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Assessing Antisite Defect and Impurity Concentrations 
in Bi 2 Te 3  Based Thin Films by High-Accuracy Chemical 
Analysis
 In Bi 2 Te 3 -based materials charge-carrier densities are determined by antisite 
defects and controlling these defects is a key issue for thermoelectric and top-
ological insulator materials. Bi-Te thin fi lms with high-quality thermoelectric 
properties are deposited using a nano-alloying approach by molecular beam 
epitaxy (MBE) and sputtering. The in-plane transport properties are measured 
at room temperature as a function of charge-carrier density. High-accuracy 
chemical analysis by wavelength-dispersive X-ray spectrometry (WDX) is 
applied for the fi rst time to these Bi 2 Te 3 -based thin fi lms. The acquisition con-
ditions for WDX spectrometry are established using Monte Carlo simulations 
for the electron trajectories, which guarantees a high lateral resolution and 
rules out stray radiation generated in the substrate of the fi lms. In contrast 
to energy-dispersive X-ray spectrometry (EDX), which is usually applied, 
WDX offers unprecedented accuracy for measuring antisite defect concentra-
tions and thus has a high impact on improving the quality of thin fi lms. The 
charge-carrier densities are calculated from the WDX results according to 
the point-defect model of Miller and Li and the thermopower and electrical 
conductivity are calculated for different charge-carrier densities by solving the 
linearized Boltzmann transport equation. A good quantitative agreement is 
found for the dependence of the thermopower on stoichiometry, whereas the 
electrical conductivity is sensitively affected by contaminants. 
  1. Introduction 

 Bi 2 Te 3 -based compounds yield the highest thermoelectric fi gure 
of merit  ZT  of around 1 at room temperature. [  1  ]  These com-
pounds have a large number of structural and chemical degrees 
of freedom that affect the thermoelectric properties. This 
requires a systematic approach in terms of materials synthesis, 
structural characterization, thermoelectric characterization, and 
theory. 

 Hicks and Dresselhaus [  2  ]  predicted an increase of the ther-
moelectric fi gure of merit beyond 1 for nanomaterials and 
Cornett and Rabin [  3  ]  recently extended that model by involving 
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the contributions of multiple subbands. 
The report of Venkatasubramanian et al. 
about Bi 2 Te 3 /Sb 2 Te 3  superlattices with 
spectacular  ZT  values of 2.4 [  4  ]  was a boost 
for the fabrication of Bi 2 Te 3 -based thin 
fi lms and superlattices. However, these 
outstanding  ZT  values were not reached 
again for thin fi lms and superlattices, 
not by other groups [  5–8  ]  nor by us and our 
collaborators. [  9–14  ]  

 We realized [  10  ]  that in thin fi lms antisite 
defects and other point defects are  ZT  
limiting factors of key importance and the 
role of point defects was not considered in 
the pioneering work of Hicks and Dres-
selhaus. [  2  ]  The point-defect density is con-
trolled by the temperature; and thin fi lms, 
in particular, are exposed to maximum 
temperatures in the range between 250  ° C 
to 350  ° C, [  10  ]  whereas for bulk materials 
the temperature at the congruent melting 
point of 585  ° C [  1  ]  is relevant. The hole con-
duction in single-crystalline Bi 2 Te 3  bulk 
materials grown close to equilibrium con-
ditions with a tellurium mole fraction of 
less or equal to 60 at% [  1  ,  15  ]  was explained 
by acceptor-like Bi Te  antisite defects by 
Miller and Li, [  16  ]  who determined the antisite defect density by 
high-accuracy density measurements. 

 In Bi 2 Te 3  the charge-carrier density is determined by the 
antisite defects and the antisite defect concentration is deter-
mined by stoichiometry. Therefore, precise chemical analysis 
of the fi lms is of crucial importance for understanding their 
thermoelectric properties. In our previous reports [  9–14  ]  we 
used energy-dispersive X-ray spectrometry (EDX) for chem-
ical analysis. However, the antisite defect concentration is 
smaller than the accuracy of quantitative EDX measurements. 
Even for Sb 2 Te 3  with defect concentrations as high as about 
10 20  cm  − 3  [  1  ,  17  ]  the point-defect density cannot be measured by 
EDX. 

