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Abstract Flexible thin-film generators are a great promising energy source for wearable 

device applications. In this work, Al-doped Cu2Se thin film with highly (0l0) preferred 

orientation was achieved by magnetron co-sputtering deposition. It possessed a high ZT 

value of 0.76 at 275 °C, and further surface organic component coating treatment 

resulted in its exceptional flexibility. The Al dopant was proven to be successfully 

introduced into the lattice of Cu2Se samples, which can decrease carrier concentration 

and result in the enhancement of Seebeck coefficient. Meanwhile, a significant decline 

in lattice thermal conductivity was achieved after Al doping. The organic component 

coating can prevent the fracture of inorganic thin films after bending. The resistance 

difference (∆R/R0) after 1000 cycles of bending was lower than 10%, which is a great 

improvement compared with that in pristine thin film (over 15%). The thermoelectric 

device prepared by the Al-doped Cu2Se obtained a stable power density of ~5.7 W m-2 

at a temperature difference of 20 °C. 
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1. Introduction 

The utilization of thermoelectric (TE) properties of semiconductors is important in 

improving energy efficiency because it can directly convert thermal energy to electrical 

energy. The TE performance of materials is determined as a dimensionless figure-of-

merit ZT (ZT = S2σT /κ, where S, σ, T, and κ are the Seebeck coefficient, electrical 

conductivity, absolute temperature, and thermal conductivity) [1-5]. In general, high 

power factor (PF = S2σ) and low κ are required simultaneously to achieve a high ZT 

value [6-8]. In recent years, with the accelerating development of mobile and wearable 

electronics, promising TE devices are considerably in demand to replace traditional 

chemical batteries for realizing self-powered applications. Excellent flexibility and 

superior TE property are required at the same time to manufacture such nanoscopic TE 
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devices [9-12].  

Organic compounds generally exhibit excellent flexibility but poorer TE 

properties than inorganic materials. On the contrary, the flexibility of organic thin films 

is always poorer than that of inorganic ones [13]. Since the investigation of mechanisms 

and the development of synthesis methods in the past years, inorganic TE bulk and thin 

film materials have received numerous expectations from researchers [14-24]. Zhang et 

al. [20] successfully synthesized (Sn0.6Sb0.4Te)0.7(Ge0.5Mn0.5Te)0.3 TE materials and 

achieved a ZT of over 1.5 by optimizing the carrier concentration. A peak ZT of 2.1 in 

a 2D structure design of BiBi2X3 (X = S/Se/Te) material was reported by Zhang et al. 

[21]. Jiang et al. [22] efficiently controlled the defect structures in GeTe and enhanced the 

ZT to be over 2.3 at 648 K. In addition, researchers focused on liquid-like inorganic TE 

materials, including Cu2(S, Se, Te) and Ag2(S, Se, Te), owing to the intrinsic mobility 

of Cu+ and Ag+ ions at high temperatures, leading to an ultrahigh ZT of over 2 [25-29]. 

Among them, p-type Cu2Se, which possesses many advantages, such as extensive 

amount of raw materials, low cost, and no toxicity, has been thoroughly studied in 

recent decades. In accordance with the phase diagram, Cu2Se has two types of crystal 

structures at different temperatures: α-phase monoclinic at temperatures below 396 K 

and β-phase cubic at temperatures above 396 K [30]. The phonon-liquid behavior, which 

can lead to ultralow thermal conductivity and maintain high electrical conductivity, 

originates from the mobility of Cu ions at high temperatures [31, 32]. Although Cu2Se-

based materials have a record ZT of ~2.6 [33], the insufficient stability, composition 

deviation, and low output performance of electricity generation restrict their 

improvement [34, 35]. Yang et al. [36] successfully introduced BiCuSeO nanoparticles into 

the Cu2Se host matrix to inhibit the movement of Cu and improve the stability of the 

Cu2Se. Lei et al. [37] achieved a superionic conductor behavior in Cu2Se by dispersing 

SiC, which can greatly enhance electrical conductivity. Zhao et al. [38] reduced the Cu 

vacancy by tuning the Cu content, confirming the importance of excess Cu on the 

stability of α Cu2Se, and obtained a high ZT of 1.44 at 873 K. Due to the excellent TE 

performance of Cu2Se bulk materials, their thin films have also been extensively 

investigated [39-43]. Wang et al. [39] prepared Cu2Se thin films with a ZT of 0.58 at 580 K 
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by pulsed laser deposition. Jaime et al. [40] fabricated Cu2Se thin films through pulsed 

hybrid reactive magnetron sputtering and achieved a ZT of 0.5 at 300 K. Zhaoyang Lin 

et al. [41] achieved a high PF of ~0.46 mWm-1K-2 at 664 K in Cu2Se thin films by spin 

coating. Shunya Sakane et al. [42] remarkably improved the performance of PEDOT: 

PSS by Cu2Se nanowires synthesized via photoreduction. Li et al. [43] controlled the 

growth temperature and elemental composition of flexible Cu2Se thin films and 

obtained a high PF of 1.92 µWcm-1K-2.  

