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SI Note 1: Layer-by-layer growth of Bi2Se3 films

High-quality Bi2Se3 thin films are grown on 0.05wt% Nb-doped SrTiO3 (111) substrates by

molecular beam epitaxy (MBE). The SrTiO3 (111) substrates are annealed at 1000◦C for

30 minutes in the MBE chamber to obtain an atomically flat surface before growth. The

growth process is monitored by reflection high-energy electron diffraction (RHEED). The

Bi2Se3 films are grown with a two-step process.1,2 One quintuple layer (QL) Bi2Se3 is first

grown at a low substrate temperature of 225◦C. The rest of the layers are grown at a higher

temperature of 265◦C. The film thickness is precisely determined by the RHEED intensity

oscillation (Figure S1a). In situ ARPES characterization of the electronic band structure

also confirms the film thickness.

Figure S1: Layer-by-layer growth of Bi2Se3 films. (a) Reflection high-energy electron diffrac-
tion (RHEED) image of an as-grown 10 QL Bi2Se3 film on a SrTiO3 substrate. (b) RHEED
intensity oscillation during the Bi2Se3 growth. The intensity is integrated within the red box
in panel (a). The blue area represents the growth of the first QL at 225 K. After the growth
of the first QL, the substrate temperature is increased to 265 K (gray region). The clear
RHEED intensity oscillation enables us to determine the film thickness (orange region). The
growth rate is 5.5 min/QL.
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SI Note 2: Atomic force microscopy (AFM) and Raman

measurements of transferred Bi2Se3 films

Figure S2a shows a typical AFM image of a 3 QL Bi2Se3 film grown on a SrTiO3 substrate.

The surface of the film is flat with some islands formed by one additional layer, which is

similar to previous studies.3,4 After the liberation, the overall surface morphology is preserved

(Figure S2b). The surface roughness of the transferred film is larger than that of the as-grown

film and the edges of the islands become blurry, which can be induced by the degradation

during the liberation process. We also measured the Raman spectrum of a transferred 6 QL

Bi2Se3 film (Figure S2c). Three phonon modes are observed and their energies are consistent

with the bulk values from previous measurements.5 Our AFM and Raman measurements

further confirm the high quality of the transferred films.

Figure S2: AFM and Raman measurements of Bi2Se3 films. (a) AFM image of an as-grown
3 QL Bi2Se3 film on a SrTiO3 substrate. (b) AFM image of a transferred 3 QL Bi2Se3 film
on Si. (c) Raman spectrum of a 6 QL Bi2Se3 film suspended on a 5 µm aperture measured
at 300 K.
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SI Note 3: Low energy cutoff in the ARPES spectrum

measured by 6 eV.

It is challenging to distinctively observe the energy gap near the Dirac point for the 3 QL

film before the transfer, due to the low-energy cutoff (LEC) located at −0.52 eV (Fig-

ure S3b). The LEC is induced by the work function difference between the sample and

the photoemission analyzer (Figure S3a), which has been observed widely in Bi2Se3 using

6 eV photons.6,7 Note that the photoelectron’s kinetic energy corresponding to the LEC is

always at ϕsample − ϕdetector. With a much higher photon energy, the electrons near the Fermi

level will be located at much higher kinetic energies: Ek = hν − ϕdetector − EB, where hν is

the photon energy and EB is the binding energy. Hence, the ARPES spectrum taken with

21.2 eV photons is not complicated by the LEC (Figure S3c).

At the thickness of 3 QL, the topological surface states (TSSs) from the top and bottom

layers are expected to hybridize and form a hybridization gap.8 This hybridization also leads

to Rashba-like band splitting in the Dirac cone.9 In our data taken with 21.2 eV photons,

this hybridization is rather subtle, but the outer branch of the Rashba bands is observed

in the second-derivative plot (Figure S3d). The hybridization gap is around 60 meV, which

is smaller than the result (∼120 meV) in Zhang et al.9 We remark that our data quality,

as benchmarked by the linewidths of the TSSs (Figure S4), is higher than that in Zhang et

al.,9 and we have well-defined RHEED intensity oscillations (Figure S1). The difference in

the hybridization gap is likely due to the different substrates (SrTiO3 in our work versus

graphitized SiC in Zhang et al.9), which leads to different interfacial conditions and thus

different hybridization between the TSSs from the top and bottom QLs.
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Figure S3: Illustration of the low-energy cutoff (LEC) and the hybridization gap in 3 QL
Bi2Se3. (a) Energy diagram for the photoemission process. (b) The electronic structure of
3 QL Bi2Se3/SrTiO3 measured by 6 eV. The LEC is at -0.52 eV. (c) 21.2 eV data on the same
3 QL sample. (d) Second-derivative plot of the 21.2 eV data in panel (c). The Rashba-like
splitting in both the upper and lower branches of the Dirac cone helps us identify a bandgap
near 60 meV.

