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a b s t r a c t

We found that two types of Cu-dopedBi2Te3 thin films fabricated by dissimilar sputter process

had different microstructures and non-stoichiometries (Bi:Te ratios). We investigated the

different levels of Te-vacancy (V2þ
Te ) concentration in the films affected the point defects and

the thermoelectric property of the films. The Cu additives were substituted for the Bi-sites

(form Cu2�
Bi defects) in case of a low Te-vacancy concentration (V2þ

Te ) in the Bi2Te3 thin film. In

the high V2þ
Te -defect concentration case, the Cu2�

Bi -formation reaction was thought to be

inhibited and evidences for the Cu-additive intercalating into a van der Waals layer (a CuvdW

defect) were detected.We examined the lattice parameter, the thermoelectric properties, and

the carrier transport properties of the two types of thin films with the different Te-vacancy

concentrations as evidences for the different point defect formation characteristics between

them. The Te-vacancy (V2þ
Te ) dependency of the point defects formation (Cu2�

Bi or CuvdW) in this

system can suggest the clue to control an atomic scale Cu-site in n-type Cu doped Bi2Te3 thin

films.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
the electrical conductivity, S is the Seebeck coefficient, and k is

1. Introduction

Dimensionless figure of merit, ZT ¼ sS2T=k is an evaluation

index for a performance of thermoelectricmaterials, where s is
(S.-M. Choi).
s work.

by Elsevier B.V. This is
).
the thermal conductivity at a given absolute temperature T

[1e3]. As can be expected from the equation, the high perfor-

mance (ZT) of the thermoelectricmaterialscanbeobtainedfrom

the reduced thermal conductivity (k) [4]. Many thermoelectric

materials such as GeTe [5], PbTe [6,7], Bi2Te3 [8], and silicides [9]

have been studied to improve the thermoelectric performance.
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Bi2Te3-based materials are the commercially advanced

thermoelectric systems especially at around room tempera-

ture [10e18]. Increasing point defect concentration is an

effective way to decrease thermal conductivity of the mate-

rials specially for high frequency region phonons [4]. Chen

et al. reported a remarkable ZT value 1.4 at 473 K from nano-

structuring researches [10,11]. It was 1.5 times higher than the

values from a zone melting process [10,11]. A Bi2Te3 material

has a rhombohedral crystal structure having a quintuple

layers with the order of layers eTe(1)-Bi-Te(2)-Bi-Te(1)- [12]. A

cleavage tends to occur in the lamellar-structured single

crystal with weak van der Waals bond (vdW) between the two

quintets [12]. The crack propagates along their basal planes,

perpendicular to the ceaxis resultantly [12]. The nano-

structuring process has an additional advantage that it over-

comes the poor mechanical properties of the zone melting

specimens [12].

The nanostructuring approaches were reported to be

especially available only for p-type Bi2Te3 materials because a

formation of uncontrollable point defects including Te va-

cancy (V2þ
Te ) provide causes of a reproducibility issue in the n-

type Bi2Te(Se)3 systems [12]. Liu et al. reported that Cu additive

atoms could improve the reproducibility of the n-type Bi2-

Te(Se)3 systems with V2þ
Te defects [12]. In addition, a high ZT

value 0.99 at 400 K reported in the system was ascribed to the

Cu-additive effect reducing thermal conductivity [12]. The

effects of a Cu-additive in an n-type Bi2Te(Se)3 system have

been a major topic in research for higher property and

reproducibility of the system. Cu-additives can produce Cu2�
Bi

substitution defects and/or can be intercalated into the vdW

bonding layer (CuvdW).

The sputter deposition is widely used and suitable for

preparing the nanostructured-semiconductor films with

various dopants in electric/optical applications [19e26]. In this

process, the materials sputtered from source targets are

deposited as atoms or nanoparticles with very small size

under ultra-high vacuum. This facilitates the foreign dopants

uniformly add into matrix films, and the doping effect can be

intensely investigated. In additions, the process parameters

such as deposition temperature, working pressure, electric

power on targets permit the facile preparation of thematerials

with the desired compositions, microstructures, and thick-

ness etc. Among them, the deposition temperature is themost

important factor for control of microstructure and electrical

properties of the films [25].