In our previous work, magnetron sputtering method was performed to fabricate α-

Cu2Se thin films, and the carrier transport behavior was adjusted by introducing 

annealing, resulting a maximum power factor of 9.23 µWcm-1K-2 at near room 

temperature [44-46]. However, the fabricated Cu2Se-based thin films consistently had a 

high carrier concentration (~ 1021 cm-3). Al is one of the highest valence metals which 

can more effectively reduce the carrier concentration of p-type Cu2Se thin films than 

other elements with low valence. Additionally, Al doped Cu2Se is not easy to form 

clusters, and can also achieve a similar preparation process and physical properties 

comparing to Cu. These significant properties allow Al to achieve a precise and 

controllable doping in Cu2Se thin films. In this work, Al was selected as dopant and the 

results show that the PF of Cu2Se thin film was enhanced to 10.75 µWcm-1K-2 at 30 °C 

due to the improvement of Seebeck coefficient after Al doping. Meanwhile, all the 

synthesized thin films have low thermal conductivity, resulting in high ZT values of 

0.76 at 275 °C, as shown in Figs. 1a and 1b. These findings are comparable to those of 

recent studies. Meanwhile, polyvinyl laurate organic photoresist was used to protect the 

Cu2Se thin film for the first time, and resulted in the ∆R/R0 lower than 10% after 1000 

cycles of bending at a radius of 5 mm. This factor is a great improvement compared 

with that in pristine thin film (~15%), indicating the outstanding flexibility of the as-

synthesized Al-doped α-Cu2Se thin films. The improved mechanical property of Cu2Se 

thin film is due to the natural flexibility of organic components and the good adhesion 

between photoresist and inorganic film. Eventually, the Cu2Se-based TE generator with 

10 legs connected by Ag/Mo electrode can achieve a maximum power density of ~5.7 

Wm-2 at a 20 °C temperature gradient. 
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Fig. 1. (a) Comparison of the highest power factor at 30 °C with other literature; (b) 

comparison of the highest ZT values at 30 °C and at 275 °C with other literature (PF 

(30 °C) [8], [26], [27], [28], [29] ,[44], [46]; ZT (30 °C) [7], [26], [27], [31], [39], [46]; ZT (275 °C) [7], [32], [39], 

[46]. ).  

2. Experimental Section 

Cu2Se-based thin films with different Al contents (from 1.6 at.% to 5.2 at.%) were 

prepared via magnetron co-sputtering method as shown in Fig. S1 (Supporting 

Information). First, polyimide (PI) substrates were washed by detergent, ultrapure water, 

and ethanol one after another for several times and then dried in a heat box at 40 °C. 

The sputtering targets were Cu (99.9%), Cu2Se (99.9%), and Al (99.9%). During the 

sputtering process, the vacuum system was first kept to 8×10-4 Pa, and the working 

pressure was 0.5 Pa. The argon flow was maintained during the whole magnetron 

sputtering process. The sputtering power of Cu2Se, Cu, and Al targets were fixed at 55 

W, 15 W, and 10 W, respectively. After deposition, the as-deposited thin films were 

annealed under nitrogen atmosphere at 300 °C for 30 min. Cu2Se-based single-leg 

generators were fabricated using the synthesized Cu2Se thin films with an external mask. 

The geometry of TE legs was fixed at 26 mm × 2 mm, the electrode was made by 

Ag/Mo, and 10 TE legs were fabricated on a PI substrate. An organic coating material 

(polyvinyl laurate) was used to improve the flexibility of the as-fabricated TE generator. 

First, the Cu2Se thin films were fixed and flatted on a glass. Second, an appropriate 

amount of polyvinyl laurate was dropped on the thin films after vacuum. The thin films 

were placed in a centrifuge for 10 s with a rotation speed of 2000 r/s to homogenize the 
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organic layer. Then, the samples were heated at 95 °C for 2 min and exposed to 

ultraviolet light for 15 s.  

The crystal structures of the synthesized samples were measured by X-ray 

diffraction (XRD, D/max 2500 Rigaku Corporation) with 2θ range from 10º to 60º. 

