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Abstract. CuAgSe is a promising thermoelectric material due to its high carrier mobility and 

ultralow lattice thermal conductivity. In this work, Zn was doped into Cu sites at various 

concentrations (x = 0, 0.02, 0.04, 0.06, 0.08, and 0.10) to enhance its thermoelectric performance, 

resulting in compounds with the formula Cu1-xZnxAgSe. The Zn-doped CuAgSe polycrystals 

were successfully synthesized using growth from the melt technique. The crystal structures of the 

samples were characterized by X-ray diffraction. The influence of Zn-doping on the 

thermoelectric properties was investigated in the temperature range of 300 - 673 K. Zn 

incorporation led to a reduction in lattice thermal conductivity to approximately 0.3 W m
-1 

K
-1

 at 

673 K, along with an increase in electrical conductivity compared to undoped CuAgSe. 

Interestingly, the sample Cu0.94Zn0.06AgSe exhibited the highest ZT of  0.69 at 673 K, 

approximately 3.5 times higher than that of the undoped material. 
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1. INTRODUCTION  

Global warming and energy shortages have spurred interest in clean, sustainable 

alternatives. Renewable sources, such as wind, hydro, and solar power, can replace fossil fuels, 

while industrial waste heat offers potential for energy recovery. Thermoelectric materials are 

promising for this purpose due to their stability, non-toxicity, and ability to directly convert heat 

into electricity using abundant elements [1]. The thermoelectric figure of merit (ZT), defined as 

ZT=S
2
σT/κ, evaluates a material’s energy conversion efficiency, where S is the Seebeck 

coefficient, σ is electrical conductivity, κ is thermal conductivity, and absolute temperature (T). 

The term S
2
σ, known as the power factor (PF), reflects the material’s electrical performance [2]. 



 
 

Thi Huong Nguyen, et al. 
 

 

496 

High ZT requires a large PF and low κ [3]. Strategies to enhance ZT include band structure 

engineering, crystal structure modification, and impurity doping [4 - 6]. 

CuAgSe is a superionic compound and a promising candidate for thermoelectric 

applications. Similar to Cu2Se, CuAgSe exhibits two temperature-dependent structural phases: a 

low-temperature β-phase and a high-temperature α-phase. Below 470 K, the β-CuAgSe phase 

exhibits an incommensurately modulated structure with an orthorhombic Pmmn(0β1/2)s00 

superspace group and displays exceptionally high electron mobility, reaching approximately 

56,000 cm² V¹ s¹ at 5 K [7]. This remarkable mobility reflects the good ‘electron–crystal’ 

transport behavior. Moreover, its complex structure and lattice disorder suggest glass- or liquid-

like thermal transport characteristics. Above 470 K, CuAgSe transitions to the α- phase, adopting 

a face-centered cubic structure similar to the high-temperature superionic phase of Cu2Se, where 

Ag
+
/Cu

+ 
cations are randomly distributed within the Se

2-
 anions framework. This cationic 

disorder, exacerbated by partial Cu substitution with Ag, significantly lowers the lattice thermal 

conductivity, making it even lower than that of Cu2Se [8, 9]. 

CuAgSe supports both n-type and p-type conduction with comparable ZT values, making it 

an ideal material for thermoelectric modules due to its matched thermal and mechanical 

properties. In recent years, several studies have reported on the thermoelectric performance of 

both n-type and p-type CuAgSe. Qiu et al. [10] achieved a maximum ZT of 0.7 at 450 K in n-type 

CuAgSe0.95Te0.05 by substituting Te at Se sites. Hong et al. [11] investigated p-type CuAgSe and 

reported a ZT of 0.95 at 623 K. Nguyen’s group[12] introduced 2 % Zn into CuAgSe, resulting in 

a transition from p-type to n-type conduction and a ZT increase to 0.68 at 623 K. More recently, 

Yu et al. [13] demonstrated that Zn doping at the Cu sublattice in the CuAg-rich CuAgSe reduces 

vacancy concentrations, further improving thermoelectric performance, with ZT reaching 0.95 in 

Cu1.01Ag1.02Zn0.01Se (n-type). Despite these advances, a systematic investigation into the effect of 

Zn doping concentration on the thermoelectric properties of CuAgSe remains lacking.  

