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Abstract Copper selenide (Cu2Se) is a promising thermoelectric material and α-phase Cu2Se 

provides relatively safe thermoelectric modules for thin film thermoelectric device in contrast 

to some toxic materials currently on the market. In this work, nanocrystalline Cu2Se thin film 

with uniform element distribution was fabricated at room temperature through an effective 

combination reaction method by implanting sputtered Cu+ ions into Se precursor. Then, self-

assembled growth of Cu2Se thin films with desired α-phase and well crystallinity was 

successfully achieved with optimization of annealing temperature. Interestingly, the growth 

orientation has obviously affected by the annealing temperature, which significantly affects 

the thermoelectric properties. Consequently, the Seebeck coefficients increase with the 

increase in the orientation factor of the (0l0) preferred orientation, which enhances power 

factor. The high maximum power factor of 9.23 μWcm-1K-2 is achieved for α-Cu2Se thin film 

with (0l0) preferred orientation, demonstrating that the method used in this work has great 

potential in developing low-cost and high-performance thermoelectric thin films from 

relatively earth-abundant elements. 
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1. Introduction 

Thermoelectric (TE) materials can directly convert heat into electric energy, and vice versa; 

this capability is important to develop clean, secure, sustainable, and convenient energy 

sources.[1] The performance of TE materials is determined or defined by a dimensionless 

figure of merit ZT = (S2σ/κ)T, where S, σ, κ, and T are the Seebeck coefficient, electrical 

conductivity, thermal conductivity, and absolute temperature, respectively. The parameter S2σ, 

which is called the power factor (PF), is also usually used to estimate their TE performance.[2] 

With the rapid rise of portable and wearable microelectronics in recent years, TE thin film 

materials have received great attention as a promising miniature, convenient, and self-

powered electronic component in a TE device.[3] Thus far, considerable efforts have been 

devoted to develop the potential applicable TE thin film of Bi2Te3 at/near room temperature. 

Various methods have been applied to prepare TE thin films,[4-8] and the most studied ones are 

low-temperature TE materials determined by the potential practical applications of thin film 

devices.[9-12] However, Bi2Te3 remains a significant challenge for large-scale 

commercialization despite of its considerable progresses to date [13-15] due to the presence of 

less earth-abundant, toxic, and costly elements. Thus, developing low-cost and nontoxic TE 

thin films with acceptable performance to substitute Bi2Te3-based materials is highly desired. 

In recent decades, new strategies have been used to orient the discovery of new eco-

friendly bulk TE materials, [16-20] especially chalcogenides, such as Sn-based, [21] Cu-based, [22] 

and Ag-based [23] chalcogenides. These materials have high ZT values in a wide range of 

operating temperature by doping, and this condition introduces atomic scale lattice defects 

and nano-scale precipitates. In the abovementioned context, copper selenide (Cu2Se) has 

attracted considerable attention due to its excellent TE performance with simple crystal 

structure and low-cost Cu and Se. It offers exciting opportunities in commercialization, the 

theoretical prediction of relatively large ZT values at/near room temperature, and 

experimental demonstration of high ZT values in bulk Cu2Se since Liu et al. reported an 
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intrinsically high ZT value in bulk Cu2Se [24]. To date, many theoretical and experimental 

studies have established that the ZTs of Cu2Se TE materials can be higher than 2 at a high 

temperature ranging from 800 K to 1000 K due to the “liquid-like” behavior of the anti-

fluorite-structured β-phase.[25] However, bulk Cu2Se with monoclinic structured α-phase also 

exhibits good TE performance at near room temperature.[26] For example, Day et al. reported 

that the theoretical prediction of the maximum ZT of α-Cu2Se is approximately 1.16 at 305 K, 

which can be compared with that of the commercial traditional TE materials.[27] Chen et al. 

synthesized the Bi-doped α-Cu2Se by using spark plasma sintering method and achieved the 

high ZT value over 0.4 at 373 K.[28] To this end, α-Cu2Se is a good candidate that is expected 

to achieve high performance near room temperature and thus serves as a potential alternative 

for the traditional Bi2Te3-based TE. 

High TE performance realized in bulk Cu2Se thin films has also received much attention. 

