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Abstract 

Combining high resolution scanning tunneling microscopy and first principle calculations, 

we identified the major native defects, in particular the Se vacancies and Se interstitial 

defects that are responsible for the bulk conduction and nanoscale potential fluctuations in 

single crystals of archetypal topological insulator Bi2Se3. Here it is established that the 

defect concentrations in Bi2Se3 are far above the thermodynamic limit, and that the growth 

kinetics dominate the observed defect concentrations. Furthermore, through careful 

control of the synthesis, our tunneling spectroscopy suggests that our best samples are 

approaching the intrinsic limit with the Fermi level inside the band gap without 

introducing extrinsic dopants.  

 

Physical properties of functional materials, e.g. conductivity, are strongly influenced by 

impurities and point defects[1].  The precise control of impurity species and concentrations in 

semiconductors underlies the fabrication of virtually all electronic and optoelectronic devices[2].  

Thus it is imperative to identify and precisely control point defects in functional materials, e.g. 

topological insulators (TIs)[3].   Topological classification of band structure is an exciting 

forefront in condensed matter physics[4-7]. The change of topological class on the surface of TIs 

results in robust spin-polarized surface states with linear dispersion.  These helical Dirac surface 

states are immune to backscattering, and thus are promising for high speed electronic 
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applications. Furthermore, many exotic quantum phenomena may emerge from the topological 

surface states with symmetry breaking[8-10].  The experimental realization of these fascinating 

phenomena requires intrinsic topological insulators, i.e. the Fermi level is inside the band gap so 

that transport is dominated by the Dirac surface states.  However, many known TIs are 

degenerately doped semiconductors with dominant bulk conduction due to native defects[3], 

which hampers the progress and potential applications of TIs.  There has been intensive effort 

focused on suppressing this bulk conduction, such as utilizing the size effect by nanostructuring, 

compensation by chemical doping or electric gating, and band structure engineering by alloying 

or pn junction[11-15]. However, these methods introduce either additional disorder or potential 

fluctuations[16] that are detrimental for the mobility of TI surface states. Although the intrinsic 

limit (i.e. Fermi level inside band gap) can be achieved in Bi2Te3 because of compensation of 

native defects, Bi2Te3 is less appealing due to “buried” Dirac point and smaller band gap[17-20]. 

One of the major material hurdles of TI research is the lack of clear identification and 

understanding of native defects, which is necessary for optimization of synthesis and device 

fabrication to achieve desired sample quality. A recent work reported p-type Bi2Se3 single 

crystals without doping, yet the mechanism of p-type conduction and associated native defects 

were not identified[21].  

Experimentally it is difficult to directly visualize and identify individual defects.  A combination 

of both first-principles calculations and experiment is often necessary in order to understand and 

control material properties[1,22,23]. Through first-principles calculations of the formation 

energies of native defects, plausible thermodynamic models of defects are constructed and the 

calculated structural, electronic, and optical properties are compared with the available 

experimental data. Even with this cooperation, however, the evidence supporting a defect model 

is generally indirect and subject to multiple interpretations. STM is one of the few techniques 

which can directly address this issue[16,24-26]. By directly comparing atomic resolution STM 

images to simulated STM images of defect models, the dominate defects in samples can be 

unambiguously identified. As shown in previous studies of Sb2Te3 thin films[25], these true 

atomic resolution STM images are crucial to identifying native defects and obtaining high 

quality samples via synthesis optimization. 
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Among known 3D TIs, Bi2Se3 is one of the most promising systems because of the large band 

gap (~0.35 eV) and a simple surface state dispersion in which the Dirac point lies inside the band 

gap[27,28]. However, nominal Bi2Se3 single crystals are n-type doped semiconductors because 

of the formation of high quantities of native defects during synthesis. Earlier studies suggested 

Se vacancies (VSe) were the dominant donors in Bi2Se3[29,30]. Despite intensive STM studies, 

there has been no clear identification of VSe[16,24,31-33]. Without clear identification and 

control of native defects, it is difficult to improve the synthesis of Bi2Se3 single crystals. Some of 

the previous STM works have speculated that the commonly observed “triangular” shape 

(protrusion) defects are associated with VSe, albeit without clear evidence[24,33,34].  In this 

letter, we report high resolution STM studies of native defects in various Bi2Se3 single crystals. 

