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Bi2Se3 thin films were deposited on the (100) oriented Si substrates by pulsed laser deposition technique at
different substrate temperatures (room temperature −400 °C). The effects of the substrate temperature on the
structural and electrical properties of the Bi2Se3 films were studied. The film prepared at room temperature
showed a very poor polycrystalline structure with the mainly orthorhombic phase. The crystallinity of the films
was improved by heating the substrate during the deposition and the crystal phase of the film changed to the
rhombohedral phase as the substrate temperaturewas higher than 200 °C. The stoichiometry of thefilms and the
chemical state of Bi and Se elements in the films were studied by fitting the Se 3d and the Bi 4d5/2 peaks of the
X-ray photoelectron spectra. The hexagonal structure was seen clearly for the film prepared at the substrate
temperature of 400 °C. The surface roughness of the film increased as the substrate temperature was increased.
The electrical resistivity of the film decreased from 1×10−3 to 3×10−4 Ω cm as the substrate temperature was
increased from room temperature to 400 °C.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Bismuth selenide (Bi2Se3) is a narrow band gap semiconductor
(about 0.35 eV) and exhibits an unusual anisotropic layered structure.
As one of the binary chalcogenides of V2VI3 compounds, it has
attracted wide attention due to its potential applications in thermo-
electric devices [1]. Recently, research on Bi2Se3 has attracted even
much interest as it has been predicted to be a three-dimensional
topological insulator, a material that behaves as an insulator in its
interior while permitting the movement of charges on its boundary
[2,3]. The research work on this topic has already been extended from
Bi2Se3 bulk material to Bi2Se3 thin film [4,5]. Therefore, studies on
Bi2Se3 thin films are of continued interest for researchers from the
point of view of the preparation and characterization in order to test
their suitability for a particular and desired application.

The techniques used for deposition of the Bi2Se3 films are
dominated by chemical processes [6–12]. Physical processes are
rarely used for depositing Bi2Se3 films, only the evaporation technique
has been used until now [13,14]. Pulsed laser deposition has become a
widely used physical technique for depositing films as it has many

advantages, such as a wide choice of materials, high instantaneous
deposition rate, and a relatively high reproducibility. In addition, this
technique has several unique features: a fine control on stoichiometry,
the possibility to use thermally sensitive substrates and the capability
to grow nanostructures and cluster-assembled films by ablating
material in presence of a background gas. However, no work on
pulsed laser deposited Bi2Se3 films has been conducted so far. In this
work, we have reported the effects of the substrate temperature on
the properties of the Bi2Se3 films on silicon substrate deposited by
pulsed laser deposition.

2. Experimental details

A pulsed KrF excimer laser (Lambda Physik LPx 305i, 248 nm,
25 ns, frequency 2 Hz) was used to ablate the Bi2Se3 alloy target. The
laser beam was focused on the target surface by lens at a 45° incident
angle. The Bi2Se3 alloy with a purity of 99.999% was supplied by
Sichuan xinlong tellurium Industry & Technique development Co., Ltd.
The laser power density in the target surface was about 0.01 J/mm2

which was estimated by measuring the incident laser power and the
erosion area at the target surface. The target was fixed at a 40 mm
distance apart from the substrate. The (100) oriented silicon wafers
were used as the substrates and the substrate temperature was varied
from room temperature (RT) to 400 °C. The silicon substrates were
cleaned by the standard cleaning procedure before they were loaded
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into the deposition chamber. The chamber was equipped with a turbo
molecular pump backed with a mechanical pump. Before the
deposition started, the chamber was pumped down to less than
3×10−3 Pa. The deposition time was kept at 20 min for all the
depositions. The thickness of all the films was about 100 nm.

