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Uniform Cu-doped Bi2Te3 hexagonal nanoplates with widths of �200 nm and thicknesses of �20 nm

were synthesized using a solvothermal method. According to the structural characterization and

compositional analysis, the Cu2þ ions were found to substitute Bi3þ ions in the lattice. High-level Cu

doping induces a lattice distortion and decreases the crystal lattice by 1.17% in the a axis and 2.38%

in the c axis. A paramagnetic state is observed in these nanoplates from 2 to 295 K, which is a

significant difference from their diamagnetic un-doped Bi2Te3. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4863966]

As an ideal candidate for applications in thermoelectrics

or topological insulators, Bi2Te3 has been a hottest material

system in modern physics and material science.1 Especially,

Bi2Te3 has been demonstrated to have a conducting surface

state with a single non-degenerate Dirac cone with linear dis-

persion in the momentum space.1 The unique physical phe-

nomena, such as quantized anomalous Hall effect2–4 and

topological magnetoelectric effect,5–7 have been theoretically

predicted and subsequently demonstrated by experiments in

the engineered Bi2Te3. Among them, introduction of magnetic

impurities into these materials can induce the breaking of the

time reversal symmetry and result in a gap at the Dirac point

of the topological surface state, which finally realize more ex-

otic phenomena mentioned above.2–12 Therefore, the coexis-

tence of both magnetic moment and topological state in these

materials, even at the nanoscale, is exciting for the design and

development of future spintronic devices.

Extensive studies have shown that transition metal dop-

ing in Bi2Te3 can tune their electron and phonon transport

properties.13–17 Especially, transition metals, such as

Fe,8,18–20 Cr,21–23 Mn,13,24–26 V,27 Sn,28 and Cu,14 have been

widely substituted into bulk Bi2Te3 to produce

magnetic-manipulated topological semiconductors, and most

of them were realized by doping the transition metals into

the bulk or thin film Bi2Te3 materials by conventional meth-

ods, such as the Bridgman growth,29 vertical gradient solidi-

fication,25 and vapor-liquid-solid methods.20 So far, only

very few magnetic doped Bi2Te3 nanomaterials have been

reported.30 In fact, as for the bulk topological insulator mate-

rials, the direct manipulation of their edge/surface states is

relatively difficult due to significant outnumbering of the

bulk carriers.31–35 Therefore, nano-engineered Bi2Te3 topo-

logical insulators not only reveal more enhanced and unique

physical properties,36–38 but also lead to potential break-

throughs in the future spintronic applications. Very recently,

enhanced surface conduction by manipulating the surface

states in Bi2Te3 nanoribbons31 and Bi2Te3 nanoplates39 syn-

thesized by a solvothermal method were demonstrated.

Ferromagnetic ordering at the high Curie temperature (up to

45 K) was also reported in Mn2þ/Mn3þ substituted Bi2Te3

nanoplates.30 Therefore, it is anticipated that the doping of

non-magnetic impurities into Bi2Te3 nanomaterials, such as

Cu, may also advance the applications of Bi2Te3 nanomateri-

als in spintronics and result in new physical phenomena.

In this study, we demonstrate that Cu2þ can be readily

doped into Bi2Te3 hexagonal nanoplates by a low-cost and

controllable solvothermal method. Through detailed struc-

tural and compositional characterizations, the Cu2þ ions are

found to substitute for the Bi3þ ions, which not only lead to

a decrease of the lattice parameters in the Bi2Te3 crystal

structure, but also cause atomic moment in the Bi2Te3 lattice

which lead the paramagnetic behavior of the Cu-doped

Bi2Te3 nanoplates from 2 to 295 K.

The Cu-doped Bi2Te3 nanoplates were synthesized using

precursors of analytical grade Bi2O3, Te, CuCl2, ethylene gly-

col, polyvinylpyrrolidone (PVP), NaBH4, and NaOH solution.