Figure S4: Thickness dependent electronic structures of Bi2Se3 films measured by 21.2 eV
photoemission. (a-f) Electronic structures of Bi2Se3 films with thicknesses of 1 QL, 2 QL,
3 QL, 5 QL, 7 QL, and 10 QL, respectively. (g-j) Schematic electronic structures of Bi2Se3
films with thicknesses of 1 QL, 2 QL, 3 QL, and 5 QL, respectively. (k) Evolution of
the hybridization gap (∆hyb) and the energy difference between the zeroth- and first-order
quantum well states (∆QW), as functions of the film thickness.
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SI Note 4: Origins of the Dirac gaps in as-grown Bi2Se3

films.

We restrict our discussion to as-grown, relatively thick Bi2Se3 films (thickness ≥ 5), and do

not discuss the Dirac gap due to the top-bottom hybridization. The intrinsic gaps at the

Dirac point are expected to be ≪ 10 meV in these relatively thick films by theory,8 or by

previous experimental studies.9

There are a few possible scenarios to explain a seemingly gapped Dirac cone: 1) hybridiza-

tion between the TSS and a defect resonant state;10 2) hybridization between the TSS and

the first-order quantum well state (QWS); 3) linewidth broadening due to the finite self

energy and finite resolutions (Figure S6);11 4) a gap in the photoemission final state.12 First,

as demonstrated by our high-quality ARPES data on as-grown films (Figure S4), there is

no evidence on any films showing the defect-induced flat band near the Dirac point. Hence,

Scenario #1 is unlikely. Second, the first-order QWS is located < 50 meV above the Dirac

point in films thicker than 6 QL (Figure S7), and can give the impression of a gapped Dirac

cone. However, the energy of the first-order QWS is thickness-dependent. As shown in

Figure S5a, the Dirac gaps in 4 QL, 5 QL, and 6 QL are essentially the same (∼40 meV),

which renders Scenario #2 unlikely. Third, we use the photon energy dependence to distin-

guish Scenario #3 and #4. Based on Scenario #3, the linewidth of the Dirac band can be

independent of the photon energy if it is dominated by the intrinsic electronic self energy.

Notably, the Dirac gap of the 5 QL film is almost unchanged (∼40 meV) when switching

from 6 eV to 21.2 eV (Figure S5a,b), and is thus likely due to the self-energy-dominated

linewidth broadening (Scenario #3).

On the other hand, based on Scenario #4 the Dirac gap should be a strong function of

the photon energy, as the final state dispersion will drastically vary if the photon energy is

changed. This seems to reflect the observations on the 10 QL film (Figure S5c,d). While

we cannot completely rule out this scenario, it is surprising that such a strong final-state
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effect does not affect thinner Bi2Se3 films (e.g., 6 eV data on the 5 QL film) or Bi2Se3 bulk

crystals (e.g., Fig. 1 of Ref.7). Here we propose another possible scenario. Since 6 eV can

probe 2 ∼ 3 QLs into the bulk,13 it reveals the contributions from the buried second or third

QL to the TSS in addition to that from the top QL. Note that thicker films tend to develop

“pyramid-like” surface morphologies,14 which induce additional scattering and momentum

smearing for the “inner” electrons traveling across the densely spaced step edges. This can

explain the Dirac gap based on Scenario #3, as observed by relatively bulk-sensitive 6 eV

photoemission, but not by the surface-sensitive 21.2 eV photoemission.
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Figure S5: Distinguishing different origins for the Dirac gaps. (a,b) Energy distribution
curves (EDCs) taken at zero momentum using (a) 6 eV, and (b) 21.2 eV photons. (c) Energy-
momentum maps of 5 QL and 10 QL Bi2Se3 films using 6 eV photons. (d) Counterpart maps
using 21.2 eV photons.
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momentum resolution and energy resolution are good enough (bad energy resolution will broaden 

the Lorentzian peak and make it actually similar to a Gaussian peak), as presented in Fig. S7-2(d).  

In summary, the line shape of a gapless Dirac point is dominated by the combination of energy 

resolution and momentum resolution. It is also worth noting that the many-body effect such as the 

self-energy plays a similar role of the energy resolution, as shown in section VII. The broadened 

single peak as well as double peak signatures of the Dirac point in Bi2Se3 observed under different 

photon energies and experimental setups (corresponding to various resolutions) also support our 

analysis [8-10]. 