The phases and the crystallographic structure of the films were
determined by the X-ray diffraction (XRD) with a Rigaku RINT2000
diffractometer for the 2θ ranging from 10° to 60° with a step of 0.04°
using Cu K-alpha1 radiation (λ=0.15406 nm) operated at 56 kV and
182 mA as the incident radiation. The surface morphologies of the
depositedfilmswere studiedby atomic forcemicroscopy (AFM) (Digital
Instruments) performed by tapping mode using SiN tip. X-ray
photoelectron spectra (XPS) were measured by a VG ESCALAB 250
multitechnique surface analysis system. Photoelectrons were excited
over a spot size of 0.5 mmwith Al Kα radiation (1486.6 eV) operated at
150W (15 kV and 10 mA). The detailed spectra were acquired with a
pass energy of 50.0 eV and an energy step size of 0.1 eV and the survey
spectra were acquired with a pass energy of 150 eV and an energy step
size of 1 eV. The atomic concentrations of the elements of Bi and Sewere
calculated from the measured peak areas (Se3d and Bi4d5/2) using the
Avantage software of Thermo Fisher Scientific. The peak positions were
calibrated by using the position of the peak of the C1s (284.8 eV) as a
reference value. The structures of the deposited filmswere observed by
field emission scanning electron microscopy (FESEM) (Oxford, INCA
Energy 350) with an operating voltage of 15 kV. The carrier density and
the Hall mobility were measured using Lake Shore 665 with a 6 kG
magnetic field intensity at room temperature.

3. Results and discussion

The effects of the substrate temperature on the crystallinity and the
crystal phase of the Bi2Se3 films grown on Si (100) substrates were
studiedby theXRDas shown in Fig. 1. TheXRDpatternof theBi2Se3 alloy
target is also shown in this figure for comparison. It can be seen that the
alloy targetonlyhas the rhombohedral phaseofBi2Se3 (PDFcardfile,No.
33–0214). The Bi2Se3 film deposited at room temperature (RT) shows
two phases of Bi2Se3, rhombohedral and orthorhombic (PDF card file,
No. 77–2016) and the orthorhombic phase of Bi2Se3 dominates the
phase of thefilm.When the substrate temperature is higher than200 °C,
the deposited films show a pure rhombohedral phase of Bi2Se3.
Considering the two different phases of Bi2Se3, the most reported
structure in the literature is the rhombohedral structure [8,10–13]. Little
data are available on the orthorhombic phase of Bi2Se3 [6,7,9]. From
these reported results in the literature it can be concluded that the

crystal phase of Bi2Se3 films not only depends on the deposition
techniques, but also on the process parameters. Although the Bi2Se3
films can exist in both rhombohedral and orthorhombic phase, we
believe that the orthorhombic phase of Bi2Se3 is ametastable phase and
the rhombohedral phase of Bi2Se3 is a stable phase. As it can be seen
fromFig. 1, a transformation fromorthorhombic to rhombohedral phase
occurs as the substrate temperature is higher than 200 °C. It confirms
the metastability of the orthorhombic phase.

By fitting the XRD peaks, the peak position, relative peak intensity
and the crystallite size along the different orientations are obtained and
given in Table 1. The peak intensities have been normalized. The
crystallite sizes (D) of the films are calculated using Scherrer's formula,
D=0.9λ/Bcosθ, whereλ is thewavelengthof X-ray, B is the fullwidth at
halfmaximumand θ is the diffraction angle. It can be seen that the grain
sizes increase when the substrate temperature is increased from 200 °C
to 300 °C and keep constant as the temperature is higher than 300 °C
except for the [104] direction. For that direction, the grain size always
increases with the temperature. From the normalized peak intensities it
can be seen that all the films have a strong diffraction peak along the
[006] direction. As the substrate temperature is increased from200 °C to
300 °C, the intensities of the (104) and the (0015) peaks are also
increased. However, the intensities of these peaks do not change
anymore as the substrate temperature is higher than 300 °C. Consider-
ing both the variations of the grain sizes and the peak intensities with
the substrate temperature, it can be suggested that the crystallinity of
the Bi2Se3 films has been stabilized at 300 °C temperature. The
crystallinity of the films will not change clearly as the substrate
temperature is higher than 300 °C.