Comparison between experiments and first principles simulations of various defects allow us to 

unambiguously identify native defects and their relative concentrations, including VSe, BiSe 

antisites and Se interstitial defects (Sei). In particular, we establish that the dominate VSe defect 

lies in the middle of the quintuple layer, instead of at the energetically favorable positions at the 

internal van der Waals (vdW) surfaces. Combined with the presence of Se intercalations, these 

findings demonstrate the importance of the kinetics over the thermodynamics for defect 

formation in Bi2Se3, and possibly in other pnictide chalgegonide TIs. Additionally, our scanning 

tunneling spectroscopy (STS) mapping demonstrates that as donors VSe defects are also 

responsible for significant local potential fluctuations[16]. Our systematic STM/STS studies 

demonstrate that the Fermi level (EF) is lowered with reduction of VSe density via fine control of 

the stoichiometry. However, too much Se introduces Sei, again resulting in n-type doping.   With 

delicate control of stoichiometry and synthesis parameters, we obtained high quality Bi2Se3 

single crystal with EF~60 meV below the conduction band minimum, approaching the intrinsic 

semiconductor limit without compensation doping.   

For Se deficient (rich) Bi2Se3 single crystals, mixtures of high-purity chemicals with various 

ratio were heated up to 870 ºC (800 ºC) in sealed vacuum quartz tubes for 16 hours, then slowly 

cooled to 690 ºC, followed by furnace cooling. Stoichiometric Bi2Se3 single crystals were grown 

using a slow-cooling method[41]. STM/STS measurements were carried out at 4.5 K in an 

Omicron LT-STM with base pressure of 1×10−11 mbar. Electrochemically etched tungsten tips 

were characterized on clean Au (111) surface before STM experiments. Single crystals of Bi2Se3 
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were inserted into cold STM head immediately after RT cleavage in UHV. STS measurements 

were performed with standard lock-in technique (f = 455 Hz) with modulation 5~10 mV.  

Simulated STM images are constructed using the theory of Tersoff and Hamann[35]. The charge 

densities associated with the defects are obtained self-consistently using density functional 

theory within the approximation of Perdew-Burke-Ernzerhof[36]. Interactions between the ion 

cores and valence electrons are described by the projector augmented wave method[37] as 

implemented in the VASP package[38,39] . 

 

FIG 1. (color online) (a) atomically resolved STM image of (001) surface of nominal Bi2Se3. Tunneling parameter: 

U =  −0.7 V, I = 0.2 nA. Green circle/triangle/square marks a VSe at 1A/3C/5B site. Blue circle/square marks a BiSe 

antisite at 1A/6C sites. Black square marks a triangular defect (Se interstitial defect) at A site. See Fig. 2 for details.  

(b) cartoon of triangular lattice and definition of A, B and C sites. (c) definition of atomic sites (1A, 2B, 3C, …) in 

the crystal structure of Bi2Se3. (d) STS spectrum of nominal Bi2Se3. The Dirac point energy (ED) is ~ -340 meV.  

Bi2Se3 forms a layered structure with vdW bonding between quintuple layers (QL), so it is ideal 

for surface sensitive probes such as STM. We found atomic corrugation is pronounced at 

negative bias. Figure 1(a) shows atomically resolved STM image of (001) cleaved surface of a 

nominal Bi2Se3 single crystal with slight Se deficiency. STM images with sub-unit cell resolution 

allows clear identification of defect positions as shown in Fig. 1(b) and 1(c)[25]. There are two 

kinds of Se site defects, depressions (green) and protrusions (blue), labelled in Fig. 1(c). This is 
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in good agreements with previous first principle theory calculations that low formation energy 

defects are VSe and BiSe for Bi rich growth[29,30].  Thus, we only need to determine whether the 

observed defects are either VSe or BiSe. Prior STS measurements of BiSe reveal a pronounced 

local density of states (LDOS) peak near VBM, which is corroborated by recent first principle 

calculations[24,26,30]. Our STS data of protrusion defects all show pronounced characteristic 

LDOS peak associated with BiSe, while no LDOS anomaly was found in depression defects[41].  

Therefore, we can assign protrusion defects as BiSe and depression defects as VSe as summarized 

in Figure 2. Our high resolution STM data provide a clear identification of all possible selenium 

vacancies (VSe) in Bi2Se3, which is further supported by first principle simulation as shown in 

Fig. 2.  