 In this work wavelength-dispersive X-ray spectrometry 
(WDX) is used for high-accuracy chemical analysis, as its 
energy resolution and detection limit is about 10 times 
better than that of EDX spectrometry. [  18  ]  This technique has 
successfully been used by our group for detecting variations 
in stoichiometry in Bi 2 Te 3  bulk materials. [  19  ,  20  ]  In this work, 
WDX will be applied to thin fi lms to determine: i) mean 
chemical compositions, ii) variations in stoichiometry, 
4969wileyonlinelibrary.com
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   Table  1.     List of MBE - grown and sputtered Bi-Te and Sb-Te thin fi lms. 
The Te contents shown here were determined by SEM-EDX. Full details 
of synthesis are given in cited references. The samples with ID num-
bers as indicated in the fourth column are identical to the corresponding 
samples in the cited references. 

Sample No. Nominal 
composition

Te 
[at%]

ID Ref.

Nominally stoichiometric MBE grown fi lms on SiO 2  substrates

1 Sb 2 Te 3 61.0 ST-S2 [11]

2 Bi 2 Te 3 59.1 BT-S2 [11]

Stoichiometry series of MBE grown Bi-Te fi lms on BaF 2  substrates

3 Bi 2 Te 3 59.4 BT-B2, BT-Q [11,14]

4 Bi-Te with Bi 

excess

52.3 BT-Q [14]

5 Bi-Te with Te 

excess

61.8 BT-Q [14]

Nominally stoichiometric sputtered fi lms on BaF 2  substrates

6 Sb 2 Te 3 60.2 [12]

7 Bi 2 Te 3 62.1 [13]
iii) oxygen contamination, and iv) Ar implantation in sput-
tered fi lms. The effect of non-stoichiometry and contamina-
tion on the defect concentrations and transport properties 
will be discussed based on these high-accuracy chemical 
analyses. The discussion will also include calculated elec-
tronic transport coeffi cients obtained by solving the lin-
earized Boltzmann transport equation using the BoltzTraP 
code of Madsen and Singh. [  21  ,  22  ]   

  2. Results 

  2.1. In-Plane Thermoelectric Properties 

 In this paper the thermoelectric properties of the thin fi lms will 
be correlated with the chemical composition of the fi lms that 
were measured by high-accuracy WDX spectrometry in an elec-
tron probe microanalyzer (EPMA). The measurements will be 
explained in more detail in the following section. The thermo-
electric data of the fi lms selected for this paper were already 
explained in some detail in the literature as quoted in  Table    1  . 
We will therefore only highlight the most important results rel-
evant for this study.  

   Table 2   summarizes transport properties of fi lms grown 
by a nano-alloying approach using a molecular beam epitaxy 
(MBE) setup or sputtering. For molecular beam epitaxy a stoi-
chiometric series was prepared, whereas for the sputtered fi lms 
only specifi c compositions were synthesized close to the stoi-
chiometric point. The charge-carrier density of nominally stoi-
chiometric fi lms (#1, #2, #3, #6, #7) could be controlled and set 
in the range of 3  ×  10 19  cm  − 3 , in other words, lower than usually 
obtained in bulk samples. [  1  ]  Note that different from the bulk 
samples, MBE-prepared Bi 2 Te 3  fi lms were n-type only although 
Bi-rich fi lms were prepared. Hole-conducting fi lms were real-
ized by depositing Sb 2 Te 3 . The control of the charge-carrier 
density is of utmost importance for synthesizing high-quality 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm

   Table  2.     In-plane transport measurements of MBE - grown and sputtered B
density  n , thermopower  S , charge-carrier mobility  μ , electrical conductivity  σ
cate electron conduction, a positive sign indicates hole conduction. 

Sample No. Nominal  composition  n  
[cm  − 3 ]

 S  
[ μ V K  −

Nominally stoichiometric MBE gr

1 Sb 2 Te 3 2.60  ×  10 19 130

2 Bi 2 Te 3  − 2.74  ×  10 19  − 153

Stoichiometry series of MBE grown

3 Bi 2 Te 3  − 2.74  ×  10 19  − 182

4 Bi-Te with Bi excess  − 4.27  ×  10 20  − 56

5 Bi-Te with Te excess  − 1.16  ×  10 20  − 112

Nominally stoichiometric sputte

6 Sb 2 Te 3 7.88  ×  10 19 110

7 Bi 2 Te 3  − 5.69  ×  10 19   − 163
thermoelectric materials and determining and controlling the 
stoichiometry allows one to do this.  

