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Effect of surface defects and few-atomic steps on the local density of
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The results of ultra-high vacuum low-temperature scanning-tunneling microscopy (STM) and spectroscopy

(STS) of atomically clean (111) surface of the topological insulator Bi2Se3 are presented. We observed several

types of new subsurface defects whose location and charge correspond to p-type conduction of grown crystals.

The sign of the thermoelectric effect also indicates p-type conduction. STM and STS measurements demon-

strate that the chemical potential is always located inside the bulk band gap. We also observed changes in

the local density of states in the vicinity of the quintuple layer steps at the studied surface. These changes

correspond either to the shift of the Dirac cone position or to the shift of the chemical potential near the step

edge.
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Topological insulators (TIs) are the new class of ma-

terials that has many intriguing physical properties. Be-

ing insulators in the bulk, these materials always have

gapless edge (1D) or surface (2D) states which are pro-

tected by the time-reversal symmetry [1, 2]. This type of

behavior was theoretically predicted and experimentally

observed for HgTe/CdTe quantum wells (2D–TI) and

a few of narrow-gap semiconductors with strong spin-

orbit interaction like Bi2Se3 and Bi2Te3 (3D–TI). The

surface states in TIs are protected from backscattering

in case of non-magnetic bulk or surface defects and have

Dirac spectrum and so-called helical spin structure [2].

In Bi2Se3 the Dirac point is located inside the bulk

energy gap, so having the chemical potential near the

Dirac point is highly desirable not only to increase the

ratio of surface to bulk conductivity, but more to work

with small-wavevector states without any bulk impact.

This opportunity can be crucial for potential realization

of spintronic devices. However, attempts of stoichiomet-

ric growth of Bi2Se3 crystals have always given n-type

of conductivity with the chemical potential located in-

side the bulk conduction band, see [3]. For that reason

the doping of the bulk is widely used to tune the chem-

ical potential. It was shown, in partucular [4], that in

the case of Mn or Ca doping, the bulk defects cause

local fluctuations of the chemical potential so that its

position varies substantially along the surface. In that

case, one can’t even define type of surface conductiv-

1)e-mail: dmitrmipt@gmail.com

ity, so it might be a problem to create any electronic or

spintronic devices using such a surface.

To avoid this problem, we have grown Bi2Se3 crystal

with an intrinsic conductivity type in a bulk without any

doping, in the hope that the fewer number of bulk inho-

mogeneities will lead if not to the absence of the chem-

ical potential fluctuations but at least to their much

smaller value. Using the thermoelectric effect, we have

found that our crystals have p-type of conduction. Scan-

ning tunneling microscopy and spectroscopy (STM and

STS) measurements demonstrate that measured with

different xy-positioning of the tip, the chemical poten-

tial level of our crystals almost always sits inside the

bulk energy gap within ±50 meV from the Dirac point

and is more often slightly shifted towards the valence

band. As a result, a number of new features were found

due to the absence of screening from the bulk. Namely,

comparing the tunneling spectra obtained above clean

surface without any visible defects and spectra mea-

sured above defects, one can see that they are undoubt-

edly different: the Dirac point remains at similar ener-

gies, but the density of filled and empty topological sur-

face states changes. Also we have seen that the valence

band shifts above the defect. This fact confirms that

there is a local negative charge near the studied impuri-

ties. What is even more interesting, we have found that

a 5ML-step at the surface of Bi2Se3 shifts the chemical

level position near the step and changes the shape of

the tunneling spectra. The qualitative analysis of these

variations is given.
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Crystals Bi2Se3 were grown in an evacuated quartz

ampoule from a stoichiometric mixture of Bi and Se with

3 % Se excess. The mixture was melted at T = 700
◦C,

kept at this temperature for 10 h and smoothly cooled

down with the rate −10 ◦C/h in the temperature gradi-

ent 1.5 K/cm along the ampoule. The resulting Bi2Se3
polycrystal was found to consist of approximately 0.1–

1 mm sized monocrystalline blocks which were well suit-

able for STM study. The sign of the main carriers was

found from the sign of the voltage appeared between the

hot and cold copper blocks attached to a Bi2Se3 crystal:

the potential of the cold block was larger, in accordance

with p-type of the current carriers.

