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Abstract 

We report the observation of two distinct large-scale defects in (Bi,Sb)2Te3 topological insulator 

(TI) thin films grown by molecular beam epitaxy. Small-angle rotations are detected between 

quintuple layers of the TI film, extending throughout a grain and beyond, and nm-sized Te 

formations are discovered that extend along grain boundaries. DFT calculations suggest that the 

rotational defects can affect the local band structure of the film while preserving 

spin�momentum locking in the Dirac bands, and that the Te nanostructures at grain boundaries 

can result in wider-band-gap regions between the grains. 
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Thin-film topological insulators (TIs) are exciting candidates for integration into next-generation 

memory and logic devices because of their potential for efficient, low-energy-consumption 

switching of magnetization [1,2]. The bismuth chalcogenides—specifically Bi2Se3, Bi2Te3, and 

(Bi,Sb)2Te3—have already demonstrated topologically protected surface states that can generate 

spin-transfer torque, current-induced spin polarization, and ferromagnetic resonance-driven 

room-temperature spin pumping [2–6]. They also offer efficient spin-to-charge conversion 

because of their large spin–orbit coupling and spin–momentum locking of surface states [7,8]. 

Additionally, their tetradymite crystal structure is two-dimensionally (2D) layered [9,10] and can 

grow without the stringent requirements of lattice parameter matching [11–16].  

The quality of these thin-film bismuth chalcogenide TIs still lags behind that of 

epitaxially grown semiconductors [8]. Understanding and controlling defects and grain 

boundaries [17–20] within the films is one of the limitations for achieving breakthrough device 

performances. Interestingly, very little is known about defects that are unique to thin films. Here, 

we report direct identification and characterization of two distinct large-scale defects in 

(Bi,Sb)2Te3 thin films: (i) small-angle rotations between the TI layers and (ii) nm-wide Te 

formations extending along the grain boundaries.  

The films of (Bi,Sb)2Te3 were grown by MBE onto exfoliated h-BN specifically for this 

plan-view TEM study. We focused our study on films that are not completely coalesced, as they 

enable direct analysis of grains and grain boundaries. The TI films were approximately two-to-

three unit cells thick in the c-direction. The film morphology is shown in high-angle annular 

dark-field scanning TEM (HAADF-STEM) image in Fig. 1(a), along with elemental maps (for 

cross-sectional analysis, see SM Fig. S1 [21]). The films show many grain-level irregular and 

regular triangular terraces (Fig. 1(b,c)), all of which contribute to thickness variations in the film. 
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The HAADF-STEM intensity (Fig. 1(c)) shows that these films can have not only full- but also 

fractional-unit-cell thickness and, therefore, terracing at grain boundaries. 

 

 

Figure 1. (a) HAADF-STEM plan-view image of the (Bi,Sb)2Te3 TI film grown on an h-BN 
flake, with accompanying elemental EDX maps. (b) HAADF-STEM image of an irregular 
triangular feature in the TI film. (c) HAADF-STEM intensity across the region marked by arrow 
in the inset image of a regular triangular terrace. Black lines are a guide to the eye, showing the 
unit cell (u.c.) and fractional steps. 

 

Low-magnification conventional TEM (CTEM) images obtained from these films show 

quasi-periodic Moiré patterns that provide clues about large-scale defects in the film (Fig. 2(a,b)) 

that are not detectable via surface techniques. Entire grains exhibit these features, and in some 

cases, they persist across grain boundaries where islands have coalesced. Rotations within the TI 

layers can give rise to these patterns, which can be reproduced by CTEM image simulations 

when the two-component (Bi,Sb)2Te3/h-BN heterostructure is divided into a three-layer system: 
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the h-BN substrate, and the TI film divided into two independent layers, with one TI layer 

rotated relative to the other. The patterns observed in CTEM images are identified from a series 

of simulated images using Multislice code [22] by varying the angles for the layer rotations (see 

SM Figs. S2, S3 [21]). It should be noted that such quasi-periodic Moiré patterns cannot be 

reproduced when the heterostructure is treated as only the two-layer system (TI film and h-BN 

substrate; see SM Fig. S2 [21]) [23,24]. Only rotation between the two TI layers gives rise to 

these large-period, quasi-periodic features.  

