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Supporting Information 

1. Sample thickness 

 
Figure S1. Thickness measurements using X-ray reflectivity (XRR) and atomic force microscope (AFM) for 

the Bi2Se3 films grown on SiO2 substrate.  (a)–(c) XRR data, AFM line profile and surface morphology for 

3 QL Bi2Se3 films. (d)–(f) XRR data, AFM line profiles, and surface morphology for 5 QL Bi2Se3 films. 

 

To confirm the thickness of the Bi2Se3 films grown on SiO2 substrate, we conducted XRR and AFM 

measurements. We used the X-ray source of Cu Ka for XRR measurements and made a step edge by 

scratching the film for AFM line profiles. In XRR data, the densities of Bi2Se3 films were found to be 

7.604 and 7.504 g/cm3, similar to the reported values of 7.6 g/cm3. The thicknesses values of Bi2Se3 

films were 2.915 nm and 4.614 nm. Although there were some differences between the measured and 

expected thickness of Bi2Se3 films, it is sufficient to decide the thicknesses of the films to be 3 QLs 

and 5 QLs. In the AFM measurements (figures S1 (b) and (e), thicknesses of Bi2Se3 of 3 QL and 5 QL 

are 3.24 nm and 5.46 nm, respectively. The values obtained using AFM were higher than those 

obtained using XRR. This difference between the two measurement methods is reasonable because 

the step edge for AFM line profile was made by using a cutter. In conclusion, the thicknesses of the 
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films were in good agreement with the expected thickness of 3 QL and 5 QL. 

 

2. Thickness-dependent ARPES data 

 
Figure S2. ARPES data for the Bi2Se3 film with different thicknesses. (a) 4–6 QL films are measured with a 

photon energy of 48 eV. (b) 2 and 5 QL films are measured with a photon energy of 21.2 eV 

 

We conducted additional ARPES, varying the Bi2Se3 film thickness grown on the graphene substrate. 

A gradual Fermi level shift is shown as the thickness decreases from 6 QL to 4 QL at the photon 

energy of 34 eV, and there is no bandgap of surface states. Using the labsource, the bandgap at 

approximately 100 meV is shown in 2 QL Bi2Se3 films on the graphene/SiC substrate, implying the 2 

QL film shows a bandgap reduction compared with reported data because of the strain and band 

bending effects, as discussed in the manuscript1. 

 

3. TEM images of Bi2Se3 grown on graphene 
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Figure S3. (a) STEM image of 5 QL Bi2Se3 on graphene/SiO2 substrate and (b) HR-image of 4 QL Bi2Se3 

on graphene/SiC  

 

We obtained scanning tunneling electron microscope images for 5 QL Bi2Se3 on a graphene/SiO2 

substrate, as shown in figure S3 (a). The atomic alignment is observed clearly, showing a typical 

lamella structure2. In addition, we confirmed the macroscopic quality of the 4 QL Bi2Se3 grown on the 

monolayer graphene/SiC substrate, as shown in figure S3 (b). The film is flat and has a sharp 

morphology. 

 

4. Comparing the SiO2 and SiC as a substrate 
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Figure S4. (a) XRD patterns of 3QL Bi2Se3/graphene/SiC and 3QL Bi2Se3/graphene/SiO2 and workfunctions 

of (b) graphene/SiC and (c) graphene/SiO2 

 

Using ARPES measurement, we observed closing bandgap in 3QL Bi2Se3 grown on the graphene 

on SiC substrate. Using XPS, SAXS, and PPMS, we obtained various electrical and structural data on 

the film grown on graphene on SiO2 substrate. In order to confirm the difference between the two 

films grown on the substrates, we compared the crystalline structure of Bi2Se3 using XRD and 

workfunction of the graphene on SiC and SiO2 using UPS, as shown in figure S4. There are clear 

peaks of (003) and (006) in both film. In particular, the clear oscillation peak of (003) and higher 

intensity of (006) peak in 3 QL Bi2Se3/graphene/SiC sample implies that Bi2Se3/graphene/SiC has 

higher crystalline quality than the Bi2Se3/graphene/SiO2 because of the higher quality of graphene 

epitaxially grown on SiC compared with graphene transferred on SiO2. The d-spacings of the two 

samples calculated by (003) peaks are 0.999 nm and 1.008 nm for the Bi2Se3/graphene/SiC and 