 The thermopower of MBE-grown fi lms follows the charge-
carrier densities nicely in sign and value, with maximum values 
of  − 182  μ V K  − 1  for n-type fi lms and 130  μ V K  − 1  for p-type fi lms. 
The mobilities measured in these samples differ signifi cantly, 
the mobilities are low for the Bi 2 Te 3  thin fi lms and are much 
higher for Sb 2 Te 3 . As a trend the mobilities decrease with 
increasing charge-carrier density. 

 The sputtered fi lms of Bi 2 Te 3  were n-type whereas those 
of Sb 2 Te 3  were p-type, and the charge-carrier densities were 
slightly higher than in MBE-grown fi lms. Note that particularly 
for Sb 2 Te 3  both deposition methods yield lower charge-carrier 
densities as compared to those of bulk samples.  
bH & Co. KGaA, Weinheim

i-Te and Sb-Te thin fi lms measured at room temperature: charge-carrier 
 , and power factor  S  2   σ . Carrier density values with a negative sign indi-

 1 ]
 μ  

[cm 2  V  − 1  s  − 1 ]
 σ  

[ Ω   − 1  cm  − 1 ]
 S  2   σ  

[ μ W cm  − 1  K  − 2 ]

own fi lms on SiO 2  substrates

402 1696 29

80 338 8

 Bi-Te fi lms on BaF 2  substrates

61 270 9

25 1688 5

29 547 7

red fi lms on BaF2 substrates

182 2290 28

80 731 19
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  2.2. Chemical Analysis by WDX Spectrometry 

 WDX spectrometry was used to determine the chemical com-
position of the fi lms. Antisite defects yield changes in the mole 
fraction and can in principle be traced by this method. For high-
accuracy analysis it is essential to perform data acquisition and 
analysis with great care, details of this are given in the Experi-
mental Section and the Supporting Information. Most analyses 
so far have been carried out by EDX spectrometry, however, the 
benefi ts of WDX analysis with respect to EDX are well known 
and the reader is referred to text books on that issue. [  18  ]  WDX 
spectrometry has been carried out on Bi 2 Te 3 -based bulk sam-
ples, [  19  ]  which has demonstrated the high potential of this 
measurement technique. 

 The results of the chemical analysis of the fi lms are sum-
marized in  Figures    1   –3  and  Table    3  . Note that apart from 
detecting the main elements contamination of the fi lms by 
     Figure  1 .     Chemical compositions of Bi-Te and Sb-Te thin fi lms deter-
mined by WDX spectrometry. The dashed vertical lines indicate the stoi-
chiometric mole fractions for Bi 2 Te 3  and Sb 2 Te 3 . The error bars indicate 
variations in stoichiometry.  
oxygen (MBE) and Ar (in sputtered fi lms) could also clearly be 
seen. The mole fractions of the contaminants were 4–9  at% 
for oxygen (Figure  2 ) and up to 0.8 at% for Ar (Figure  3 a). 
Particularly for Ar only WDX spectrometry yields adequate 
© 2013 WILEY-VCH Verlag Gm

     Figure  2 .     Correlation diagrams obtained after quantitative analysis of WDX 
negative Te-O correlation is observed in Bi 2 Te 3  thin fi lms #2 and #3.  

Adv. Funct. Mater. 2013, 23, 4969–4976
minimum detectable mass fractions and a large peak-to-back-
ground ratio (Figures  2 c,d), whereas EDX spectrometry does 
not (Figures  2 a,b) because of its poor energy resolution.     

 MBE-grown and sputtered Sb 2 Te 3  fi lms were found to be 
stoichiometric (samples 1 and 6). Oxygen contamination was 
found in MBE-grown Bi 2 Te 3  fi lms that were nominally close 
to stoichiometry (samples 2 and 3). The sputtered Bi 2 Te 3  fi lm 
(sample 7) that was stoichiometric with respect to Te was 
slightly contaminated by Sb. EDX analysis of the MBE-grown 
fi lms as published in the references quoted in Table  1  indicated 
stoichiometric fi lms and did not provide this important infor-
mation. Only by EDX spectrometry carried out in a transmis-
sion electron microscope (TEM) it was realized that oxidized 
grain boundary layers do exist. [  11  ]  Also sputtered fi lms were 
analyzed by EDX but neither Sb nor Ar contamination could 
be detected. Therefore, this paper provides detailed chemical 
analysis as well as highlights the advantage of WDX analysis 
over EDX.   