Scanning electron microscope (SEM, Zeiss Supra55) was utilized for microstructure 

analysis. Nanostructure observation was carried out by transmission electron 

microscopy (TEM, JEM3200FS). The composition content was detected by energy-

dispersive X-ray spectroscopy (EDS, Bruker Quantax 200). An X-ray photoelectron 

spectroscopy (XPS, Thermo Escalab 250XI) was employed to investigate the chemical 

states of all specimens, and all samples were etched for 30 s before the measurement. 

The Van der Pauw Hall measurement system (HL5500PC, Nano metrics) was used to 

characterize the carrier concentration and mobility. The temperature-dependent 

Seebeck coefficient and electrical conductivity were characterized by SBA458. The 

errors of the evaluated data were determined as 5% for S, 5% for σ, and 10% for S2σ. 

Thermal conductivity was measured by the 3ω method with a Cu2Se thin film deposited 

on a Van -der -Pauw chip through a thin film comprehensive physical property analyzer 

(TFA-LINSES) [47, 48]. The electronic energy band was calculated by the first-principles 

plane-wave pseudopotential formalism in the VASP package (Supporting Information).   

3. Results and Discussion 

The EDS results are shown in Table S1 (Supporting Information). They indicated 

that the Cu/Se ratios of all the synthesized specimens are relatively similar to the 

stoichiometric ratio of Cu2Se but rich in Cu. Fig. 2a displays the XRD results and shows 

the high crystallinity of all the Cu2Se-based thin films. All the synthesized samples have 

two main diffraction peaks related to the crystal planes (030) and (060), corresponding 

to the α-Cu2Se crystal structure (PDF #47-1448). The main diffraction angles of the un-

doped sample are located at 13.02° and 26.18°. With the increase in Al content, the 

diffraction peaks gradually shifted, indicating that Al was successfully introduced into 

the lattice. Meanwhile, the intensities of diffraction peaks are very high, indicating the 

preferred orientation in the as-deposited Cu2Se thin films. Hence, the orientation factor 

was calculated [44], and the orientation factors are listed in Fig. 2c for comparison. The 
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orientation factors improved to over 0.9, indicating an enhancement of the oriented 

growth by Al doping. XPS was performed to further evaluate the chemical status of the 

Al-doped Cu2Se samples, as shown in Figs. 2d -2f. Fig. 2d shows the Cu curves, and 

the main peaks are related to Cu 2p1/2 and Cu 2p3/2 orbits [44, 49]. The Se curves can be 

identified into two symmetric peaks, which are related to Se 3d5/2 and Se 3d3/2 orbits, 

from a broad peak ranging from 52 eV to 57 eV [49]. Fig. 2f demonstrates the Al curves. 

The intensity of binding energy on the Al 2p orbit is much lower than that on the Cu 

3p1/2 and 3p3/2 orbits due to the rich Cu and the poor Al. No obvious shifts in the Al 2p 

peaks can be observed, corresponding to the Al3+ chemical state, among different Al-

doped samples. 

 

Fig. 2. (a) X-ray diffraction (XRD) patterns of Cu2Se-based thin films with different Al 

contents; (b) crystal structure of α-Cu2Se material; (c) calculated orientation factors 

based on XRD results; (d) Cu 2p, (e) Se 3d, and (f) Al 2p X-ray photoelectron 

spectroscopy (XPS) for as-synthesized samples of un-doped, Al-1.6 at.%, and Al-4.0 

at.%. 

Scanning electron microscope and spherical aberration-corrected scanning 

transmission electron microscopy (Cs-STEM) were performed. The micro surface of 

the as-deposited Cu2Se is smooth, as shown in Fig. S2 (Supporting Information). No 

obvious agglomeration can be found after Al doping. Fig. 3a shows the full cross-

sectional view of Cu2Se (Al-4.0 at.%) and the thickness of the specimen is ~500 nm. 
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Fig. 3b shows a high-angle annular dark field (HAADF) image of the yellow square in 

Fig. 3a. The grain boundaries can be observed in the dark region (Fig. S3, Supporting 

Information). The EDS maps of Se, Cu, and Al in Fig. 3b suggest the uniform 

distribution of these elements. Fig. 3c depicts an HRTEM image of the Cu2Se thin film 

and shows a well-adherent and smooth connection between the thin film and substrate 

interface. The inset of Fig. 3c is an FFT image of the HRTEM figure. Diffraction spots 

related to (060) and (501) planes can be identified. Fig. 3d shows the lattice strains of 

the red square in Fig. 3c along different directions. Obvious strain fields between layers 

can be found, which can be estimated by the introduction of Al-doping. Fig. 3e and Fig. 