In this study, we prepared two distinct types of Cu-doped

Bi2Te3 thin films with different defect chemistry by setting

process order of heat-treatment differently in direct current

(DC)/radio frequency (RF) sputter process. One is sputtering

with a simultaneous heat-treatment and the other is post

annealing after sputtering at room temperature. In case of the

films deposited at room temperature, the post annealing was

performed due to improving crystallinity of films, while the

films deposited at high temperature not. We compared two

Bi2Te3 films made by distinct sputtering conditions based on

their different concentrations of Te-vacancy (V2þ
Te ) in them. In

addition, we tried to find evidences the Cu additive location

depends on Te-vacancy (V2þ
Te ) concentrations in to the Bi2Te3

films.
2. Methods

2.1. Preparation of Cu-doped Bi2Te3 thin films

Cu-doped Bi2Te3 thin films were deposited by co-sputtering

with Cu (99.999%, Kojundo Chemical Laboratory Co., Ltd.)

and Bi2Te3 (99.999 %, Kojundo Chemical Laboratory Co., Ltd.)

targets. The vacuum of chamber was extracted by rotary

pump until 3.2 � 10�6 Torr, and adjusted at 3 mTorr by in-

jection of Ar gas (99.999%) with 40 sccm (standard cubic cen-

timeters per minute). The quantities of Cu doping were

controlled by the RF power (0e8 W) on Cu target, while the DC

power on Bi2Te3 target was fixed at 40 W. Si wafers with SiO2

layer (300 nm thickness) was used as the substrates, and were

cleaned by the sonication with acetone (99.999%, Sigma-

eAldrich) and ethanol (99.999%, SigmaeAldrich) solutions

before deposition. For uniformdeposition, the substrateswere

rotated at 20 rpm during the deposition process. We carried

out both the deposition with a simultaneous heat-treatment

(at 200 �C) and the post annealing (at 300 �C) after sputtering
at room temperature. The thickness of all films was about

400 nm. The condition of the post annealing was at 300 �C for

10 min using a horizontal rocking furnace under Ar gas

(99.999%) atmosphere.

2.2. Characterization

The microstructural, morphological and structural properties

of Cu-doped Bi2Te3 thin films were analyzed by field emission

scanning electron microscope (FESEM) (JSM-7500F, JEOL Ltd,

Japan)/(CUBE 1000, EmCrafts, Korea) and X-ray diffraction

(XRD) (Empyrean, PANalytical B. V, Netherlands). The Cu-Ka

radiation with l ¼ 0.154056 nm and a scanning rate of 4�/min

were adjusted for the XRD measurement. The compositions

and chemical properties of Cu-doped Bi2Te3 thin films were

determined by X-ray photoelectron spectroscopy (XPS, K-

Alpha, Thermo Fisher Scientific, UK). In case of Cu-doped

Bi2Te3 thin films deposited at RT, the XPS analyses were per-

formed after thermal annealing at 300 �C for 10 min under Ar

gas atmosphere. For XPS measurement, the Arþ plasma

etching was performed to remove oxide layers at surface of

films for 3 min. First, the whole compositions of Cu-doped

Bi2Te3 thin films deposited at RT were analyzed after ther-

mal annealing, and were Cu0.00Bi2.00Te1.58, Cu0.01Bi2.00Te1.68,

Cu0.03Bi2.00Te1.62, and Cu0.28Bi2.00Te1.35 as a function of Cu

contents. The samples were named “ACu-atomic content of Cu”

as follows: Cu0.00Bi2.00Te1.58 (ACu-0.0), Cu0.01Bi2.00Te1.68 (ACu-

0.2), Cu0.03Bi2.00Te1.62 (ACu-0.8), and Cu0.28Bi2.00Te1.35 (ACu-

7.7). The compositions of Cu-doped Bi2Te3 thin films deposited

at 200 �C were Cu0.13Bi2.00Te2.50, Cu0.38Bi2.00Te3.35, and Cu0.41

Bi2.00Te2.62. The samples were named “HCu-atomic content of

Cu” as follows: Cu0.13Bi2.00Te2.50 (HCu-2.7), Cu0.38Bi2.00Te3.35
(HCu-6.7), and Cu0.41Bi2.00Te2.62 (HCu-8.1).
3. Results and discussions

First, we analyzed the actual composition of the Bi2Te3 matrix

of the thin films doped with Cu atoms.
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Table 1 e Compositions of ACu- and HCu-films prepared
with different preparation conditions.

