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ABSTRACT: Topological insulators (TIs) are a class of materials that can exhibit robust spin

polarizations at the surfaces and have attracted much attention towards spintronic applications. Here, we

optimized a solution route to synthesize ultrathin Bi2Se3 and Sb-doped Bi2Se3 nanoplates with a thickness

of 6 - 15 nm and an average lateral size around 5 μm, up to a maximum of 10 μm. Solution chemistry

provides high quality nanoplates of TIs with options to manipulate the surface states. We have

synthesized Bi2Se3 and Sb-doped Bi2Se3 and characterized single nanoplates. Sb doping is used to

suppress the bulk carriers, and an atomic percentage ~ 6% of Sb is demonstrated by energy dispersive X-

ray spectroscopy (EDS). The 2D electron carrier concentration for Sb-doped Bi2Se3 nanoplates is

lowered to 5.5 × 1012 cm-2, reducing the concentration by a factor of 3 compared to the undoped Bi2Se3
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nanoplate sample with an average 2D carrier concentration of 16 × 1012 cm-2. At 2 K, pronounced

ambipolar field effect is observed on the low-carrier-density Sb-doped Bi2Se3 nanoplates, further

demonstrating the flexible manipulation of carrier type and concentration for these single-crystal

nanoplates. Large out-of-plane magnetoresistance is measured, with a gate tunable phase coherence

length.

KEYWORDS: Sb-doped Bi2Se3, ambipolar field effect, solution synthesis, larger lateral size,

magnetoresistance, low carrier concentration

INTRODUCTION:

TIs have attracted a great deal of attention due to their exotic properties and the potential for providing

spin-polarization of the carriers at the surface.1–6 Many novel applications with no analogue among

traditional semiconductors are possible such as spintronic devices and new-generation electronic

devices.7,8 To date, existing theories often only consider charge/spin transport at the TI surface at the low

impurity density limit. However, high density defects naturally occur in some TI materials, such as Se

vacancies and interfacial defects due to surface oxidation of Bi2Se3.9,10 A new mechanism predicts that

moderate surface disorder can induce spin accumulation at the TI surfaces.11 The topological nature of
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the band structure leads to a transverse spin current through the bulk and spin accumulation at the surface

under an external electric field.11

Bi2Se3 has been studied as a thermoelectric material1,12–14 and a near infrared transparent conductor15,16

and more recently as a topological insulator.6,17 Bi2Se3 is of interest because of its simple surface state

with a well-defined single Dirac cone and a wide bulk bandgap of 0.3 eV compared with other TIs, and

thus is most promising to achieve room temperature spintronic devices. Bi2Se3, shown in Figure 1a, has a

rhombohedral crystal structure of space group R
—

3m (a = b = 4.140 Å and c = 28.636 Å; JCPDF #33-0214)

that can be described as a layer-structure where the covalently bonded Bi2Se3 sheets are arranged in

planar quintuple layers (QLs) of Se(1)-Bi-Se(2)-Bi-Se(1) atoms (with each QL approximately 1 nm

thick). The QLs are stacked and connected by weak van der Waals interactions along the c-axis.

Three-dimensional TIs have typically been prepared by chemical and physical vapor deposition (CVD

and PVD),18–23 molecular beam epitaxy (MBE)24–27 and solvothermal methods.28–31 However, TIs

prepared by CVD, PVD methods normally contain excessive bulk carriers with a comparatively higher

thickness (over 30 nm).18,20,22,24,25,32,33 Thinner TI nanostructures have been synthesized by solvothermal

routes with small lateral sizes (less than 5 μm). Here, we employ a solution route16,34 to prepare Bi2Se3

nanoplates with a large aspect ratio (6 - 15 nm thick and 1 - 10 m wide). The small thickness (6 - 15

quintuple layers) reduces the bulk conductivity and allows stronger gate tunability of the Fermi level. To

further suppress the bulk conductivity, Bi2Se3 is doped with Sb to compensate the excess electrons. Sb