  3. Discussion 

  3.1. Transport Properties 

 A detailed discussion of the transport properties of nominally 
stoichiometric MBE-grown fi lms has been given in a previous 
report.  [11]  

 In this paper we concentrate on results that also cover non-
stoichiometric fi lms and investigate the effect of the contami-
nation particularly in nominally stoichiometric fi lms deposited 
both by MBE and sputtering. The obtained results will also be 
compared to data obtained from bulk samples and to calcula-
tions based on Boltzmann transport theory. 

 Transport theory predicts for Bi 2 Te 3  a very sensitive depend-
ence of the thermopower on the charge-carrier density as 
shown in  Figure    4  . Results of Bi-Te bulk compounds [  1  ,  15  ]  
show that Bi-rich samples are p-type and Te-rich samples are 
n-type conducting, which is nicely matched by the calcula-
tions (Figure  4 ). Note that p-type Bi 2 Te 3  thin fi lms could not 
be obtained (Figure  4 ) by the thin-fi lm preparation technology 
although the Te content was varied from 52.3 at% to 61.8 at%. [  14  ]  
4971wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     a,b) Evaluation of Ar content in sputtered Bi 2 Te 3  and Sb 2 Te 3  thin fi lms by comparing experimental SEM-EDX spectra (black lines) and Monte 
Carlo simulations (red lines), yielding 0.8 at% Ar in Bi 2 Te 3  fi lm and 0.4 at% Ar in Sb 2 Te 3  fi lm. c,d) WDX spectra acquired at the Ar K   1  X-ray line in the 
same thin fi lms.  
We believe that the annealing conditions play a major role for 
this to happen, this will be discussed in more detail in the next 
section. In summary, thin fi lms with charge-carrier densities as 
low as 3   ×  10 19  cm  − 3  could be synthesized by the applied tech-
nology. This low charge-carrier density is necessary to reach the 
maximum values of the thermopower.  

 Oxidation of the fi lms could be proven both by WDX 
measurements (this paper) and by analytical TEM, yielding 
oxidized Bi-rich secondary phases at grain bounda-
ries. [  11  ]  Despite signifi cant oxidation the thermopower and 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

   Table  3.     Mean chemical compositions and sum of mass fractions of MBE
spectrometry. 

Sample No. Nominal composition Bi 
[at%]

Nominally stoichiometric MBE 

1 Sb 2 Te 3 

2 Bi 2 Te 3 37.76

Stoichiometry series of MBE grow

3 Bi 2 Te 3 38.32

4 Bi-Te with Bi excess 47.91

5 Bi-Te with Te excess 38.71

Nominally stoichiometric sput

6 Sb 2 Te 3 

7 Bi 2 Te 3 36.64
charge-carrier density values of samples 2 and 3 match sat-
isfactorily those of BoltzTraP simulations (Figure  4 ). [  21  ,  22  ]  
Therefore, oxygen-rich secondary phases have a minor effect 
on the relation between the macroscopic thermopower and 
the charge-carrier density. However, these secondary phases 
are assumed to severely reduce charge-carrier mobility. [  11  ]  
Note the large deviations of relations between electrical con-
ductivity and charge-carrier density values for Bi-Te thin 
fi lms in contrast to BoltzTraP simulations and experimental 
bulk values. 
mbH & Co. KGaA, Weinheim

 grown and sputtered Bi-Te and Sb-Te thin fi lms as determined by WDX 

Sb 
[at%]

Te 
[at%]

O 
[at%]

Sum 
wt%

grown fi lms on SiO2 substrates

40.21 59.47 0.31 98.69

0.05 54.72 7.45 98.24

n Bi-Te fi lms on BaF2 substrates

0.02 55.58 6.07 98.52

0.01 51.96 0.10 98.00

0.03 61.15 0.08 98.14

tered fi lms on BaF2 substrates

40.13 58.56 0.85 98.42

2.52 60.76 0.06 99.42

Adv. Funct. Mater. 2013, 23, 4969–4976
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     Figure  4 .     Dependence of a) thermopower  S  andb) electrical conductivity 
  σ   on charge-carrier density  n  for Bi-Te materials. Blue circles indicate in-
plane values obtained from a stoichiometric series of MBE-grown thin 
fi lms with a Te content between 52.3 at% and 61.8 at%, [  14  ]  values of 
samples #3, #4, and #5 are also included. Red squares indicate basal 
plane values of bulk samples with a Te content between 51.5 at% and 
70.5 at%. [  1  ,  15  ]  Solid lines indicate basal plane transport properties of 
Bi 2 Te 3  as a function of the chemical potential calculated by solving the 
linearized Boltzmann equation. [  21  ,  22  ]   

   Table  4.     Measured and calculated charge-carrier densities for Bi-Te thin 
fi lms with Te excess assuming that non-stoichiometry is compensated 
only by Te Bi  antisite defects and the number of Te Bi  antisite defects is 
equal to the number of electrons. 