Various fabrication techniques have been used to enhance ZT or PF of Cu2Se-based thin 

films.[29-32] For instance, Lin et al. prepared Cu2Se thin film by using solution method, which 

resulted in maximum PF of 6.2 and 4.6 μWcm−1K−2 on rigid Al2O3 substrate and flexible 

polyimide substrate, respectively.[33] Scimeca et al. optimized the carrier concentration of 

Cu2Se thin films through a soaking process in Cu+ ion solution, which significantly improved 

their TE properties.[34] However, the reported Cu2Se thin films to date usually exhibit low TE 

performance mainly due to structural imperfections, including voids and component defects in 

the films. High-temperature post treatment is also always used to further improve and 

stabilize the TE performance of the thin film. However, this method often weakens the 

bonding strength between thin film and substrate (especially between thin film and the 

organic flexible substrate). Thus, reasonably designing and fabricating Cu2Se thin film with 

excellent TE performance while avoiding high-temperature processing are difficult. 

Among the abovementioned deposition techniques, magnetron sputtering is a well-

established approach that has been extensively utilized to prepare high-performance TE thin 
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films. [35-39] It has the advantages of precise composition control, excellent uniformity, and 

simple experimental setup. However, only a few attentions have been paid on the 

investigation of magnetron-sputtered Cu2Se thin films to date. Thus, further research is 

needed to improve the TE performance of Cu2Se thin film. However, effective composition 

control and low-temperature synthesis process of Cu2Se are challenging because high-

temperature treatment process can cause the precipitation and re-evaporation of Se, which 

lead to Se deficiency defects. In this work, a two-step simple and novel combination reaction 

route was utilized to implant sputtered Cu+ ions into Se precursor. Furthermore, the self-

assembled growth of α-Cu2Se thin films with desired crystallinity was successfully realized 

by adjusting the annealing process. Moreover, the precursor Se layer was prepared using 

thermal evaporation method instead of using sputtering method, which is more efficient and 

controllable than selenium deposition by employing sputtering method. Importantly, the 

magnetron-sputtered Cu+ ions have high energy and can be uniformly implanted into the Se 

layer. They can combine with Se with the crystallized structure, which can reduce the reaction 

temperature at the subsequent annealing process. Consequently, the Seebeck coefficients are 

significantly improved by adjusting the annealing temperature to control the preferred 

orientation, which leads to a high PF value of 9.23 μWcm−1K−2 of α-Cu2Se thin film. 

2. Experimental Section 

A schematic of the whole process of the Cu2Se thin film fabrication is illustrated in Figure 

1. First, Se precursor layer was fabricated using thermal evaporation deposition method. 

High-purity Se powder (>99.99%) with the weight of 0.1 g was evenly placed at a tungsten 

container in the vacuum thermal evaporation system. Before deposition, glass substrate was 

ultrasonically sequentially and then cleaned with industrial detergent, deionized water, and 

alcohol sequentially for 30 min. The distance between the substrate and the source was 

approximately 30 cm, and the background pressure was evacuated below 5.0×10−4 Pa. The 

heating current of the evaporation source was 60 A with the heating rate of 10 A/min. The 
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average deposition rate of Se was around 0.8 Å/s, and the total thickness of Se precursor layer 

was 80 nm. Subsequently, Cu ions were implanted into the Se precursor layer by using 

magnetron sputtering deposition. The Cu target (99.99%) was fixed in a magnetron sputtering 

facility, and the prepared Se thin film sample and a blank glass substrate were set at the 

substrate holder. The sputtering angle was 45°, and the target–substrate distance was 10 cm. 

The vacuum chamber was first pumped down to 8.0×10−4 Pa. Then, Ar with high purity 

(>99.99%) was introduced into the sputtering chamber at a flow rate of 35 sccm. The working 

pressure and sputtering power were kept at 0.6 Pa and 30 W, respectively. The sputtering 

duration was fixed to be 10 min for all samples to deposit a Cu layer with 100 nm (measured 

from the blank glass substrate). Finally, the annealing process was utilized with a slow heating 

rate (nearly 2 °C/min) in a glove box filled with nitrogen. The annealing temperature was 

varied from 100 °C to 240 °C with the interval temperature of 20 °C for 60 min. 

 

Figure 1 Schematic of the fabrication of α-Cu2Se thin films. 

