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We investigated the physical properties of the silver doped layered oxyselenides BiCu1–xAgxSeO

(x¼ 0–0.4), which crystallize in an unusual intergrowth structure with [Cu2Se2]
2– and [Bi2O2]

2þ

layers. The total thermal conductivity is decreased because the heavier Ag doping in BiCuSeO lattice

decreased the lattice thermal conductivity. The undoped BiCuSeO exhibits a semiconducting

behavior, and the Ag-doped BiCuSeO performs much improved electrical conductivity. Although

Ag-doping causes a decreasing Seebeck coefficient, the significant increase of the electrical conduc-

tivity compensates the moderate decrease of the Seebeck coefficient, which leads to the strongly

improved power factor values. Finally, the figure of merit is improved and reaches a maximum

�0.07 at 300K for the sample BiCu0.7Ag0.3SeO.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4894258]

Solid-state cooling and power generation based on thermo-

electric (TE) effects have potential applications in waste-heat

recovery, air conditioning, and refrigeration. The efficiency of

TE devices is determined by the materials’ dimensionless figure

of merit, defined as ZT¼ (S2/qj)T, where S, q, j, and T are the

Seebeck coefficient, electrical resistivity, thermal conductivity,

and absolute temperature, respectively.1–3 Among the TE mate-

rials, metal oxides have received increasing attention because

of their low cost, high thermal and chemical stability, and envi-

ronmental compatibility.4,5 However, the thermal conductivity

of metal oxides is relatively high due to their simple crystal

structure, large bonding energy and light constituting elements

which yield weak phonon scattering, impeding obtaining the

large ZT value.

Recently, a p-type layered oxychalcogenide BiCuSeO

composed of conductive [Cu2Se2]
2– layers alternately stacked

with [Bi2O2]
2þ layers,6 was found to exhibit a very promising

figure of merit (ZT> 0.8 at 923K),7,8 which is much larger

than other polycrystalline oxide systems such as p-type
Ca3Co4O9 (ZT� 0.2 at 973K)9 or n-type SrTiO3 (ZT� 0.35

at 1273K),10 ZnO (ZT� 0.4 at 1273K),11 or In2O3 (ZT� 0.45

at 1273K).12,13 A large number of jobs concerning the ther-

moelectric property were published.14–26 Its promising ther-

moelectric performance mainly originates from its low

thermal conductivity coupled to a moderate power factor

(PF¼ S2/q). A limitation of undoped BiCuSeO for thermo-

electric applications is its rather high electrical resistivity,

which could be improved by increasing the carrier

concentration.14–19 Theory calculation has indicated that the

conduction band minimum (CBM) of BiCuSeO is primarily

contributed from Bi 6p orbitals,27,28 while the valance band

maximum (VBM) of BiCuSeO is mainly resulted from the

hybridization between Cu-3d and Se-4p. Thus, enhancing the

hybridization of the cation and anion in the conductive CuSe

layer may be another way to improve the conductivity in

BiCuSeO. For example, BiCuTeO, which is obtained by the

replacement of Se by Te in BiCuSeO, exhibits improved con-

ductivity than BiCuSeO, because the hybridization between

Cu-3d orbital and Te-5p orbital is larger and the carriers trans-
fer more easily in CuTe layer.29,30 On the other hand, lower-

ing the thermal conductivity without significantly reducing the

power factor would result in the increase of ZT value. Since

the transport properties that determine the material efficiency

are strongly correlated, depending on the carrier concentra-

tion, band structure and lattice thermal conductivity, etc., the

optimization of carrier concentration or band structure by dop-

ing to reduce the thermal conductivity and resistivity will be

an effective way to improve the ZT value of BiCuSeO.

In this work, we studied the Ag-doping effect on the

physical properties of BiCuSeO, the Ag-doping suppresses

thermal conductivity and decreased resistivity, leading to an

remarkable improvement of ZT value.