In this study, Zn-doped CuAgSe materials with various doping concentrations were 

synthesized, and the effect of Zn content on their thermoelectric properties was systematically 

investigated. An ultralow lattice thermal conductivity of approximately 0.3 W m
-1

 K
-1

 at 673 K 

was achieved in the doped sample. The highest thermoelectric performance was observed in the 

Cu0.94Zn0.06AgSe composition, which reached a maximum ZT value of 0.69 at 673 K, about 3.5 

times higher than that of the undoped CuAgSe. 

2. MATERIALS AND METHODS 

Zn-doped CuAgSe polycrystalline samples were synthesized via the “growth from the melt” 

method using high-purity Cu, Ag, Se, Te, and Zn powders. Zn was substituted for Cu in                   

Cu1-xZnxAgSe with doping levels ranging from 0 to 10 % (x = 0, 2, 4, 6, 8, and 10 %), as listed in 

Table 1. Powder mixtures were sealed in evacuated quartz ampoules, heated to 1323 K over 120 

hours, held for 165 hours, then cooled to room temperature over 250 hours. The resulting ingots 

measured 13.5 mm in diameter and 25 mm in length. Phase analysis was performed using powder 

X-ray diffraction (XRD) (Rigaku Ultima IV, Cu Kα, λ = 1.54056Å, 2° min
-1

). Bar-shaped 

samples (2 mm × 1.2 mm × 9 mm) were used for electrical conductivity and Seebeck coefficient 

measurements from 300 to 673 K under vacuum. Disk-shaped samples (ϕ14 mm × 2 mm) were 

prepared for thermal diffusivity (D) measurements via a Netzsch LFA-457. Mass density (ρ) was 

determined by the Archimedes method, and specific heat capacity (Cp) values were adopted from 

Hong et al. [11]. Total thermal conductivity (κtot) was calculated using the equation κtot = DCpρ. 
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Hall effect measurements were performed using a van der Pauw setup under a 0.45 T magnetic 

field. Estimated measurement uncertainties were ± 4.3 % (σ), ± 1.3 % (S), and 3 % (κtot). 

3. RESULTS AND DISCUSSION 

 

Figure 1. (a) XRD patterns for the Cu1-xZnxAgSe (x = 0 – 0.10) samples (b) enlarged XRD patterns in the 

2θ angle range from 29.5° to 35.5° show a shift of (110) and (111) peaks. 

XRD patterns of the Cu1-xZnxAgSe (x = 0 - 0.10) samples are shown in Figure 1 to examine 

their crystal structure. All samples exhibit nearly identical patterns, which are consistent with 

previously reported results [7, 14]. All observed peaks can be indexed to the incommensurately 

modulated CuAgSe phase with the superspace group Pmmn(0β1/2)s00. Secondary phase peaks 

corresponding to ZnSe appear when the Zn-doping content reaches x = 0.04, indicating that the 

solubility limit of Zn in the CuAgSe lattice is likely around 0.02. Figure 1(b) presents a magnified 

view of the XRD patterns in the 2θ range of 29.5°- 35.5° for all compositions. No noticeable peak 

shift is observed for x ≤ 0.02. However, as the Zn content increases from x = 0.04 to x = 0.10, the 

(110) and (111) peaks gradually shift toward higher angles. This shift is attributed to the 

substitution of Cu
+
 (ionic radius ~ 0.77 Å) with the slightly smaller Zn

2+
 ions (ionic radius ~ 0.74 

Å), confirming the incorporation of Zn into Cu sites. These results confirm the successful 

synthesis of Zn-doped CuAgSe samples. The corresponding lattice parameters for each 

composition are listed in Table 1. 

