, respectively. The estimated orientation factor 𝑓 of the 

current SnSe thin film achieves an excellent orientation factor over 0.99 due to the super 

strong (h00) intensity, indicating an excellent textured structure close to the ideal 

crystals. Owing to the highly textured structure, the SnSe films would exhibit high Hall 

mobility to get good electrical properties [28]. 

Electron backscatter diffraction (EBSD) images were obtained to further 

investigate the SnSe grain orientation deposited by PLD technique. Compared to the 

macroscopic measurement and analysis in XRD, EBSD is more sensitive to the surface 

texture in microscopic measurement [29]. Figure 2(b) shows an EBSD image quality 

(IQ) map from the center region of the SnSe film annealed at 623 K which is generally 

representative of the microstructure observed in the films, the microstructure of the 

grain boundary is clearly observed from the high resolution of a magnified region. 



Figure 2(c) shows the 256 colour relative Euler map of the corresponding area, in 

which the primary colors are proportional to the three Euler angles provided by the 

software. In many cases, regions of similar orientation have similar colors [30]. Figure 

2(d) shows the corresponding EBSD inverse pole figure (IPF) orientation map, color 

represents the crystallographic orientation of the annealed film along with the (100) 

direction [31, 32]. Black region stands for non-indexed point areas caused by small size 

of grains that are below the effective spatial resolution. 

The morphology of the SnSe thin films varied from different annealing 

temperatures were also studied by AFM as shown in Figure 3(a-g). The size of grains 

grows from few nanometers to more than 300 nm, and the shape of grains changes from 

pellet to prismatic during increasing annealing temperature from room temperature to 

773 K, together with an increase of the overall roughness. RRMS (roughness root mean 

squared) were measured on the 1  1 m2 AFM profile for each sample and yielded 

values from 0.6 nm to 5.8 nm in Figure 3(h). The progression of RRMS roughness for 

as-deposited and annealed SnSe films is concomitant with crystallite size changes 

indicating grain growth directly influences the surface roughness. Higher surface 

roughness can be expected for larger grain cluster due to larger height difference 

between peak and base of grains. 

Figure 4(a-f) show the thickness of the annealed SnSe films around 400 nm at 

different annealing temperatures by cross-sectional SEM back-scattering images at high 

magnification. The low magnification cross-sectional images are shown in Figure S1. 

Figure 4(g) shows the thickness uniformity of the PLD SnSe thin film on the 10  10 

mm2 SiO2/Si substrate which annealed at 673 K, evaluated by mapping its thickness 

with 21 points by film thickness gauge at room temperature. The film thickness on the 

entire substrate is around 407  20nm, and the non-uniformity can be further improved 

by centering the substrate when deposition process. 

The crystallinity of the as-deposited and annealed films was studied by XRD. 

Figure 5(a) shows the -2 XRD patterns of the SiO2/Si substrate, the as-deposited and 

annealed films in vacuum with various annealing temperature, respectively. The as-

deposited films were improved from target-substrate distance, deposition time and 



grown temperature, respectively as shown in Figure S2. Figure 5(b) shows an expand 

view of the (400) plane in the range of 30.4 ~ 32.0 to observe the (400) peak intensities, 

positions, and its FWHMs (the full width at half maximum) clearly. On the one hand, 

the intensity of the (400) peaks increases by the annealing temperature from RT to 673 

K, and then decreases at higher annealing temperature. The sharp and strong peaks of 

the annealed films were attributed to the improved crystallinity caused by the annealing 

process, but became worse at higher annealing temperature. On the other hand, the 

FWHMs of the (400) peaks decrease by the annealing temperature from RT to 673 K, 

and then increase at higher annealing temperature depicted in the inset of Figure 5(b), 

indicating an improvement in the crystal quality of the SnSe thin films by the annealing 

process and then became worse at higher temperature. As shown in the Figure 5(b), the 

main peak of (400) shifts to the higher angle when the annealing temperature increased. 

