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We investigated the correlation between electrical transport and mechanical stress in a topological

insulator, Bi2Te3, using conductive probe atomic force microscopy in an ultrahigh vacuum

environment. After directly measuring charge transport on the cleaved Bi2Te3 surface, we found

that the current density varied with applied load. Current mapping revealed a variation of the

current on different terraces. The current density increased in the low-pressure regime and then

decreased in the high-pressure regime. This variation of current density was explained in light of

the combined effect of changes in the in-plane conductance due to spin–orbit coupling and

hexagonal warping. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4873389]

Three-dimensional topological insulators (TIs), charac-

terized by a nontrivial Z2 topology of the bulk wave func-

tion, are insulating in the bulk with unusual metallic surface

states that consist of spin-polarized Dirac fermions.1–4

Surface states of TIs are protected by the spin–orbit interac-

tion and time-reversal symmetry.2,4 Such spin–helical states

are insensitive to disorder or local perturbations because no

states are available for backscattering.5,6 Therefore, low

energy dissipation can be expected during electron transport

processes.7,8 Characteristics of electron transport phenomena

with low energy loss make a dramatic increase in energy effi-

ciency possible, which is crucial for future energy industries.

Thus far, many attempts have been made to achieve TI-

based electronic devices, including using the ambipolar field

effect, flexible electrodes, and supercomputers.9–13 During

fabrication of electronic devices, stress control is important

because of its effect on charge transport properties.

Differences in thermal expansion and in the lattice constant

between contact materials cause strain that can be avoided.

This strain modifies the charge transport at the interface,

resulting in stability issues for these devices. While density

functional theory calculations demonstrated strain effects on

topological states,14–16 few transport experiments that focus

on mechanical deformation have been reported.13 Recently,

scanning probe microscopy has been widely used to explore

the unique characteristics of TIs.17–22 For the most part,

atomic force microscopy (AFM) studies have focused on

observing surface topography.21,23 Due to the nanoscale size

of the contact area between the AFM tip and sample, it is

possible to investigate nanoscale charge transport without

needing complicated processes for the electrodes. Thus, we

demonstrate the relationship between charge transport and

nanomechanical properties using conductive probe atomic

force microscopy (CP-AFM) in ultrahigh vacuum (UHV).

We used single crystals of Bi2Te3 grown via self-flux

methods.24 The high-purity elements—Bi(5N) and

Te(6N)—were sealed in an evacuated quartz ampoule with a

stoichiometry of Bi:Te¼ 2:3. After the mixture was heated

to 850 �C and annealed for two days for homogeneity, the

mixture was slowly cooled to 600 �C for a week. To ensure

high crystallization, the furnace was kept at 600 �C for one

additional week before cooling to ambient temperature. The

sample was introduced to the vacuum chamber and cleaved

in an ultrahigh vacuum environment. A commercial

RHK-Tech UHV AFM system was used for the AFM experi-

ments. To avoid forces originating from capillary water

between the tip and the sample at ambient pressure,

the chamber was maintained at a base pressure of 1.0

� 10�10 Torr. TiN-coated cantilevers (made by NT-MDT)

with a force constant of 0.11 N/m were utilized to measure

the conductance and friction. The measurements were per-

formed using a hybrid combination of CP-AFM and friction

force microscopy (FFM) for simultaneous detection of

atomic-scale forces and conduction properties.25–27

Conventional contact mode AFM uses cantilever deflection

as the feedback signal to regulate the tip–sample distance.

When electrically conductive AFM tips are connected to a

current pre-amplifier, the tip–sample current is obtained as

an additional independent signal when a bias voltage is

applied between the conducting tip and a conductive sub-

strate.26 The radii of the metal-coated tips were 30–50 nm

before contact, as measured by scanning electron micros-

copy. However, when measured after a contact experiment,

the radii were found to be 35 6 10 nm. Because the measured

friction force does not show time-dependent behavior during

the experiments, we assume that any changes to the tip radius

take place soon after the initial contact. The range of stress

measured is in the elastic regime with minimal changes
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during subsequent contact measurements. By analyzing the

topographical and frictional images after the contact AFM

experiment, we confirm that the loads are sufficiently small

such that neither the tip nor the surface was damaged.