Table 1. Lattice constants, volume, mass density (which was obtained using the Archimedes method), 

carrier concentration, and carrier mobility at room temperature of Cu1-xZnxAgSe (x = 0 – 0.10) samples 

Sample 
Lattice constants (Å) Volume 

(Å
3
) 

Mass 

density 

(g/cm
3
) 

n*10
18

 

(cm
-3

) 

μ (cm
2
 

V
-1

 s
-1

) a b c 

x = 0 4.096 4.050 6.326 104.926 7.827 4.575 2217 

x = 0.02 4.097 4.049 6.328 104.968 7.819 7.699 4624 

x = 0.04 4.085 4.039 6.310 104.113 7.694 9.728 2664 

x = 0.06 4.090 4.044 6.317 104.471 7.586 8.327 3710 

x = 0.08 4.087 4.042 6.314 104.327 7.457 9.048 2996 

x = 0.10 4.089 4.045 6.317 104.478 7.565 9.820 2403 
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Figure 2 shows the temperature dependence of the Seebeck coefficient (S), electrical 

conductivity (σ), and power factor (PF) for Cu1-xZnxAgSe (x = 0 - 0.10) samples. In the undoped 

CuAgSe sample, the Seebeck coefficient exhibits an abrupt transition from negative to positive 

values around 470 K, corresponding to the known phase transition from the low-temperature β-

phase to the high-temperature α-phase. In contrast, all Zn-doped samples maintain negative 

Seebeck coefficients across the entire temperature range, indicating stable n-type conduction with 

electrons as the dominant charge carriers. This behavior suggests that substituting Zn (which has 

two valence electrons) for Cu (which has one valence electron) introduces additional electrons 

into the system, thereby promoting n-type behavior. Moreover, the doped samples exhibit higher 

Seebeck coefficient values than the undoped samples at elevated temperatures. Notably, the 

Cu0.94Zn0.06AgSe sample achieves the highest Seebeck coefficient of ~ 249 μV K
-1

 at 573 K.  

 

Figure 2. Temperature-dependent (a) Seebeck coefficient, (b) electrical conductivity, and (c) power factor 

of the Cu1-xZnxAgSe (x = 0 – 0.10) samples. 

The variation of electrical conductivity versus temperature of the Cu1-xZnxAgSe (x = 0 – 

0.10) samples is illustrated in Fig. 2b. For all compositions, electrical conductivity decreases with 

increasing temperature and exhibits a sharp drop above the phase transition temperature (~ 470 

K), corresponding to the transition into the semiconducting α-phase. This behavior is consistent 

with the observed trends in the Seebeck coefficient. Interestingly, all Zn-doped samples show 

higher electrical conductivity than the undoped samples across the entire temperature ranges, 

which can be attributed to the additional free electrons introduced by Zn
2+

 substitution at Cu sites. 

The carrier concentration and mobility values at 300 K for each sample are provided in Table 1. 

Among the compositions, Cu0.98Zn0.02AgSe exhibits the highest electrical conductivity, reaching 

5697 S cm
-1

 at 300 K and 125 S cm
-1

 at 673 K due to its high carrier concentration and mobility. 

However, as the Zn doping content increases beyond x = 0.02, the electrical conductivity 
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gradually decreases. This reduction is likely due to the formation of the ZnSe secondary phase, 

which hinders carrier transport. These results suggest that moderate Zn doping can effectively 

enhance the electrical conductivity of CuAgSe, thereby improving its thermoelectric 

performance.  