 

FIG. S7-2 2D Spectral simulation of a gapless Dirac band.  (a-d) Left panel: Simulated gapless 

Dirac band under selected parameters. Right panel: Extracted EDC curves at Dirac point and 

corresponding fitting results with Lorentzian-peak profile. 
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Figure S6: Gapped ARPES spectrum due to linewidth broadening. (a) Simulated spectrum
with a reasonable choice of spectral parameters, taken from Phys. Rev. X 9, 041040 (2019).11

The electronic self energy ImΣ = 6 meV; the energy and momentum resolutions were chosen
to be δE = 2.8 meV and δk = 5.6× 10−3 Å−1. An energy distribution curve (EDC) cutting
through zero momentum was plotted and fitted to a double-Lorentzian function. (b) Our
experimental ARPES spectrum from 5 QL Bi2Se3/SrTiO3(111), and the corresponding EDC
analysis.

SI Note 5: Evolution of the quantum well states of

Bi2Se3 films as a function of the film thickness.

The quantum well states (QWSs) in Bi2Se3 films are generally interpreted using the con-

tinuous model for 3D topological insulators in the ultrathin limit.8 They originate from the

quantization of the Dirac state due to c-axis confinement, and hence the Dirac state is the

zeroth-order QWS. According to this model, ∆En−0 = E(n)−E(0) should follow the scaling

of n2/d2, where n is the order of the sub-band, and d is the thickness of the quantum well.

We thus compare our experimental results for ∆En−0 vs d on a log-log plot in Figure S7c,

with the results extracted from Zhang et al. (Figure S7d).9

The evolution of our QWS energy as a function of the film thickness is qualitatively

consistent with that in Zhang et al.9 However, quantitatively our results are different. If we

use ∆E1−0 as the benchmark, ∆E1−0 is 394 meV and 52 meV in our 2 QL and 6 QL films, but
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is 450 meV and 200 meV in the counterpart films in Zhang et al.9 Note that the quantitative

differences can be due to the different substrates (SrTiO3 in our case and graphitized SiC

in Ref.9), and hence different quantum well configurations. To compare with the theoretical

model,8 we extract the exponent of the ∆E1−0 vs d relationship by doing linear fitting of the

data on a log-log plot (i.e., ln (∆E1−0) = a1+a2 ln (d)). Notably, the exponent (a2) for ∆E1−0

is −1.75 in our films, but this exponent was −0.78 for the films in Ref.9 This means that our

QWSs in as-grown Bi2Se3 films are closer to the theoretical prediction (theoretical exponent

is−2) for an infinite-depth QWS. We note that the agreement between our experimental data

and the theoretical model based on the infinite-depth quantum well8 is rather surprising,

considering that one side of the c-axis quantum well is vacuum and the other side is Nb-

doped SrTiO3. We speculate that our Bi2Se3 may be grown in the “step-climbing” mode,15

where the bottom QL forms a continuous “carpet” without disruptions from the underlying

substrate step edges. In such a morphology, there can be a small vacuum gap between the

bottom QL and the SrTiO3, which makes the c-axis quantum well more symmetric.
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Figure S7: Evolution of the quantum well states as a function of the film thickness. (a) 6
eV ARPES data on Bi2Se3 thin films with thicknesses ranging from 1 to 6 QL. (b) Energy
distribution curves (EDCs) taken at zero momentum. (c) Our experimental results of ∆E1−0

and ∆E2−0, which represent the energy differences between the zeroth and first-order states
and those between the zeroth and second-order states, respectively. The fitted slope on a
log-log plot for ∆E1−0 is −1.75. (d) Extracted counterpart results from Zhang et al.9
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SI Note 6: Comparison of the quantum well states in

Bi2Se3 films before and after the transfer.

Both the QWSs and the TSSs are shifted after the transfer. The TSS shift is interpreted as

a change of doping. Notably, Bi2Se3 can react with H2O during the wet transfer, which pro-

duces Se vacancies and thus more electron doping (Bi2Se3 + 6H2O→3H2Se↑ + 2Bi(OH)3).
16

Oxidation of chalcogenide films generally leads to hole-doping, and is thus not the dominant

effect in our transfer process.17 The energies of the QWSs are defined with respect to the

zeroth order QWS, which is the Dirac state. We summarize the changes of ∆En−0 for 3 QL

and 5 QL films in Table S1.