has been confirmed as an effective dopant which can significantly reduce carrier concentration without

disrupting the topological surface state.20,30,35 Doping Bi2Se3 with Sb in solution environment (without

pressure as in a solvothermal environment) is more challenging than vapor deposition methods because

of lower reaction temperature. However, it is a low cost, facile, and scalable method capable of

producing high quality single nanoplates that allows for further chemical modification. While Sb2Se3

exists, it crystallizes in an orthorhombic structure rather than the Bi2Se3 rhombohedral crystal structure
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thereby limiting the solubility of Sb in Bi2Se3.36 In this manuscript, we show that a significant amount of

Sb can be doped into Bi2Se3 via a mild solution reaction.

EXPERIMENTAL SECTION:

Pristine Bi2Se3 nanoplates were prepared by one pot solution synthesis following the synthesis route

from Lin et.al.16 by using bismuth nitrate pentahydrate (Bi(NO3)3·5H2O, 0.0970 g, ≥98%, Sigma-Aldrich),

sodium selenite (Na2SeO3, 0.0517 g, >99%, Sigma-Aldrich) as precursors and poly(vinylpyrrolidone)

(PVP, MW≈40,000, 0.22 g, Sigma-Aldrich) as surfactant in 10mL ethylene glycol (EG, Sigma-Aldrich)

which serves as both solvent and reducing agent. The mixed solution was sonicated for 10 min, and then

heated to 194 ℃ in a 15 mL two-neck flask equipped with thermocouple and reflux condenser in a

heating mantle. To synthesize Sb-doped Bi2Se3, antimony acetate (Sb(OAc)3, 0.0300 g, >99.5%, Sigma-

Aldrich) is added with a reduced amount of Bi(NO3)3·5H2O (0.0485 g), while the same synthetic

procedure is carried out. After 4 hours, the heating mantle was removed, and the finished reaction was

naturally cooled down to room temperature. The mixture was then centrifuged with 30 mL acetone and

10 mL isopropanol at 8500 rpm for 5 min. After the first wash, the precipitate was dispersed back into 40

mL ethanol and washed two more times. The synthesized nanoplates were then dispersed into 10 mL

isopropanol for further characterization.

Powder X-ray diffraction was performed on a Bruker D8 Advance diffractometer with Cu Kα lines (40

kV, 40 mA). PXRD samples were prepared by dropcasting a small amount of the nanoplates dispersion

on a fused silica holder. Electron microscopy analyses on as-synthesized Bi2Se3 nanoplates were

performed on a Thermo Fisher Quattro S scanning electron microscopy (SEM) at an acceleration voltage

at 5 kV and a JEOL JEM 2100F-AC transmission electron microscopy (TEM) at an acceleration voltage

of 200 kV. TEM samples are prepared by dropcasting the suspension onto carbon films supported by Cu

grids. Nanoplates lie flat on the membrane from the surface tension generated by evaporation of the

isopropanol.
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As-grown nanoplates in isopropanol are drop-casted onto 300 nm SiO2 covered Si substrates, where

single nanoplate field effect transistor (FET) devices were fabricated using a standard electron beam

lithography process. Top metal contacts (5 nm Cr / 90 nm Au) were made using an electron beam

evaporator (CHA). Current-voltage curves were measured through a current preamplifier (DL

Instruments, model 1211) and a National Instruments (NI) data acquisition system. The

magnetoresistance measurements were performed in a Quantum Design Physical Property Measurement

System (PPMS).