Based on the Bragg’ law, 2dsinθ = nλ, we can conclude that the interplanar spacing d 

decreases when annealing temperature increase, indicating the residual stress is 

released when the annealing temperature increases. As such, the experimental results 

are in good agreement with the theoretical expectations as obviously shown in the inset 

of Figure 5(b) in the temperature range from 473 K to 573 K. The lattice parameters of 

SnSe films annealed at different temperature were refined from the XRD data as shown 

in Table 2. We noticed that the lattice parameters of SnSe continuously evolved with 

the increasing temperature, all samples were Pnma phase [33]. Figure 5(c) shows the 

XRD rocking curves of the annealing temperature effect on the SnSe thin films, the 

narrowest FWHM of (400) peak is 1.18 at 673 K, strongly supporting that 673 K is the 

best annealing temperature to improve the SnSe thin film in our experiment. As a result, 

annealing treatment can effectively improve the crystallization quality of the film. 

To confirm the phase purity and the crystalline quality of the SnSe thin films, 

Raman spectroscopy analysis was carried out due to this method is more sensitive and 

non-destructive to compositional and structural changes in the materials [34]. Figure 

5(d) shows the Raman spectra of the as-deposited and different annealed temperatures 

of SnSe thin film in a range of 40-200 cm1. The Raman peaks can be detected at 70, 

104, 127 and 151 cm1, respectively, which are consistent with previously reported 



values, and these four peaks are assigned as A୥
ଵ , Bଷ୥, A୥

ଶ  and A୥
ଷ , respectively [35-

38]. The inset depicted that the 𝐴୥
ଵ  mode peak position and its FWHM varied as 

different annealing temperatures. The A୥
ଵ  peak position jumped up 2.33 cm1, while 

the A୥
ଵ  peak FWHM drops 4.41 cm1 when temperature increases from 473 K to 573 

K. This result is in accordance with the XRD analysis to illustrate that the crystalline 

quality of the film is improved by the annealing process [39, 40]. The uniformity of the 

SnSe structure had been characterized by Raman mapping shown in the Figure S3(a), 

totally 20 Raman spectra were obtained from each point depicted in Figure S3(b) for 

the 673 K annealed film. 

To demonstrate and confirm the correlation with the thin film orientation, ARPRS 

was carried out on the best thin film which is annealed at 673 K shown in Figure 6. It 

was measured by adjusting the relative angles between the polarization direction of 

excitation laser and thin film orientation to probe the anisotropic Raman response in 

both 𝑧(𝑥𝑦)𝑧  (perpendicular) and 𝑧(𝑥𝑥)𝑧  (parallel) configurations. The Raman 

scatter intensity I, which is proportional to 𝐼 = |𝑒௜ ∙ 𝑅 ∙ 𝑒௦
்| , the unitary vectors 𝑒௜ 

and 𝑒௦  refer to the incident and scattered laser polarizations, respectively. R is the 

Raman tensor of Raman active modes. In our backscattering geometry configuration, 

𝑒௜  can be expressed as (0, cos 𝜃 , sin 𝜃) , 𝑒௦  can be expressed as (0, sin 𝜃 , cos 𝜃) 

and (0, −sin 𝜃 , cos 𝜃)  under the parallel polarization configuration and 

perpendicular-polarization configuration, respectively. From group theory, the two 

Raman tensors can be written as follows [36, 37, 41]: 

R൫A୥൯ = ൭
a 0 0
0 b 0
0 0 c

൱    R(B୥) = ൭

0 0 0
0 0 g
0 g 0

൱ 

Where a, b, c, and g are the Raman tensor elements. When the incident laser beam is 

polarized by θ with respect to the zigzag direction, the corresponding Raman intensity 

I varies with θ are further expressed as follows: 

 2 2 2
g( , ) ( cos sin )I A a c    (4) 



 
2

2( )
( , ) sin 2

4g

c b
I A 

   (5) 

 2 2( , ) sin 2gI B g   (6) 

 2 2( , ) cos 2gI B g    (7) 

The sample was perpendicular to the laser beam fixed on the stage, and the relative 

angle θ is the rotation angle of the incident laser polarization. Under parallel 

polarization configuration from Eq. (4), the period of A୥  mode is 180 and the 

maximum Raman intensity I൫A୥൯  is cଶ  when θ = 90° , aଶ  when θ = 0° , 

respectively. From Eq. (6), the period of B୥ mode is 90 and the maximum Raman 

intensity I൫B୥൯ is gଶ when θ = 45°. Under perpendicular polarization configuration 

from Eq. (5), the period of A୥ mode is 90 and the maximum Raman intensity I൫A୥൯ 

is 
(ୡିୠ)మ

ସ
  when θ = 45° . From Eq. (7), the period of B୥  mode is 90 and the 

maximum Raman intensity I൫B୥൯ is gଶ when θ = 0°. It can be concluded that the 

position of extrema and polarized periodicity are matched well after comparing the 

above theoretical calculation and experiment data. As a result, the A୥  mode under 

parallel polarization configuration is special to identify the zigzag direction or armchair 

direction of SnSe thin film from Raman polarization intensity diagrams and Eq. (4). 

