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a b s t r a c t

Hexagonal Bi2Te3 nanoplates were synthesized by a simple solvothermal process in the absence of NaOH.
The composition, morphology and size of the as-prepared products were characterized by powder X-ray
diffraction (XRD) and transmission electron microscopy (TEM). Raman scattering optical properties of the
as-prepared Bi2Te3 nanoplates were investigated by micro-Raman spectroscopy. The Raman spectrum
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shows that infrared (IR) active mode (A1u), which must be odd parity and is Raman forbidden for bulk
crystal due to its inversion symmetry, is greatly activated and shown up clearly in Raman scattering
spectrum. We attribute the appearance of infrared active (A1u) in Raman spectrum to crystal symmetry
breaking of Bi2Te3 hexagonal nanoplates. The as-grown Bi2Te3 hexagonal nanoplates, exhibiting novel
Raman optical properties compared with bulk crystals, may find potential applications in thermoelectric
rystal structure
ptical spectroscopy

devices.

. Introduction

Bismuth telluride (Bi2Te3), an important V–VI semiconductor
ith a band gap of 0.15–0.2 eV [1–4], is the most important ther-
oelectric (TE) material that operates near the room temperature

5–8]. Therefore the synthesis of Bi2Te3 nanostructures with con-
rollable morphology and size has attracted considerable attention
or many years. Till date, various methods have been employed
o prepare Bi2Te3 nanostructures [9–17]. Among these synthetic

ethods, hydrothermal/solvothermal method, which is a simple
nd convenient chemical route without the need of high synthetic
emperature and costly devices, has been generally employed to
ynthesize Bi2Te3 nanostructures with various morphologies and
izes, such as nanorods, nanowires, sheets, hexagonal nanoplates,
ode-like and flower-like nanostructures.

Bi2Te3 has a rhombohedral geometry with the space group D5
3d

R3̄m) [18]. The atomic arrangement in Bi2Te3 crystal structure can

e better visualized in terms of the layered structure, in which
ach charge neutralized layer is built up by five covalently bonded
onatomic sheets, defined as quintuple layers, along the CH axis
ith the sequence Te(1)–Bi–Te(2)–Bi–Te(1) (see Fig. 1). The quintu-
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ple layers are weakly bound to each other by the van der Waals
interaction to form the crystal. The band gap in a single quintu-
ple is larger than in a few-quintuple layer (FQL) because the latter
has less coupling between the surface states of the top and bottom
interfaces. The presence of the van der Waals gap between the quin-
tuples results in preferential cleavage plane between the outmost
adjacent Te(1) layers in the sequence of Te(1)–Bi–Te(2)–Bi–Te(1). The
superscripts (1) and (2) denote two different chemical states of Te
anions. These anisotropic crystallography features make it possible
to fabricate Bi2Te3 nanostructures with sheet-like morphology. In
this article, we employed a simple solvothermal process to pre-
pare Bi2Te3 hexagonal nanoplates in the absence of NaOH. The
as-prepared nanoplates were characterized by X-ray diffraction
(XRD), transmission electron microscope (TEM), high resolution
TEM (HRTEM) and Raman spectroscopy. The Raman spectrum
shows that infrared (IR) active mode (A1u), which must be odd
parity and is Raman forbidden for bulk crystal due to its inver-
sion symmetry, is greatly activated and shown up clearly in Raman
scattering spectrum, resulting from crystal symmetry breaking of
Bi2Te3 hexagonal nanoplates.

2. Experimental procedure
In this work, all chemicals were used as received without further purification.
In all experiments, Bi2O3 and Te powder were used as starting materials and the
molar ratio of Bi:Te was adopted to 2:3, ethylene glycol was used as both solvent
and reducing agent, polyvinylpyrrolodone (PVP) was used as stabilizing agent. A
typical procedure for the solvothermal synthesis of Bi2Te3 nanoplates is given as fol-
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ig. 1. Schematic of Bi2Te3 crystal structure with each quintuple layer (OL) formed
y five Bi and Te atomic sheets.

ows: 0.4 g PVP (K-30) was dissolved in 20 mL ethylene glycol (spectrophotometric
rade, 99+%) to form a clear solution with the help of continuous magnetic stirring,
hen 0.5 mmol Bi2O3 (analytical grade) and 1.5 mmol tellurium powder (99.99%)
ere added to the solution. The mixtures were stirred vigorously for 30 min and

hen transferred into a 50-mL Telfon-lined stainless-steel autoclave, sealed, kept at
00 ◦C in a furnace for 12 h, and cooled to room temperature. The precipitates were
entrifuged, filtered, washed with distilled water and absolute ethanol for several
imes, and finally dried in an oven at 60 ◦C for 12 h in air.

The phase structure of the as-prepared products was investigated by X-ray
iffraction (XRD) with a Pgeneral XD-3 diffractometer with Cu K� radiation
� = 1.54056 Å) being the excitation source at 36 kV, 20 mA. The morphology and
ize of the products were observed by transmission electron microscopy (JEM 2010),
ith an accelerating voltage of 200 kV. Raman spectra were recorded on a LabRam
R800 confocal microprobe Raman system (Jobin-Yvon). The excitation line was
32.8 nm from a He–Ne laser.