Polycrystalline BiCu1–xAgxSeO (0� x� 0.4) were pre-

pared by solid-state reaction between Bi2O3, Bi, Cu, Ag, and

Se. The raw materials were mixed and ground thoroughly in

an agate pestle and mortar, and then the mixtures were

pressed into pellets under 12MPa. The pellets were sealed

under vacuum (<10�4 Pa) in the silica tubes, which had been

baked in dry box for 1–2 h at 150 �C. The ampoules were

annealed at 400 �C for 10 h to make sure the reaction of sele-

nium with the elemental metals completely. Then, they were

heated to 600 �C with 1 �C/min and maintained at this tem-

perature for 20 h. Finally, the furnace was shut down and

cooled to room temperature naturally. The obtained samples

were reground, pelletized, and heated for another 20 h at

700 �C followed by furnace cooling. Room temperature

X-ray diffraction (XRD) characterization was performed

a)Electronic mail: hchlei@issp.ac.cn
b)Electronic mail: ypsun@issp.ac.cn

0003-6951/2014/105(8)/082109/5/$30.00 VC 2014 AIP Publishing LLC105, 082109-1

APPLIED PHYSICS LETTERS 105, 082109 (2014)

 17 O
ctober 2026 02:40:30

http://dx.doi.org/10.1063/1.4894258
http://dx.doi.org/10.1063/1.4894258
http://dx.doi.org/10.1063/1.4894258
mailto:hchlei@issp.ac.cn
mailto:ypsun@issp.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4894258&domain=pdf&date_stamp=2014-08-27


using a Panalytical X’pert diffractometer by using a Cu-Ka

radiation. The electrical and thermal transport properties were

measured in a commercial Physical Property Measurement

System (1.8K�T� 400K, 0T�H� 9T). The conventional

four-probe methods were used for the transport property

measurements. Due to the strong anisotropic properties,24 all

the samples are measured along the direction perpendicular to

the pressing direction, and the sample size is about 8� 2.5

� 1.2mm3 (Length�Width�Height).

As shown in Fig. 1, the structure of BiCuSeO is built up

by stacking [Cu2Se2]
2– and [Bi2O2]

2þ layers alternatively

along the c axis. Using the tetragonal structure with the space
group P4/nmm, the XRD patterns for the whole series of

BiCu1–xAgxSeO can be fitted very well (Figs. 2(a) and 2(b)).

A small amount of CuBi2O4 phase was detected for the sam-

ples, which may be caused by the easy volatilization of Se.

The fitted structural parameters are shown in Fig. 2(c). It can

be seen that lattice constants a and c increase monotonically

with increasing Ag content from 0 to 0.4, indicating that the

Ag has been introduced into BiCuSeO. The strong increase

of both a and c is consistent with the much larger ionic ra-

dius of Agþ (1.26 Å) than that of Cuþ (0.96 Å). However, it

is noteworthy that the relative increase of c is much larger

than that of a. The anisotropic evolution of the unit cell pa-

rameters with Ag substitution can be related to the layered

structure of these materials with different bonding strengths

along two directions.

The temperature dependence of electrical resistivity

q(T) of BiCu1–xAgxSeO in the range of 2–300K is shown in

Fig. 3(a). It clearly shows that the undoped BiCuSeO exhib-

its a semiconducting behavior over the entire temperature

range, whereas the Ag doping changes the electrical trans-

port to metallic behavior gradually. The evolution of the

electrical transport could be owing to two origins. First, the

evolution of resistivity behavior could be originated from the

evolution of the band structure. Fig. 3(b) shows the absorp-

tion spectra of BiCu1–xAgxSeO. The optical energy band

gap, Egap, was determined from the sharp decrease in the

transmission region according to Tauc and Menth’s law.31 It

can be seen that the band gap shifts to lower energy with

increasing Ag content, which is similar to the evolution of

BiCuSe1–xTexO.
20,29 In undoped BiCuSeO, the CBM is pri-

marily contributed from Bi 6p orbitals,27,28 while the VBM

of BiCuSeO are mainly resulted from the hybridization

between Cu-3d and Se-4p. The hybridization of Ag-4d and

Se-4p should be larger than that of Cu-3d and Se-4p. Then
the VBM of Ag-doped BiCuSeO would be shallower than

that of undoped BiCuSeO, in which case the acceptor level

would shift into the valence band (VB), generating a large

number of holes and causing the metallic-like behavior in

Ag-doped BiCuSeO. The idea is put forward by Hosono

et al. to explain the metallic behavior in BiCuTeO.30 On the

other hand, in contrast to the semiconducting behavior of

BiCuSeO in current work, metallic behavior is observed in

the unintentionally doped BiCuSeO, probably due to a faint

amount of Cu vacancy.8 As the large difference between

the size of Cu ion and Ag ion, it is possible to introduce Cu/

Ag-vacancy at Cu site in BiCu1–xAgxSeO as Ag is doped in

the lattice. Thus, this could lead to the crossover of resistivity

from semiconducting behavior to metallic one. All in all, the

Ag-doping in BiCuSeO improves the electrical conductivity.