From the above, the Raman intensities of 𝐴୥
ଵ, 𝐵ଷ୥, 𝐴୥

ଶ and 𝐴୥
ଷ modes in SnSe show 

obvious periodic variation (90 or 180) with the incident laser polarization angle under 

both parallel and cross-polarization configurations, these vibration modes show 

different features of variation. All the results of the ARPRS match well with symmetry 

selection rules based on the Raman tensors, demonstrating the strong anisotropic nature 

of the annealed SnSe thin films. 

As depicted in Figure 7(a), the Seebeck coefficients of the samples annealed at 

lower temperature (RT, 373 K and 473 K) varied from positive to negative, indicating 

that the films changed from p-type to n-type semiconductors with increasing 



temperature in the range of 300-573 K. This special behavior may be caused by the 

mixing of amorphous and nanocrystalline, the seebeck coefficient showed the stable p-

type behavior when the annealing temperature increase up to 573 K, despite the seebeck 

coefficient value decrease a little bit for the 673 K sample. Figure 7(b) showed that the 

electrical conductivity of all the films increased with the annealing temperature in the 

range of 300-575 K, and the 673 K sample showed almost the highest value 183 S/m at 

573 K. This trend and the maximum value are almost the same as SnSe films in the 

literature at this temperature range [18]. Figure 7(c) showed the power factor (PF = 

S2) values as a function of temperatures. For our best SnSe thin film (673 K sample), 

the PF value is about 0.26 Wm1K2 at 304 K, 15.38 Wm1K2 at 573 K, respectively. 

The main reason to hinder the further improvement of thermoelectrical performance is 

the high electrical resistivity of our films. The electrical resistivity is even higher than 

3  105 m at 392 K which is almost beyond the limit of the thermoelectrical 

measurement system. The above results suggest that the optimal annealing temperature 

for the PLD SnSe thin film is 673 K, which allows for good crystallinity and appropriate 

film texture simultaneously to achieve the aim of high thermoelectric performance. 

 

4. Conclusion 

In this work, multiple advanced characterizations have been used to confirm that 

we have achieved deposition of centimeter-scale, mirror-like (100)-preferred 

orientation SnSe films by PLD technique with post-annealing. Remarkably, the 

annealing at 673 K resulted in highly crystalline and smooth SnSe films. The present 

method opens new avenues for the use of SnSe through scalable, high-quality films 

with readily controlled thickness and should be easily adaptable for both fundamental 

and applied studies in thermoelectric. 
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Table 1 Deposition conditions used for SnSe thin films on SiO2/Si substrate. 

Deposition conditions Parameters 

Base Vacuum 2  104 Pa 

Energy fluence 2.0 J/cm2 

Laser wavelength 248 nm 

Repetition rate 5 Hz 

Pulse duration 15 ns 

Target-to substrate distance 45, 55 and 65 mm 

Deposition time 2, 5 and 10 min 

Substrate temperature RT, 373, 473, 573, 623, 673 and 773 K 

Annealing temperature 373, 473, 573, 623 and 673 K 

  



Table 2 The lattice parameters of SnSe films annealed at different temperature. 

Temperature (K) a (Å) b (Å) c (Å) 

RT 11.9328 4.4129 4.2928 

373 11.9305 4.3972 4.2953 

473 11.9329 4.4045 4.2954 

573 11.9142 4.3769 4.3042 

623 11.8965 4.3788 4.3046 

673 11.8953 4.3809 4.3048 

773 11.9138 4.4007 4.3048 

 

  



Figure Captions 

Figure 1 (a) Sn 3d XPS peaks, showing the presence of Sn 3d3/2 (493.55 eV) and Sn 

3d5/2 (485.14 eV); (b) Se 3d XPS peaks, showing the presence of Se 3d3/2 (53.89 eV) 

and Se 3d5/2 (53.02 eV); (c, d) EPMA Sn and Se element distribution maps of the whole 

sample (10 mm  10 mm); (e) Atom concentration of Sn and Se corresponding to the 

line scanning in (c, d). (f) XRD pattern of the SiO2/Si substrate and the as-deposited 

SnSe thin film, PDF card is 48-1224. 