The Bi2Se3 crystalline structure consists of five-

monolayer (5ML) slabs Se1–Bi1–Se2–Bi2–Se1′ (quintu-

ple layer) which can be easily splitted off from each

other, see [5]. The surface was prepared in situ un-

der ultra-high vacuum (UHV) conditions by cleavage

at T = 78K in the Omicron LT STM vacuum chamber

with typical pressure < 5 ·10−11 Torr. STM images were

obtained in the constant current mode. For STS mea-

surements we used tungsten tips with Au apex. The tip

quality was controlled by measuring the contact resis-

tance with a gold film and also a tunneling spectra of

this film. The obtained value of the resistance (. 104Ω)

and linearity of the spectra confirm that the tip apex

is metallic and appropriate for STS measurements. To

obtain I−V curves for STS measurements we use 500

voltage points in each voltage sweep direction, no notice-

able hysteresis between back and forth voltage sweeps

was observed. The typical data set collected at any tun-

neling tip position consists of from 20 to 200 I−V curves

which were averaged to reduce the noise. Differential

conduction was calculated numerically from the result-

ing I−V curve. All data presented below were collected

at T = 78K.

Typical STM image of the sample surface is shown

in Fig. 1. Three types of triangular defects of different

size are discernible – we call them t1, t2, and t3. On the

first glance the defects looks very similar to ones ob-

served in n-type of Bi2Se3 [6], but the sizes and shapes

of the defects are actually different. These defects are

observed well at negative bias voltages, but completely

disappear at positive ones. Furthermore, assuming that

these triangular patterns are due to single substitutional

atom located in subsurface layer which affects the local

density of electronic states (LDOS) along σ-bonds [6],

one can conclude that these defects are in Bi1 and Bi2

layers, so they are likely to be Se substitutions. As far as

we know such defects were not observed earlier. So, we

attribute these features to subsurface Bi defects located

in different Bi atomic layers, in contrast to Se defects

Fig. 1. STM image of Bi2Se3 surface with different types

of defects; V = −0.4V (occupied states), I = 100 pA. All

these types of defects vanish at positive voltages

reported earlier [6] and located in Se layers. Defects cor-

responding to the t3-type bigger triangles are located

deeper beneath the surface. In general, these results of

STM measurements are consistent with the conclusion

that the sample is of p-type.

The typical results of STS-measurements performed

above the clean Bi2Se3 surface far from any defects are

shown in Fig. 2. The spectra resembles one observed

Fig. 2. STS-measurements above clean Bi2Se3 surface far

from defects . Set point: V = −400mV, I = 100 pA

earlier [6] with the only difference: the chemical poten-

tial is located near the Dirac point and little closer to
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the bulk valence band (BVB). This also corresponds to

the p-type conductivity, in agreement with the sign of

thermoelectric effect and observed subsurface defects.

We also found that when moving from point to point

on a clean surface, the measured tunneling spectra are

shifted by the voltage, therefore the chemical potential

is shifted too. The Dirac point position varies in a range

from −100 to 25 mV from the chemical potential, so

the latter is always located inside the bulk band gap

(BBG). Thus studied Bi2Se3 crystal can be considered

as an intrinsic semiconductor with slight predominance

of p-type carriers.

Fig. 3. (Color online) STM image of Bi2Se3 surface with

t1 defects. Blue/black points show places above/far from

defects where tunneling spectra was measured. Set point:

V = −400mV, I = 100 pA

We also found a difference between the tunneling

spectra taken above the t1-type defects and above the

clean Bi2Se3 surface far from any defects. The obtained

dI/dV curves are shown in Fig. 4. We see that the BVB

shifts to the negative voltages by approximately 30 mV.

This can be explained by a local negative charge at sub-

stitutional atom, which is due to the acceptor type of

this impurity. Although the Dirac point (DP) of the sur-

face states spectrum remains almost at the same volt-

age, below DP (V < VD) the local density of states

(LDOS) above defects is higher, and over DP (V > VD)

the LDOS above defects is lower. This illustrates the

effect of subsurface defects on the surface LDOS.