Surface and cross-sectional microstructures of the Cu2Se thin film were characterized using 

a scanning electron microscope (SEM, Supra 55) with an electron beam accelerated of 5 kV. 

Crystal structure of the thin films was investigated by X-ray diffraction (XRD, Ultima-iv) 
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with the 2θ angle range from 10 ° to 60 ° by using CuKα radiation (under operation conditions 

of 40 kV and 40 mA). Chemical compositions were analyzed using an energy dispersive X-

ray spectroscope (EDS, Bruker Quantax 200) equipped with the SEM. The depth composition 

distribution throughout the thickness of the thin film was investigated by Auger scanning 

system (AES, PHI-700, Ulvac-Phi). The incident angle of scanning Argun was 30° with the 

sputter rate of 4 nm/min for standard SiO2 sample. The chemical valence was determined by 

conducting X-ray photoelectron spectroscopy (XPS, Escalab 250Xi) with a monochromatic Al 

Kα X-ray source of 1486.6 eV. Samples were subjected to plasma etching for 30 seconds 

before the measurement in order to remove the oxide layer on the thin film surface. 

Transmission electron microscopy (TEM, JEM-3200FS) was used to investigate the 

microstructure of the thin films. The thickness of the thin film was measured using a 

profilometer (Dektak XT, Bruker). The Seebeck coefficient and electrical conductivity were 

measured by the Seebeck coefficient/electrical resistance measuring system (ZEM-3M10, 

Advance Riko). The uncertainties of the measurements were taken as 5 %, and uncertainties 

of S2σ were estimated to be around 10%. The carrier concentration and mobility were 

measured by Van der Pauw Hall measurement (HL5500PC, Nanometrics). The electrostatic 

potential calculations of Cu2Se bilayer were implemented by the Vienna ab initio simulation 

package (VASP) [40-41]. The exchange–correlation functional was dealt with the generalized 

gradient approximation at Perdew–Burke–Ernzerhof (PBE) level. The first Brillouin zone was 

integrated by using the Monkhorst–Pack scheme of k-point sampling, and the cutoff energy 

for the expansion of plane-wave function was set at 450 eV. A vacuum of 16 Å perpendicular 

to the 2D plane was used to demonstrate a finite layer of LHS. K-point sampling of 15×15×1 

was set for geometry optimization and static total energy calculations. The convergence 

criteria were restricted to less than 10-5 eV for energy and 0.01 eV/Å in force. 

3. Results and Discussion 

Figure 2a displays the energy dispersive X-ray spectroscope mapping images of the as-
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deposited thin film and indicates that the Cu and Se have uniform distribution in the in-plane 

direction. The Auger scanning system depth analysis (Figure S1, Supporting information) 

shows that the atomic ratio of Cu to Se is close to 2:1 with slight Cu deficiency. Moreover, Cu 

and Se are homogeneous throughout the thickness of the thin film layer. These results reveal 

that the sputtered Cu ions are successfully implanted uniformly into the Se precursor layer.  

 

Figure 2 TEM characterization and EDS elemental mappings of the as-deposited Cu2Se thin 

film (a). Lattice fringes of the as-deposited thin film in (a) performed by HRTEM are shown 

in (b). 

XRD, SEM, and TEM were performed to further investigate the microstructure of the as-

deposited sample. Unlike the amorphous thin films prepared at room temperature in the most 

cases, [42-44] XRD result (Figure S2, supporting information) exhibits that the as-deposited 

sample is crystalline. Most diffraction peaks are well indexed to the β-Cu2Se phase (PDF#65-

7737), and some peaks belong to the α-phase Cu2Se secondary phase. The insert SEM image 

in Figure S2 clearly shows a relatively flat surface containing uniformly sized nano-grains 

with tens of nanometers. Figure 2b shows the high-resolution TEM image and represents that 

the as-deposited sample is composed of multiple crystalline nanoparticles that stack 

compactly with each other. The measured lattice spacings are 0.34 nm and 0.21 nm, which 

correspond to the (111) and (211) planes of the β-phase Cu2Se, respectively. This finding is 
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consistent with XRD result. Apparently, a self-assembled nanocrystalline Cu2Se thin film is 

successfully fabricated at room temperature by this novel combined reaction method. 