Both the first-order and second-order QWS energies are substantially changed after the

transfer. This is expected as the boundary conditions for the films are impacted by the chem-

ical and thermal treatments during the transfer. The bottom layer can be compromised by

H2O and O2; the surface layer can be additionally impacted by Se and polymer residuals (Fig-

ure S8f). Precisely modeling the boundary conditions after the transfer is very challenging

and subject to future investigations. Nevertheless, we remark that surface-related chemical

changes can result in a “triangular potential” near the surface.16 One important feature of

such a triangular potential is that the energy spacing between adjacent QWSs gradually de-

creases as the order of the QWS increases (i.e., ∆E2−1 < ∆E1−0). This contrasts the series

of QWSs in a more ideal quantum well,8 where the energy spacing between adjacent QWSs

gradually increases as the order of the QWS increases (i.e., ∆E2−1 > ∆E1−0). For the 5

QL sample, the change of the QWS energy spacings implies that there may be a triangular

potential emerging due to the surface- and/or interface-related contamination.
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Table S1: The comparison of the quantum well states of the Bi2Se3 films before and after
transfer.

Thickness ∆E1−0, before
transfer (eV)

∆E2−0, before
transfer (eV)

∆E1−0, after
transfer (eV)

∆E2−0, after
transfer (eV)

3 QL 0.26 N/A 0.28 0.46
5 QL 0.11 0.27 0.24 0.34

a

SrTiO3

Bi2Se3

Other 

substrates

Bi2Se3

O2 Se PMMA

H2O

Vacuum
b

c d

e

f

E

E

O2

H2O

Figure S8: Changes in the QWS energies in Bi2Se3 films after the transfer. (a,b) 6 eV
ARPES spectra of 3 QL and 5 QL films before the transfer. (c,d) Corresponding spectra
after the transfer. (e,f) Illustrations of (e) the more ideal symmetric quantum well and (f)
the asymmetric quantum well due to the surface- and interface-related contamination.
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Figure S9: A 10 QL Bi2Se3 membrane suspended on a 5 µm SiC aperture. (a) Broad field-
of-view image from transmission electron microscopy (TEM). (b-e) Selected-area electron
diffraction (SAED) patterns taken at 4 selected spots, as indicated in panel (a). Each SAED
pattern is integrated over an area with a diameter ∼ 200 nm. (f) Reciprocal lattice vectors
for 3 directions. (g) Strains along the 3 directions. Due to the different locations on the
membrane and different proximities to the edge of the aperture and wrinkles, if there are
any measurable strains we expect the SAED patterns from the 4 locations to be measurably
different. However, our results do not exhibit measurable differences between the SAED
patterns from the 4 locations. Hence the strains on the free-standing membrane, if there are
any, are beyond our detection limit.
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Figure S10: Optical image of a 6 QL Bi2Se3 film transferred on top of a 6 × 6 array of
Si-based photonic crystal cavities. Back lighting illuminates the tears which are separated
by 5-20 µm.

SI Note 7: Scanning transmission electron microscopy

(STEM) characterization of suspended Bi2Se3 films

The liberation of millimeter-scale topological insulator films enables the construction of sus-

pended membranes and the observation of local defects. As shown in Figure S11, we liberate

a 10 QL Bi2Se3 film and stack the film on top of a 5 µm silicon nitride aperture. Figure S11a

shows an atomically-resolved STEM top-view image and a SAED pattern of the suspended

Bi2Se3 film taken from a typical 200 nm region of the aperture. Here our microscopy results

reveal the Bismuth atomic columns due to their large atomic number (Z = 83). The pres-

ence of periodic atomic planes and a 6-fold symmetric diffraction pattern suggest the high

quality of the film after the transfer. With a detailed scanning of the suspended film, differ-

ent domains are observed in specific regions of the aperture, hosting defects at the domain

boundaries (Figure S11 and S12). In Figure S11b and Figure S12a-c, a small angle (1.5◦)

domain boundary leads to a distinct defective atomic plane, along which every other atom is

marked with vanishing intensity. We also identify point-like defects at the boundary between

two domains with a larger crystallographic angular difference (7◦), as shown in Figure S11c

and Figure S12d-f. In Figure S11d, we extract the atomic positions around such a defect. It

is clearly resolved that three atomic planes on the right-hand side (red dots in Figure S11d)

14



evolve into one atomic plane on the left-hand side. Two atomic columns have a coordination

number of five instead of six near the topological lattice defect. We remark that even though

the defective center is a point in Figure S11d, such a defect is classified as an edge disloca-

tion, which is a line defect traversing perpendicularly into the paper.18 Using the geometrical

phase analysis (GPA) method,19,20 we extract the strain maps for two strain components (εxx

and εyy) as depicted in Figure S11e and f. The large anisotropic strain up to ±20% is mainly

localized near the defect, yet the strain along the y direction extends to a few nm beyond.