The Seebeck coefficients (S) of all the samples in the

whole temperature range are positive, indicating p-type car-

riers are dominant (Fig. 4(a)). The Seebeck coefficient for

undoped BiCuSeO is 357 lV/K at 300K, which is consistent

with the previous results.8 Ag-doping has a significant effect

on the Seebeck coefficient, which decreased from 357 lV/KFIG. 1. The crystal structure of BiCuSeO.

FIG. 2. (a) and (b) Rietveld refinement against powder XRD diffraction data

for BiCuSeO and BiCu0.6Ag0.4SeO. (c) The fitted lattice parameters as a

function of Ag content x.
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for x¼ 0 to 143lV/K for x¼ 0.4 at 300K. There is an anom-

aly for x¼ 0.1 that the Seebeck coefficient increases with

decreasing temperature and reaches a maximum value

236lV/K at about 100K, the origin of which is unknown at

present. With increasing Ag content, the significant decrease

of the electrical resistivity compensates the moderate decrease

of the Seebeck coefficient, which leads to strongly improved

PF values (Fig. 4(b)). It is noteworthy that the PF does not

increase monotonously with increasing Ag content, but

reaches a maximum between x¼ 0.2 and x¼ 0.3. For the sam-

ples of x� 0.2 whose ground state are metallic-like, there is

little improvement to the electric conductivity but the thermo-

power decreases continuously when the content of Ag further

increases. Therefore, hole doping is a good approach to

improve the thermoelectric properties and the optimization of

the power factor can be reached at x¼ 0.2–0.3.

Fig. 5 shows the temperature dependence of the thermal

conductivity of BiCu1–xAgxSeO compounds. The total thermal

conductivity values decrease remarkably with increasing Ag

content. Generally, the total thermal conductivity can be

expressed as a sum of lattice and electronic terms, i.e.,

j(T)¼ jL(T)þje(T). We used the Wiedemann-Franz law

to calculate the electronic term (je(T)¼LrT, where

L¼ 2.44� 10�8 W X/K2 is the Lorenz number, r is the elec-

trical conductivity, and T is the absolute temperature). The

lattice contribution to the thermal conductivity is obtained by

subtracting the electronic contribution from the total thermal

conductivity. The je is enhanced due to the increase of electri-
cal conductivity but the enhancement is marginal when com-

pared to the decrease of total thermal conductivity. It suggests

that the jL decreases greatly with Ag doping, because the Ag

in the Cu lattice of BiCuSeO plays a role as the strong phonon

point defect scattering center due to a large mismatch between

the size and mass of Ag and Cu atoms (160 pm and 108 g/mol

for Ag versus 135 pm and 64 g/mol for Cu).

Temperature dependence of ZT values with Ag doping

calculated based on the above transport data is presented in

Fig. 6. The ZT values increase over the whole measured tem-

perature except for the sample BiCu0.9Ag0.1SeO. The ZT
value of our undoped BiCuSeO at room temperature is less

than 0.001, which is due to the very low electrical conductiv-

ity. As Ag is doped, the ZT value is largely increased and

reaches a maximum of 0.07 at 300K for the sample

BiCu0.7Ag0.3SeO. According to the expression of ZT, the
enhanced value mainly benefits from the increased electrical

conductivity and the reduced lattice thermal conductivity.

Moreover, the optimization of the carrier concentration by

hole doping to further increase the electrical conductivity of

BiCu1–xAgxSeO (x¼ 0.2–0.3) may be a good way to further

improve the thermoelectric properties in this system.

FIG. 3. (a) Electrical resistivity of BiCu1–xAgxSeO (x¼ 0–0.4) is plotted as

a function of temperature from 300 to 2K. (b) The electronic absorption

spectra of BiCu1–xAgxSeO. It is the plot of (ah�)2 versus photon energy h�
and the band-gap energy is deduced from the extrapolation of the straight

line up to (ah�)2¼ 0.

FIG. 4. Temperature dependence of the Seebeck coefficient (a) and power

factor (b) of the series BiCu1–xAgxSeO (x¼ 0–0.4). The inset shows the val-

ues at room temperature.
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In summary, the BiCu1–xAgxSeO (0� x� 0.4) polycrys-

talline samples were synthesized by a solid state reaction.

The electrical conductivity is largely improved by Ag dop-

ing. The Seebeck efficient decreases via Ag doping, but the

significant decrease of the resistivity compensates the

moderate decrease of the Seebeck coefficient, which leads to

the strongly improved PF values. Moreover, the heavier Ag

doping decreases the lattice thermal conductivity and thus

decreases the total thermal conductivity. As a result, a high

ZT value up to �0.07 at room temperature is achieved for

the sample BiCu0.7Ag0.3SeO, which may be a candidate for

TE materials at high temperature.