Unexpectedly, the as-deposited sample shows a mixture phase, and β-phase is the dominant 

phase. This result is consistent with the phase diagram presented by Kang et al. that two-phase 

mixture structure could be obtained at room temperature in a non-stoichiometry Cu2Se 

system.[45] However, although β-phase-structured Cu2Se has ultralow thermal conductivity 

and good electrical transport properties at high temperature due to the “phonon liquid 

electron-crystal” behavior, high carrier concentration always results in low TE performance 

near room temperature. The room-temperature electrical transport measurement in table S1 

(Supporting information) confirms this deduction that the as-deposited sample has low 

Seebeck coefficient due to the considerable high carrier concentration. For low-temperature 

TE applications, the α-phase monoclinic Cu2Se with minimal structural defect is preferred 

because it has a lower carrier concentration than the β-phase. Annealing process has been 

proven as a crucial factor for perfecting microstructure and TE performance of thin films in 

our previous reports.[46] Therefore, the annealing process was employed, and the effect of 

annealing temperature on the microstructure and TE performance of Cu2Se thin film was 

investigated. 

 

Figure 3 (a) XRD data of Cu2Se thin films prepared at different annealing temperatures 
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measured at room temperature, (1) 100 °C, (2) 120 °C, (3) 140 °C, (4) 160 °C, (5) 180 °C, (6) 

200 °C, (7) 220 °C, and (8) 240 °C. (b) Orientation factor of (0l0) and (221) diffraction peaks. 

The thickness of the thin films is shown in table S2 (Supporting information) and displays 

that the thickness did not change obviously after annealing. Figure 3a shows the XRD patterns 

of the Cu2Se samples fabricated at various annealing temperature. As observed, all the thin 

films have primary α-phase after annealing and the intensity of main diffraction peaks 

increases with the increase of annealing temperature, indicating the well-crystallinity of the 

thin films. This finding suggests that the stable Cu2Se thin films of α-phase crystal are 

successfully prepared. Notably, the peak intensity of the (211) plane is highest when the 

annealing temperature is < 160 °C, and the peaks of the (0l0) planes become stronger as 

temperature further increases. This phenomenon indicates the change in the preferred 

orientation growth characteristics. Orientation factor (F), which is an indicator of preferred 

crystal orientation, was applied to further quantitatively investigate the orientation preference 

of the samples by using the following equation:[47]  
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where I(0l0) is the sum of the diffraction intensity of (0l0) planes, ΣI(hkl) is the total intensity 

of all (hkl) diffraction peaks and P is the ratio of the intensity of (0l0) plane in the measured 

data. In the same way, the I0(0l0), I0(hkl), and P0 represent the corresponding ones from the 

standard pattern. As shown in Figure 3b, the F(0l0) orientation factor increases from −0.33 to 

0.65 with the increase in annealing temperature, while the F(211) orientation factor decreases 

from 0.10 to −0.22 with the increase in annealing temperature. Therefore, the thin films have 
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(0l0) preferred orientation at T ≥ 180 °C. According to the previous reported data[48-51], the 

preferred orientation significantly affects the charge carrier transport, which therefore affects 

the TE properties of the thin film. 

 

Figure 4 HRTEM images of the α-Cu2Se thin films annealed at (a) 160 °C and (b) 240 °C. (c) 

Schematic of the preferred growth orientation of the α-Cu2Se thin films in different annealing 

temperatures. 

The surface morphology of the thin films annealed at different temperatures measured by 

SEM is shown in Figure S3 (Supporting information). Similar to the as-deposited sample, a 

smooth surface is observed from the sample annealed at 100 °C. Some flake-like particles are 

observed on the surface of the thin film, and the particle size and amount increase with the 

increase in annealing temperature. Eventually, a dense surface with compact flake-like grains 

is achieved as the annealing temperature reaches 240 °C. The cross-sectional images (Figure 

S4, supporting information) show that the samples (annealed at <160 °C) have grains mostly 
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grown in parallel to the surface, where some of grains are perpendicularly embedded. For the 

samples annealed at >160 °C, the grains have obvious columnar growth characterization. As 

confirmed from the XRD result, such difference is anticipated due to the change in the 

preferred growth orientation of the thin films at various annealing temperatures. The high-

resolution TEM analysis of the sample annealed at T=160 °C and T=240 °C was performed to 

further investigate the change in the microstructure. As shown in Figure 4a, no impurity phase 

and amorphous region can be observed from the sample annealed at 160 °C. The measured 

lattice spacings are 0.67 and 0.33 nm, which correspond to the (030) and (221) planes of the 

α-phase Cu2Se, respectively. Therefore, the sample has single α-Cu2Se crystal structure with 

few structural defects. This finding is consistent with the XRD result. However, no obvious 

preferential growth orientation of the grains is observed from the thin film annealed at 160 °C. 