The most abundant defects are VSe (green triangle) located at the 3C sites. The estimated density 

is ~3×1019 cm-3, consistent with our STS data (Fig. 1d) with the Fermi level (EF) approximately 

140 meV above the conduction band minimum (CBM). Another prominent VSe (green circle in 

Fig. 1a) appears as a single depression at the 1A site[40]. Also visible is the more subtle VSe 

(green square) which are identified as VSe at the 5B site, crystallographically equivalent to the 

1A site. Consistently, their estimated densities are statistically the same[41]. Note that VSe(3C) 

has not been identified in previous STM studies of Bi2Se3, probably because of relatively weak 

atomic corrugation. The observation of dominant VSe(3C) are also unexpected because of its high 

formation energy[29,30]. We speculate that VSe(3C) defects formed at high temperature are 

kinetically trapped during the cooling process of crystal growth, i.e., there is a large energy 

barrier that prevents Se atoms from diffusing into middle Se layer to annihilate VSe(3C) defects.  

 

FIG 2. (color online) Experimental (left) simulated (right) STM images of native defects in Bi2Se3. (a), (b), and (c) 

STM images (left) of VSe at 1A, 3C and 5B sites measured with -0.7 V, and the corresponding simulations (right). 
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(d), (e), (f), STM images (left) of BiSe antisites at 1A, 5B and 6C sites measured with -0.6 V and the corresponding 

simulations. (g) and (h),  Left: STM images of an intercalated Se defect at -0.7 V and +0.5 V, respectively; Right: 

corresponding simulated STM images. The color scale of experimental STM images is 35 pm for (a)-(c), (e)-(h), and 200 pm 

for (d). The color in the simulated images represents the height of a constant isosurface of charge density, 0.0035 

e⋅Å-3. The color scales of the simulated images are the same as that of the experimental images. The absolute 

distance from the surface for the minimum of the scale is 4.1, 4.4, 4.4, 3.4, 4.6, 4.4, 3.9, and 4.7 Å for (a)-(h), 

respectively. 

To substantiate the experimental identification of native defects, we performed simulations of 

STM images of various VSe and BiSe defects using first principles. Figure 2 shows the 

comparisons between experimental results and simulations. The qualitative agreements of defect 

patterns provide compelling support for our identifications of native defects in Bi2Se3. In 

addition to BiSe on 5B and 6C sites that have been identified by earlier STM works, we identify 

BiSe on 1A site, which has not been reported, probably because its pronounced apparent height 

(~Å) makes it easily confused with surface adsorbed atoms/molecules[41].  

Previous STM works have associated triangular defects observed at positive bias with Se 

vacancies[24,34,42]. We also observed triangular defects at positive bias, as shown in Fig. 2h. 

Our atomically resolved STM image indicates that it is a defect at the A site ~5-6 atomic layers 

beneath surface. Clearly its density is much less than that of VSe, and thus cannot account for the 

n-type doping in nominal Se deficient Bi2Se3. The density of triangular defects increases 

significantly in Bi2Se3 synthesized in Se rich environment, indicating it is a Se interstitial defect, 

likely sitting in the vdW gap between QLs (i.e. 5.5A site). This assignment is further 

substantiated by the positive correlation between the density of triangular defects and that of 

surface Se atoms, which can be removed by STM tip[41].  Although unambiguous delineation of 

triangular defects requires further investigation, our STM results unambiguously exclude VSe as 

a possible candidate.  
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FIG 3 (color online) (a) STM topography image of Bi2Se3 showing randomly distributed VSe defects. (b) Dirac point 

energy (ED) map of the same location as a. Black dots are the positions of VSe defects in (a). There is a clear positive 

correlation between local VSe defect density and local ED. (c) local conduction (dI/dV) map at -500 meV showing the 

local potential fluctuation. (d) Simulated defect influence map due to VSe [37].  

