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Bismuth selenide (Bi,Ses) thin films were grown on SrTiO3(111) (STO) substrates using pulsed laser deposition
(PLD). The structural, morphological, electrical, and transport properties were studied at various substrate tem-
peratures (Ts) from 120 to 350 °C. Amorphous films grown at Ts<180 °C exhibited semiconducting behavior,
and highly c-axis-oriented textured films deposited at Ts>180 °C exhibited metallic behavior. Bi,Ses thin-
films were epitaxially grown on STO substrates at 300 and 350 °C. Thickness-dependent characteristics were
also investigated for optimized Bi,Se; films deposited at Ts=230 °C. The semiconducting or metallic
characteristics of Bi,Ses films prepared using PLD were observed through electrical and transport results.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Topological insulators (TIs) are quantum matter with the bulk
band-gap of an ordinary insulator, but possess one or more robust
metallic surface states, protected by time-reversal symmetry due to
strong spin-orbit coupling [1-4]. Bi,Ses is one of the best Tls because
it has a gapless single Dirac cone and a bulk band-gap (approximately
300 meV) that is larger than other comparable materials, such as
Bi;Te; (165 meV) [5] and Sb,Tes (250-300 meV) [5,6]. When this
material is grown, it tends to form selenium (Se) vacancies or
antisites that serve as donors and further shift the Fermi energy con-
siderably above the band gap [5,7,8]. These doped electrons in the
conduction band create difficulties when detecting Dirac-cone surface
states during transport measurements. To overcome this high
electron-doping problem, a Se-rich environment is created during
growth or doping with Ca, Cu, or Sn to prepare stoichiometric Bi,Se;
thin-films [9-11]. For example, in molecular beam epitaxy (MBE)
deposition, a Se-rich environment can be created by controlling the
Se:Bi flux ratio (typically ranging from 10:1 to 30:1) [3,12,13].
Compared to MBE deposition, PLD offers advantages, such as a higher
instantaneous deposition rate, relatively high reproducibility, and low
costs.

Few studies have examined Bi,Se; thin-films deposited using PLD.
Onose et al. [14] successfully grew epitaxial BiSes thin-films on
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InP(111) substrates using a designed target with an atomic ratio of Bi:
Se of 2:8. Meng et al. [15] also reported the PLD deposition of Bi,Se3
thin-films on Si(100) substrates using an alloy target.

This study uses STO as a substrate because of its lower lattice
mismatch (5.8%) for Bi,Ses (7.9% for silicon substrates and 13% for
sapphire substrates). C-axis Bi,Ses thin-films were successfully grown
on STO substrates using PLD and a stoichiometric polycrystalline
Bi,Se; target. STO is an insulating substrate; therefore, substrate
conductance can be ignored for electrical transport studies. This study
investigates the effects of Ts and thickness on the structural, mor-
phological, compositional, and electrical properties of c-axis Bi,Ses
thin-films. The results of this study provide a comprehensive under-
standing of the optimal growth conditions for Bi,Ses thin-films, using
the relatively economical and simple PLD technique, which could be
used to prepare highly c-axis-oriented TI thin-films for further research
and applications.

2. Experimental details

Bi,Ses thin-films were deposited on STO (111) substrates using
PLD. Ultra-violet pulses (duration 20 ns) from a KrF excimer laser
(N=248 nm, 2 Hz repetition) were focused on a stoichiometric poly-
crystalline Bi,Se; target with a pulse fluence of 3.7 J/cm? The
target-to-substrate distance (dt_s) was 40 mm. The base pressure
remained better than 0.4 mPa (or 3x10~° Torr). Helium (He)—
with a pressure of 40 Pa (300 mTorr)—was used to produce plasma
to assist deposition. Before deposition, the STO substrate was cleaned
using acetone, methanol, and de-ionized water in an ultrasonic clean-
er for 30 min to remove organic contaminants. BiSes thin-films were
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deposited at Ts between 120 and 350 °C and a deposition time of
7 min for the temperature-dependent study. For the thickness-
dependent study, films between 30 and 1200 nm thick were pre-
pared at deposition times from 1 to 45 min at a certain optimized
Ts. The average growth rate was approximately 30 nm/min (at 230 °C).

