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In this research, we report the enhanced thermoelectric power factor in topologically insulating thin

films of Bi0.64Sb1.36Te3 with a thickness of 6–200 nm. Measurements of scanning tunneling

spectroscopy and electronic transport show that the Fermi level lies close to the valence band edge,

and that the topological surface state (TSS) is electron dominated. We find that the Seebeck coefficient

of the 6 nm and 15 nm thick films is dominated by the valence band, while the TSS chiefly contributes

to the electrical conductivity. In contrast, the electronic transport of the reference 200 nm thick film

behaves similar to bulk thermoelectric materials with low carrier concentration, implying the effect of

the TSS on the electronic transport is merely prominent in the thin region. The conductivity of the

6 nm and 15 nm thick film is obviously higher than that in the 200 nm thick film owing to the highly

mobile TSS conduction channel. As a consequence of the enhanced electrical conductivity and the

suppressed bipolar effect in transport properties for the 6 nm thick film, an impressive power factor of

about 2.0 mW m�1 K�2 is achieved at room temperature for this film. Further investigations of the

electronic transport properties of TSS and interactions between TSS and the bulk band might result in

a further improved thermoelectric power factor in topologically insulating Bi0.64Sb1.36Te3 thin films.
VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4940923]

Alloys of Bi2Te3 with Sb2Te3 are the most widely stud-

ied thermoelectric (TE) materials and are the backbone of

the TE technology in applications such as TE coolers and

low temperature stages of power generating modules.1–3 The

performance of TE materials depends on their dimensionless

figure-of-merit ZT defined as ZT¼ (S2r)T/j, where S is the

Seebeck coefficient, r is the electrical conductivity, j is the

thermal conductivity, and T is the absolute temperature.4 In

order to achieve a high ZT, the material must have a high S
and r simultaneously with as low j as possible. However,

the above three transport parameters are strongly interde-

pendent which makes it challenging to achieve very high ZT
values.5 Various attempts to improve the ZT of Bi2Te3-based

materials have been made in the past.6–9 A significantly

reduced lattice thermal conductivity close to the amorphous

limit has been demonstrated in nanostructured bulk Bi2Te3-

based materials where ZT values of about 1.5 were

reported.8,9 Comparable gains in the TE power factor,

PF¼ S2r, have not yet been achieved primarily due to a

strong coupling between S and r. A similar situation pertains

to the properties of Bi2Te3-based thin films, except that, in

general, the PF is much inferior in comparison to the bulk

forms of the structure.10–15 Thus, new approaches are needed

to decouple the correlation between S and r in order to

achieve further improvements in ZT.

In the past few years, Bi2Te3-based materials were identi-

fied as three-dimensional topological insulators (TIs)

possessing metallic topological surface states (TSS) protected

by the time-reversal symmetry.16–20 The most prominent fea-

ture of TSS is their ultra-high carrier mobility inherited from

spin-momentum locking and prohibited backscattering.16,18,20

Based on the classical TE theory, the metallic nature of TSS

should not be a favorable feature with which to achieve excel-

lent ZT values because of the speculated near-zero Seebeck

coefficient.4,5 Very recently, Xu et al.21 proposed the size de-

pendent and much improved ZT in topological insulator nano-

devices due to a contribution from the two-dimensional (2D)

aspects of TSS and interactions between TSS and the bulk

state. Moreover, TSS could simultaneously possess a large S
and a superior mobility through carefully tuning the Fermi

level (EF) position and consequently the edge-bulk interac-

tion. Thus, the strategy of making use of the edge-bulk inter-

action, or utilizing the Fermi broadening arising from both the

bulk and TSS contributions in a narrow energy interval, could

be an approach with which to break the strong coupling

between the S and the r in TIs and thus improve the PF.21–23

Bi2Te3-based films provide an ideal platform for testing the

above hypothesis due to the following two reasons. First, the

TSS in TIs have been well established through angle resolved

photoemission spectroscopy (ARPES)15,16,20,24 and transport

measurements.18 Second, a mature synthesis process for the

growth of ultra-thin and flat Bi2Te3-based films with the crys-

tallinity close to that of a single crystal has already been dem-

onstrated.20,25,26 In our research, we have focused on

Bi0.64Sb1.36Te3 thin films with the bulk insulating behavior,

where electronic contributions from the bulk and the TSS

could therefore be distinguished. We have observed a
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signature of decoupling of the S from the r through finely tun-

ing the film thickness (6–200 nm).