Cu (at.%) Bi (at.%) Te (at.%) Bi:Te ratio

ACu-0.0 0.00 55.91 44.09 1:0.79

ACu-0.2 0.18 54.26 45.56 1:0.84

ACu-0.8 0.83 54.86 44.31 1:0.81

ACu-7.7 7.66 55.13 37.22 1:0.68

HCu-2.7 2.71 43.22 54.07 1:1.25

HCu-6.7 6.68 34.86 58.46 1:1.67

HCu-8.1 8.06 39.78 52.16 1:1.31
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An XPS analysis was used to determine the compositions of

the Cu-doped Bi2Te3 thin films as a function of Cu contents and

deposition processes; aging (300 �C) and high temperature

deposition (200 �C) (Table 1). In order to distinguish films easily

and conveniently, the Bi2Te3 films doped with Cu were indexed

as Cu contents and deposition processes: the films annealed at

300 �CafterdepositionatRTwerenamedbyACu-films (ACu-0.0,

ACu-0.2, ACu-0.8, and ACu-7.7), while the films deposited with

heating at 200 �C in situ were indexed as HCu-2.7, HCu-6.7, and

HCu-8.1 (HCu-films). Notably, themolar ratio of Bi to Te in ACu-

0.0eACu-7.7 was not consistent with those of Bi2Te3 source

target (Bi:Te¼ 2:3). They showed thedeficient of Te components

(2:1.4 ~ 2:1.7). However, themolar ratio in the HCu-2.7eHCu-8.1

films was nearly consistent with those of Bi2Te3 source target.

In general, the compositions of deposited elements are

well corresponded with those of source targets in a sputter

process with alloy target at room temperature. When Bi2Te3
atoms (or clusters) are deposited on the surface of films during

sputtering, they diffuse through the surface of films and the

grains are formed in general. The activation energy for the

diffusion is supplied from the thermal energy of deposition

temperature, which is important for the crystallization of

filmswith well-organized crystals [25]. However, in case of the

ACu-films sputtered at room temperature, the activation en-

ergy for the diffusion of the deposited Bi2Te3 atoms (clusters)

is not sufficient. The followed annealing at 300 �C for the

deposited clusters with high surface area could not contribute

to crystallization of the cluster and instead accelerated an

evaporation of source components. Hence, Te atoms with

high vapor pressure may be evaporated during thermal

annealing at 300 �C. The Te evaporation creates a point defect

(V2þ
Te ) into the Bi2Te3 matrix.

Cu contents gradually increased in proportion to the

applied power on Cu target in all films. The Cu contents in thin

films were a little different between the ACu-films and the

HCu-films although the same powers of targets were applied.

The quantities of Cu element were slightly larger in the HCu-

films than those of the ACu-films, which may be due to the

different deposition steps.

Fig. 1a and b show the XRD patterns of Cu-doped Bi2Te3
thin films as a function of Cu contents and deposition tem-

peratures. All major peaks were indexed to Bi2Te3 (JCPDS no.

15-0863). First in ACu-films, the satellite peaks of Bi4Te3 (JCPDS

no. 33-0216), BiTe (JCPDS no. 75-1095), and CuxTe (JCPDS no.

49-1411) were detected in the range of 21�e35� (Fig. 1c). CuxTe

phase was observed at the sample with high content of Cu

(ACu-7.7), while BiTe and Bi4Te3 were formed all ACu-films.
The reason for a formation of 2nd phases (BiTe and Bi4Te3) is

ascribed to the evaporation of Te atoms during a 300 �C aging

process after sputtering of the ACu-films. If Cu atoms are

heavily doped, like the ACu-7.7 case, excess Cu may form

CuxTe phase during the thermal annealing [26e28].

Fig. 1e and f present narrow XPS spectra of Te 3d3/2 in ACu-

and HCu-films, respectively. In a Cu-doped Bi2Te3 case, the

bonding that can be generated are CueTe (583.67 eV) [29],

TeeTe (583.49 eV) [30], and BieTe (582.3 eV) [31,32]. The peak

positions of Te 3d3/2 were 582.6, 582.5, 582.3, and 582.8 eV in

ACu-0.0, ACu-0.2, ACu-0.8, and ACu-7.7, respectively. This

result informs that Bi2Te3 phases were formed, that is well

consistent with the result of XRD (Fig. 1).

The additional bonding between TeeTe was found at about

583.7 eV in ACu-0.0, indicating that metallic Te existed in the

films [30]. When Te-based chalcogenide thin films such as

Sb2Te3 [33] and Bi2Te3 [22,23] deposited at room temperature

were annealed, the segregation of Te can be formed by the

evaporation of Te due to its high vapor pressure. The bonding of

metallic Te was disappeared at ACu-0.2 and ACu-0.8, and

formedagainatACu-7.7 (Fig.2c). Inaddition, thevalueofbinding

energies of Te 3d3/2 was slightly decreased as a function of the

increase of Cu contents. This tendency was also observed at

HCu-films (Fig. 2d), which is related to the effect of Cu doping.