As donors, VSe are charged defects that influence the local potential. Previous STM studies 

observed pronounced fluctuation of the local potential and Dirac point energy (ED) of surface 

states in both doped and undoped Bi2Se3 single crystals[16,24]. Yet, the microscopic origin of 

these potential fluctuations has not been clarified. Our STM results demonstrate that VSe is 

responsible for the spatial fluctuation of potential (and ED). Figure 3(a) shows a STM 

topographic image of randomly distributed VSe defects in a nominally Se-deficient Bi2Se3 single 

crystal. STS measurements at each pixel allow us to extract the LDOS and to estimate ED by 

tracking the kink marked in Fig. 1(d). Fig. 3(b) shows the spatial fluctuation of ED at each 

location in this area[41]. Consistently, the same potential fluctuation pattern can be found in Fig. 

3(c), dI/dV map at -500 meV. Clearly there is a positive correlation between the local ED and the 

local density of VSe defects, illustrated by the simulated defect influential map in Fig. 3(d)[41]. 

Therefore, the presence of a significant quantity of VSe defects not only causes substantial bulk 

conduction via n-type doping, but also induces a significant spatial fluctuation of electric 

potential that is detrimental for the topological transport properties.  



8 

 

 

FIG 4. (color online)  (a)/(b), cartoons of EF relative to band structure in typical/best Bi2Se3 samples. (c) a 

summary diagram (n vs. ED) of  various Bi2Se3 crystals with various synthesis conditions. Assuming VSe 

and Sei are donors, the cyan line shows the electron density estimated from parabolic band (m* ≈ 0.15 

me)[43].  (d) Typical STM topography of sample with extremely low defect density. Inset: corresponding 

STS showing that EF is below CBM. 

With clear identification of native defects in Bi2Se3, one can correlate the defect population with 

growth conditions to gain insights on synthesis. Figure 4(c) shows defect densities (n) and ED 

measured on various Bi2Se3 single crystals. Clearly, ED increases systematically with decreasing 

n of VSe, in good agreement with estimated carrier density from a simple 3D parabolic band 

(cyan line)[43,44]. The systematic behavior of n vs. ED further corroborates our defect 

identifications. In addition, the reduction of VSe (and BiSe) density is correlated with an increase 

of the molar fraction of Se in the starting materials, in agreement with previous studies and 

formation energy calculations[29,43,44]. However, our results indicate that the Se-rich condition 

results in a substantial increase in the density of Sei (triangular defects) instead of SeBi antisites 

predicted by defect thermodynamics[29]. Our STM data suggest Sei are also electron donors, 
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which explains the fact that Se-rich synthesis still results in n-type doping, as shown in the 

sample with ED ≈ -240 meV.   

With the clear understanding of native defects in Bi2Se3, we are in the position to fine tune the 

synthesis recipe to improve sample quality. With delicate control of stoichiometry of staring 

materials (Bi:Se = 2:3), the tendency of forming VSe and Sei are greatly suppressed. Crystals 

were slowly cooled to room temperature during growth to avoid kinetically trapped VSe in the 

middle Se layer.  Figure 4(d) shows a typical STM image of our best sample, where the defect 

density is very low (<1018 cm-3) with negligible potential fluctuation. Furthermore, our STS 

measurements (Fig. 4e) suggest the Dirac point energy is -145 meV,  indicating the Fermi level 

is ~60 meV below the CBM[43].  Although the system is still slightly n-doped, further 

optimization of synthesis condition would likely result in samples closer to the intrinsic limit.   

In summary, we have unambiguously identified the native defects, especially VSe, in Bi2Se3 

single crystals by combining systematic high resolution STM/STS measurements and first-

principle simulations.  Our results reveal that the native defect concentrations in Bi2Se3 do not 

reflect their thermodynamic formation energies, but instead are highly influenced by the kinetics 

of growth. This is seen not only in the dominate VSe residing in the middle Se layer, but also in 

the presence of significant Se interstitial defects (despite their high formation energy) and the 

absence of the low energy substitutional Se defect (SeBi). In addition, our results suggest that the 

“triangular defects” seen in previous works are likely Se interstitial defects (Sei) which are 

dominant in Se-rich growth. These findings emphasize the importance of both strict 

stoichiometry and kinetic control of defect formation in synthesis, leading to improved synthesis 

of high quality single crystals with low (charge) defect density with minimal potential fluctuation. 

With the Fermi level below the CBM, our results suggest a viable route toward the intrinsic limit 

of topological insulators for potential applications, which may shed new light for synthesis of 

other technological relevant functional materials[1].  
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