XPS survey, Bi 4d5/2 and Se 3d spectra of Bi2Se3 films prepared at
different substrate temperatures and Bi2Se3 alloy target are shown in
Fig. 2. The fitting results (thick black lines are the fitting results and the
red symbols are experimental data in Fig. 2c) show that Se 3d spectra
can be fitted perfectly using single peak for 3d3/2 (blue line) and 3d5/2
(green line), and the binding energy for Se 3d5/2 is about 53.5 eV for all
the samples. It means that the Se exists in these films as the Bi2Se3
compound [15]. No evidence from the contribution of elemental Se
atoms at binding energy about 54.1 eV was observed [15] for all the
Bi2Se3 films. However the Bi 4d5/2 cannot be decomposited using a
singlepeakas it canbe seen fromFig. 2b. Twopeaks, one locatedat about
439.8 eV (blue line) and another located at about 441.5 eV (green line),
can give a perfect decomposition of the Bi 4d5/2 peak for the films
prepared at different substrate temperatures (thick black lines are the
fitting results and the red symbols are experimental data in Fig. 2b). The
peaks located at 439.8 eVand 441.5 eV correspond to the states of Bi as a
Bi element and the Bi2Se3 compound [16,17]. It means not all the Bi in
the films exists as the Bi2Se3 compound; some of them exist as the Bi
elements. Even for the Bi2Se3 alloy target, there are still small amount of
Bi existing as the Bi elements as shown in Fig. 2b. However, XRD results
do not show any diffraction peak of Bi elements. Therefore, these Bi
elements exist in these films as an amorphous phase. It has been known

Fig. 1. XRD patterns of the Bi2Se3 alloy target and the Bi2Se3 films deposited at different
substrate temperatures.

Table 1
Peak positions, relative peak intensities and grain sizes obtained by fitting the XRD
diffraction peaks for Bi2Se3 films prepared at different substrate temperatures.

200 °C 300 °C 400 °C

(006) Position (2θ) 19.02 19.30 19.18
Grain size (nm) 10 17 17
Intensity 100 100 100

(104) Position (2θ) 27.47 27.40 27.55
Grain size (nm) 13 17 20
Intensity 9 19 21

(015) Position (2θ) 29.07 29.05 29.06
Grain size (nm) 12 27 27
Intensity 4 3 4

(0015) Position (2θ) 47.54 47.72 47.74
Grain size (nm) 7 16 16
Intensity 48 97 98
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that the Se atomsescape easily during the ablationprocess, and thuswill
result in a Bi-rich Bi2Se3 film. The stoichiometry of the deposited Bi2Se3
films has been calculated by fitting the Bi 4d and Se 3d spectra. It has
been found that the Se/Bi ratio is about 1:2 for films prepared at room

temperature and 200 °C, and is about 1:1 for films prepared at 300 °C
and 400 °C substrate temperatures. These results confirm that the
deposited Bi2Se3 films are not stoichiometric. The extra Bi exists as Bi
atoms in thesefilms. In order to improve the stoichiometry of the Bi2Se3
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Fig. 2. XPS survey (a), Bi 4d5/2 (b) (thick black lines: fitting results; red symbols: experimental data; blue line: peak of Bi 4d5/2 as a Bi element; green line: peak of Bi 4d5/2 as the
Bi2Se3 compound.) and Se 3d (c) (thick black lines: fitting results; red symbols: experimental data; blue line: peak of Se 3d3/2 as the Bi2Se3 compound; green line: peak of Se 3d5/2 as
the Bi2Se3 compound.) spectra of Bi2Se3 films deposited at different substrate temperatures and Bi2Se3 alloy target.

Fig. 3. SEM image of Bi2Se3 films prepared at different substrate temperatures.
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films, the Bi2Se3 alloy target must be prepared with extra Se in it to
compensate the loss of the Se during the ablation process.

Fig. 3 shows FESEM images of Bi2Se3 films prepared at different
substrate temperatures. It can be seen that the film prepared at room
temperature shows smooth surface with many small features.
These small features form hexagonal crystal structure as the substrate
temperature is increased. The image of the Bi2Se3 film prepared at
400 °C clearly shows the hexagonal structure. Although XRD
measurements have confirmed that most Bi2Se3 films have the
hexagonal structure, it has not been observed directly by SEM so far.
It can be seen that when the substrate temperature is higher than
300 °C, large grains are formed. The formation of these large grains
will result in a rough surface which has been confirmed by AFM
measurements as shown in Fig. 4. The sample surface is smoothwith a
root mean square (RMS) roughness varied from 0.6 to 1.5 nm as the
substrate temperature is increased from RT to 200 °C. However, the
surface becomes roughwhen the substrate temperature is higher than
200 °C. The surface RMS roughness jumps to about 6.7 nm when the
substrate temperature reaches to 300 °C. The film prepared at the
substrate temperature of 400 °C has the most rough surface with a
RMS roughness of 12.1 nm.