The orientation and crystallinity of the Bi,Ses thin-films were deter-
mined using X-ray diffraction (XRD; Bruker D8) with CuK, radiation
(N=1.54 A) in 20 — ® and ¢-scan configurations. Digital images from
a high-resolution transmission electron microscope (HRTEM; Philips
Tecnai F20) operated at 200 kV were recorded using a Gatan 2kx 2k
CCD camera system to obtain detailed film-structure information. The
HRTEM specimens were prepared using a standard mechanical thin-
ning and Ar ion milling procedure. The chemical stoichiometry of the
Bi,Ses thin-films was characterized using X-ray photoelectron spectros-
copy (XPS; ThermoVG 350) with the X-ray source (MgK, 1253.6 eV,
300 W). The binding energies obtained in the XPS analysis were stan-
dardized using C1s at 284.6 eV. XPS curve fitting was performed using
the freeware XPSPEAK 4.1, the Shirley background subtraction, and as-
suming a Gaussian-Lorentzian peak shape. Raman spectra were collect-
ed using an NT-MDT confocal Raman microscopic system with a laser
wavelength of 473 nm and a laser spot size of approximately 0.4 um.
The Si peak at 520 cm~! was used as a reference for wavenumber
calibration. The morphology of the Bi,Ses thin-films was characterized
using atomic force microscopy (AFM; Veeco Escope). The film composi-
tions and thicknesses were examined using energy dispersive X-ray
spectroscopy (EDX; Oxford Instruments) and field-emission scanning
electron microscopy (FE-SEM; JEOL JSM-6500), respectively. The
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operating conditions for EDX measurements were an accelerating volt-
age of 15 KV, an elevation angle of 35°, a dead time around 25-30%, and
a collecting time of 90s. The resistivity, carrier mobility, and concentra-
tion were measured at room temperature using a Hall effect measure-
ment system (Bio-Rad HL5500PC) with van der Pauw geometry.
Indium balls were used to achieve better ohmic contact on the surface
of the Bi,Ses thin-films. The temperature-dependent resistances of the
Bi,Ses films, R(T), were measured using a standard four-point probe
method from room temperature to 20 K.

3. Results and discussions

Fig. 1(a) shows the XRD patterns of Bi,Ses thin-films deposited at Ts
from 120 to 350 °C.In the 120 and 150 °C cases, only peaks attributable
to the substrate are present, indicating that the films are amorphous.
When the deposition temperature increased to 180 °C and above, the
deposited films became polycrystalline with a highly c-axis-preferred
orientation (textured films). The crystallinity of the Bi,Se; thin-films
increased with increasing Ts, as shown by the increasing intensity and
decreasing full width at half maximum (FWHM) of diffraction peaks,
such as (003), (006), (009), and (0015). Specifically, the FWHM of the
(006) peak decreased from 0.89° to 0.18° as Ts increased from 180 to
350 °C, as shown in Fig. 1(b).

HRTEM was performed on a 200-nm-thick Bi,Ses film deposited at
230 °C to examine the film-structure quality, as shown in Fig. 1(c).
The projected periods of 9.60 and 4.80 A along the c-axis correspond
to the lattice spacing of the (003) and (006) planes, respectively. The
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Fig. 1. (a) 20 — o X-ray diffraction patterns of 200-nm-thick Bi,Se; films deposited at substrate temperatures from 120 to 350 °C. (b) FWHM of the (006) peaks as a function of
deposition temperatures. (c) A HRTEM cross-sectional image of a 200-nm-thick Bi,Se; film deposited at 230 °C. (d) The XRD ¢-scan patterns of STO (200) plane and Bi,Se;
(015) plane that were grown at 210, 250, 300, and 350 °C.
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parallel lattice planes are also perpendicular to the [001] direction,
reflecting the c-direction film ordering. For the hexagonal Bi,Ses unit
cell, the lattice parameters are expressed using Eq. (1).

1 4 <h2 +hk+k2> Z
d%kl 3

p ta (1)

The c-axis lattice constant of the film is 28.80 A, which is consis-
tent with that of a single crystal (28.64 A) [16]. The film c-axis lattice

R, =3.68nm
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constant is slightly larger than that of single crystal because of a
substrate-film lattice mismatch. Because asto=23.9 A<agizses =4.14 A,
the mismatch can cause biaxial compressive strain, increasing the film
c-axis lattice constant.