Figs. 1(a)–1(c) show 200 � 200 nm2 topographic, fric-

tion, and current images, respectively. Line profiles of each

image in Figs. 1(d)–1(f) reveal steps along the yellow line in

Fig. 1(a). An applied load of 8.2 nN and sample bias of 2.0 V

were used for the contact mode AFM imaging. We were able

to observe atomic steps in most areas of the sample and each

step extended from several nanometers to several micro-

meters. According to the X-ray diffraction study, a single

layer of Bi2Te3 consists of Te-Bi-Te-Bi-Te with covalent

bonds (i.e., a quintuple layer) and each quintuple layer is

connected by van der Waals forces.24 The height of a single

step is 1.0 6 0.2 nm, which implies that the left and right

sides of the topography image correspond to single and dou-

ble quintuple layers, respectively. The friction image in Fig.

1(b) did not provide any differences between one step and

another, as shown in the line profile in Fig. 1(e). Friction

measurements of the back and forth scanning of the AFM tip

produce the red and black lines in the friction image, indicat-

ing trace and retrace curves, respectively. Due to weak inter-

bonding and layer composition, we expect the Te atoms to

terminate the step terraces. Identical friction between the

three different terraces implies that the terraces are chemi-

cally equivalent, even though steps separate them.

In contrast to friction on the terraces, the current image

in Fig. 1(c) shows three different terraces having distinct

conductance. The terrace in the middle of Fig. 1(c) has two

clearly distinguishable domains, separated by the black

arrow in Fig. 1(a). Differences in conductance between

neighboring terraces are not usually observed in normal me-

tallic surfaces (e.g., Au (111)). The variation in current on

the terrace can be associated with Bi/Te domains. The self

flux growth of Bi2Te3 could contain nonstoichiometric inter-

calated Bi/Te domains in the van der Waals gap, and a high

density of antisite defects exists near the surface layer.28

Indeed, a high internal field may lead to a change in conduct-

ance. Also, the density of state of the Bi2Te3 can be varied by

the internal field and by the level of doping in light of elec-

tronic band structures. Liu et al. demonstrated the existence

of antiphase boundaries between neighboring Bi2Se3 grains

and that these antiphase boundaries provide electrostatic

fields on the order of 108 V/m that locally change the Dirac

states.29 The internal field modulates the carrier density and

shifts the Dirac point by up to 120 meV. We suppose that the

different amounts of point defects and defect types generate

an internal field between the neighboring terraces, which

supports the conductance contrast in Fig. 1(c). Another possi-

bility involves Bi terminal on the Bi2Te3 surface.30

Fig. 2(a) shows friction and conductance measured at

the center of the terrace on the Bi2Te3 surface. The measure-

ments were taken with a 1 V sample bias. The yellow and

green points indicate current and friction, respectively.

While friction increased moderately as the applied load

increased, the current increased and saturated when the nor-

mal force exceeded 50 nN. In the wearless regime, friction at

a single asperity (f) is described by f¼ sA, where A is the

contact area and s is the shear stress at the interface. Thus,

we can regard friction as the contact area since shear stress

(s) is not a function of applied load but is a constant value

determined by material and surface conditions.31 We calcu-

lated the contact area using the Derjaguin–Muller–Toporov

(DMT) continuum mechanical model.32–34 The elastic mod-

ulus (EBTS) of 39.6 GPa for Bi2Te3 was measured by nanoin-

dentation with a Poisson’s ratio (�BTS) of 0.3. A combined

modulus of 40.7 GPa (from ETiN¼ 600 GPa and

�BTS¼ 0.25)25 and tip radius of 35 nm were used for DMT

fitting. The adhesion force of 20.1 6 0.7 nN was measured

FIG. 1. 200� 200 nm2 images of (a)

topography, (b) friction, and (c) current

taken using contact mode AFM on the

Bi2Te3 surface (applied load¼ 8.2 nN,

sample bias¼ 2 V). Line profiles of (d)

topography, (e) friction, and (f) current

revealing three neighboring terraces.

The trace (red) and retrace (black)

curves shown in the friction image (f)

are due to back and forth scanning of

the AFM tip.
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from force–distance curves on the Bi2Te3 surface. From the

calculated contact area, we obtained current density (A/cm2)

as a function of effective pressure (GPa) after considering

the adhesion force, as shown in Fig. 2(b). We identified two

regimes in the current density that depend on applied pres-

sure: the low-pressure regime where current density

increased, and the high-pressure regime where current den-

sity decreased.