Bi0.64Sb1.36Te3 films with the thickness of 6–200 nm

were grown on sapphire (0001) substrates at 500 K using mo-

lecular beam epitaxy (MBE). The growth conditions were in-
situ monitored by Reflection High Energy Electron

Diffraction (RHEED) while the film was being deposited. The

film quality was ex-situ examined by x-ray diffraction (XRD)

measurements utilizing a Rigaku Ultima IV x-ray diffractom-

eter with Cu Ka (k¼ 1.5406 Å) radiation. The composition of

films was calibrated prior to the film evaporation with refer-

ence to the growth rate of binary Bi2Te3 and Sb2Te3 compo-

nents under the same conditions. A 70 nm thick Te capping

layer was applied onto the Bi0.64Sb1.36Te3 thin film at room

temperature subsequent to its growth in order to realize a full

coverage and to protect the films from surface contamination

during the exposure to air while carrying out ex-situ transport

measurements. A pristine 6 nm Bi0.64Sb1.36Te3 thin film was

prepared under the same conditions for measuring surface to-

pography and the EF position via scanning tunneling micros-

copy (STM) and scanning tunneling spectroscopy at 100 K.

The exposure of the film to the air was limited to less than

20 min during the transfer from the MBE chamber to the

STM chamber. Magneto-transport measurements were carried

out from 2 K to 300 K in a Quantum-Design Magnetic

Property Measurement System (MPMS) using a modified

probe.15,27 The S and the r down to 30 K were measured using

a longitudinal steady-state technique in a home-made cryo-

stat.15,27 The uncertainty in the Hall coefficient (RH), the r,

and the S was estimated to be 65%, 63%, and 62%,

respectively.

Figure 1(a) presents the RHEED pattern of the 6 nm

Bi0.64Sb1.36Te3 thin film. The streaky RHEED pattern with

low background intensity indicates the high quality of the

film and its flat surface. The deposited Bi0.64Sb1.36Te3 film

with a 70 nm thick crystalline Te capping layer exhibited a

good alignment with the substrate surface yielding intense

(00l) diffractions as demonstrated in Fig. 1(b). The room

temperature deposited Te layer had a preferential orientation

satisfying the relation Te (100)//Bi0.64Sb1.36Te3 (00l)//sap-

phire (0001). H€ofer et al.28 observed that the Te capping

layer left the surface state band dispersion of intrinsically

insulating Bi2Te3 films intact and the chemical potential

remained unchanged as manifested via ARPES and in situ
electrical resistivity measurements. We tested the r of a

70 nm thick pure Te layer deposited at room temperature on

the sapphire (0001) substrate and it showed a much smaller

r than the studied Bi0.64Sb1.36Te3 films: approximately an

order of magnitude lower at room temperature and over two

orders of magnitude smaller below 100 K. Thus, the Te over-

layer exerted a minimal influence on Bi0.64Sb1.36Te3 films

which guaranteed that the ex situ transport properties of

Bi0.64Sb1.36Te3 films with the Te overlayer were roughly

unaffected compared to the pristine films.

Figure 2(a) displayed a large-scale STM topographic

image of the 6 nm Bi0.64Sb1.36Te3 film. The deposited film was

flat over a region of several microns, without obvious pin

holes, while its outermost layer was composed of islands with

the height of 1 or 2 quintuple layers, confirming the layer-

by-layer growth of our films. A typical plot of the differential

conductance versus the sample bias is shown in Fig. 2(b). The

effective band gap was measured to be 0.15 6 0.10 eV,24 with

the EF positioned near the valence band maximum (VBM).

For a non-degenerate semiconductor, the electronic states

within �3 kBT of the EF were expected to dominate the r,

while the Landauer formula for S considers contributions from

states within �5 kBT of the EF. Thus, since EF is close to the

VBM, contributions to the electronic transport (r and S) from

both the bulk state and TSS could be probed simultaneously in

the Bi0.64Sb1.36Te3 film, as verified below.22,23

Figure 3(a) shows the magneto-resistance (MR) curves

taken at 2 K for the 6 nm thick Bi0.64Sb1.36Te3 film under dif-

ferent configurations of the magnetic field and the electric

current. The MR under perpendicular field (the black curve)