Fig. 1(d) shows the ¢-scan patterns of Bi,Ses films deposited on
STO (111) at various Ts measured at a tilt angle (y) of 57.9°, which
corresponds to BiySes (015). Films deposited at 210 and 250 °C did
not show any diffraction peaks, reflecting their in-plane polycrystal-
line characteristics. By contrast, films deposited at 300 and 350 °C
exhibited the expected six-fold symmetric diffraction pattern for the

Fig. 2. AFM images of Bi,Ses films deposited at various substrate temperatures from 120 to 350 °C: (a) 120 °C, (b) 210 °C, (c) 230 °C, (d) 250 °C, (e) 300 °C, and (f) 350 °C.
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{015} [17,18] and grew epitaxially on the STO substrates. The epitax-
ial relationship between film and substrate is Bi;Se3(001)//STO(111)
and Bi,Se3[110]//STO |110|. This was determined by comparing
Bi,Se;{015} and STO{200} diffraction peaks. The Ts-dependent
in-plane characteristic suggests that Ts<250 °C is insufficient for
atomic migration and for establishing an epitaxial film-substrate
interface.

Fig. 2(a)-(f) shows the surface morphology and roughness evolu-
tion of BiySes thin-films (approximately 200 nm) deposited at Ts
from 120 to 350 °C. The films had relatively smooth surfaces with a
root-mean-square roughness (Rq) between 1.86 and 5.54 nm. Film
roughness increased as Ts increased. Bi,Ses thin-films deposited at
120<Ts<250 °C exhibited densely packed islands with polycrystal-
line morphology. At Ts=300 °C, the film exhibited a roughness of
5.35 nm with random precipitations. These were probably caused
by a Bi-rich phase [18]. At 350 °C, the film showed step-and-terrace
structures and a maximal roughness of 5.54 nm.

To assess film chemical stoichiometry and purity, ex situ XPS char-
acterization of BiySes film deposited at 230 °C was performed. The
full-range scan in Fig. 3(a) shows the major Bi and Se peaks and rela-
tively small peaks of O and C. The presence of carbon and oxygen re-
lated adspecies is likely due to surface hydrocarbon contaminants and
moisture uptake [19]. The Se 3d spectrum in Fig. 3(b) can be fitted
perfectly using the two peaks for Se 3ds/, and 3ds,, with binding en-
ergies of 53.5 and 54.1 eV, respectively [15,20]. This implies that Se
exists in the films as a Bi,Se; compound. The Bi 4f spectrum shown
in Fig. 3(c) can be fitted with the Bi 4f;, and 4fs,, peaks at 158.1
and 163.4 eV, respectively [20]. The binding energy of the Se 3ds/,
peak shows a red shift (approximately 2.2 eV), compared with that
of pure bulk Se, and the binding energies of the Bi 4f peaks show a
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blue shift (approximately 1.1 eV). Se-Bi bonding causes opposite
shifts in binding energy, where the charge transfers from Bi to Se
[20,21]. This confirms the formation of high-purity Bi,Ses; films
found in this study. The excellent chemical stoichiometry of films de-
posited at Ts from 210 to 250 °C is shown in the EDX results in
Fig. 4(b). The atomic ratio of Bi:Se was close to 2:3, confirming that
the Bi,Se; phase was present in the thin films. Raman spectroscopy
also confirmed the existence of the Bi,Ses phase. Fig. 3(d) shows a
typical Raman spectrum of a 200-nm-thick Bi,Ses film deposited at
230 °C. Two characteristic peaks occur at 131.5 and 174.5 cm™ !,
which are associated with the EZ and A%, vibrational modes in
Bi,Se; single crystals, respectively [22]. The Al; mode (at 72 cm™ ')
is beyond the measurable range (>100 cm~!) of the Raman spec-
trometer [22].