Figure 4b shows that the grains compactly stack with each other with the same (0l0) direction 

as the sample annealed at T=240 °C, which demonstrates that the sample has (0l0) preferred 

growth orientation. The schematic of the change in the preferred orientation at different 

annealing temperatures is shown in Figure 4c for further revealing the mechanism of growing 

process of the α-Cu2Se. As we mentioned above, the grains with β-phase crystal structure are 

stack randomly with each other for the as-prepared thin film. At low-temperature annealing 

(T<160 °C), the atoms are rearranged and recrystallized into a more stable α-phase structure. 

However, most of the Cu and Se atoms cannot migrate through previously formed grain 

boundaries due to certain reasonable limits of diffusion energy at low temperature. Thus, the 

grains remain randomly stacked, which results in non-preferred growth. With the increase in 

annealing temperature, the atoms can migrate through the grain boundary and grow 

epitaxially to a certain preferential orientation. Specifically, the annealing method used in this 

work is to heat the bottom of the substrate. Thus, the atoms will preferably migrate through 

the temperature field (perpendicular to the substrate), which causes the high preferred 

orientation of (0l0). 
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Figure 5 XPS spectra of samples annealed at 120 °C, 160 °C, 200 °C and 240 °C: (a) Cu and 

(b) Se 

XPS measurement was conducted on representative thin films annealed at 120 °C, 160 °C, 

200 °C and 240 °C to examine the binding states of α-phase Cu2Se thin films. The core level 

spectrum in Figure 5a reveals that two strong peaks are obtained at ~932.4 eV of Cu 2p3/2 and 

~952.2 eV of Cu 2p1/2 for all the spectrums, which are well matched with the spin–orbit 

phenomena of Cu (I) [52]. Interestingly, no impurity peak can be observed from the spectrums, 

demonstrating that no Cu oxidized state. By combining the EDS result that the overall oxygen 

content is rather low (Figure S5, supporting information), it can confirm that the thin films 

have well environmental stability. As illustrated in Figure 5b, a broad peak ranging from 52–

56 eV is observed and can be identified into two symmetric peaks to be assigned to Se 3d5/2 

and Se 3d3/2 located at ~54.2 and ~54.9 eV, which is the characteristic shape of Se (−II) in a 

consistent bonding environment.[53] Thus, these analyses indicate that the chemical states of 

the elements of the thin films are single Cu1+ and Se2−. Additionally, few changes can be 

observed from the peak position in both Cu and Se, indicating that both Cu and Se have stable 

valance state in the annealed samples. 
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Figure 6 (a) Room-temperature Seebeck coefficient and electrical conductivity as a function 

of annealing temperature. (b) Carrier concentration and power factor of the thin films as a 

function of Fs of (0l0) diffraction peak. (c) Averaged electrostatic potential between different 

interface of Cu2Se grains in the direction of (l00), (0l0) and (00l). (d) Schematic of the 

influence of the preferred orientation on the in-plane electrical transport of the thin films. 

The in-plane room-temperature Seebeck coefficient S and electrical conductivity σ of the 

thin films are shown in Figure 6a. The positive S indicates that all the thin films are p-type 

semiconductors. The S value increases with the increase in annealing temperature, while σ 
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shows the opposite trend. The EDS analysis (Figure S6, supporting information) reveals that, 

although the Se content decreases with the increase in annealing temperature, the change in 

the Se content can be ignored within the detection limit of EDS. Thus, the change in S and σ 

are mainly attributed to the change in the (0l0) preferred growth orientation. Indeed, σ and S 

can be written by the following formulas.[54]  

eun=                                                                                                   (4) 
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where n is the carrier concentration, u is the hall mobility, kB is the Boltzmann’s constant, m* 

is the effective mass of the carrier, and h is the Planck constant. The carrier concentration was 

measured by Van der Pauw Hall measurement. Figure 6b shows the effect of F(0l0) on the 

carrier concentration of the samples. As observed, the carrier concentration decreases with the 

increase in F(0l0), and this condition significantly decreases the electrical conductivity. 