Figure 1. (a) A view of the layered rhombohedral structure of Bi2Se3 showing the quintuple layers (QLs) of Se(1)-Bi-Se(2)-Bi-

Se(1) with a thickness around 1 nm. (b) Scanning electron microscope (SEM) image shows hexagonal shaped Bi2Se3 with a

lateral dimension around 5 μm and 4 μm. The well resolved edge of nanoplate demonstrates the high crystallinity. (c) High

resolution transmission electron microscopy (HRTEM) reveals well crystalline structure of solution synthesized Bi2Se3

nanoplate (top right inset) (scale bar, 1 µm). Sharp diffraction spots in the selected area diffraction pattern (bottom-left inset)

further confirm the single crystal nature of nanoplate. (d) X-ray diffraction pattern of Bi2Se3 nanoplates with strong preferred

orientation. The red bars represent characteristic reflections for rhombohedral Bi2Se3, PDF #33-0214. (e) Thickness of a typical

solution synthesized Sb-doped Bi2Se3 nanoplate measured by atomic force microscopy (AFM) with a measured height of 8 nm.

Scale bar, 1 m.
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RESULTS AND DISCUSSION:

The reaction to produce Bi2Se3 was optimized the reaction by increasing the temperature to 194 ℃ and

extending reaction time to 4 hours to obtain nanoplates with large lateral sizes. Reaction progress was

directly observed as the color of the solution changed from a colloidal white solution to dark gray to

highly reflective colloidal gray precipitate, indicating the formation of Bi2Se3 nanoplates. The

synthesized Bi2Se3 nanoplates are thoroughly washed by ethanol or isopropanol to remove excess surface

ligands and stored as a stable colloid in isopropanol for further characterization.

Both the scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images

show the as-grown nanoplates typically exhibit hexagonal morphology with 120° edge facets and lateral

size of 5 - 10 m as shown in Figure 1b, 1c inset (top right) and Figure S1. The HRTEM image reveals

the single-crystalline nature of the nanoplate (Figure 1c), also confirmed by the selected area electron

diffraction (SAED) pattern Figure 1c inset (bottom left). The lattice spacing in HRTEM is ~0.209 nm

corresponding to the (11-20) plane. The phase purity of the products was characterized by X-ray

diffraction (XRD). As indicated in Figure 1d, the nanoplates obtained by this solution route display a

pure rhombohedral phase of Bi2Se3 with a space group R
—

3m. All the major peaks can be indexed to (0001)

family and the larger than calculated intensity for the l Miller index direction is due to preferred

alignment of the nanoplates. The calculated lattice constants of a = b = 4.153(5) Å and c = 28.612(9) Å

are in good agreement with the standard literature values (a = b = 4.140 Å and c = 28.636 Å; JCPDF #33-

0214). For the synthesis of Sb-doped Bi2Se3, excess Sb precursor was added to overcome the limited

solubility in Bi2Se3 rhombohedral structure. The final product contains unreacted Se impurity and no

other possible impurities such as the orthorhombic form of Bi2Se3,37,38 according to the XRD of the

product from the reaction (See Supporting Information, Figure S2). The thicknesses of the doped Bi2Se3

nanoplates are measured by atomic force microscopy (AFM) and range from 6 to 15 nm. Figure 1e shows

an AFM image of a typical nanoplate with a smooth surface, which further demonstrates the surface

ligands, such as PVP, have been successfully removed by the washing process.
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The energy dispersive spectroscopy (EDS) spectrum obtained for an undoped Bi2Se3 single nanoplate

shows stoichiometry of Bi:Se ~2:3 (Figure 2a), confirming the composition. The EDS spectrum from a

single Sb-doped nanoplate shows an Sb atomic percentage of ~ 6% (Figure 2b), which is significantly

increased compared to nanoplates obtained from solvothermal synthesis,30 and close to that of vapor-

phase-synthesized nanoribbon (~ 7%).20 We found that the amount of Sb in various nanoplates ranged

from 3-6% from the same batch. Further efforts are necessary to ensure a consistent maximum doping of

the nanoplates. EDS elemental mapping reveals Se, Bi and Sb are evenly distributed across the entire

nanoplate (Figure 2c).

Figure 2. (a) EDS spectrum under TEM of a single Bi2Se3 nanoplate. (b) EDS spectrum of a Sb-doped Bi2Se3 single nanoplate.