The electrical properties (resistivity (p), carrier mobility and carri-
er concentration) of 200-nm-thick Bi,Ses films deposited at various Ts
are shown in Fig. 4(a). The room-temperature resistivity of Bi,Ses
films decreased as Ts increased from 120 to 300 °C and became con-
stant at Ts>300 °C. Meng et al. [15] also noted this phenomenon.
When Ts increased from 120 to 180 °C, film carrier concentration sig-
nificantly decreased because of fewer defects. This is probably be-
cause antisite defects dominate at such high carrier concentrations
and low Ts deposition levels. This is reasonable because an excess of
Se (over the dashed line of the stoichiometric Se concentration) is ob-
served in the low temperature region (<210 °C) in Fig. 4(b). The
atoms do not have sufficient energy to move and locate their lowest
potential-energy sites in a low-temperature growth regime; therefore
the excess Se is more likely to occupy the Bi sites and acts as an n-type
dopant. This is similar to the findings for Bi,Tes films grown by MBE
deposition [23], where the Tep; antisite dominates and acts as a
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Fig. 3. (a) Wide-scan XPS spectra of a 200-nm-thick Bi,Ses film deposited at 230 °C. XPS spectra of (b) Se 3d and (c) Bi 4f (the solid lines are the fitting curves). (d) Raman spectrum

with excitation light of 473 nm.
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Fig. 4. Substrate temperature-dependent (a) resistivity, carrier mobility and carrier concentration, (b) Bi and Se concentrations (dotted lines correspond to the stoichiometric
composition) in Bi,Ses films. (¢) Temperature-dependent resistivities of Bi,Ses; films deposited at various substrate temperatures. (d) The zoomed-in view of the Bi,Se; films

grown at substrate temperatures from 210 to 350 °C.

dopant because the formation energy of the Teg; antisite is lower than
that of the Bir. antisite or Te vacancy in a Te-rich environment at low
Ts. From 180 to 250 °C, carrier concentration is relatively low, with an
average value of 3.4x 10'® cm 2. This is attributed to the minimization
of antisite defects and Se vacancies because of the slightly Se-rich envi-
ronment (i.e., the small deviation from the stoichiometric Bi:Se ratio in
a moderate temperature range), as shown in Fig. 4(b). By contrast, the
carrier mobility monotonically and dramatically increases from 120 to
250 °Cbecause of the reduction in grain-boundary scattering from larg-
er grains, as shown by the AFM images in Fig. 2(a)-(d).

At 230 °C, carrier concentration reached a minimal value of
2.75%x 10" cm™3 (slightly higher than 2.1x10' cm™2 in [14]) and
mobility achieved a high value of 43.2 cm? V~! s~ After reaching
the highest value of 47.4 cm? V™' s~ ! at 250 °C, mobility decreased
slightly because carrier concentration gradually increases (as expected)
in semiconductor materials. When Ts increased from 250 to 350 °C, Se
concentration decreased slightly because a portion of the selenium
transformed into the Se, gas phase during deposition because Se
vapor pressure is higher than Bi vapor pressure [24]. Thus, Se vacancies
are more likely to form [25] in Bi,Ses films grown at Ts>250 °C.

Similar electrical characteristics were reported for Bi,Tes films
grown by co-sputtering [26]. For Bi,Ses films prepared by PLD, this
study's carrier concentration and mobility results differ from those
reported in Ref. [15]. In this study, the carrier mobility (carrier con-
centration) of the Bi,Ses film deposited at 210 °C was approximately
347 cm? V~1s71 (3.7x10' cm™3), which is considerably higher
(lower) than approximately 6 cm?V~'s™! (23x10%! cm™3) for
the Bi,Ses film deposited at 200 °C, reported by Meng et al. [15].

This high carrier mobility may be caused by decreased scatterings,
such as ionized impurity and grain boundary scatterings, or the par-
tial contribution of surface state carriers when the films become poly-
crystalline with a c-axis orientation at Ts>180 °C.

Fig. 4(c) and (d) show the temperature-dependent resistivity of
films deposited at various Ts. For amorphous films grown at 120 and
150 °C, resistivity increased as temperature decreased (dp/dT<0), a
typical behavior for semiconductors because these films have an amor-
phous structure. However, the temperature-dependent resistivity of
textured films deposited at Ts>180 °C clearly demonstrated a metallic
tendency (dp/dT>0). Degenerate doping of semiconductors can cause
metallic conductivity (dp/dT>0). For Bi,Ses films, selenium vacancies
are the main defects which cause electron doping up to 10'® cm—3.
Therefore, textured films should exhibit metallic behavior, which
makes distinguishing metallic surface states from metallic bulk states
using transport properties difficult. However, the contribution of sur-
face state in textured films deposited at Ts> 180 °C is expected for poly-
crystalline Bi,Tes and Sb,Tes thin-films [27] and for c-axis-oriented
Bi,Ses thin-films deposited by PLD [28]. A temperature of 230 °C is
the optimal Ts for growing Bi,Ses thin-film on STO (111) substrate
using PLD. This Ts produces film with the lowest carrier concentration,
high carrier mobility, excellent atomic stoichiometry, metallic behavior,
a relatively good c-axis-textured structure, and a smooth surface mor-
phology (Rqy=3.68 nm).