This work was supported by the National Key Basic

Research under Contract No. 2011CBA00111, and the

National Nature Science Foundation of China under

Contract Nos. 51102240 and 11104279 and the Joint Funds

of the National Nature Science Foundation of China and the

Chinese Academy of Sciences Large-scale Scientific

Facility (Grant No. U1232139) and Director’s Fund of

Hefei Institutes of Physical Science, Chinese Academy of

Sciences.

1Handbook of Thermoelectrics, edited by D. M. Rowe (CRC, Boca Raton,

FL, 1995).
2H. J. Goldsmid, Thermoelectric Refrigeration (Plenum, New York, 1964).
3Semiconductors and Semimetals, Recent Trends in Thermoelectric
Materials Research: Part One to Three, edited by T. M. Tritt (Academic,

San Diego, CA, 2001), Vol. 69–71.
4K. Koumoto, Y. F. Wang, R. Z. Zhang, A. Kosuga, and R. Funahashi,

Annu. Rev. Mater. Res. 40, 363 (2010).
5J. He, Y. F. Liu, and R. Funahashi, J. Mater. Res. 26, 1762 (2011).
6A. M. Kusainova, P. S. Berdonosov, L. G. Akselrud, L. N.

Kholodkovskaya, V. A. Dolgikh, and B. A. Popovkin, J. Solid State

Chem. 112, 189 (1994).
7L. D. Zhao, D. Berardan, Y. L. Pei, C. Byl, L. Pinsard-Gaudart, and N.

Dragoe, Appl. Phys. Lett. 97, 092118 (2010).
8Y. Liu, L. D. Zhao, Y. Liu, J. Lan, W. Xu, F. Li, B. P. Zhang, D.

Berardan, N. Dragoe, Y.-H. Lin, C. W. Nan, J.-F. Li, and H. Zhu, J. Am.

Chem. Soc. 133, 20112 (2011).
9Y. Masuda, D. Nagahama, H. Itahara, T. Tani, W. S. Seo, and K.

Koumoto, J. Mater. Chem. 13, 1094 (2003).
10S. Ohta, T. Nomura, H. Ohta, M. Hirano, H. Hosono, and K. Koumoto,

Appl. Phys. Lett. 87, 092108 (2005).
11M. Ohtaki, T. Tsubota, K. Eguchi, and H. Arai, J. Appl. Phys. 79, 1816
(1996).

12D. Berardan, E. Guilmeau, A. Maignan, and B. Raveau, Solid State

Commun. 146, 97 (2008).
13E. Guilmeau, D. Berardan, C. Simon, A. Maignan, B. Raveau, D. O.

Ovono, and F. Delorme, J. Appl. Phys. 106, 053715 (2009).
14J. Li, J. H. Sui, L. Pei, C. Barreteau, D. Berardan, N. Dragoe, W. Cao, and

L. D. Zhao, J. Alloys Compd. 551, 649 (2013).
15F. Li, T.-R. Wei, F. Kang, and J.-F. Li, J. Mater. Chem. A 1, 11942
(2013).

16S. D. N. Luu and P. Vaqueiro, J. Mater. Chem. A 1, 12270 (2013).
17J.-L. Lan, B. Zhan, Y.-C. Liu, B. Zheng, Y. Liu, Y.-H. Lin, and C.-W.

Nan, Appl. Phys. Lett. 102, 123905 (2013).
18J. Li, J. H. Sui, Y. L. Pei, C. Barreteau, D. Berardan, N. Dragoe, W. Cai, J.

Q. He, and L. D. Zhao, Energy Environ. Sci. 5, 8543 (2012).
19L. Pan, D. Berardan, L. Zhao, C. Barreteau, and N. Dragoe, Appl. Phys.

Lett. 102, 023902 (2013).
20Y. Liu, J. Lan, W. Xu, Y. Liu, Y.-L. Pei, B. Cheng, D.-B. Liu, Y.-H. Lin,

and L.-D. Zhao, Chem. Commun. 49, 8075 (2013).
21D. S. Lee, T.-H. An, M. Jeong, H.-S. Choi, Y. S. Lim, W.-S. Seo, C.-H.

Park, C. Park, and H.-H. Park, Appl. Phys. Lett. 103, 232110 (2013).
22J. Li, J. Sui, Y. Pei, X. Meng, D. Berardan, N. Dragoe, W. Cai, and L.-D.