 

  



Figure 2 (a) Pole figure; (b) EBSD image quality (IQ) map from the center region of 

the as-grown SnSe film deposited at 623 K for 10 min, which is generally representative 

of the microstructure observed in all the as-grown films; (c) Corresponding Euler angle 

map; (d) Corresponding IPF Z direction map. The scalebar for (b-d) is 1 m. 

 

  



Figure 3 AFM images of as-deposited and annealed thin films. (a) As-deposited, (b) 

373 K, (c) 473 K, (d) 573 K, (e) 623 K, (f) 673 K, (g) 773 K, and (h) Histogram of each 

sample surface roughness. The scalebar for (a-g) is 200 nm. 

 
  



Figure 4 Cross-sectional SEM images of (l00)-orientation SnSe thin film. (a) As-

deposited, (b) 373 K, (c) 473 K, (d) 573 K, (e) 623 K, (f) 673 K. (g) thickness uniformity 

of the PLD SnSe thin film annealed at 673 K for 30 min on a 10  10 mm2 SiO2/Si 

substrate, as determined by room temperature film thickness gauge mapping. 

 
  



Figure 5 (a) Wide-angle XRD patterns of the substrate, the as-deposited and annealed 

SnSe films at different temperatures for 30 min; (b) Expand view of the (400) lattice 

face. The inset shows the zoom of the (400) peak intensities and positions of the 

different annealing temperature; (c) Rocking curves of each film by the main (400) peak; 

(d) Raman patterns of the as-deposited and annealed SnSe films at different 

temperatures for 30 min. The inset shows the relationship between the A୥
ଵ   peak 

position and annealing temperature, the A୥
ଵ  peak FWHM and annealing temperature. 

 
  



Figure 6 Angle resolved polarized Raman spectroscopy of SnSe thin films. (a-d) depict 

perpendicular configuration and (e-h) depict parallel configuration, respectively. 

 
  



Figure 7 Temperature-dependent thermoelectric properties, (a) Seebeck coefficient (b) 

electrical conductivity (c) Power factor for the annealed SnSe thin films. 
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Figure S1 Low magnification of the cross-sectional SEM images of the annealed 

films at different temperatures (a) As-deposited, (b) 373 K, (c) 473 K, (d) 573 K, (e) 

623 K, (f) 673 K. 

 
  



Figure S2 XRD patterns of the as-deposited SnSe thin film crystalline quality 

improvement from adjusting PLD parameters. (a) target-to-substrate distances, (c) 

deposition time, (e) grown temperature. The corresponding insets are the (400) lattice 

face position and FWHM accompany with the improvement parameters. Expanding 

view of the (400) lattice face intensity are shown in (b), (d) and (e), respectively. 

 

Figure S2(a) shows the XRD result of the target-to-substrate distances, the inset 

gives the main peak (400) peak position shifts to the higher angle and the FWHM 

changes with the target-to-substrate distances. Figure S2(b) shows the expand view of 

the main peak, indicating the best crystalline of the film is obtained with the 55 mm 

distance. 



Figure S2(c) shows the XRD result of the deposition time based on the 55 mm 

distance, the inset demonstrates the main peak (400) peak position shifts to the lower 

angle and the FWHM decrease with the increasing deposition time. Figure S2(d) shows 

the expand view of the main peak. indicating the best crystalline of the film is achieved 

with deposition time of 10 min. 

Figure S2(e) shows the XRD result as a function of deposition temperature with 

target-to-substrate distances of 55 mm and deposition time of 10 min. Clearly, the main 

peak position shifts to the higher angle with the increasing temperature. Figure S2(f) 

shows the expand view of the (400) peak, and the strongest intensity was obtained at 

the deposition temperature at 673 K. 

Therefore, the best as-deposited SnSe thin film is obtained at the 55 mm target-to-

substrate distance, deposition time of 10 min and the deposition temperature of 673 K. 

This as-prepared thin film is used to post-anneal to further improve film quality. 

  



Figure S3 (a) Raman mapping of the 5  5 mm2 area of the SnSe film which was 

annealed at 673 K. (b) 20 Raman spectra were obtained from the points which were 

selected in the Figure S3(a). 

 