Sample No. Te 
[at%]

 n  measured  
[cm  − 3 ]

 n  calculated  
[cm  − 3 ]

5 61.15  ±  0.25  − 1.16  ×  10 20  − 3.40  ×  10 20  ± 0.73  ×  10 20 

7 60.76  ±  0.21  − 5.69  ×  10 19  − 2.24  ×  10 20  ± 0.62  ×  10 20 
 For studying the oxidation in more detail we generated Te vs. 
O correlation diagrams. These clearly show that Te and oxygen 
are negatively correlated in MBE-grown Bi 2 Te 3  fi lms (Figure  2 , 
samples 2 and 3) and, therefore, oxygen substitutes Te.  

  3.2. Antisite Defects and Their Effects on Transport Properties 

 Bi Te  and Te Bi  antisite defects are the most dominant point 
defects in Bi-Te materials because of their low formation ener-
gies, [  23  ,  24  ]  with Bi occupying Te sites (Bi Te ) in Bi-rich materials 
and Te occupying Bi sites (Te Bi ) in Te-rich materials. Bi-rich 
bulk materials reveal p-type conduction (Figure  4 ) as Bi Te  
antisites act as acceptors. However, Bi-rich thin fi lms grown by 
MBE yielded n-type conduction (Figure  4 ). Therefore, the point 
defect model for Bi-rich bulk does not hold for these thin fi lms. 
The synthesis temperature has to be considered for calculating 
point-defect densities. [  10  ]  Miller and Li [  16  ]  used for stoichio-
metric bulk the expression

 µ = −kBTm(ln([A]/[Te]) + 1),   (1)   
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 4969–4976
where  μ  is the formation energy,  T  m  the melting point, [A] 
the antisite density, and [Te] the Te site density. Bi 2 Te 3  bulk is 
grown from a melt at 585  ° C; [  1  ]  however, thin fi lms are exposed 
to a maximum annealing temperature of 250  ° C. According 
to  Equation 1  this yields low densities of antisite defects 
( < 10 17  cm  − 3 ) and charge carriers. [  10  ]  

 Te-rich bulk materials reveal n-type character (Figure  4 ) as 
Te Bi  antisites act as donors. [  16  ,  23  ,  25  ]  For Te-rich fi lms grown by 
MBE the Te Bi  antisite defect density was calculated assuming 
that the non-stoichiometry is compensated only by antisite 
defects. From the chemical composition as determined by high-
accuracy WDX the antisite defect concentration can be calcu-
lated according to

 [TeBi] = [Te]/60 at%(CTe − 60 at%),  (2)   

where  C  Te  is the measured Te mole fraction in at% and [Te] 
is the volume density of Te sites. We assumed that each Te Bi  
antisite defect yields one additional electron in the conduc-
tion band in the case of Te excess. [  16  ]  The calculated values for 
the charge-carrier density are 3–4 times larger than the meas-
ured values ( Table    4  ), indicating that only a fraction of the Te Bi  
antisite defects are electrically active. Note that this is the fi rst 
time that precise chemical analysis is used for determining 
antisite defect concentrations experimentally. In the paper of 
Miller and Li the weight of the bulk sample was used for deter-
mining the antisite defect concentration. This method cannot 
be applied for thin fi lms.   

  3.3. Impurities and Their Effects on Transport Properties 

 Oxygen substitutes Te in MBE-grown Bi 2 Te 3  films (Figure  2 , 
samples 2 and 3). On the other hand, TEM revealed oxi-
dized Bi-rich blocking layers at the grain boundaries, [  11  ]  
which are assumed to severely reduce the charge-carrier 
mobility. [  11  ,  26  ]  Therefore, oxygen seems to substitute Te in 
the blocking layers and presumably to a lesser extent also 
in the matrix. 

 Oxygen is known to turn bulk Bi 2 Te 3  from a p-type to an 
n-type material; [  27  ]  however, no detailed explanation has thus 
far been given as to why this should be the case. 