The formation of Bi2Te3 crystal structures in the ACu films

(ACu-0.0eACu-7.7) is noteworthy (Fig. 1a) because nearly 50%

of Te was determined to be lost (V2þ
Te ) in the annealing process

(300 �C) as shown in Table 1. Later in this paper, we will

discuss this notable result from the view-point of different

major point defects created in between the ACu- and HCu-

films (Bi�Te; Cu
2�
Te vs: CuvdWÞ.

The lattice parameters c of ACu- and HCu-films were

calculated in Fig. 2a and we tried to discuss the origin of

different lattice parameter c between the two deposition pro-

cesses. The lattice parameter c of the ACu-0.2 film (30.496 �A) is

bigger than the non-Cu, ACu-0.0 (30.468�A) film. This increase is

confirmed by comparing the parameter c of the ACu-0.2 film

(30.496�A) to the reported parameter c (30.284 �A) of an undoped

film [32]. Bi2Te3 has a hexagonal crystal structure, which is

consist of the sequence of Te(1)-Bi-Te(2)-Bi-Te(1) [12]. In partic-

ular, the gap between Te(1) and Te(1) is bonded with weak van

der Waals (vdW) force (Fig. 2b) [3,12]. When Cu content was

more increased, however, the lattice parameter c was sharply

decreased at ACu-0.8 (30.406 nm) and ACu-7.7 (30.397 nm)

which is considered to be relatedwith segregation of secondary

phases [34]. Different results were observed in HCu-films. The

values of HCu-films: HCu-2.7 (29.874�A), HCu-6.7 (27.758�A), and

HCu-8.1 (29.900�A)weremostly smaller than thoseofACu-films.

In addition, there is another dissimilar XRD result between

the ACu- and the HCu-films. The intensity of the peak of (015)

crystalline plane are relatively higher than other peaks in

ACu-films (Fig. 1a), but not in HCu-films (Fig. 1b). When Sb2Te3
or Bi2Te3 phases were deposited at room-temperature, the

peaks of (015) crystalline plane were mainly dominant in

common [25,26,28,33]. In case of the HCu-films, several crys-

talline planes were formed because sufficient activation en-

ergy for moving ad-atoms in the surface of thin films is

allowed during deposition [35,36]. SEM analysis represents the

difference of microstructure between an ACu-film and a HCu-

https://doi.org/10.1016/j.jmrt.2021.07.147
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Fig. 1 e XRD patterns of (a) and (c) ACu- and (b) and (d) HCu-films. XPS spectra of (e) ACu- and (f) HCu-films.
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film. Fig. 2c shows the anisotropic microstructure of the ACu-

film, which is matched to the XRD result representing the

remarkably higher peak of (015) crystalline plane than other

peaks. On the other hand, Fig. 2d indicates relatively isotropic

characteristics of the HCu-film and is also well matched to the

relatively isotropic XRD result.
Fig. 2 e (a) Lattice parameters of ACu- and HCu-films as a funct

FESEM images of (c) ACu-7.7 and (d) HCu-8.1 films. Insets are cr
Even though the HCu-films represent relatively more

isotropic microstructures than the ACu-films, the anisotropic

characteristics of the HCu-films are also detected to be

developed in proportion to Cu-content. The Cu-content

dependence of anisotropic microstructure of the HCu-films

is ascribed to an amount of a point defect generated and the
ion of Cu contents. (b) Crystal structure of Bi2Te3. Surface-

oss-sectional FESEM images.

https://doi.org/10.1016/j.jmrt.2021.07.147
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Fig. 3 e Schematics showing, (a) the different behaviors of Cu atoms in ACu- and HCu-films, and (b) the atomic

rearrangement in ACu-films. The results of TEM analyses in of ACu-film: (c) HR-TEM images, (d) IFFT pattern obtained from

(1210) reflections. The results of TEM analyses in of HCu-film: (e) high-resolution TEM images; (f) IFFT pattern obtained from

(1210) reflections.
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formation of point defects in these systems will be discussed

in detail later.

