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A B S T R A C T

The synthesis of combinatorial Bi2�xSbxSe3 thin films by arrested precipitation technique (APT) using

triethanolamine-bismuth, triethanolamine-antimony and sodium selenosulphite as sources of Bi3+, Sb3+

and Se2�, respectively is investigated on commercial glass substrates. The growth mechanism of film

formation, composition and surface morphology of the as deposited films were studied as a function of

preparative parameters and bath composition. The films were monophasic, polycrystalline and covered

the surface of the substrate completely. Energy dispersive X-ray analysis gave coherent elemental

composition indicating single phase BiSbSe3 was made. The good results obtained for Bi2�xSbxSe3 thin

films revealed that arrested precipitation technique is best suited for the deposition of large area thin

films on conducting/nonconducting substrates to produce materials for device applications.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The best materials for thermoelectric application at room
temperature were V2VI3 compounds and their alloy because of
high thermoelectric figure of merit. Bi2�xSbx alloys are very
attractive materials for thermoelectric refrigeration at low
temperature using Ettingshausen effect [1,2].

Thin films of bismuth–antimony chalcogenides find many
applications such as thermoelectric power generator, thermo-
electric refrigerator, thermopile detector, effective sensing and
controlling of temperature at localized areas such as microelec-
tronic or optoelectronic devices etc. [3–6]. In order to increase the
thermoelectric efficiency, extensive studies on Bi2Te3 doping have
been carried out by many researchers [7,8]. Patil et al. [9] and
Damodara Das et al. [10] reported preparation and properties of
V2VI3 group chalcogenide thin films and their mixed/alloyed
combinations. In the present investigation, we have deposited Sb
doped Bi2Se3 thin films using modified chemical bath deposition
known as arrested precipitation technique (APT) [11,12]. To the
best of our knowledge nobody has reported stoichiometric
Bi2�xSbxSe3 films by arrested precipitation technique. Hence it
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is our interest to study the details of growth procedure and
relevant properties of Bi2�xSbxSe3 thin films. The present paper is
purposing to analyze the change in the growth mechanism,
optical, structural and morphological properties of Bi2�xSbxSe3

thin films, induced by the doping of Sb. The doping of Sb impurity
was confirmed from the energy dispersive X-ray analysis (EDS)
analysis.

2. Experimental details

Bi2�xSbxSe3 thin films were deposited on to the chemomecha-
nically and ultrasonically cleaned glass substrate using APT.
Equimolar Bi–TEA, Sb–TEA and Na2SeSO3 were used as basic source
materials.

UV–visible spectrophotometer (Hitachi model 330, Japan) was
used to determine absorption spectra of Bi2�xSbxSe3 in the
wavelength range 350–850 nm. The layer thickness of the as
deposited samples was measured by gravimetric technique using
highly sensitive electronic balance; Mettler Toledo GmbHCH-8606
Greifensee having an accuracy of �0.01 mg. The absorption
coefficient, band gap and type of transition were determined from
these studies. X-ray diffraction (XRD) analysis was carried out using a
Philips PW-1710 X-ray diffractometer for the 2u ranging from 08 to
1008 with Cu Ka line used as a beam (l = 1.5418A8). Scanning electron
microscopy (SEM) and energy dispersive X-ray analysis was
performed on a JEOL-JSM- 6360A scanning microscope.
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Fig. 1. The (ahn)2 versus hn plots for the Bi2SxSbxSe3 films having different

compositions.
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3. Results and discussion

3.1. Growth mechanism

The novel structural behaviour and properties of thin films can
largely be ascribed to their growth process which is therefore of
basic importance to the science and technology of thin films. The
detail of nucleation and growth depends on the material being
deposited and other parameters such as nature of substrate,
temperature and pH. In the present investigation we have slightly
modified the chemical deposition method using polydentate
chelating agent, triethanolamine [N(CH2–CH2–OH)3] as a complex-
ing agent to arrest Bi3+ and Sb3+ ions. The APT is based on Ostwald
ripening law. According to this law if metal ions in solution are
arrested using polydentate complexing agent, the rate of reaction
between metal ions and chalcogen ions can be well controlled to
get desired quality of metal chalcogenide thin films.

The stability constant indicates strong affinity of the organic
complexing agent TEA towards Bi3+ and Sb3+ ions and its tendency
to keep the Bi3+ and Sb3+ ions arrested in a solution even in alkaline
pH range where the metal hydroxide formation is possible.
Concentration of precursors also shows strong influence on the
growth of Bi2Se3 and mixed/alloyed Bi2�xSbxSe3 thin films,
therefore concentration of the precursors was taken in the ratio
2:3. In the present investigation ionic species of Bi3+, Sb3+ and Se2�

are produced as per the following reaction equilibria in an aqueous
alkaline deposition bath.