 The thermoelectric properties of n-type Bi 2 Te 2.7 Se 0.3  mate-
rials prepared by the hot pressing technique have been meas-
ured systematically depending on the amount of oxygen con-
tamination. [  28  ,  29  ]  The as-solidifi ed material yielded 0.04 at% 
oxygen and a thermopower of  − 232  μ V K  − 1 . The as-sintered 
material yielded 1.8 at% oxygen and a signifi cantly reduced 
thermopower of  − 135  μ V K  − 1 . Subsequent reduction of the 
4973wileyonlinelibrary.combH & Co. KGaA, Weinheim
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sintered material by hydrogen yielded 0.25 at% oxygen and a 
thermopower of  − 215  μ V K  − 1  was recovered. 

 Also by alloying with other group 6 elements the electrical 
properties of Bi 2 Te 3  have been affected. Bi 2 (Te 1 −  x  Se  x  ) 3  and 
Bi 2 (Te 1 −  x  S  x  ) 3  mixed crystals are known to switch from p-type to 
n-type character for 13 at% Se and 2.4 at% S, respectively. [  25  ,  30  ]  
According to Horák et al. [  25  ]  the hole concentration decreases 
with increasing mole fraction of Se and S in the anion sublat-
tice, which presumably increases the anion vacancy concentra-
tion (V A   − 2  donors). This increase was explained by a reduced 
vacancy formation energy due to the smaller effective radius 
of the anions. Therefore, Bi 2 (Te 1 −  x  S  x  ) 3  yielded higher anion 
vacancy concentrations and a transition from p- to n-type char-
acter occurs at smaller  x  than for Bi 2 (Te 1 −  x  Se  x  ) 3  mixed crystals. 
Similar arguments hold for Bi 2 (Te 1 −  x  O  x  ) 3 , explaining why the 
transport properties change so drastically for small oxygen 
contents. 

 Bulk materials with Bi excess yield p-type conduc-
tion (Figure  4 ), [  1  ,  15  ]  which is explained by acceptor-like Bi Te  
antisites. [  16  ]  However, in the series of Bi-Te thin fi lms with Bi 
excess investigated here only n-type conduction was observed, 
which is in agreement with similar reports. [  5  ,  9  ,  10  ,  31  ]  The chem-
ical analysis of such fi lms revealed about 7 at% oxygen in some 
Bi-Te fi lms (samples 2 and 3), which might explain their n-type 
character. However, n-type fi lms were found to have a large Bi 
concentration of 48 at% Bi but only 0.1 at% O (sample 4). This 
supports a previous hypothesis [  10  ]  that the low substrate and 
annealing temperatures (250  ° C) that are applied to the thin 
fi lms investigated here yield signifi cantly different point-defect 
concentrations than the congruent melting point (585  ° C) used 
to prepare bulk structures. 

 In summary, these results show that the thermoelectric prop-
erties are sensitive to oxidation and thus the samples require 
careful protection from contamination during synthesis and an 
accurate chemical analysis for understanding their thermoelec-
tric properties. The sputtered Bi 2 Te 3  fi lm (sample 7) yielded a 
signifi cantly reduced oxygen contamination (Table  3 ) as com-
pared to the MBE-grown Bi 2 Te 3  fi lm (sample 2) as a small leak 
in the annealing setup could be closed. However, both fi lms 
yielded the same low charge-carrier mobility (Table  2 ). An 
analytical TEM study [  11  ]  of the nanostructure in the sputtered 
Bi 2 Te 3  fi lm is required to explain its low mobility although the 
oxygen contamination problem was solved. 

 This paper also reports on Ar incorporation into sputtered 
Bi 2 Te 3  thin fi lms that can only be detected by WDX spectrom-
etry. The solubility of Ar is large and has been found to be larger 
in Bi 2 Te 3  (0.8 at%) than in Sb 2 Te 3  (0.4 at%), which is likely 
related to the larger lattice parameters of Bi 2 Te 3 . [  1  ]  Argon might 
occupy sites in the van der Waals layer of the structure. Argon 
point defects will introduce strain and thereby reduce the lattice 
thermal conductivity. Argon incorporation is an intrinsic effect 
of sputtering and, therefore, will affect the transport properties. 