In addition, we have undertaken STS measurements

near a step of height 0.8 nm (Fig. 5) which corresponds

to the height of the quintuple layer step. The tunneling

Fig. 4. (Color online) dI/dU curves obtained above t1 de-

fects (blue) and far from them (black). Set point: V =

−400mV, I = 100 pA

Fig. 5. Quintuple step on the clean Bi2Se3 surface. Points

where tunneling spectra were measured are marked by

numbers

spectra near the step edge was found to differ substan-

tially from ones measured far from the step edge (see

Fig. 6). One can notice that the spectrum which was

measured at the point # 4 near the lower edge of the

step coincides with the spectrum measured at the point

# 3 at the upper one, and spectra at the points # 1

and 2 are also similar. As these two pairs of spectra are

obviously different, so we can conclude that tunneling

spectra change locally near the step edge.
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Fig. 6. (Color online) The dI/dV curves measured at

points # 1 and 2 (see Fig. 5) far from the step edge (blue);

at points # 3 and 4 near the step edge (black). Set point:

V = −400mV, I = 100 pA

To explain the physical sense of these changes, two

approaches can be used. If we assume that the sharp

rise of conductivity for the curves at Fig. 6 is due to

the fact that the BVB or BCB states are involved

into tunneling, then relatively large local change in the

band gap width near the step edge must be admitted

(∆Vgap/Vgap ∼ 20%), which does not look plausible.

So we conclude that the BBG remains unchanged, but

the Dirac cone of the surface states spectrum is shifted

down by energy, and DP is located inside the BVB. It is

clear that in this case the minimal value of dI/dV corre-

sponds to BVB, as it was demonstrated in [7] comparing

STM and ARPES measurements for Bi2Te3. Note that

our spectrum measured near the edge is very similar to

the one in [7] (Fig. 7). As the BBG for Bi2Te3 is 200 mV

and the energy of the Dirac point is below BVB edge,

so this coincidence looks surprising.

Alternatively, the I−V curves obtained in STS mea-

surements can be normalized in a way that gives the

same BBG value. The curves at Fig. 8 are normalized to

make BBG widths equal for all the spectra, the edges

of BBG are supposed to be at the voltages since which

the intensive and steady raise of conductivity is noticed,

namely, at voltage band edges. The curves at Fig. 8 mea-

sured far from the edge are shifted here by subtracting

100 mV. We can see the alignment of Dirac points for

spectra far and close to the step edge, which means that

the step edge results in the shift of the chemical poten-

tial by −100mV. Anyway, the origin of such changes in

the tunneling spectra and BBG near the step edge could

Fig. 7. (Color online) (a) – The dI/dV curves obtained

near (black ones) and far (blue ones) from the step.

Black/blue arrows indicate the position of Dirac point of

the surface states. The upper insets illustrate the relation-

ship between the minimal value of tunneling conductance

and position of Dirac point with respect to bulk band

structure. (b) – For comparison, Bi2Te3 surface spectra

obtained in Ref. [7]; EC is the edge of BVB, ED is the

energy of the Dirac point, EF is the chemical potential

be clarified by ab initio calculations which are beyond

the scope of this work.

Summarizing the results, UHV low-temperature

STM study of atomically clean p-type Bi2Se3(111) sur-

face prepared in situ have shown the presence of sub-

surface defects in Bi layers. STS-measurements demon-

strate that the chemical potential is always located in-

side the bulk energy gap, but slightly varies along the

surface. It was found that the observed subsurface de-

fects as well as the quintuple layer step edge causes

the significant changes in STS spectra. Namely, com-

paring tunneling spectra obtained above the clean sur-

face without any visible defects and spectra measured

above defects, one can see that they are undoubtedly dif-

ferent: the Dirac point remains at similar energies, but
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Fig. 8. (Color online) The same dI/dV curves as in Fig. 6

measured far from the step edge (at points #1 and 2 on

Fig. 5) (blue); near the step edge (at points # 3 and 4)

(black). The curves are normalized in a way different from

the curves at Fig. 6 (see text for details). Spectra measured

far from the edge are shifted horizontally by subtracting

100 mV. Red arrows indicate positions of the Dirac points.

Green oval mark the differences between the spectra

the density of filled and empty topological surface states

changes. The valence band shift was also observed above

the defects. This fact confirms that there is a local neg-

ative charge near the studied impurities. In addition, we

observed the substantial variations in tunneling spectra

near the quintuple edge accompanied whether by the

shift of the Dirac point with respect to the bulk energy

gap of Bi2Se3, or by the shift of the chemical potential

with respect to the Dirac point.
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