showed a remarkable cusp at around zero field, which disap-

peared when the field was (i) parallel to the film surface (the

red curve) or (ii) parallel to the excitation current (the blue

curve). In addition, DMR, defined as DMR¼ (RB�R0)/R0,

under perpendicular fields of 5 T was by a factor of about 2.5

larger than DMR under parallel fields. The sharp MR cusp as

well as the strong anisotropy of MR indicated the weak anti-

localization (WAL) effect due to the strong spin-orbit cou-

pling and a 2D nature of the magneto-transport.26,29 We did

not observe any difference in the MR when the magnetic

field was parallel to the film plane and when also parallel to

the current, which meant that contributions from the film’s

edges to the magneto-transport were slight. The results of

MR measurements of this 6 nm thick Bi0.64Sb1.36Te3 film

under perpendicular fields and in the temperature range from

2 K to 100 K are summarized in Fig. 3(b). Similar to the MR

FIG. 1. Phase structure of MBE-grown

Bi0.64Sb1.36Te3 films. (a) RHEED pat-

tern of the 6 nm thick film; and (b)

XRD pattern of the 15 nm thick film

with the crystalline Te capping layer.
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at 2 K, MR at elevated temperatures showed a linear and

non-saturating MR at high fields. Previous research has sug-

gested that the non-saturated, linear-like MR resulted from

the linear Dirac-like surface dispersion according to the

quantum theory of linear MR.30–32 Therefore, the WAL

effect at low fields along with the linear MR at high fields

has clarified the influence of the TSS on the electronic trans-

port in Bi0.64Sb1.36Te3 films.

The WAL effect in TIs is described by the Hikami-

Larkin-Nagaoka (HLN) quantum interference model33 and is

given by

DG ¼ ae2

2p2�h
ln

�h

4eBlu2

� �
� w

1

2
þ �h

4eBl/2

� �" #
; (1)

where DG represents the magneto-conductance, e is the elec-

tronic charge, �h is the reduced Planck’s constant, l/ is the

phase coherence length, w stands for the digamma function,

and a is the overall amplitude of the conductance whose

expected value for a single conduction channel is 1/2.34,35 The

low field MR, within 61 T, studied in Bi0.64Sb1.36Te3 films

can be well fitted by this model, which is shown as the inset

in Fig. 3(a). The fitting gave a� 1.0 and l/� 110 nm for both

the 6 nm and 15 nm thick films, which matched with previous

reports on the WAL effect in TIs.25,26,34,35 Although the EF of

the bottom surface state (the surface state at the interface

between the film and the substrate) is not yet known, we can

reasonably conclude that TSS does contribute to the electronic

transport while the number of TSS channels participating to

transport properties remains unclear.

The existing 2D conduction channel, in fact, modified

the electronic transport of ultra-thin Bi0.64Sb1.36Te3 films,

as shown in Figs. 4(a)–4(d). In Figs. 4(a) and 4(b), we have

found that the S and the RH possessed opposite signs up to

room temperature in the 6 nm and 15 nm thick films, while

this was not observed in the thick reference film15

(t¼ 200 nm) with a similar insulating behavior, i.e., con-

ductivity increasing with increasing temperature. In a two

carrier transport system, the RH and S are expressed by the

following equations:36,37

RH ¼
1

e

nblb
26nsls

2

nblb þ nslsð Þ2
; (2)

S ¼ nblbSb þ nslsSs

nblb þ nsls

; (3)

where n and l denote the carrier density and the carrier mo-

bility, while the subscripts “s” and “b” indicate contributions

from the TSS and the bulk state, respectively. The “-” sign is

FIG. 2. (a) A large scale STM image

and (b) dI/dV versus bias voltage curve

of the pristine 6 nm thick Bi0.64Sb1.36Te3

film. The white square in (a) indicates

the typical island on the surface with the

height of 1–2 quintuple layers. (b) The

positions of the valence band minimum

(VBM) and the conduction band maxi-

mum (CBM) are indicated by red

arrows. The blue dashed lines are the

guide to the eye for determining the

change of slope of dI/dV versus bias

voltage. The Fermi level (EF) is located

at the zero bias position, which is near

the VBM.