. Results and discussion

The chemical composition and phase structure of the as-
repared Bi2Te3 nanoplates were first studied by XRD. Fig. 2 is a
RD pattern of the as-grown nanoplates. All diffraction peaks in the
RD pattern can be indexed to Bi2Te3 rhombohedral lattice phase
ith the reported lattice constants a = 4.395 and c = 30.44 Å (JCPDS

ard Number 82-0358). Six main peaks can be easily indexed to
0 1 5), (1 0 1 0), (1 1 0), (2 0 5), (0 2 1 0) and (1 1 1 5) planes of Bi2Te3
hombohedral lattice phase. The shoulder of the main peak (0 1 5)
f can be indexed to (0 1 2) plane of Bi (JCPDS Card Number 85-
331). No peaks of Te and other alloy compounds were detected.
Fig. 2. XRD pattern of Bi2Te3 hexagonal nanoplates synthesized by a solvothermal
process in the absence of NaOH.

Thus the XRD data indicates that Bi2Te3 nanoplates prepared via
present method is composed of Bi2Te3 rhombohedral lattice phase.

The typical TEM images of the as-prepared Bi2Te3 nanostruc-
tures are shown in Fig. 3. TEM image indicates that that most of the
as-prepared products are hexagonal nanoplates with edge lengths
of about 1.5–5 �m as shown in Fig. 3a. Fig. 3b is a typical TEM image
of a single nanoplate, clearly demonstrating that the nanoplate has
perfect hexagonal morphology. One also can find some nanoplates
exhibit the truncated hexagonal morphology as presented in Fig. 3c.
It is worth noting that some nanoplates are almost transparent
under the electron beam since copper grid below the nanoplate
can be seen clearly as shown in Fig. 3d, meaning that the as-grown
nanoplates are very thin. Careful TEM examinations show that the
percentage of the transparent nanoplates in the sample is about
55%.

The microstructure and crystallinity of the as-prepared hexag-
onal nanoplates were further investigated by high-resolution TEM
(HRTEM). Fig. 4a shows the TEM image of a single hexagonal Bi2Te3
nanoplate used to make a detailed investigation of crystallinity
and microstructure. Corresponding spot pattern of SAED (insert of
Fig. 4a) and HRTEM lattice shown in Fig. 4b, demonstrate the sin-
gle crystalline nature of the nanoplate. The SAED (insert of Fig. 4a)
pattern was obtained by aligning the electron beam perpendicular
to the face of this plate. The hexagonally symmetric spot pat-
tern indicates the single crystallinity, and can be indexed based
on a rhombohedral cell with lattice parameter of a = 4.395 and
c = 30.44 Å. An HRTEM image (Fig. 4b) reveals expected hexagonal
lattice fringes with a lattice spacing of 0.223 nm, indicating that the
as-prepared nanoplates are highly crystallized. The spacing is about
0.223 nm, consistent with the lattice spacing of (1 1 2̄ 0) planes of
the Bi2Te3. The result indicates that growth direction for develop-
ing the truncated hexagonal Bi2Te3 nanoplates is (1 1 2̄ 0), which
is consistent with the previous report [14]. Since the nanoplates
grew along

〈
1 1 2̄ 0

〉
direction and have the hexagonal outline, it is

reasonable to say that the nanoplates are normal to 〈0 0 0 1〉 direc-
tion, i.e. the nanoplates have large (0 0 0 1) faces and are bounded
by

〈
1 1 2̄ 0

〉
faces on the six edges, and the growth direction for

developing the hexagonal nanoplates is
〈

1 1 2̄ 0
〉

direction, which
is in good agreement with the previous published literature [14].

Raman spectroscopy, which is a sensitive probe to the local

atomic arrangements and vibrations of the materials, has been
widely used to investigate the microstructure of the nano-sized
materials [19–24]. Before discussing Raman optical properties
of Bi2Te3 nanoplates, we first discuss the crystal structure of
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ig. 3. (a) TEM images of Bi2Te3 nanoplates, showing hexagonal shape. (b) TEM ima
anoplate. (d) TEM image of a single hexagonal nanoplate, showing its thickness is
i2Te3 crystal. It was reported that bulk Bi2Te3 crystal belongs
o the space group D5

3d (R3̄m) with five atoms in per primitive
ell [18]. Consequently, bulk crystals exhibit 15 lattice vibration
odes due to inversion symmetry. Three of these vibration modes

ig. 4. (a) TEM image of a single hexagonal Bi2Te3 nanoplate used to make investigations
f nanoplate of (a), showing a highly crystal nature of the as-prepared nanoplates.
single perfect hexagonal nanoplate. (c) TEM image of a single truncated hexagonal
hin.
are acoustic and twelve are optical phonons. The group theory
classification rules that 12 optical modes are characterized by
2A1g + 2Eg + 2A1u + 2Eu [25]. These phonon modes are exclusively
either Raman or infrared (IR) active [25] because of the inversion

of crystallinity and microstructure. SAED pattern (insert of a) and (b) HRTEM image
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infrared active (A1u) in Raman spectrum can be attributed to crystal
symmetry breaking of Bi Te hexagonal nanoplates due to the pres-
ig. 5. Raman scattering spectra of (a) as-bought Bi2Te3 bulk crystals, and (b and c)
s-prepared hexagonal Bi2Te3 nanoplates.