�0.2 g of PVP was first dissolved in ethylene glycol (36 ml)

to form a clear solution, followed by the additions of Bi2O3,

CuCl2, and Te powders in defined ratios. After stirring for

5 min, the prepared solution was mixed with 4 ml of NaOH

solution (�5 mol/l), the resulting suspension was stirred vigo-

rously for 30 min at 65 �C, and subsequently mixed with

0.05 g of NaBH4 powders and sealed in a 120 ml steel auto-

clave. The autoclave was then heated to 230 �C and main-

tained at this temperature for various durations (up to 24 h),

then cooled naturally to the room temperature. The synthe-

sized products were collected by a high-speed centrifugation,

washed 6 times with distilled water and absolute ethanol, and

finally dried at 50 �C for 48 h in an oven. As a comparison, a

similar synthesis procedure without CuCl2 addition was used

to fabricate un-doped Bi2Te3 nanoplates. The structural and

chemical characteristics of synthesized products were investi-

gated by X-ray diffraction (XRD), scanning electron micros-

copy (SEM, JEOL 7800F, acceleration voltage of 5 kV);

transmission electron microscopy [TEM, Philips FEI Tecnai

F20 (acceleration voltage of 200 kV) equipped with an elec-

tron energy loss spectroscopy (EELS) system for composi-

tional analysis]; and X-ray photoelectron spectroscopy (XPS).a)Electronic addresses: j.zou@uq.edu.au and z.chen1@uq.edu.au
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Figure 1(a) is typical XRD patterns of synthesized doped

and un-doped samples, in which all XRD peaks can be

indexed exclusively as the rhombohedral structured Bi2Te3

phase, indicating the high purity of the synthesized products.

The careful analysis of the two XRD patterns gives the lattice

parameters of the Cu-doped Bi2Te3 nanostructures being

a¼ 4.33 Å and c¼ 29.75 Å, which are decreased by 1.17% in

the a axis and 2.38% in the c axis when compared with the

un-doped Bi2Te3 (a¼ 4.386 Å and c¼ 30.478 Å). Figure 1(b)

is a typical SEM image of synthesized Cu-doped Bi2Te3 nano-

structures and shows a high density of nanoplates. Figure 1(c)

is a high magnification SEM image, in which hexagonal

shaped nanoplates with lateral dimension of �200 nm and a

thickness of �20 nm can be clearly observed. To understand

structural characteristics of such hexagonal nanoplates,

detailed TEM characterizations were carried out. Figure 1(d)

is a bright-field (BF) TEM image of a typical hexagonal nano-

plate. Figure 1(e) is the corresponding selected area electron

diffraction (SAED) pattern and indicates that the surface nor-

mal of the hexagonal nanoplate is parallel to its c axis and the

six side edges can be determined to be f10�10g facets by cor-

relating the TEM image and the SAED pattern. It should be

noted that weak diffraction spots can be seen in Fig. 1(e).

These weak spots may be caused (1) by the projection of dif-

fractions from higher Lane zone(s) due to the large lattice pa-

rameter along the c axis and very thin TEM foil (20 nm) of

the Bi2Te3 nanoplates along the c axis, or (2) by the antisite

defects or incomplete layers.40 For this reason, these weak dif-

fraction spots, which should be forbidden diffractions in the

zero Lane zone, are not indexed. Figure 1(f) is the correspond-

ing high resolution TEM image and confirms that the product

is highly crystalline.

To clarify chemical characteristics of synthesized Cu-

doped Bi2Te3 nanoplates, EELS was employed to determine

the elemental specification and distribution within the hexag-

onal nanoplates. Figure 2(a) shows a BF TEM image of a

typical Cu-doped Bi2Te3 hexagonal nanoplate. Figure 2(b)

shows its corresponding EELS spectrum. In comparison,

EELS spectra taken, respectively, from a Cu nanoparticle

and a CuTe nanoplate are also shown in Fig. 2(b). It should

be noted that EELS is a powerful technique for identifying

the oxidation states of a transition metal from its near-edge

fine structure, such as the L3/L2 edges.41–43 Through care-

fully analyzing the obtained EELS profiles (particular from a

Cu particle and from a CuTe nanoplate), the Cu fine structure

in non-zero oxidation states, such as Cu2þ, shows distinct,

intense, and sharp L3/L2 edges.41,42 As can be seen from Fig.