Zhao, J. Mater. Chem. A 2, 4903 (2014).
23L.-D. Zhao, J. He, D. Berardan, Y. Lin, J.-F. Li, C.-W. Nan, and N.

Dragoe, Energy Environ. Sci. 7, 2900 (2014).
24J. Sui, J. Li, J. He, Y.-L. Pei, D. Berardan, H. Wu, N. Dragoe, W. Cai, and

L.-D. Zhao, Energy Environ. Sci. 6, 2916 (2013).
25D. Zou, S. Xie, Y. Liu, J. Lin, and J. Li, J. Mater. Chem. A 1, 8888 (2013).
26J. L. Lan, Y.-C. Liu, B. Zhan, Y.-H. Lin, B. Zhang, X. Yuan, W. Zhang,

W. Xu, and C.-W. Nan, Adv. Mater. 25, 5086 (2013).

FIG. 5. (a) Temperature dependence of thermal transport properties for

samples BiCu1–xAgxSeO (x¼ 0–0.4). (a) Total thermal conductivity, the

inset shows the values at room temperature; (b) lattice thermal conductivity

(jL) and electronic thermal conductivity (je).

FIG. 6. Temperature dependence of the ZT value for the series

BiCu1–xAgxSeO (x¼ 0–0.4). The inset shows the ZT values at room temper-

ature as a function of Ag content x.

082109-4 Tan et al. Appl. Phys. Lett. 105, 082109 (2014)

 17 O
ctober 2026 02:40:30

http://dx.doi.org/10.1146/annurev-matsci-070909-104521
http://dx.doi.org/10.1557/jmr.2011.108
http://dx.doi.org/10.1006/jssc.1994.1285
http://dx.doi.org/10.1006/jssc.1994.1285
http://dx.doi.org/10.1063/1.3485050
http://dx.doi.org/10.1021/ja2091195
http://dx.doi.org/10.1021/ja2091195
http://dx.doi.org/10.1039/b301758n
http://dx.doi.org/10.1063/1.2035889
http://dx.doi.org/10.1063/1.360976
http://dx.doi.org/10.1016/j.ssc.2007.12.033
http://dx.doi.org/10.1016/j.ssc.2007.12.033
http://dx.doi.org/10.1063/1.3197064
http://dx.doi.org/10.1016/j.jallcom.2012.10.160
http://dx.doi.org/10.1039/c3ta11806a
http://dx.doi.org/10.1039/c3ta12753b
http://dx.doi.org/10.1063/1.4799643
http://dx.doi.org/10.1039/c2ee22622g
http://dx.doi.org/10.1063/1.4775593
http://dx.doi.org/10.1063/1.4775593
http://dx.doi.org/10.1039/c3cc44578j
http://dx.doi.org/10.1063/1.4837475
http://dx.doi.org/10.1039/c3ta14532h
http://dx.doi.org/10.1039/C4EE00997E
http://dx.doi.org/10.1039/c3ee41859f
http://dx.doi.org/10.1039/c3ta11222e
http://dx.doi.org/10.1002/adma.201301675


27E. S. Stampler, W. C. Sheets, M. I. Bertoni, W. Prellier, T.

O. Mason, and K. R. Poeppelmeier, Inorg. Chem. 47, 10009

(2008).
28S. Sallis, L. F. J. Piper, J. Francis, J. Tate, H. Hiramatsu, T. Kamiya, and

H. Hosono, Phys. Rev. B 85, 085207 (2012).

29C. Barreteau, D. Berardan, L. D. Zhao, and N. Dragoe, J. Mater. Chem. A

1, 2921 (2013).
30H. Hiramatsu, H. Yanagi, T. Kamiya, K. Ueda, M. Hirano, and H. Hosono,

Chem. Mater. 20, 326 (2008).
31J. Tauc and A. Menth, J. Non-Cryst. Solids 8–10, 569 (1972).

082109-5 Tan et al. Appl. Phys. Lett. 105, 082109 (2014)

 17 O
ctober 2026 02:40:30

http://dx.doi.org/10.1021/ic801267m
http://dx.doi.org/10.1103/PhysRevB.85.085207
http://dx.doi.org/10.1039/c2ta00818a
http://dx.doi.org/10.1021/cm702303r
http://dx.doi.org/10.1016/0022-3093(72)90194-9

	l
	n1
	n2
	f1
	f2
	f3
	f4
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	f5
	f6
	c27
	c28
	c29
	c30
	c31