ymmetry of the crystal. While both A1g and Eg modes are 2-fold
egenerate. The atoms vibrate in-plane and out-of-plane in these
honon modes. In Eg modes, the atoms vibrate in the basal plane,
hile in A1g modes, the atoms vibrate along CH. Due to inversion

ymmetry of crystals, the IR-active modes (A1u) must be odd parity,
hile the Raman-active modes (Eg, A1g) must be even parity under

nversion [26]. The odd-parity IR active phonon modes are Raman

orbidden and do not show up in Raman spectra for bulk crystals
ith crystal symmetry.

Now we turn to the analysis of Raman spectra of the Bi2Te3
anoplates. The Raman scattering spectrum of the as-prepared
mpounds 509 (2011) 5147–5151

Bi2Te3 thin hexagonal nanoplates with edge lengths of about
1.5–5 �m is shown in Fig. 5b. The Raman scattering spectrum of
bulk Bi2Te3 crystals with size of about 10–20 �m is also given as
shown in Fig. 5a for comparison. The Raman spectrum of bulk crys-
tals exhibit three Brillouin zone (BZ) center Raman active modes at
61, 102 and 134 cm−1. Three Raman optical phonon peaks can be
identified as A1g

1 at 61 cm−1, Eg
2 at 102 cm−1, and A1g

2 at 134 cm−1.
The peak positions are very close to the previously measured and
assigned Raman peaks of bulk crystalline Bi2Te3 [27,28]. In Raman
spectrum of the thin hexagonal nanoplates, there Raman peaks are
also located at 61, 102 and 134 cm−1, respectively. The peak posi-
tions are same as the measured and assigned Raman peaks of above
bulk crystalline Bi2Te3.

However, one can find a very interesting result that an addi-
tional peak with obvious intensity appears at ∼119 cm−1 in Raman
spectrum of the thin nanoplates (Fig. 5b). This peak is identified as
A1u mode composed of longitudinal optical (LO) phonons at the BZ
boundary (Z point). The A1u mode is IR active mode but not Raman
active mode in bulk Bi2Te3 crystals [29]. The previous research indi-
cated that the identified crystal symmetry breaking is likely related
to the loss of infinite crystal periodicity owing to interfaces and
corresponding relaxation of the phonon wave vector q = 0 selection
rule. We therefore can reasonably attribute the appearance of IR
active A1u mode in thin hexagonal nanoplates to the crystal sym-
metry breaking of nanoplates due to the presence of two interfaces.
Thus the Raman measurements of the as-grown thin nanoplates
unambiguously demonstrate that infrared (IR) active mode (A1u),
which must be odd parity and is Raman forbidden for bulk crystal
due to its inversion symmetry [26], is activated and shown up in
Raman scattering spectra, showing the crystal symmetry breaking
of the as-prepared Bi2Te3 thin square nanoplates.

Further investigations indicate that some nanoplates exhibit the
strongest A1u peak in Raman spectrum. Fig. 5c shows a typical
micro-Raman scattering spectrum obtained from another micro-
area of the nanoplates with edge lengths of about 1.5–5 �m, clearly
showing the strongest A1u peak. We attribute appearance of the
strongest A1u peak to the crystal symmetry breaking of nanoplates
with very thin thickness. Thus Raman spectra indicate that the
thickness of as-prepared nanoplates is not uniform. This result
can be verified by our above TEM observations, in which some
nanoplates are not transparent to electron beam (see Fig. 3b) and
others are transparent to electron beam just as shown in Fig. 3d.
Thus the Raman spectra of the as-prepared Bi2Te3 hexagonal
thin nanoplates unambiguously demonstrate the crystal symmetry
breaking of the nanoplates.

4. Conclusions

In summary, we synthesized hexagonal Bi2Te3 nanoplates by
using a simple solvothermal process in the absence of NaOH. Pow-
der X-ray diffraction (XRD) and transmission electron microscopy
(TEM) were first used to characterize the composition, morphol-
ogy and size of the as-prepared products. We employ micro-Raman
scattering spectroscopy to investigate the Raman scattering opti-
cal properties of the as-prepared Bi2Te3 hexagonal nanoplates in
detail. The Raman spectrum shows that infrared (IR) active mode
(A1u), which must be odd parity and is Raman forbidden for bulk
crystal due to its inversion symmetry, is greatly activated and
shown up clearly in Raman scattering spectrum. The appearance of
2 3
ence of two interfaces. The as-grown Bi2Te3 hexagonal nanoplates,
showing novel Raman optical properties compared with bulk
crystals, may find potential applications in thermoelectric
devices.
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