ðNH4Þ3½Bi2NðCH2�CH2�OÞ3� þ 6H2O�!pH10
Bi3þ þ 3NH4OH

þ 3OH� þ 2½NðCH2�CH2�OHÞ3� (1)

ðNH4Þ3½Sb2NðCH2�CH2�OÞ3� þ 6H2O�!pH10
Sb3þ þ 3NH4OH

þ 3OH� þ 2NðCH2�CH2�OHÞ3 (2)

Na2SeSO3þOH� ! Na2SO4þHSe� HSe� þOH� ! H2O þ Se2�

(3)

The reactions (1) and (2) show that the metal ions are produced
by dissociation of the metal complex while chalcogen ions are
produced by dissociation of sodium selenosulphite. At pH 10 � 0.2
the ionic product of Bi3+, Sb3+ and Se2� ions exceeds the solubility
product of Bi2�xSbxSe3 in the reaction bath, which results in ion by ion
condensation of growth of bismuth antimony selenide thin films on
substrate support as per reaction,

Bi3þ
2�x þ Sb3þ

x þ 3Se2�!Bi2�xSbxSe3

Bi2�xSbxSe3 films prepared by arrested precipitation technique
are found to be uniform and adhere tightly to the substrate
support.

3.2. Optical studies

Measurements of absorbance in Bi2�xSbxSe3 chalcogenide thin
films in the wavelength region 350–850 nm at room temperature
were carried out. The optical absorption coefficient (a) of
Bi2�xSbxSe3 with different compositions was calculated using
the absorbance value measured for a particular wavelength (l) and
film thickness (t). Thickness of the film was calculated by assuming
density of the film is equal to bulk material. The optical absorption
coefficient is found to be in the order of 104 cm�1. The optical band
gap was found graphically from the calculated values of the
absorption coefficient (a).

In semiconductors, the optical absorption spectrum has been
found to have three distinct regions
(i) H
igh absorption region (a � 104 cm�1),

(ii) e
xponential edge region (1 � a � 104 cm�1),
(iii) w
eak absorption tail (1 � a cm�1).
At higher wavelengths the non-linear tail absorption in the
curves may be due to transitions associated with the absorption of
longer wavelength phonons. In the high absorption region
(a � 104 cm�1), the relation between the absorption coefficient
(a) and the incident photon energy (hn) can be written as [13]

ðahnÞ1=n ¼ Aðhn� EgÞ

where ‘h’ is Planck’s constant, ‘n’ is frequency, ‘A’ is parameter that
depends on the transition probability and ‘Eg’ is the optical energy
gap of the investigated sample and exponent ‘n’ depends on the
type of transition. For direct allowed n = 1/2, indirect allowed
transition n = 2, and for direct forbidden n = 3/2. The values of the
optical band gap have been calculated from the best straight line
fits in ‘(ahn)1/n’ versus ‘hn’ plots and corresponding band gaps were
obtained from extrapolating the straight portion of the graph on
‘hn’ axis at a = 0.

Fig. 1 shows the plot ‘(ahn)2’ versus ‘hn’, i.e. with n = 1/2 for the
films of Bi2�xSbxSe3. The presence of single slope in the curves
suggests that films are of single phase in nature and the type of
transition is direct and allowed. It was found that the optical
energy gap Eg increases gradually from 1.73 to 1.94 eV with
increasing Sb mole content (x) up to 0.1. The calculated values of
the optical energy gap were plotted versus Sb content as shown in
inset of Fig. 1. The rate of change of the optical gap decreases as the
Sb content increases. The increase of band gap with Sb doping
concentration is related with the decrease of particle size which is
evidenced in the XRD pattern (Fig. 3) and SEM micrograph (Fig. 4)
[14,15]. Most of the published results on the optical properties of
bismuth selenide are based on the optical reflectance on single
crystals of Bi2Se3 with relatively high electrical conductivities
[16,17]. These results cannot be readily correlated with the present
work. The difference in the optical band gap between the bulk
value and thin film values arises from the quantum confinement of
charge carriers. Lack of crystallinity or vary small grain size
(nanometer size) could shift the band gap to higher values
compared with the bulk crystalline value [18]. The optical band
gap derived for each film is listed in Table 1. The mode of optical
transition has also been determined by plotting ln(ahn) versus
ln(hn � Eg). According to Bhattacharya et al. [19], ln(ahn) versus
ln(hn � Eg) variation should give a straight line with a slope equal
to 0.5 for a direct allowed type of transition. In our case, the above
variations are straight line with a slope of nearly 0.5 for all
compositions confirming the allowed direct transitions as shown



Table 1
Composition parameter dependent properties of Bi2�xSbxSe3 thin films

Bi2�xSbxSe3 film composition (x) Band gap (Eg) Power factor (n)

0 1.73 0.5012

0.02 1.80 –

0.04 1.86 0.5053

0.06 1.90 0.4715

0.08 1.92 0.4538

0.10 1.94 0.4998

Fig. 2. Evolution of the mode of transition from the variation of ln(ahn) versus

ln(hn S Eg) for Bi2SxSbxSe3 samples.