Bi2Se3/graphene/SiO2, respectively. This implies that Bi2Se3 films on both graphene/SiC and 

graphene/SiO2 have a strain of approximately 5 %, which was obtained in SAXS data as shown in 

figure 2 (b). The film grown on graphene/SiC has less tensile strain than that grown on graphene/SiO2. 
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However, the strain difference between Bi2Se3 films grown on graphene/SiC and graphene/SiO2 does 

not affect our discussion, because this difference is not large (~0.8%) and the graphene causes the 

same strain effects to decrease tensile strain in the out-of-plane direction in the Bi2Se3 films. 

Furthermore, we compared the workfunctions of two graphene samples prepared on SiO2 substrate 

and SiC substrate. The workfunctions of graphene grown on SiC substrate and transferred on SiO2 

were 4.08 and 4.25 eV, as shown below in figure S4. Considering that the workfunctions of Bi2Se3 

film is 5.07 eV, as we discussed in supporting information, the differences in workfunction between 

Bi2Se3 and graphenes on both substrates are large enough to induce the strong band bending effects. 

In addition, the difference between graphene (~ 0.5 eV) and Bi2Se3 film (~ -0.25 eV) in simulated data, 

as shown in figure 3 (b) and (c), is similar to measured data. Therefore, the difference between the 

substrates on which we prepared graphene does not affect the discussions in the manuscript. 

 

5. Spatial distribution of unstrained Bi2Se3 and Bi2Se3/graphene heterostructures 
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Figure S5. Band structures and their spatial distributions of (a) bare 3 QL Bi2Se3, (b) 3 QL Bi2Se3 

considering the relaxed parameters in the Bi2Se3/graphene, (c) relaxed 3 QL Bi2Se3/graphene, and (d) 

strained 3 QL Bi2Se3/graphene. The graphene has linear bands as represented in (c) and (d) with blue dots 

  

We plotted the spatial distribution of Bi2Se3 and Bi2Se3/graphene heterostructures. Both the 

conduction and valence band of bare Bi2Se3 are distributed throughout the whole film (figure S5 (a)). 

The spatial distribution in the strained 3QL Bi2Se3 is very similar to the bare 3 QL Bi2Se3 film (figure 
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S5 (b)). However, the conduction band and valence band in the samples with the graphene are divided 

at each top and bottom in both relaxed 3 QL Bi2Se3/graphene and strained 3QL Bi2Se3/graphene 

structure. This localization results from the band bending caused by graphene. It implies that breaking 

of the symmetry in Bi2Se3 film due to the charge transfer with the graphene induces the localization of 

the surface states and prevents the hybridization of surface states. In detail, without strain, each 

wavefunction of top and bottom surface state is distributed in a relatively large range in which a small 

wavefunction exists at the opposite layer. However, with strain of 2%, the wavefunctions of top and 

bottom surface states almost belong to each top and bottom layer. As a result, this separation of 

wavefunctions in strained 3 QL Bi2Se3/graphene heterostructure induces the complete bandgap 

closing of surface state. 

 

6. Work function of graphene and Bi2Se3/graphene heterostructure  
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Figure S6. UPS spectra and secondary cutoff energy of (a) graphene grown on SiC substrate, (b) 3 QL 

Bi2Se3 on graphene/SiC substrate, and (c) 20 QL Bi2Se3 on graphene/SiC substrate. 

 

The work functions of monolayer graphene, 3QL Bi2Se3/graphene, and 5 QL Bi2Se3/graphene on 

SiC substrates were measured by ultraviolet photoemission spectroscopy. Strong band bending occurs 

because of the large work function difference between the Bi2Se3 film (5.07 eV) and graphene/SiC 

substrate (4.075 eV), so that strong spatial localization of the surface state would occur, as we showed 

in the simulation data. 