Inset shows the stacked EDS spectra of Sb-doped and undoped Bi2Se3 showing a noticeable Sb peak in Sb-doped sample,

corresponding to an atomic concentration of ~6%. Copper signal is from TEM sample grid. (c) Dark-field scanning transmission

electron microscopy (DF-STEM) image and EDS elemental mapping of selenium, bismuth and antimony on one Sb-doped

Bi2Se3 nanoplate, indicating a uniform distribution of the elements.
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Figure 3. Field effect characteristics of undoped and Sb doped Bi2Se3 devices. (a) I-V curves for a typical undoped Bi2Se3

device (#1) at 300 K and 79 K. Inset is the SEM image of a typical device. Two bright bars are top metal contacts (5 nm Cr / 90

nm Au) deposited on single nanoplate. Scale bar, 2 m. (b) Gate dependence of conductance at 300 K and 79 K. Field-effect

mobility and electron concentration are estimated to be μ = 33 cm2/Vs, n2D = 14 × 1012 cm-2 at 300 K and μ = 249 cm2/Vs, n2D =

3 × 1012 cm-2 at 79 K. (c)-(d) I-V curves and gate dependent conductance for Sb doped Bi2Se3 (device #2). Field-effect mobility

and electron concentration are estimated to be μ = 56 cm2/Vs, n2D = 4.82 × 1012 cm-2 at 300 K and μ = 494 cm2/Vs, n2D = 0.82 ×

1012 cm-2 at 79 K.

Electronic measurements of single nanoplate field effect transistors (FETs) with undoped (device #1)

and Sb doped (device #2) Bi2Se3 are shown in Figure 3. Both devices show linear current-voltage (I-V)

curves which indicate ohmic conduction and are more conductive at liquid nitrogen temperature (Figure

3a and 3c). Conductivity of device #2 shows a strong temperature dependence as shown in Figure S3.

Contact resistance determined by 3-probe measurements is well below 100 Ω (Figure S4). Gate

dependence at room temperature indicates both undoped and Sb doped are n-type (Figure 3b and 3d).

The carrier concentration of undoped Bi2Se3 is double that of Sb doped Bi2Se3. As the temperature is
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lowered to 79K, both devices show stronger gate response (Figure 3b and 3d). We then extract the field

effect mobility and carrier concentration by using a parallel plate capacitance model. Note that this model

only provides an estimation of the exact mobility value, because of the fringe effects near the metal

contact and the often-irregular shapes of the nanoplate channels. The possible field screening at the SiO2

nanoplate interface may also lead to an underestimation of the mobility. From this model, the 2D carrier

concentration in the Sb doped Bi2Se3 nanoplate is as low as 0.82 × 1012 cm-2.

Figure 4. (a) Distribution of electron concentration and (b) field effect mobility of undoped and Sb doped Bi2Se3 nanoplate

devices at 300K and 79K respectively. The horizontal lines indicate the average and the boxes indicate the standard deviation.

Sb-doping effectively lowered the electron concentration by half at both 300K and 79K.

To further confirm the doping effects, we measured 11 undoped Bi2Se3 and 19 Sb-doped Bi2Se3 single

nanoplate devices. Statistics of carrier mobility and concentration are shown in Figure 4 and Table S1.

On average, as-prepared undoped Bi2Se3 nanoplates have a mobility μ = 60.4 cm2/Vs and carrier

concentration n2D = 16.3 × 1012 cm-2 at 300 K, while Sb doped Bi2Se3 nanoplates have a mobility μ = 93.5

cm2/Vs and carrier concentration n2D = 5.5 × 1012 cm-2. At low temperature, the field-effect mobility in

both types of devices increases greatly up to 103 cm2/Vs for the best devices and the carrier concentration

is further reduced. Our data clearly demonstrate that by Sb doping, the carrier concentration of Bi2Se3 can

be effectively reduced.
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Figure 5. (a) Gate voltage dependence of resistance of device #2 at 2 K, which indicates ambipolar conduction. (b)