Fig. 3. X-ray diffractograms of six typical Bi2SxSbxSe3 samples having differ
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in Fig. 2. The values of slopes obtained from ln(ahn) versus
ln(hn � Eg) plots are listed in Table 1.

3.3. XRD studies

Fig. 3 is the XRD pattern of Bi2�xSbxSe3 with various Sb contents
(x = 0, 0.02, 0.04, 0.06, 0.08, 0.1) deposited at 45 8C. The peaks
become broader and some peaks appeared at high u values with
increasing Sb doping. This is conclusive evidence for new ordering.
Careful observation on the pattern of the deposits shows that some
lines were remained unchanged in the pattern and some new lines
appeared in the pattern. The increase in the number of lines is not
due to improvement in the crystallinity but due to introduction of
new plane spacings, caused by nonuniform distortion as a result of
doping. There are no JCPDS standard data available for different
compositions of Bi2�xSbxSe3. Hence the plane indices are obtained
by comparing the intensities and positions of the peaks with those
of Bi2Se3 and Sb2Se3 which are given by JCPDS file no. 77-2016 and
15-0861. The formation of solid solution is expected because both
materials crystallises in orthorhombic structure. Table 2 lists the
observed ‘d’ values for Bi2Se3 and Bi2�xSbxSe3 thin films in
comparison with the JCPDS data. The observed ‘d’ values are in
good agreement with the standard values for the orthorhombic
ent compositions (x): (a) 0, (b) 0.02, (c) 0.04, (d) 0.06, (e) 0.08, (f) 0.10.



Fig. 4. SEM micrographs for Bi2SxSbxSe3 films: (a) x = 0, (b) x = 0.02, (c) x = 0.06, (d) x = 0.1.
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structure of Bi2Se3 and Sb2Se3. The strongest peak for all films
occurred at 2u = 44.88 with d = 2.9A8 (corresponding to (2 2 1)
reflection). It indicates that the preferred orientation lies along
(2 2 1) direction for Bi2�xSbxSe3 thin films deposited by APT.
Furthermore, the intensity of the (2 2 1) peak decreases and small
peak broadening occurs with an increase of Sb content. This small
degree of broadening occurs as a result of increase in strain in the
film due to Sb incorporation in the Bi lattice site. This indicates that
the crystal quality decreases with an increase of Sb content in the
film. The crystalline size (grain diameter), D, of the deposits was
Table 2
XRD results of Bi2Se3 and Bi2�xSbxSe3 thin films

Film composition JCPDS ‘d’ values Å Bi2Se3 JCP

‘d’ (Å) (h k l) Intensity ‘d’

Bi2Se3 3.7341 (1 3 0) 67.5 –

2.9112 (2 2 1) 92.5 –

Bi1.98Sb.02Se3 2.9112 (2 2 1) 92.5 –

2.3388 (4 3 0) 30.2 2.3

2.045 (0 0 2) 41.5 1.9

Bi1.96Sb.04Se3 3.7341 (1 3 0) 67.5 3.7

2.9112 (2 2 1) 92.5 –

2.0450 (0 0 2) 41.5 1.9

1.8273 (5 4 0) 3.7 1.8

Bi1.94Sb.06Se3 3.7341 (1 3 0) 67.5 3.7

2.9112 (2 2 1) 92.5 –

2.0450 (0 0 2) 41.5 1.9

2.0021 (5 3 0) 17.4 1.9

1.7556 (3 6 0) 7.0 1.7

Bi1.92Sb.08Se3 – – – 3.1

2.9112 (2 2 1) 92.5 –

2.2155 (2 4 1) 13.0 2.2

Bi1.90Sb.1Se3 3.7341 (1 3 0) 67.5 3.7

3.6810 (3 1 0) 49.0 –

2.9112 (2 2 1) 92.5 –

2.0450 (0 0 2) 41.5 1.9

1.6438 (7 1 0) 1.7 1.6

1.6202 (6 4 0) 4.9 1.6
calculated using the Scherrer formula [20] for the (2 2 1) peak
assuming that microstrain can be neglected

D ¼ kl

bcos u

where, k constant varies with h k l and crystallite shape but usually
nearly equal to 0.9, l wavelength of source radiation, b full-width
at half maximum of the peak, in radian, u Bragg angle.