 The effect of Ar irradiation in Bi 2 Te 3  has been studied sys-
tematically. [  32  ]  It was found that Ar irradiation in the keV range 
gives rise to the formation of a structural modulation with a 
wavelength of 10 nm and yields exciting new possibilities for 
phonon scattering in this material. Also, in alumina thin fi lms 
deposited by sputtering Ar allows to stabilize the cubic  γ –phase 
rather than the  α –phase. [  33  ]  
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
 Horák and collaborators [  24  ,  25  ]  showed that substituting Bi 
with Sb only slightly changes the charge-carrier density. There-
fore, a Sb contamination with mole fractions of about 2 at% as 
observed here will hardly affect the transport properties.  

  3.4. High-Accuracy Chemical Analysis for Growth 
of Stoichiometry Controlled Thin Films 

 In this paper we have shown that high-accuracy chemical anal-
ysis by WDX is of paramount importance for stoichiometry 
control, calibration of growth parameters, and fi nally produc-
tion of high- ZT  materials. 

 Choosing the right acquisition parameters is essential as the 
electron energy determines the excitation volume. The accelera-
tion voltage should be chosen such that electrons only penetrate 
the fi lm but not the substrate. This can only be guaranteed by 
detailed Monte Carlo simulations [  34  ]  of the electron trajectories 
as explained in more detail in the Supporting Information of 
the paper. The analysis of Sb 2 Te 3  is much more diffi cult than 
that of Bi 2 Te 3  as Sb and Te are neighbors in the periodic table 
and signifi cant peak overlap occurs. If all these points are taken 
into consideration adequately then high-accuracy measure-
ments result, yielding a sum of mass fractions close to 100 wt% 
(Table  3 ). 

 In summary, the better energy resolution of WDX (10 eV) 
as compared to EDX (135 eV) spectrometry yielded a smaller 
peak -overlap and high peak-to-background ratios and thus low 
detection limits, which are of key importance for analyzing con-
tamination of for instance Ar in sputtered fi lms. 

 Small deviations ( < 0.5 at%) between EDX and WDX occurred 
for not oxidized Bi-Te fi lms (samples 4, 5, and 7), which can 
be seen by comparing theTe mole fractions in Table  1  and  3 , 
respectively. Larger deviations (1 < at%) were found for Sb 2 Te 3  
fi lms (samples 1 and 6) because of the peak overlap of the Sb 
and Te peaks. The largest deviations ( > 2 at%) were found in oxi-
dized Bi 2 Te 3  fi lms (samples 2 and 3) and because of Sb con-
tamination in sputtered Bi 2 Te 3  fi lms, which was only detected 
by WDX spectrometry.   

  4. Conclusions 

 The charge-carrier densities are governed by antisite defects in 
Bi 2 Te 3  thermoelectric materials. In this work the effect of point 
defects on electrical transport was investigated by a combined 
approach of chemical analysis and calculating transport coef-
fi cients. WDX spectrometry was applied to measure precisely 
the chemical composition. In Te-rich thin fi lms the Te Bi  antisite 
defect concentration was determined, assuming that non-sto-
ichiometry is only compensated by this type of point defect. 
Finally, the charge-carrier density was calculated assuming 
that the number of electrons is equal to the number of Te Bi  
antisite defects. Thermopower and electrical conductivity were 
calculated as a function of charge-carrier density by solving 
the linearized Boltzmann transport equation. WDX spectrom-
etry has improved spectral resolution with respect to EDX, 
which is usually applied, and, therefore, has a high impact for 
improving thin-fi lm quality. Even large dopant concentrations 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4969–4976
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in semiconductors can be measured by WDX with even better 
accuracy than antisite defects. Therefore, this approach is 
useful for many other applications based on thin fi lms. 

 Bi 2 Te 3  and Sb 2 Te 3  thin fi lms grown by sputtering and MBE 
yielded low charge-carrier densities, for such fi lms chemical 
analysis yielded a near stoichiometric composition. Good quan-
titative agreement was found for the dependence of the thermo-
power on stoichiometry. The Ar content in sputtered fi lms was 
measured for the fi rst time and was found to be about 1 at%. 

 In summary, WDX spectrometry is a powerful technique for 
chemical analyses of thin fi lms used for various applications. In 
particular, the control of stoichiometry, point-defect densities, 
impurity concentrations, and transport properties by WDX is 
of key importance for Bi 2 Te 3 -based nanomaterials used for ther-
moelectric applications and topological insulators.  