Because bulk and surface transport properties demonstrate different
thickness dependencies, thickness-dependent transport studies can
provide insight into bulk and surface states. This study prepared a series
of BiySes films with thicknesses ranging from 30 to 1200 nm at the
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optimal temperature of 230 °C. Fig. 5(a) shows that the carrier mobility
increases considerably and sheet resistance monotonically decreases
when film thickness increases, becoming constant at approximately
300 nm. The thickness-dependent mobility is described by Eq. (2) [29]:

() = pe /(1 + 2N/ 6)(1—P)), 2)

where 1L, is the carrier mobility in a film in which the thickness t is sub-
stantially larger than the mean free path A, and p represents the fraction
of the carriers reflected specularly from the surface (the dashed line in
Fig. 5(a)). The fitting yields of p.=34.5+0.7 cm?/V s and A(1—p) =
8.5+ 1.7 nm, conflict with the experimental values of 3000 cm?/V s
and 70 nm obtained in [30] because the higher average carrier
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Fig. 5. (a) Thickness-dependent sheet resistance and carrier mobility of the Bi,Ses films
grown at 230 °C. The dashed line is the fitting result. (b) Temperature-dependent resis-
tance of the Bi,Ses films grown at 230 °C with various thicknesses from 30 to 1200 nm.
(c) The slope of R(T) curves (in (b), obtained from linear fitting) vs. film thickness in
two temperature ranges of 35-300 K (solid square) and 20-35 K (solid circle).

concentration of 7.8x 10" cm ™2 in the films in this study suppresses
the carrier mobility and mean free path. This carrier mobility increase
could also be caused by reduced grain boundary scattering from the
grain-growth effect in thicker films deposited at 230 °C.

Fig. 5(b) shows that all temperature-dependent resistances of
Bi,Ses films of various thicknesses are metallic. At room temperature,
resistance decreased as thickness increased, which is consistent with
the results in Ref. [14]. The slope of the R(T) curves, |dR/dT]|, from lin-
ear fitting in 35-300 K and 20-35 K ranges systematically decreased
with increasing film thickness as shown in Fig. 5(c). At certain thick-
nesses (except for 30 nm), the slope in the lower temperature range
is smaller than in the higher range, indicating weak localization of
electrons [14]. Unfortunately, the domination of the degenerated
semiconducting bulk state in Bi,Ses films may totally conceal the con-
tribution of the surface state in R(T) when bulk and surface states si-
multaneously appear. This means that the R(T) slope difference
mainly relies on the change in bulk carrier mobility and concentration
with temperature, which should be affected by the intrinsic internal
quality of films deposited at various thicknesses.

4. Conclusions

Bi,Ses thin-films were prepared on STO (111) substrates using
PLD. The effects of substrate temperature (120 to 350 °C) and film
thickness (30 to 1200 nm) on the electrical and material characteris-
tics of BiSe; thin-films were systematically investigated. The
temperature-dependence study showed that amorphous films with
low mobility and semiconducting behavior can be prepared at
Ts<180 °C and that highly c-axis-textured films with higher mobility
and metallic behavior can be grown at Ts>180 °C. Films grown at
180<Ts<250 °C exhibited polycrystalline in-plane characteristics
and films deposited at 300 and 350 °C were grown epitaxially on
the STO substrates. The optimal deposition temperature for growing
Bi,Ses thin-films on STO (111) was 230 °C, because it produced the
lowest carrier concentration of 2.75x10'® cm ™3, a high mobility of
432 cm? V- 's~! a smooth morphology with R,=3.68 nm, and
excellent atomic stoichiometry. The thickness-dependence study of
Bi,Ses films-deposited at 230 °C showed that mobility increased,
sheet resistance decreased, and the slope of metallic R(T) curves sys-
tematically decreased with increasing film thickness. However, infor-
mation from the metallic surface state could not be extracted from
the R(T) results because of degenerate semiconducting bulk doping,
which also exhibits metallic behavior. To overcome this limitation,
film quality should be improved by minimizing native defects.
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