The crystallite size decreases from 35.8 to 18.7 nm with
increasing Sb doping as shown in Table 3.
DS ‘d’ values Å Sb2Se3 Observed ‘d’ values in Å

(Å) [h k l] Intensity ‘d’ (Å) Intensity (%)

– – 3.7707 37.1

– – 3.0024 100

– – 3.0005 100

37 [4 3 0] 14 2.3836 22.0

89 [0 0 2] 25 2.0749 42.6

2 [1 3 0] 30 3.7868 45.4

– – 3.0021 100

89 [0 0 2] 25 2.0711 48.7

26 [5 4 0] 4 1.8302 14.9

2 [1 3 0] 30 3.7728 66.8

– – 3.0021 100

89 [0 0 2] 25 2.0700 37.2

98 [1 5 1] 25 1.9976 12.5

52 [3 6 0] 20 1.7669 14.3

62 [2 1 1] 75 3.0997 60.5

– – 3.0030 100

68 [3 3 1] 8 2.2529 13.7

2 [1 3 0] 30 3.7779 46.5

– – 3.5593 14.3

– – 3.0046 100

89 [0 0 2] 25 2.0672 46.5

46 [7 1 0] 6 1.6448 16.5

19 [6 4 0] 6 1.6217 23.5



Table 3
The grain size (D) and half peak width (b) of the Bi2�xSbxSe3 films

Film composition Crystalline size ‘D’ (nm) Half peak width ‘b’ (radian)

Bi2Se3 35.789 0.004189

Bi1.98Sb.02Se3 28.634 0.005237

Bi1.96Sb.04Se3 24.541 0.006109

Bi1.94Sb.06Se3 20.451 0.007331

Bi1.92Sb.08Se3 18.672 0.008030

Bi1.90Sb.1Se3 17.892 0.008379

Fig. 5. The EDS scanning pattern of the as deposited Bi1.94Sb0.06Se3 thin film.

Table 4
EDS analysis of the as deposited Bi2�xSbxSe3 thin films

Film composition Elements (expected at %) Elements (actual at %)

Bi Sb Se Bi Sb Se

Bi1.96Sb.04Se3 39.20 0.80 60 44.24 0.82 54.94

Bi1.94Sb.06Se3 38.80 1.20 60 43.35 1.23 55.42

Bi1.90Sb.10Se3 38.00 2.00 60 43.43 2.06 54.51
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3.4. SEM and EDS studies

Fig. 4(a–d) shows scanning electron micrograph of top view of
the four typical Bi2�xSbxSe3 thin films in the as-grown condition at
5000�magnification. The SEM micrographs show well adherent,
smooth and uniform film surface without cracks under low
magnification which accounts high mechanical stability of the
sample [19]. We have observed significant variation in the
morphological properties of the films for the variation of Sb
doping.

Fig. 4a represents the surface morphology of the Bi2Se3 thin
film, which shows cross-linked spherical grains of uniform size
spread all over the surface. Some regions of overgrowth were also
observed. After doping Sb slightly (x = 0.02), cross-linked grains
coalesce and aggregates of crystallites are formed as shown in
Fig. 4b. It shows the co-existence of small and relatively large
grains on the film surface. Fig. 4c and d shows that large crystallites
are broken to well defined nanocrystalline particles with fine
background as a result of further antimony doping. These
micrographs reveal that the grain size decreases as the result of
increase in Sb doping indicating that Sb is grain growth inhibitor in
Bi2�xSe3 films. The grain size of the Bi2�xSbxSe3 films with x = 0,
0.02, 0.04, 0.06, 0.1 are 970, 560 to 890, 240 to 560 and 160 to
560 nm, respectively. These results are consistent with the XRD
results which also show broadening of peaks as a result of
antimony doping indicating decrease of crystalline size. Surface
morphology of the films remains almost same after doping
concentration x � 0.06.

The quantitative analysis by energy dispersive X-ray analysis
was performed for Bi, Sb and Se in Bi2�xSbxSe3 samples at different
points. Fig. 5 displays an EDS spectrum of typical Bi1.94Sb.06Se3 and
elemental compositional analysis of a series of the as deposited
Bi2�xSbxSe3 samples is listed in Table 4 showing that samples are in
good stoichiometric ratio. Chemical compositions of both small
and bigger grains are found to be same and ruled out the
segregation of any specific element.

4. Conclusions

In conclusion, this communication demonstrates that poly-
crystalline Bi2�xSbxSe3 thin films have been successfully, in a
simple way, synthesized using APT at low temperature. The films
are mechanically stable. Optical measurement revealed a band gap
tailoring when Sb doping in the film is varied. The preferred
orientation lies along the [2 2 1] direction. This work should prove
useful in understanding the roles of Sb doping in controlling the
final morphologies of polycrystalline materials.
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