The XPS and XRD results (Table 1, Figs. 1 and 2) can be

summarized in threesentences: (1)Wecan inducedifferentTe-

vacancy (V2þ
Te ) concentrations into theBi2Te3 thinfilmsbyusing

dissimilar deposition processes (ACu- and HCu-) in Cu doped

system; (2) Because nearly 50% of Tewas determined to be lost

in the annealing process (300 �C), it is notable that the ACu-

films form a Bi2Te3 crystal structure (Bi:Te ¼ 2:3) with a few

secondary phases; (3) C-axis lattice parameters increased in

ACu-filmsevenwith thehighTe-vacancy concentration,while

those values in HCu-filmswere smaller than in the ACu-cases.

A Te evaporation in a Bi2Te3 material induces a formation

of an antisite defect (Bi�Te) by Eqs (1) and (2) [12e14,37,38],

Bi2Te3 ¼ 2Bi�Bi þð3� xÞTe�Te þ xTeðgÞ[ þxV2þ
Te þ 2xe� (1)

2
5
xBi�Bi þxV2þ

Te þ 2xe� ¼
�
2
5
xV3�

Bi þ 3
5
xV2þ

Te

��
þ 2
5
xBi�Te þ

2
5
xhþ (2)

Scherrer et al. reported, the computations on the electronic

structure of the defects show that themajority defects present

in Bi2Te3 are the antisite defects [38]. As shown in Eq. (2), much

Te-evaporation (V2þ
Te ) in the ACu-films can accelerate the

antisite defect (Bi�Te) formation Eq. (2). The antisite defect (Bi�Te)

concentration in the ACu-films is considered to be much

higher than the HCu-films. The formation of lots of antisite

defect (Bi�Te) can explain why the ACu-films maintain the

Bi2Te3 crystal structure (Bi:Te ¼ 2:3) even with large amount

(2:1.4 ~ 2:1.7) of the Te-deficient (V2þ
Te ). The antisite defect (Bi�Te)

is usually reported in Bi2Te3 materials because of the small
difference in the electronegativity (Bi 1.8, Te 2.1) and in atomic

size (Bi 1.60 �A and Te 1.40 �A) [41]. A Cu dopant in Bi2Te3 film

generally makes a Cu2�
Bi defect by an Eq. (3) [12].

2Biþ3TeþxCuaddition/2Bi�Biþ3Te�Teþ xCu2�
Bi þ

3
2
xV2þ

Te þ xe� (3)

As shown in Eq. (3) the high Te vacancy (V2þ
Te ) concentration

in ACu-films can accelerate the inverse reaction rate of the Eq.

(3), which may inhibit the formation of a Cu2�
Bi defect [12].

In turn, many research groups reported a small expansion

of lattice parameter c in Cu doped into Bi2Te3 systems. This

expansion is ascribed to the intercalation of Cu atoms into the

gap of van derWaals [12,39]. The formation of the CuvdW defect

could be an evidence for a restricted Cu2�
Bi -formation by the

high Te-vacancy (V2þ
Te ) concentration as expressed in the Eq.

(3). Therefore, the lattice parameter c increments in ACu-films

are also ascribed to the high Te-vacancy concentration in the

ACu-films.

In turn, the Cu2�
Bi -defects in the HCu-filmsmay be relatively

higher than the ACu-films because of the low Te vacancy (V2þ
Te )

concentration. When a foreign atom is substituted for a ma-

trix material, the shrinkage of a crystal structure can be

occurred if the size of the doping atom is smaller than that of

the composite atoms in matrix. The atomic size of Cu is

0.135 nm [40], while that of Bi is 0.160 nm [40]. The lattice

parameter c decrement in the HCu-films seems to be owing to

the Cu2�
Bi defects produced in HCu-films because of low the Te-

vacancy (V2þ
Te ) concentration as mentioned above in Eq. (3).

Another reason for the smaller lattice parameter c of the HCu-

https://doi.org/10.1016/j.jmrt.2021.07.147
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films may be lower level of the antisite defect (Bi�Te) concen-
tration in the HCu-films than the ACu-films since the Bi

0.160 nm has larger atomic radius than Te 0.140 nm [38,40].

The reason for sharp decrement in the lattice parameter c

at ACu-0.8 (30.406 nm) and ACu-7.7 (30.397 nm) may be due to

an intercalation limit of Cu atoms in the gap of van derWaals,

which is reported to under 5 % [27,39]. Cu atoms added over

the limit ascribed to produce a Cu2Te phase as a 2nd phase. As

mentioned above in Fig. 1, no secondary phases were formed

in HCu-samples, while the 2nd phases were detected in ACu-

films. We described this may also be due to the relatively high

crystallization rate of HCu-films, which was originated from

different preparation processes of ACu- and HCu-films. In

case of ACu-films, the reaction among composition atoms

cannot easily be occurred during rearrangement of atoms (or

clusters).