FIG. 3. MR of the 6 nm thick

Bi0.64Sb1.36Te3 film. (a) MR measured

at 2 K at different field configurations:

perpendicular to a-b plane (in black),

parallel to a-b plane (in red) and parallel

also to the current direction (in blue);

(b) MR at various temperatures and

under different perpendicular fields. The

a-b plane is the abbreviation of the basal

plane of Bi0.64Sb1.36Te3 films. The inset

in (a) shows the HLN fitting data (in

dashed lines) and experimental results

(in solid symbols), which suggests a

good agreement.
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selected when the TSS is filled by electrons. The EF in

Bi0.64Sb1.36Te3 films was near the valence band edge, which

determined the positive value of RH and Sb according to the

classical TE theory.4,5 nb was a small value due to the com-

pensation of n- and p-type defects which resulted in a large

Sb.15,24 It is well known that the TSS possessed a remarkably

large mobility due to the protection from the time reversal

symmetry, verified by ARPES and by Shubnikov quantum

oscillations.16,18,20 The magnitude of the surface state mobil-

ity in BiSbTe thin films was on the order of 103 cm2 V�1 s�1

up to room temperature, an obviously larger value than the

mobility in the bulk.4,15,18,20 Thus, the negative RH revealed

that the TSS was electron dominated and ls/lb� nb/ns.

According to Fig. 4(b), the large positive S observed in 6 nm

and 15 nm thick Bi0.64Sb1.36Te3 films suggested that the S
was dominated by the valence holes and the contribution

from TSS was not significant. However, the sign of Ss was

still not clear, since a small magnitude of Ss could well

explain the sign of the S and the smaller S as compared to

the reference thick film. Xu et al.21 had proposed an abnor-

mal S in TIs when EF was located inside the band gap but

close to the conduction band minimum or close to the val-

ance band maximum due to the edge-bulk interaction.

However, we observed the opposite trend of positive S and

negative RH when the EF was close to the valence band. This

implied the TSS and the bulk state dominated the magneto-

transport and S, respectively.23 The interaction between the

TSS and the bulk state until now remained unclear and

needed a further sophisticated analysis through carefully tun-

ing EF across the band gap.

As shown in Fig. 3(c), the r of the 6 nm and 15 nm films

increased by about 7 times and 2 times compared to the

200 nm thick reference film. This was related to the 2D na-

ture of the highly conductive TSS. This was not surprising

because the relative contribution from the TSS to the total

conductance was enhanced with the decreasing thickness.

The temperature dependence of S and r in these films was

similar to semiconducting materials with the low carrier den-

sity,4,5 as shown in Figs. 4(b) and 4(c). Commonly, the S of

Bi2Te3-based materials would show a turnover in the temper-

ature dependence above 150 K due to the excitation of intrin-

sic carriers or the impurity level, which was the case for the

thick reference film.15 However, the S of the 6 nm and 15 nm

thick Bi0.64Sb1.36Te3 films increased monotonously with

increasing temperature up to room temperature. We attrib-

uted this to the reduced film thickness and associated with it

the reduced number of intrinsic defects which led to less dra-

matic excitations at elevated temperatures. Moreover, the

6 nm thick film possessed a larger S along with a higher r
compared to the 15 nm thick counterpart. This was likely due

to a slight difference in the position of the EF and the edge-

bulk interaction. In general, the TSS strongly improved the

conductivity of the ultra-thin films and the negative influence

of the bipolar effect on S was suppressed, resulting in a large

PF of about 2.0 mW m�1 K�2 at around room temperature

for the thinnest Bi0.64Sb1.36Te3 film (see Fig. 4(d)). This was

FIG. 4. Temperature dependent (a)

Hall coefficient (RH), (b) Seebeck

coefficient (S), (c) electrical conductiv-

ity (r), and (d) the power factor (PF)

of Bi0.64Sb1.36Te3 films.
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about one order of magnitude higher than the reference thick

film, demonstrating the remarkable positive effect of the

TSS and the reduced density of intrinsic defects on the ther-

moelectric power factor.

In summary, scanning tunneling microscopy and

magneto-transport measurements on the bulk insulating

Bi0.64Sb1.36Te3 film manifested the existence of TSS and its

effectiveness in enhancing the PF. The presence of the TSS

was favorable for the electrical conductivity of films while

the bipolar effect was suppressed in the ultra-thin region,

resulting in the large PF of 2.0 mW m�1 K�2 measured for

the 6 nm thick film. We also noticed that the contribution of

the TSS was diminishing with the increasing film thickness.

The thickness dependence of transport properties also indi-

cated that TSS could be used to decouple the tight correla-

tion between the S and the r in topological insulator thin

films. However, further investigations are needed to establish

the effect of adjusting the EF across the band gap of

Bi0.64Sb1.36Te3 ultra-thin films to specify the contribution of

TSS towards the S and the role of the edge-bulk interaction.
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