S4(a) (Supporting Information) demonstrate the crystal structure of α-Cu2Se. The 

lattice framework was formed by Se atoms, which have a brighter view due to a higher 

atomic number of Se comparing to that of Cu and Al, and a similar result was observed 

by Li et al [50]. After Al doping, some host atoms are found in the crystalline domain, as 

shown in Fig. 3f and Fig. S4(b) (Supporting Information), and the Se atoms without 

undergoing a significant rearrangement (Fig. S4(c), Supporting Information). This 

result can support that Al was involved into the lattice of Cu2Se, which also matches 

the results of XRD (Fig. 2(a)). To further confirm the conclusion above, formation 

energy calculations were carried out based on DFT simulation. The results indicate that 

the formation energy of interstitial Al defect is -2.835 eV and substitution Al is -2.587 

eV under the Cu-rich condition. Therefore, similar formation energy indicates that both 

of interstitial Al defect and substitution Al defect are forming Cu2Se defects and play 

dominant roles in α-Cu2Se. Jo
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Fig. 3. (a) Full cross-sectional image of Cu2Se thin film with 4.0 at.% Al content under 

spherical aberration-corrected scanning transmission electron microscopy; (b) high-

angle annular dark-field image of Cu2Se corresponding to the yellow square (a) and 

element distribution map of Se, Cu, and Al; (c) high-resolution TEM image of Cu2Se 

thin film next to substrate area with a fast Fourier transform; (d) lattice strains of the 

red square in (c) along different directions; (e) crystal structure of α-Cu2Se of the blue 

square in (c); (f) adjusted image from (e); (g) intensity line profiles of (f). 

Fig. 4a shows the Seebeck coefficient (S) of the synthesized Cu2Se thin films as 

a function of temperature. The positive values suggest that the synthesized Cu2Se thin 

films are all p-type semiconductors. The S first decreases with the increase in 

temperature and then increases when the temperature reaches over 150 °C, suggesting 

a typical transition of phase in Cu2Se thin films [25, 29]. After Al doping, the S of the 

synthesized samples gradually increases, and the Al-5.2 at.% sample has the highest S 

values of 163.2 µV K-1 at 30 °C and 258.7 µV K-1 at 300 °C. This S value is an 

improvement of around three times compared with that of the pristine sample due to 

the optimized effective mass and carrier concentration (Fig. 4d). Meanwhile, Fig. 4b 

shows the electrical conductivity (σ) of the as-deposited thin films. The increase in 

temperature leads to a decrease in electrical conductivity. This phenomenon is 
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common in Cu2Se-based TE materials [8, 35, 36]. The carrier concentration (n) and 

mobility (μ) are shown in Fig. 4c. The μ increases from 11.2 cm2 V-1 s-1 to 68.6 cm2 V-

1 s-1 with increasing Al content, and the n of all samples decreases from 1.08 × 1021 

cm-3 to 9.02 × 1019 cm-3 due to the existence of trivalent Al3+, which is also confirmed 

in Fig. 2f. The carrier concentration and mobility can further confirm the improvement 

of S and σ. Thus, Al doping can satisfactorily adjust the transport behavior of Cu2Se. 

The improvement in S can be described as follows: 

 𝑆 =
8𝜋2𝑘𝐵
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where j is the Fermi integral of order, 𝜂F and ћ are reduced Fermi level (Ef /kBT) and 

Plank constant. By using the experimentally measured S and n in the above formula and 

assuming acoustic phonon scattering is prominent (i.e. r = -1/2) [52], the Pisarenko 

relationship at room temperature was calculated (Fig. 4d). This is because the increase 

of effective mass under similar carrier concentration after Al doping will lead to an 

increase in S. The energy band of Cu2Se and Cu1.98Al0.02Se are shown in Figs. 4e and 

4f. The Fermi level slightly shifts to the conduction band after Al doping, indicating the 

decrease in the hole concentration and thus resulting in reducing σ, which matches the 
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theoretical hypothesis as well. Fig. 4g plots the PF as a function of temperature and 

shows that Al -doping can significantly improve the PF value of the Al-1.6 at.% sample 

near room temperature compared with that of the pristine Cu2Se, which is as high as 

10.75 µW cm-1 K-2 at 30 °C. Fig. 4h shows the measured total thermal conductivities of 

Cu2Se thin films revealing a decreasing trend with the increase in Al content. The lattice 

thermal conductivities are also lower after Al doping than those in the pristine sample 

(Fig. S5, Supporting Information). This phenomenon may be caused by the scattering 

effect of defects and intrinsic preferred orientation in Cu2Se thin films (Fig. 3). 