Magnetoresistance of device #2 as a function of out-of-plane magnetic field at various gate voltages at 2 K. (c) Magneto-

conductance as a function of magnetic field. Solid lines are fitting curves with the HLN equation. (d) andphase coherence

length l at different gate voltages. The error bars from fitting are smaller than the size of the data points

We attribute the lower carrier concentration in Sb doped Bi2Se3 to less Se vacancies. Bi2Se3 is a heavily

doped n-type semiconductor because of the non-stoichiometric composition with a slight deficiency of

Se.30,39,40 The lower carrier concentration in Sb-doped Bi2Se3 allows for the observation of an ambipolar

gate response in at 2K (Figure 5). As gate voltage is scanned to -150 V, the device resistance first

increases due to the reduction of electron concentration. Maximum resistance is observed at -117 V. As

the gate voltage continues to decrease, resistance of the device decreases because of the increasing hole

conduction. The gate response is much weaker in the p-type regime as seen in Figure 5a. This is not

understood but may be caused by lower hole mobility and/or stronger field screening at high gate voltage.
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The device thickness of this nanoplate is only around 12 nm. It is likely that both top and bottom surfaces

are affected by the gate simultaneously.20 The ambipolar gate response clearly indicates that we can

effectively tune the Fermi level from above the Dirac point to below it. Electron concentration as low as

n2D = 3.1×1011/cm2 at Vg = -117 V has been realized in this device. This estimated carrier concentration

consists of both surface and bulk contributions. The value is comparable with the reported lowest carrier

concentrations measured in Bi2Se3.20,41 Such low carrier concentration is essential to minimize bulk

transport of TI materials and provides a possible way to study the surface transport of Bi2Se3.

Magnetoresistance (MR) measurements are also performed on this device (#2). As can be seen in

Figure 5b, positive MR responses are observed under all gate voltages, showing weak anti-localization,

which is in consistence with the strong spin-orbital coupling in Sb doped Bi2Se3. MR as large as 60% is

observed at 9 T. According to the Hikami-Larkin-Nagaoka (HLN) theory, for a 2D system, the magneto-

conductivity (σ = σ(B) -σ (B = 0)) is given as follows42:
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where l is the phase coherence length,  is the digamma function,  is the reduced Plank’s constant,

and  is a fitting parameter that takes a value of 1/2 for a 2D system with strong spin-orbit coupling or

the surface of a 3D topological insulator.42-44 The σ data can be fit with the HLN equation very well

under all gate voltages (Figure 5c). Phase coherence length extracted from the fitting is around 65 nm,

close to previously reported values.45-48  obtained from the fitting is around 0.26, which is a value

similar to previous studies43-45,49 and in rough agreement with the symplectic limit. The deviation from

1/2 has been generally attributed to the intermixing between the bulk and surface states47-50 or sample

inhomogeneity.43 Additionally, the existence of contact resistance may also lead to an underestimation of

the fitting parameters.
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CONCLUSION:

In summary, an optimized solution method is utilized to prepare Sb-doped Bi2Se3 nanoplates with a

lateral size up to 10 m and as high as 6% doping amount which is close to that of vapor-phase or

solvothermal synthesized samples. Sb-doping of Bi2Se3 successfully reduced the electron concentration

both at room temperature (300 K) and liquid nitrogen temperature (79 K), compared with undoped Bi2Se3

nanoplates. A pronounced ambipolar field effect is observed in the Sb-doped Bi2Se3 sample, indicating

successful Sb incorporation and flexibility to manipulate the Fermi level from above to below the Dirac

point. Magnetoresistance up to 60% is observed in ambipolar devices where the phase coherent length is

around 10 nm. The solution synthesis of high-quality Sb-doped Bi2Se3 nanoplates offers an option for

chemically manipulating topological insulators and exploring the properties of single nanoplates with

applications in photoelectric51 and spintronic areas.
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