Conversely, lower carrier concentration is beneficial to achieve higher S value. To understand 

more fundamental cause of carrier transfer along different directions, the 2D plane averaged 

electrostatic potential of Cu2Se bilayer along the vacuum direction is shown in Figure 6c. 

Here, the three most representative of Cu2Se bilayer are selected with the interface directions 

perpendicular to (l00), (0l0) and (00l), respectively. It displays that three direction systems 

possess different height (ΦTB) and width (ωTB) of potential barrier, suggesting different carrier 

tunneling performances between them. More detailedly, as low-energy carriers can be filtered 

out by the grains interface, the higher ΦTB and ωTB of potential barrier along (0l0) direction 

indicating a lower carrier tunneling probability than two others. With the increase of the 

annealing temperature, the orientation factor F(0l0) increases, means that more grains interface 

along the (0l0) direction occupies which will scatter more carries, resulting in the decrease of 

carrier concentration. Thus, the effect of the change in growth orientation on the TE 

performance of in-plane thin films are schematically illustrated in Figure 6d. Under low-
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temperature annealing, no obvious preferred orientation is observed, which indicates the 

disorder grain boundaries with formed interplanar and intraplanar. As the thin film grows 

preferentially within the (0l0) orientation at high annealing temperature, the interplanar grain 

boundaries become dominant along the perpendicular in-plane direction. Such a structural 

change results in the enhanced electron scattering, which is represented by lower carrier 

concentration and correspondingly relatively lower electrical conductivity. By contrast, the 

relatively increased interplanar grain boundaries might introduce more interface barrier, 

which acts as additional energy filtering effect; this condition ultimately increases high-energy 

electrons and correspondingly achieves higher S. [54] The calculated power factor PF is also 

shown in Figure 6b. This factor shows an increasing trend with the increase in F(0l0). The 

optimized PF with the value of 3.27 μWcm−1K−2 is obtained at F(0l0) of 2.3, and further 

increase in F(0l0) leads to the decrease in PF.  

 

Figure 7 Temperature dependence of Seebeck coefficient (a), Electrical conductivity (b) and 

Power factor (c) of thin films with high (0l0) preferred orientation. 
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The temperature-dependent in-plane S and σ of the samples with high F(0l0) value were 

measured up to the corresponding annealing temperature to avoid any additional undesired 

structural change during the measurement, as shown in Figures 7a and 7b. As test temperature 

increases, the S value of all the thin films increases while the σ value decreases. The sample 

annealed at 240 °C has highest Seebeck coefficient among the thin films in the whole test 

temperature range and achieves a high value of 150 µVK−1 when the test temperature reaches 

230 °C. Conversely, the samples annealed at lower temperature have higher σ values. The 

calculated PF values as a function of temperature are shown in Figure 7c. The value displays 

a similar increasing trend to that of Seebeck coefficient. The samples annealed at 180 °C and 

200 °C have higher PF than that of the thin films annealed at higher temperature due to the 

decrease in electrical conductivity. The maximum PF value among all the thin films is found 

to be 9.23 μWcm−1K−2 from the sample annealed at 200 °C. Additionally, the repeatability 

measurement of the sample annealed at 200 °C is shown in Figure S7 (Supporting 

information), and the results displays that the sample has significantly high repeatability and 

stability. Table S3 shows that the obtained high PF for the present thin film is comparable to 

the corresponding parameters reported in typical Cu2Se thin film systems [53-60]. This 

consistency clearly demonstrates the efficiency of this innovative technique for preparing 

high-performance and low-cost α-phase Cu2Se TE thin film. 

4. Conclusion 

Well-crystallized α-Cu2Se TE thin films have been synthesized by sputtering copper 

implant selenium precursor method. The preferred growth orientation of the thin films can be 

efficiently adjusted by the annealing temperature, which significantly affects the carrier 

concentration. This condition ultimately decreases the electrical conductivity and increases 

the Seebeck coefficient. The maximum power factor of 9.23 μWcm−1K−2 is achieved after 

annealing temperature optimization, which can be is one of the best values of the Cu2Se thin 

films from the reported data. 
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