 

 
 
Figure 2. (a) Low-magnification CTEM image of the (Bi,Sb)2Te3/h-BN heterostructure showing 
large-scale Moiré patterns. (b) Magnified section of the image in (a) (indicated by red marks) 
showing three different regions, with Multislice simulated images overlaid: region R1 with 0.5°, 
region R2 with ~30°, and region R3 with 2° rotations between TI layers. Inset, a three-layer 
TI/TI/h-BN model with relative rotations between the layers (black = h-BN, maroon = TI-1, and 
yellow = TI-2). (c) Experimental and simulated images and diffraction patterns for regions R1 
and R2. (d) Examples of grain boundaries in the film (indicated by red arrows) and, in some 
cases, Moiré patterns crossing the grain boundary.  
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Fig. 2(b) shows a comparison of experimental and simulated images for the two distinct 

regions of the film: region R1 with large, wavy, quasi-periodic features with a period of tens of 

nanometers corresponding to 0.5° rotation between TI layers, and featureless region R2 that has 

no Moiré contrast. Region R3, which is a subcategory of R1, exhibits smaller, quasi-periodic 

features with a period of ~5 nm corresponding to 2° rotation between TI layers. Additionally, 

transitions from small to much larger periodicities are visible in some areas. Although they are 

striking in the plan-view images shown here, these small-angle rotations between layers are very 

challenging to identify in cross-sectional ADF-STEM images [25]. 

When two TI layers are rotated 60° relative to each other, they form a basal twin [26]. A 

small interlayer rotation around 0° and the 60° twin result in similar Moiré patterns (e.g., 2° and 

62° resemble each other (see SM Figs. S2(a), S3(a) [21]), suggesting that some of the patterns 

seen in CTEM images could be from small-angle rotations around a basal twin. Image 

simulations also show that the Moiré patterns disappear near 30° (see SM Fig. S3(b) [21]), but 

the 30° rotation can be identified by diffraction patterns. Fig. 2(c) shows that the grain with 

featureless contrast in region R2 is in fact a case of ~30° rotation between the TI layers.  

To evaluate the potential impact of these rotations between TI layers on the basic 

properties of the film, density functional theory (DFT) calculations were performed for simpler, 

non-alloyed, 3-QL-thick Bi2Te3 and Sb2Te3 films (Fig. 3). The results predict that: (i) rotations 

between layers, including basal twins, can result in a reduction of the bulk band gap, which was 

also observed by Schouteden et al.  [24], and (ii) preservation of the important 90° 

spin�momentum locking in the Dirac bands in the vicinity of the Γ point can be expected (see 

also SM Figs. S4 [21]). 

 



7 
 

 
 
Figure 3. DFT-calculated band structures of pristine (top) and basal twinned (bottom), i.e., 
rotated 60°, three-QL Bi2Te3 and Sb2Te3. The angle between wavevector k and spin s of the 
electron located in the top surface QL is identified by color map. The location of the basal twin is 
indicated in the inset schematic. 

 

Some grain boundaries in these (Bi,Sb)2Te3 thin films contain ribbon-like and wire-like 

nanoregions of hexagonal P3121 Te (Fig. 4, also SM Fig. S5 [21]) [27–29]. Atomic-resolution 

HAADF-STEM images show the characteristic van der Waals-bonded chiral 1D structure of Te. 

The EDX analysis confirms the composition (with < 15 at% Bi and Sb in the region). To the best 

of our knowledge, this is the first observation of the formation of Te nanostructures at grain 

boundaries. Interestingly, TI regions adjacent to these grain boundaries show Te depletion in the 

(Bi,Sb)2Te3 film (Fig. 4(b)), suggesting a possible migration of Te from neighboring grains. 