The electrical properties (electrical resistivity, carrier density and
Hall mobility) of Bi2Se3 films deposited at different substrate temper-
atures are shown in Fig. 5. It can be seen that the film prepared at room

temperature has a high electrical resistivity. As the substrate temper-
ature is increased from RT to 300 °C, the electrical resistivity of Bi2Se3
film decreases. When the substrate temperature is higher than 300 °C,
the electrical resistivity of Bi2Se3 does not show a clear variation. It is
well known that the electrical resistivity is related with both the carrier
density and Hall mobility. High carrier density and high Hall mobility
will result in a low electrical resistivity. From Fig. 5b it can be seen that
the carrier density increases as the substrate temperature is increased
from RT to 200 °C and decreases as the temperature is higher than
200 °C. It is still not clear on the variation of the carrier density with the
substrate temperature. One of the possible reasons may come from the
phase transition of the Bi2Se3 film. It has been shown in Fig. 1 that a
phase transition occurs at 200 °C for the Bi2Se3film. At this critical phase
transition point, the structure of the energy band may be modified and
this results in the variation of the carrier density. TheHallmobility of the
Bi2Se3 films shows a very clear increase as the substrate temperature is
higher than 200 °C as shown in Fig. 5c. This variation of theHallmobility
may be related to both the improvement of the crystallinity of the Bi2Se3
film and the formation of the large grains. From the XRD's results it has
been seen that the film crystallinity is improved when the substrate
temperature is increased from 200 °C to 300 °C andmay result in a high
carrier mobility. Although the film crystallinity does not change very
clearly when the substrate temperature is higher than 300 °C as
indicated by the XRD's results, large grains are formed as the substrate

Fig. 4. AFM micrographs of Bi2Se3 films prepared at different substrate temperatures.
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temperature is increased from 300 °C to 400 °C as shown in the SEM
picture. The formation of these large grainsmay reduce the possibility of
carrier scattering by grain boundaries and result in a high carrier
mobility too.

The carrier density in the Bi2Se3 thin films of this work is in the
order of 1021 cm−3, which is higher than the values reported in the
literatures. The carrier density is in the order of 1019 cm−3 in Bi2Se3
films prepared by electrodeposition, byMOCVD and by rational design
of the precursor solution [11,18–20]. The Hall mobility in Bi2Se3 films
of this work has the same order ofmagnitudewith the values reported
in the literatures except for Bi2Se3 films prepared byMOCVD, in which
the mobility is about an order of magnitude higher than the others.
The high carrier density results in a low electrical resistivity. It means
that the Bi2Se3 films prepared by laser ablation show a better electrical
property than that prepared by other deposition techniques. Although
the Bi2Se3 films prepared by laser ablation show a good electrical

property, they still have a polycrystalline structure, which is not
adequate for the current topological insulator studies. For growing
high quality single crystal-like Bi2Se3 thin films, more experimental
work using different deposition parameters and different single
crystal substrates are still needed.

4. Conclusions

Bi2Se3 films have been deposited on Si substrates by pulsed laser
deposition technique using a Bi2Se3 alloy target. The Bi2Se3 film
deposited on unheated substrate shows mainly the orthorhombic
phasewhich is not a stable phase. As the substrate temperature is higher
than 200 °C, a phase transition from the orthorhombic to the
rhombohedral takes place. All the deposited Bi2Se3 films are non-
stoichiometric and are Bi-rich. The extra Bi elements in these films do
not show any crystallinity. The surface RMS roughness has a rapid
increase as the temperature is increased from 200 °C to 300 °C and the
hexagonal structure can be clearly observed from SEM images of the
Bi2Se3 films prepared at the substrate temperature of 400 °C.
The electrical resistivity of the Bi2Se3 films decreases as the substrate
temperature is increased.
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Fig. 5. Electrical resistivity (a), carrier density (b) and Hall mobility (c) of Bi2Se3 films
deposited at different substrate temperatures.
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