The positive and negative values on the left and right-hand side, respectively, of the ϵyy map

correspond to the tensile and compressive strains (Figure S11f). These strains can affect the

electronic structures in a 2 nm extended local area. The more localized ϵxx pattern reflects

the change of the inter-atomic distance very close to the defect. Interestingly, the 7◦ angular

difference between the upper and lower domains in Figure S11c leads to a quasi-periodic

array of the topological defects, with a period of ∼ 3.7 nm (Figure S12d). A similar local

strain effect in Bi2Se3 films grown on graphitized SiC(0001) substrates has been reported

in previous STEM and scanning tunneling microscope (STM) studies.21 We emphasize that

the suspended film in our work allows for resolving the atomic-scale origin of such strains

for the first time. The line defects are topological in that they will not be annihilated if the

lattice is continuously deformed. Although such topological lattice defects do not lead to

additional 1D topological states by themselves,18 the substantial distortion they induce in

the surrounding lattice will have nontrivial consequences in the local electronic structures.21
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Figure S11: Atomically-resolved structural characterizations of a 10 QL Bi2Se3 film sus-
pended over a 5 µm aperture. (a) STEM image taken from a defect-free region of the
aperture. The spacing between the (1120) atomic planes marked by the parallel white lines
is 0.22 nm. The top inset shows the schematic of the Bi2Se3 film suspended on an aperture.
The bottom inset is the Selected Area Electron Diffraction (SAED) taken along the [0001]
direction. (b) STEM image taken from a region showing a defective atomic plane. The red
and blue lines mark the orientations of the two domains which have an angular difference
of 1.5◦. (c) STEM image taken from a region with topological defects. The red and blue
lines mark the orientations of the two domains which have an angular difference of 7◦. (d)
The extracted atomic positions near one topological defect from (c). The blue and green
dots represent the two domains and the red dots mark the atomic planes relevant for the
topological defects. (e, f) The strain maps corresponding to the topological defect in (d),
obtained by the geometrical phase analysis method along the horizontal (x) and vertical (y)
directions, respectively.
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Figure S12: Additional data on the defects near the domain boundaries in suspended 10 QL
Bi2Se3 films studied by STEM. (a) A large-scale STEM image of a 10 QL Bi2Se3 film sus-
pended on a 5 µm aperture. (b, c) Zoomed-in views of the domain boundary, with the
field-of-view’s for (b) and (c) defined by the colored rectangles in panels (a) and (b), re-
spectively. (d) STEM image taken from a region with a series of topological defects. (e)
Zoomed-in view marked by the red box in (d). (f) The Fast Fourier Transform (FFT) of (d).
An angle of 7◦ between the two domains is determined.
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SI Note 8: Preservation of topological surface states in

millimeter-scale transferred Bi2Te3 films

Our technique of millimeter-scale liberation can also be applied to Bi2Te3 films. Figure S13a

and b display the Fermi surface and the band dispersion along the Γ-K direction of a 27 QL

Bi2Te3 film grown on a SrTiO3 substrate. A hexagonal Fermi surface and a quasi-linear TSS

are clearly observed, in agreement with previous ARPES measurements.22 With the same

method described in the main text, we transfer the 27 QL Bi2Te3 film onto a Si substrate

and measure the band structure by ARPES. Figure S13c and d illustrate the constant energy

contour at −0.2 eV and the band dispersion along the Γ - K direction, respectively, after the

transfer. The constant energy contour exhibits a six-fold symmetry which is consistent with

the Fermi surface before the transfer. Similar to the transferred Bi2Se3 films, the Bi2Te3 film

also exhibits a higher electron doping after the transfer. The conduction band is observed

and the TSS shifts to a higher binding energy (Figure S13d). Nevertheless, the TSS is well

preserved after the millimeter-scale transfer.
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Figure S13: ARPES studies of the as-grown and transferred 27 QL Bi2Te3 film. (a) The
Fermi surface mapping of the as-grown 27 QL Bi2Te3 film measured at 8.5 K. (b) The
corresponding band dispersion along the Γ-K direction (ky = 0). (c) The constant energy
contour at a binding energy of 200 meV taken from the Bi2Te3 film transferred onto a Si
substrate. The measurement was done at 300 K. (d) The corresponding band dispersion
along the Γ-K direction for the post-transfer Bi2Te3 film.
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