These Te nanoregions in some places are 20-100 nm long, running along a large portion of the 

grain boundary (Fig. 4(d)).  
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Figure 4. (a) HAADF-STEM image of a Te pocket at a grain boundary. (b) EDX line scan of the 
Te pocket shown in (a), obtained along the arrow. (c) Atomic-resolution HAADF-STEM image 
showing the structure of the Te with a ball-and-stick model overlay. (d) Image of a section of a 
long Te nanoregion at a grain boundary. 
 

Using DFT, we investigated the basic electronic properties of such Te nanoregions. The 

electronic band structures were calculated for three-triangle-wide Te nanostructures with a 

geometry similar to those observed in HAADF-STEM images (Fig. 4(d)), but without the host 

(Bi,Sb)2Te3. The structural relaxation resulted in 1.1 nm-wide Te ribbon-like and 1.0 x 1.3 nm 

wire-like structures. The electronic band structures, calculated with the HSE06 hybrid functional, 

which is known for its improved band gap prediction capability [30], show dramatic changes in 

the band structure due to quantization (Fig. 5) with considerably increased band gap: Eg
r-l = 1.04 

eV for ribbon-like and Eg
w-l = 1.01 eV for wire-like Te, compared to Eg = 0.35 eV for the bulk 

Te [31]. Due to very high energies of core-level s and p orbitals (> 4 keV), currently available 

electron energy-loss spectrometers cannot probe the Te K- or L2,3-edges necessary to measure 
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the predicted band structures and associated density of states in these nanoregions (accessible 

N4,5- and M4,5-edges lack the fine structure [32]).       

 

  

Figure 5. DFT-calculated band structures of Te nanoregions: (a) ribbon-like and (b) wire-like. 
The atomic configurations of the relaxed structures used in calculations are shown above.  
 

 

Not all grain boundaries in these films contain Te nanostructures. A considerable fraction 

of the grains coalesce with 0° (or 60°), 2°, 7°, and 30° misorientations without diffusing out Te 

(Fig. 6). The low-angle (2° and 7°) grain boundaries consist of an array of dislocations (Fig. 

6(b,d)), similar to those observed in bulk Bi2Se3 [20], which are predicted to be 

semimetallic [33]. Our observations suggest that when correlation between film growth 

conditions and resulting grain boundaries is achieved, it would be possible to either avoid 

formation of the Te nanostructures at the boundaries, or produce films with predominantly Te 

ribbon-like walls between the grains with unexpected properties.   
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Figure 6. Low- and high-magnification HAADF-STEM images of a grain boundary with (a) 0° 
(or 60°) misorientation, (b) 2° misorientation with dislocations, and (c) 30° misorientation, along 
with FFTs. Dashed boxes indicate the regions shown at higher magnification. (d) Image of three 
grains connected by 30° and 7° grain boundaries with corresponding single-grain FFTs.  
 

In conclusion, we have shown that two different large-scale defects are present in 

(Bi,Sb)2Te3 thin-film TIs grown by MBE. These include small-angle rotations between quintuple 

layers that in some cases extend beyond a single grain, as well as the formation of nm-sized 

structures of Te at grain boundaries, with regions extending to 10s of nm in length. DFT 

calculations predict that rotational defects can affect the local band structure of the film, while 

preserving spin�momentum locking in Dirac bands, and that the Te nanoregions can be 

semiconducting with band gaps as large as 1 eV. Advancements in EELS instrumentation will 

allow direct measurements of the electronic structures of these Te nanoregions.  

This study suggests that when the growth conditions are identified for the systematic 

production of TI thin films with rotated layers or with 1D chiral Te walls at grain boundaries, it 

will open up possibilities to discover new physical phenomena in TI thin films, as has been the 

case with other 2D materials [34-37], based on Moiré patterns, symmetry breaking, and the 

engineering of new types of grain boundaries.  
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