2(b), the Cu L3 peak of a Cu-doped Bi2Te3 nanoplate,

located at �931 eV, is coincided with the Cu L3 peak of the

CuTe nanoplate, indicating that Cu2þ has been doped into

Bi2Te3 lattice during the synthesis. It should be noted that

the weak Cu L2 peak (located at �952 eV) of the CuTe is not

seen in the EELS profile of the Cu-doped Bi2Te3 nanoplate.

This should be due to the low level of Cu doping in our

FIG. 1. Structural characteristic of Cu-doped Bi2Te3 samples: (a) Typical XRD patterns of the as-prepared doped and un-doped Bi2Te3 samples; (b)

Low-magnification top-view SEM image; (c) High-magnification side-view SEM image; (d) Low-magnification TEM image for a typical Cu-doped Bi2Te3

nanoplate; (e) SAED pattern; (f) High-resolution TEM image for the nanoplate.
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Bi2Te3 nanoplates when compared with a significant amount

of Cu2þ in the CuTe nanoplate. To further clarify the distri-

bution of the elements Bi, Te, and Cu in this nanoplate,

EELS maps were collected and are shown in Figs. 2(c)–2(e),

respectively. From the contrast of Fig. 2(e), Cu is uniformly

distributed within the nanoplate.

To understand the doping state of Cu and their bonding

behavior in the Cu-doped Bi2Te3 nanoplates, XPS was per-

formed and an example is shown in Fig. 3(a), in which the

predominant measured binding energies for Bi and Te are

157.8 eV for Bi 4f and 573.7 eV for Te 3d, respectively;

which correspond to the Bi2Te3 phase.44,45 In the XPS pro-

file, a small peak associated with Cu 2p is seen. Figure 3(b)

is the high-resolution XPS scan around the Cu 2p spectra,

which shows two obvious satellite peaks, which can be

indexed as the Cu2þ state, not Cu0 state.41 Through the quan-

titative analysis of the XPS spectra, the composition of the

Cu-doped Bi2Te3 nanoplate can be estimated as �38.4%,

�59.9%, and �1.6% for Bi, Te, and Cu, respectively; which

is equivalent to an atomic ratio of Bi:Te:Cu of 1.92:3:0.08.

Therefore, the composition of the sample can be defined as

Bi1.92Cu0.08Te3, in which the Cu ions substituted the Bi ions

in the Bi2Te3 lattice. In fact, the ionic radii of Cu2þ are

smaller than that of Bi3þ, so that Cu ions substituting for Bi

ions lead to decreased lattice parameters of the synthesized

products, which is consistent with the obtained XRD patterns.

Based on the detailed structural, chemical, and bonding

characterizations outlined above, we have achieved Cu-

doped Bi2Te3 nanoplates with Cu2þ replacing Bi3þ. A few

Cu doped bismuth chalcogenides have been reported and

they have shown unique properties, such as superconductiv-

ity at 3.5 K46–49 and weak ferromagnetic state.14 Therefore,

as for our Cu-doped Bi2Te3 nanoplates, magnetic properties

may be expected. A Superconducting Quantum Interference

Device (SQUID) magnetometer was used to examine tem-

perature dependent magnetization in zero-field cooled (ZFC)

and field cooled (FC) processes, Figure 4(a) is the ZFC and

FC plots as a function of temperature, obtained by cooling

the sample in the absence of a magnetic field from 295 K and

then the magnetization was measured from 2 to 16 K under a

magnetic field of 100 Oe. Figure 4(b) shows the magnetic

field dependence of the magnetization and hysteresis loops at

2 K and room temperature (295 K), respectively. Based on

both Figs. 4(a) and 4(b), the Cu-doped Bi2Te3 nanoplates

show several characteristic features. (i) From the ZFC and

FC curves, no any turning point can be observed within the

temperature range of 2–16 K, indicating that the Cu-doped

Bi2Te3 nanoplates have a similar magnetic state in this

FIG. 2. Component analyses of the as-

prepared Cu-doped Bi2Te3 nanoplates.