 

7. band structure as the strain increased  

 

Figure S7. Band structures of (a) relaxed 3QL Bi2Se3/graphene and (b)–(d) 1 %–3 % tensile-strained 3 QL 

Bi2Se3/graphene in the in-plane direction. (e)–(h) the lattice parameters of the calculation. 

 

We investigated the change in surface gap by increasing the tensile strain up to 3 % in DFT 

calculation. We observed the complete bandgap closing, using the DFT calculation, in the 3 QL 

Bi2Se3/graphene with 2% tensile strain in the in-plane direction. We plotted the relaxed 3 QL 

Bi2Se3/graphene and 1%, 2%, and 3% strained 3QL Bi2Se3, as shown in figure S7. Although the exact 
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lattice distance cannot be determined because the intralayer distance and vdW distance changes 

differently, the total distance between highest and lowest Se in 3 QL Bi2Se3 decreased from 26.30Å 

to 26.08Å (~0.8%). This is consistent with XRD results in which d-spacing of Bi2Se3/graphene/SiC 

is smaller within 1% than that of Bi2Se3/graphene/SiO2. The total distance between highest and lowest 

Se decreases to 25.79Å, which is approximately 2%. The two vdW distances (top layer to middle 

layer and middle layer to bottom layer) are different from each other, implying that the strain from 

graphene effect is too strong to make the Bi2Se3 film asymmetric. The bandgap is closed when the 

tensile strain in the in-plane direction increases to 2%. When 3 % strain is applied, the bandgap 

remains closed in the DFT calculation. Although the Dirac point moved to the bulk valence band, 

there is no notable difference in band structure compared with 2% strained 3 QL Bi2Se3/graphene, i.e., 

as the strain exceeds 2%, the bandgap remains closed.  

 

8. Magneto-conductance of 20 QL Bi2Se3 film 

 

Figure S8. (a) Temperature dependent resistance and (b) magneto-conductance of 20 QL Bi2Se3 film. (c) 

temperature dependency of coherence length and α value determined by Hikami-Larkin-Nagaoka equation  
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We measured the magneto-conductance of the 20 QL Bi2Se3 film to verify the typical trends of 

Bi2Se3 films. For the temperature-dependent resistance (figure S8 (a)), there are three temperature 

regions, depending on the dominant scattering (or transport) mechanisms: electron-phonon interaction 

(> 19 K), two-dimensional electron-electron interaction (4 K < T < 19 K), and defect sites (< 4 K). 

Similar trends are observed in both Bi2Se3/graphene heterostructures (figure 4(a)). In addition, we 

obtained magneto-conductance as a function of temperature (figure S8 (b)). As we describe in the 

manuscript, clear WAL is observed, so we fitted the curve using the Hikami-Larkin-Nagaoka equation 

and found a temperature-dependent change in both α and l φ . 

 

9. Magneto-conductance as a function of temperature 

 

Figure S9. magneto-conductance data as a function of temperature for (a) 3 QL and (b) 5 QL Bi2Se3 grown 

on the graphene/SiO2 substrate. (c) and (d) are extended plots of (a) and (b), respectively.   
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The detailed magneto-conductance data as a function of temperature is shown in figure S9. The 

weak anti-localization (WAL) of graphene at high B-field is due to the graphene layer in both 3 QL 

and 5 QL Bi2Se3/graphene heterostructures. In figure S9 (a), typical weak anti-localization caused by 

the Bi2Se3 film in the range from 0.1 T to 1 T is observed more clearly than in figure 4 (b). As the 

temperature increases from 2 K, WAL from the Bi2Se3 weakens and is rarely seen over 40 K for the 5 

QL sample (figure S9 (c)) and over 20 K for the 3 QL sample (figure S9 (d)), at which temperature the 

scattering mechanism changes from 2D electron-electron interaction to e-phonon interaction, as 

shown in figure 4 (a). 