We were able to observe crossover behavior of current

density in most areas of the sample, but degradation of the

current density occurs at various pressures along the differ-

ent conductive terraces. Two neighboring terraces can be

observed in Figs. 3(a) and 3(b): a high-conductive terrace

(HCT) and low-conductive terrace (LCT). Current density of

the HCT increased rapidly at low pressure, turning to degra-

dation at an effective pressure of 0.2 GPa, but 0.5 GPa is

needed before degradation occurs in the LCT. To analyze

the unusual behavior of the current density, we separated the

components of conductance into the in-plane and out-of-

plane directions. Out-of-plane conductance only corresponds

to bulk conductance, which is not sensitive to local deforma-

tion. Therefore, the surface contribution is significant in

atomic-scale conductance because local bending mostly

influences the in-plane conductance from the surface states.

Each component dominantly influences the conductance in

different pressure regimes.

The schematic diagram in Fig. 4(a) displays the physical

origin of current density variation with threshold pressure

(Pt). At low-pressure (P< Pt), the increase in current density

is attributed to strain-induced enhancement of the local den-

sity of states (LDOS). According to previous first-principle

calculations, the inverted bulk band is sensitive to uniaxial

strain,14–16,35 even destroying the topological phase at over

8% deformation due to modification of the Coulomb interac-

tion and spin–orbit coupling.15 Strain from the AFM tip is

localized in a nanosized area; uniaxial strain shifts the band

gap near the surface. When a relatively small pressure is

applied to the Bi2Te3 surface, the tip does not destroy the top-

ological phase on the Bi2Te3 surface. Thus, we can attribute

the increase in current density to a shift in the surface state.

In the high-pressure regime (P> Pt), surface conduct-

ance decreases as the strain increases upon loading the tip,

which results in a decrease in current density. The robustness

of surface states is well known in various circumstances via

ARPES measurements and DFT calculations.36–38 Their

scattering properties, however, can be customized as the

chemical potential and band alignment are modified. Near

the Dirac point, the energy dispersion has a perfect cone

shape and backward scattering is prohibited by the underly-

ing spin texture. However, as the chemical potential

approaches the bottom of the conduction bands, the shape of

the Fermi surface for the surface state changes from a perfect

circle to a rounded hexagon, which is called the hexagonal

warping effect, as shown in Fig. 4(b).24,39 This leads to dis-

tortion of the spin texture, which causes enhanced oblique

scattering. Local deformation becomes significant at higher

loads and one can expect enhanced hexagonal warping as the

chemical potential (with respect to the Dirac point) and band

alignment between the topological surface state and the bulk

band states are modified. This implies that the reduction in

FIG. 2. (a) Current and lateral force as a function of applied load measured

on the Bi2Te3 surface at a 1 V sample bias. The tip–sample contact area

(black line) is fitted using the DMT model. (b) The current density was

obtained as a function of effective pressure from (a).

FIG. 3. 200� 200 nm2 images of (a) topography and (b) current taken on

the Bi2Te3 surface (applied load¼ 18.7 nN, sample bias¼ 0.34 V). HCT and

LCT represent high-conductive terrace and low-conductive terrace, respec-

tively. (c) Current density was obtained as a function of effective pressure at

0.5 V of sample bias.
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current density can be explained in terms of enhanced scat-

tering as a result of hexagonal warping effects in the

high-pressure regime. Based on the Hall measurement, we

confirmed that our Bi2Te3 topological insulator is n-type.

The Hall measurement on the Bi2Te3 showed a carrier con-

centration of 7.91� 1016 cm�3 and a Hall coefficient of

�78.9 cm3/C, measured with a probing current of 500 nA.

From the low carrier concentration, we expect the Fermi

level to be located on the upper side of the Dirac point so it

is close enough to sense the band shift in the low-pressure re-

gime, because it has a hexagonal shape in isotropic energy,

which is consistent with our observations. In addition to hex-

agonal warping effects, the two-dimensional electron gas

(2DEG) formed by surface band bending and confined in the

metallic state also contributes to the scattering process.36,38

We were not able to separate scattering components between

the 2DEG and hexagonal warping effects in the current

study; thus, it remains for future study. We note that other

narrow band gap semiconductors (e.g., Si) do not exhibit

such pressure dependence.40

In conclusion, we studied the influence of mechanical

deformation on the charge transport properties of Bi2Te3

surfaces using conductive probe AFM under UHV. We

observed that the current density increased as the pressure

increased in the low-pressure regime; however, the current

density decreased by 0%–60% in the high-pressure regime.

These results suggest that surface states play a major role in

nanoscale charge transport and are correlated with

mechanical deformation at the atomic scale. Crossover

behavior of the current density implies that the local density

of states and the scattering component are significantly influ-

enced by local strain.
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