(a) Bright-field TEM image for a typi-

cal as-prepared Cu-doped nanoplate

with a thickness of less than 20 nm; (b)

EELS spectra of Cu with reference

EELS spectra for Cu metal (up) and

Cu2þ (bottom) from CuTe nanoplates;

(c)–(e) EELS mapping of Bi, Te and

Cu.

FIG. 3. XPS on an ensemble of Cu-

doped Bi2Te3 nanoplates (a) confirms

lower concentrations (1.6%) and (b)

shows satellite peaks, which are evi-

dence of Cu2þ, confirming the absence

of Cu2þ.
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temperature range. (ii) The M-H curve demonstrates the typi-

cal paramagnetic behavior of Cu-doped Bi2Te3 nanoplates at

T¼ 2 K and 295 K, from which the magnetization can be

estimated over 0.25 emu/g under 50 kOe, which is higher

than those currently reported values.14 (iii) A paramagnetic

behavior of Cu-doped Bi2Te3 nanoplates was observed at

room temperature, which is different from the Cu doped bulk

Bi2Te3.14 (iv) The fact of the magnetic similarity observed

from 2 to 16 K and from the room temperature indicates that

our Cu-doped Bi2Te3 nanoplates show the paramagnetic

characteristic from 2 K to room temperature. As mentioned

above, Cu2þ ions are doped in the nanoplates, so that the

moments were considered to originate from doped Cu ions,

and Curie constant (C) can be determined. According to the

Curie law, the Curie constant can be expressed as50

C ¼ MT=H; (1)

where M is the resultant magnetization, H is the magnetic

field, and T is absolute temperature (K). To determine C,

Fig. 4(a) is re-plotted into Fig. 4(c), so that C is the slop of

the plot shown in Fig. 4(c), which can be determined

as C¼ 3.46� 10�6 emu K/g Oe. Furthermore, with the

Langevin paramagnetic function, the susceptibility of the

paramagnetic materials in a small field can be expressed as50

v ¼ Nl0l
2= 3kBTð Þ ¼ M=H; (2)

where v is susceptibility, N is the number of magnetic atoms

per unit gram (note: in our Cu-doped Bi2Te3, the Cu doping

level has been estimated by its determined composition—

Bi1.92Cu0.08Te3, so that the number of Cu ions in our

Bi1.92Cu0.08Te3 can be estimated as 6.079� 1019 per unit

gram), l is the effective moment of a magnetic atom, l0 is

vacuum permeability which is 1 in the centimetre–gram–

second unit system and is dimensionless, and kB is Boltzmann

constant (1.38� 10�23 J/K). According to Eq. (1), M/H¼C/T,

which can be used in Eq. (2), from which l¼ 4.452� 10�24

J/T can be calculated. Because the pure Bi2Te3 is a diamagnet-

ism material, the observed magnetic moment was considered

to come from the doped Cu ion in the Bi2Te3, we can definite

that the every doped Cu ion in our Bi1.92Cu0.08Te3 system has

an effective moment of l¼ xlB, where x is the amount of

Bohr magneton from each doped Cu ion and lB is the Bohr

magneton (9.274� 10�24 J/T).50 Therefore, x can be deter-

mined as 0.48, meaning that every Cu ion has an effective

moment of 0.48lB in our Cu-doped Bi2Te3. Therefore, the

magnetic moments originated from the doped Cu2þ ions and

the paramagnetic behavior are contributed from the spin polar-

ization of electric band structure. These findings of paramag-

netic Cu-doped Bi2Te3 nanoplates should be a significant

progress in the field of electronics and spintronics.

In summary, the uniform Cu-doped Bi2Te3 hexagonal

nanoplates were synthesized by a green and simple solvo-

thermal method. Based on the structural, chemical, and

bonding characteristics, the fact that smaller Cu2þ ions were

substituted the Bi3þ ions in the crystal lattice leads to

reduced lattice parameters. The Cu doping in the Bi2Te3

nanoplates causes paramagnetic state from 2 K to the room

temperature. This study paves a way to develop magnetic

Bi2Te3 topological insulators for design and development of

future electronic and spintronic devices.
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