The calculated thermoelectric power factor (PF = S
2
σ) as a function of temperature is 

presented in Figure 2c. Zn doping significantly enhances the PF due to simultaneous 

improvements in both the S and σ. At 300 K, the PF of the Cu0.98Zn0.02AgSe sample reaches 25.8 

μW cm
−1

 K
−2

, roughly 1.64 times higher than that of undoped CuAgSe. As the temperature 

increases, the PF of all samples decreases in the α-phase region (T > 470 K), primarily due to the 

substantial drop in σ. Despite this decline, the Cu0.98Zn0.02AgSe sample still exhibits the highest 

PF, with a maximum value of 5.8 μW cm
−1

 K
−2

 at 623 K, approximately 2.23 times greater than 

that of the pristine sample. 

Figures 3a and 3b display the temperature dependence of thermal diffusivity (D) and total 

thermal conductivity (κtot) for all Cu1-xZnxAgSe samples. A similar trend was observed in the 

deviation D and κtot values. In the β-phase (T < 470 K), all samples show higher values of D and 

κtot compared to those in the α-phase. As temperature increases within the β-phase, both 

parameters gradually decrease, while in the α-phase (T > 470 K), a slight increase is observed. 

This behavior is primarily attributed to enhanced phonon-phonon scattering at elevated 

temperatures in the α-phase. Moreover, Zn-doped samples present lower D and κtot values than 

the undoped sample across the entire temperature range, which can ascribed to increased phonon 

scattering induced by mass and strain field fluctuations introduced by the Zn dopants.  

 

Figure 3. Temperature dependence of (a) thermal diffusivity, (b) total thermal conductivity,                                 

(c) lattice thermal conductivity, and (d) ZT for the Cu1-xZnxAgSe (x = 0 – 0.10) samples. 

To gain deeper insight into the temperature dependence of thermal conductivity, the lattice 

thermal conductivity (  ) was determined by subtracting the electronic thermal conductivity (  ) 

from the total thermal conductivity (κtot). The    values were calculated using the Wiedemann- 

Franz law:       , where   is the Lorentz number. Under the single parabolic band model 

assumption,   is estimated using the empirical relation   [         ]         { | |    }, 
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where   is the measured Seebeck coefficient. The calculated Lorentz number ranged from 1.62 to 

2.16 × 10
-8

 V
2 

K
-2

, as detailed in the Supplementary Information. As shown in Fig. 3c,    
decreases systematically with increasing Zn doping concentration, which can be attributed to 

enhanced phonon scattering introduced by Zn dopants. Interestingly, the Cu0.9Zn0.10AgSe sample 

exhibits the lowest    values of 0.3 W m
-1

 K
-1

 at 673 K, representing a 2.6-fold reduction 

compared to undoped CuAgSe.  

Figure 3d presents the temperature dependence of the ZT for both pristine and Zn-doped 

CuAgSe samples. Higher ZT values are observed in the high-temperature α-phase compared to 

the low-temperature β-phase, primarily due to the significantly lower total thermal conductivity in 

the α-phase. The enhancement in ZT with Zn doping is mainly attributed to the increase in 

electrical conductivity resulting from the elevated carrier concentration introduced by Zn 

substitution. Among all samples, Cu0.94Zn0.06AgSe exhibits the highest ZT value of 0.69 at 673 K, 

representing an improvement of about 245 % compared to undoped CuAgSe.  

4. CONCLUSIONS  

In this study, a series of Zn-doped CuAgSe samples were successfully synthesized using 

growth from the melt method. The crystal structure and electrical and thermal transport properties 

of the samples were systematically investigated. XRD analysis revealed that the Zn solubility 

limit in β-CuAgSe is around 0.02. Compared to the undoped CuAgSe sample, Zn doping 

effectively enhanced electrical conductivity by increasing carrier concentrations while 

simultaneously reducing the lattice thermal conductivity to as low as 0.3 W m
-1 

K
-1

 at 673 K. A 

maximum ZT value of 0.69 was achieved at 673 K for the Cu0.94Zn0.06AgSe sample. These results 

demonstrate that Zn doping is a promising strategy for tuning carrier concentration and 

optimizing the thermoelectric performance of CuAgSe.  
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