Figs. 3a and b present different defects formations (Cu2�
Bi ,

Bi�Te, CuvdW) between the ACu- and HCu-films with distin-

guished Te-vacancy (V2þ
Te ) concentrations. Fig. 3a schemati-

cally represents reason why the lattice parameters between

the HCu-films and the ACu-films showed different tendency.

Fig. 3b indicates the effect of the Te-vacancy (V2þ
Te ) whichmade
Fig. 4 e (a) Electrical conductivities, (b) Seebeck coefficients, (c) m

inset in Fig. 4(b) is the carrier concentrations of ACu- and HCu-
the Cu-additive form a Cu-intercalation into a van der Waals

layer (a CuvdW defect). We presented the TEM analysis results

from both films in the Fig. 3c-d of ACu-films and Fig. 3e-f of

HCu-films. Dense dislocations (dotted yellow circles) were

observed at IFFT pattern in HCu films (Figs. 3e-f), while not in

ACu films (Figs. 3c-d). The result is considered to be mainly

due to the different Cu (Cu2þ
Bi ) concentrations between the

filmsmade by dissimilar sputtering processes. They could also

induce a difference in thermoelectric properties between the

films. More detailed research for defect structure in this sys-

tem should be proceeded as a follow-up.

Fig. 4a shows that the electrical conductivities of ACu-films

were lower than those of HCu-films. Generally, an electrical

conductivity depends on the carrier concentration and the

carriermobility. Asmentioned above, large amount of antisite

defects (Bi�Te) can be created in the ACu-films. So, an electron

concentration in the ACu-films is thought to be lower than the

HCu-cases because an antisite defect can act as an acceptor as

described in Eq. (2) [7]. The low electron concentration owing

to the antisite defect ðBi�Te) formation was confirmed by the

larger Seebeck coefficients of the ACu-films than the HCu-

films as shown in Fig. 4b.
obilities, and (d) power factors of ACu- and HCu-films. The

films.
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Fig. 4c compared the carrier mobility of the two systems,

which is influenced by the morphological difference, crystal

size, and crystal orientation. The influence of crystal size as a

function of Cu contents is ignored in all films because it is very

similar to each other (Supporting Information S1). In case of

ACu-films, in addition to this, secondary phases (Cu1-xTex, Te-

deficient Bi2Te3-x) also acted as obstacles for proceeding of

electrons [4,27,41]. The electrical conductivities of all the

sampleswere gradually decreasedwith increase of Cu content

except for ACu-0.2. This may be due to the distortion of Bi2Te3
crystalline structure and the formation of secondary phases.

Power factor values from the two types of films were

compared in the Fig. 4d. Those of the HCu-films were much

higher than the values of the ACu-films, which are ascribed to

higher carrier concentration and highermobility than those of

the ACu-cases.
4. Conclusions

In summary, two different sputtering processes produced Cu-

doped Bi2Te3 thin films with different concentrations of Te-

vacancies (V2þ
Te ). The Cu-doped Bi2Te3 films with a low Te-

vacancy concentration (V2þ
Te ) were made by a high temperature

deposition process at 200 �C, in which the Cu additives were

successfully substituted for Bi-sites (Cu2�
Bi ). The high electronic

concentration and the low Seebeck coefficient were also consid-

ered as the evidences for the lowTe-vacancy concentration (V2þ
Te ).

The Cu-doped Bi2Te3 films with high V2þ
Te -defect concen-

trations were fabricated from a two-step sputter process: a

deposition at room temperature and a followed annealing at

300 �C. In this case the high V2þ
Te -defect concentrations

inhibited a Cu2�
Bi -formation reaction. The Cu-additive was

considered to produce a Cu-intercalation into a van derWaals

layer (a CuvdW defect). We detected an increased lattice

parameter as an evidence for the Cu-intercalation (CuvdW) of

the Cu additives. For the case of high V2þ
Te -defect concentra-

tion, the Te-vacancy (V2þ
Te ) was charge compensated by an

antisite defect (Bi�Te). The lower electrical conductivity, and the

higher Seebeck coefficient were considered as evidences for

the formation of the Bi�Te defect acted as an acceptor. The

different Te-vacancy (V2þ
Te ) concentrations from dissimilar

deposition steps were a decisive parameter for crystal struc-

ture and thermoelectric property in the Cu-doped Bi2Te3 films.
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