Meanwhile, the ZT values were calculated, as shown in Fig. 4i. The Al-doped samples 

exhibit significantly enhancement in ZT values compared with the pristine Cu2Se thin 

film due to the significant decrease in thermal conductivity. Remarkable ZT values of 

~0.45 at 30 °C and ~0.76 at 275 °C were achieved in the Al-4.0 at.% sample. 
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Fig. 4. Temperature-dependent TE properties of Cu2Se films with various Al contents: 

(a) Seebeck coefficient; (b) electrical conductivity; (c) carrier concentration and 

mobility as a function of Al content; (d) calculated Seebeck coefficient curves as a 

function of carrier concentration; energy band structure of (e) pristine Cu2Se thin film 

and (f) Al-doped Cu2Se thin film; (g) temperature-dependent power factor of as-

deposited Al-doped Cu2Se; (h) temperature-dependent thermal conductivity of as-

synthesized Al-doped Cu2Se; (i) temperature-dependent ZT of as-synthesized Al-doped 

Cu2Se films. 

The flexibility of Cu2Se-based thin films was further investigated, as shown in 

Fig.5a. The ∆R/R0 of the as-fabricated Cu2Se thin films without an organic coating layer. 

The ∆R/R0 sharply increases up to 15% with the decrease in bending radius from 20 

mm to 5 mm under different bending cycles from 200 to 1000. In addition, the micro 

surface (Fig. S6, Supporting Information) reveals that the films were severely damaged 

after bending. An organic coating material (polyvinyl laurate) was employed on the 

Cu2Se thin films by spin coating to solve this problem, as shown in Fig. 5b. With a ~5.0 

µm-thick organic coating layer, the flexibility of Cu2Se thin films significantly 
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improved, and the ∆R/R0 of all samples is lower than 10% (Fig. 5c). The morphologies 

before and after bending are shown in Fig. S6 (Supporting Information). The results 

suggest that the flexibility was improved by the absence of fracture after bending. Fig. 

5d shows the output I-V and output power of the generator with 10 legs. The photo of 

the fabricated generator is shown as an inset image of Fig. 5d. The output electricity 

properties gradually increase with the increase in temperature difference, and a 

maximum power of ~110 nW was achieved at a temperature difference of 20 °C. The 

calculated power density is ~5.7 Wm-2, as shown in Fig. 5e. Meanwhile, the output 

power of the as-fabricated device after bending is plotted in Fig. 5f. The output 

properties of the device with an organic coating layer can be maintained compared with 

those of the device without an organic layer. The above analysis shows that a feasible 

solution was successfully performed to improve the flexibility of Cu2Se thin films. 

 

Fig. 5. (a) Resistance difference (∆R/R0) of flexible Cu2Se-based thin films without an 

organic component coating layer; (b) illustration of spin-coating process of an organic 

coating layer onto Cu2Se-based thin films; (c) ∆R/R0 of flexible Cu2Se-based thin films 

with an organic coating layer; (d) output I-V and calculated output power curves before 

bending; (e) calculated power density; (f) output power of the as-fabricated generator 

after bending.  

4. Conclusion 
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In this work, Al doping and organic coating strategies were successfully performed 

to further improve the TE properties and flexibility of p-type Cu2Se thin films. Flexible 

Cu2Se-based thin films were fabricated, and the S value increased from 57.2 µV K-1 to 

163.2 µV K-1 after Al doping. The Al-doped samples have low thermal conductivity 

and high ZT values of 0.45 at 30 °C and 0.76 at 275 °C. Moreover, the flexibility of 

Cu2Se thin films was significantly improved by using an organic layer coating. The as-

fabricated flexible generator achieved a remarkable output power of ~110 nW, and the 

power density is ~5.7 Wm-2 at a temperature difference of 20 °C. This study provides 

convenient and efficient strategies to improve the TE performance and flexibility of 

Cu2Se thin films and devices. 
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Highlights 

⚫ Highly (0l0) preferred orientation aluminum-doped cuprous selenide flexible thin 

films were fabricated. 

⚫ The carrier concentration was successfully adjusted after Al doping, resulting in 

great enhancement in Seebeck coefficient. 

⚫ A record-high figure of merit of 0.76 at 275 °C was achieved due to the high-power 

factor and low thermal conductivity. 

⚫ Further surface organic component coating treatment leads to exceptional 

flexibility of the thin films. 

⚫ The fabricated flexible generator module displays a high-power density of ~5.7 

Wm-2 at a 20 °C temperature gradient. 
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