  5. Experimental Section 
 Three different types of binary Bi 2 Te 3  and Sb 2 Te 3  thin fi lms with 
thicknesses of 1  μ m were grown (Table  1 ): i) Nominally stoichiometric 
Bi 2 Te 3  and Sb 2 Te 3  thin fi lms were deposited on SiO 2  substrates using a 
MBE setup (samples 1 and 2, respectively). ii) A stoichiometric series of 
Bi-Te thin fi lms were deposited on BaF 2  substrates using a MBE setup 
with Te contents between 52.3 at% Te and 61.8 at% as determined 
by EDX in a scanning electron microscope. In this paper only a near-
stoichiometric sample and samples with lowest and highest Te contents 
were selected from this series for chemical analysis (samples 3, 4, and 
5, respectively). iii) Nominally stoichiometric Bi 2 Te 3  and Sb 2 Te 3  thin 
fi lms were sputtered on BaF 2  substrates (samples 6 and 7, respectively). 
For MBE deposition and sputtering a growth procedure referred to as 
nano-alloying was applied, this means that fi lms were deposited at 
room temperature and subsequently annealed at 250  ° C for 2 h for 
phase formation; details of the deposition methods are described in the 
references quoted in Table  1 . 

 In thin fi lms the in-plane transport properties (charge-carrier density 
 n , charge-carrier mobility  μ , electrical conductivity  σ , and thermopower 
 S ) were measured at room temperature; experimental details are 
reported elsewhere (see references in Table  1 ). 

 X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-
fi ltered transmission electron microscopy (TEM), and energy-dispersive 
X-ray spectrometry (EDX) were applied to the nominally stoichiometric 
fi lms (#1, #2, #3, #6, #7) to monitor the crystal structure, texture, 
chemical composition, grain size, and extended crystal defects. 
Details about the instruments, specimen preparation, and acquisition 
conditions were explained in previous reports (see references in Table  1 ). 

 Chemical analysis of the fi lms was conducted with wavelength-
dispersive X-ray spectrometry (WDX) in an electron-probe microanalyzer 
(EPMA) and energy-dispersive X-ray spectrometry (EDX) in a scanning 
electron microscope (SEM). The size of the excitation volume was 
determined by Monte Carlo simulations of electron trajectories in 
1- μ m thick Bi 2 Te 3  and Sb 2 Te 3  fi lms using the Desktop Spectrum 
Analyzer (DTSA-II) software. [  34  ]  Details are explained in the Supporting 
Information. It was found that for electron energies less than 15 keV the 
electrons will not reach the substrate and, therefore, the X-ray spectra 
will particularly not contain O-K stray radiation generated in the SiO 2  
substrates. 

 For WDX analysis a JEOL JXA Superprobe 8900 was used operated 
at 10 keV, a probe current of 17.2 nA, and a beam size of 5  μ m. For 
each fi lm 10 measurements were carried out. PbTe, Bi, Al 2 O 3 , and InSb 
compounds were used as standards and the  ϕ  −  ρ -z method [  18  ]  was 
applied for quantitative analysis. The acquisition times were between 
30 s and 60 s in order to obtain minimum statistical errors with 
following netcounts/ detection limits for the various X-ray lines: 20 000/ 
600 ppm for Bi-M  α 1 , 200 000/ 300 ppm for Te-L  α 1 , 150 000/ 250 ppm for 
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Sb-L  α 1  and  < 1000/ 900 ppm for O-K  α 1 . A peak-overlap correction was 
applied for the Te and Sb lines and turned out be essential for fi nally 
yielding a sum of all mass fractions between 98% and 99.4% (Table  1 ). 
This indicates the high quality of the performed measurements. 

 WDX was also used for detection of Ar in sputtered fi lms, for these 
measurements the acquisition time was set to 1 h. The Ar content was 
quantitatively analyzed by combined SEM-EDX analysis and Monte 
Carlo simulations. [  34  ]  The EDX spectra were acquired in a JEOL JSM 
6500F scanning electron microscope operated at 12 kV and with a probe 
current of 80 pA. The spectra were acquired in area scanning mode 
(5  μ m  ×  5  μ m) to avoid contamination and with an acquisition time of 
2000 s. 

 Electronic transport coeffi cients of Bi 2 Te 3  for transport along the 
basal plane were calculated by solving the linearized Boltzmann 
transport equation using the BoltzTraP code. [  21  ]  The band structure 
used was provided by the BoltzTraP code and was that published by 
Scheidemantel et al., [  22  ]  calculated by the WIEN2K software. [  35  ]  Texture 
analysis of the fi lms revealed that in-plane transport properties can 
approximately be understood as basal plane properties and, therefore, 
these quantities will be compared. [  11–14  ]   
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