 

10. Detailed fitting of WAL and WL in the Bi2Se3/graphene heterostructures 

 

Figure S10. Fitting of (a) graphene, (b) 3 QL Bi2Se3/graphene heterostructure, and (c) 5 QL Bi2Se3/graphene 

heterostructures. Fitting was performed using both the simplified HLN equation for the WAL of topological 

insulators and the general equation for the WL of graphene. 

 



 

  13  

 

We fitted the 3 QL Bi2Se3/graphene and 5 QL Bi2Se3/graphene heterostructures considering both 

transport channels of Bi2Se3 and graphene. The equations we used are as follows: 
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where Ψሺzሻ is a digamma function and Fሺݖሻ ൌ ݖ݈݊ ൅ Ψሺ0.5 ൅  ଵሻ. The coefficients α and βିݖ

correspond to the prefactors for the TI film and graphene, respectively, considering the contribution 

for the conduction. 	ܤథ ൌ ԰ ⁄ௐ஺௅߬݁ܦ4  ߬஻
ିଵ ൌ ሺ4݁ܦ ԰⁄ ሻܤ, and ߬௫ିଵ	ሺݔ ൌ ߮, ݅,∗ሻ are associated with 

phase-breaking ሺφሻ, inter-valley ሺ݅ሻ and intra-valley ሺ∗ሻ scattering, where τ∗ିଵ  is divided into 

single valley chirality-breaking and trigonal warping rates. In addition, using the coherence lengths 

ݕሺ	௬ିଵܮ ൌ ,ܮܣܹ ߮, ݅,∗ሻ ൌ ൫߬ܦ௬൯
ଵ/ଶ

, we can extract each coherence length of ܮௐ஺௅, ܮఝ, ܮ௜ and ܮ∗ 

from the fitting data (we refer the phase coherence length l φ in Bi2Se3 as LWAL in order to avoid 

confusion with the phase coherence length ܮఝ of graphene).  

For the Bi2Se3, we used the simplified HLN equation as we fitted the WAL of 20 QL Bi2Se3 films in 

figure S8; for the graphene, we used the general equation for the WL of graphene described by E. 

McCann3. Detailed fitting results are listed in table S1. The fitting results for the WL of the single-

layer graphene, ܮఝ ൌ ௜ܮ ,݉݊	434 ൌ 296	݊݉ and ܮ∗ ൏ 1	nm, imply that there are strong scattering 

sources such as defects and grain boundaries in graphene. In the heterostructure of 3 QL 

Bi2Se3/graphene, strong WL was also found and the coherence lengths were lower than that of bare 

graphene. In 5QL Bi2Se3/graphene, WL became weak and the lengths were changed to reasonable 

values, in which τ∗ିଵ can be compared with other lengths (τఝିଵ ൏ τ௜
ିଵ ൏ τ∗ିଵሻ.  This implies that the 

quality of graphene could be improved in the stack structure of Bi2Se3/graphene, which is consistent 

with reported data4. The absolute values of coherence lengths were lower than the reported values for 

the graphene5 because of the quality difference between exfoliated and CVD-grown films.  
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The prefactor α values in 3QL Bi2Se3/graphene and 5 QL Bi2Se3/graphene were found to have the 

same value of 0.18, which is lower than the ideal value of 0.5 for the surface conductance channel. 

This can be attributed to the Anderson localization, which is found in ultrathin and disordered TI films 

with low conductivity6.  The phase coherence lengths of 3 QL Bi2Se3/graphene and 5 QL 

Bi2Se3/graphene, however, were found to have much higher values than other reported values, as we 

discussed in manuscript.  

 

Table S1. Fitting values of WAL and WL in graphene, 3 QL Bi2Se3/graphene (BS/G) and 5 QL BS/G. 

We set β=1 for the fitting of WL in bare graphene. 

 α ܮௐ஺௅ or ݈ఝ β ܮ௚ఝ ܮ௜ ܮ∗ 

Graphene - - 1 434 296 <1 

3 QL BS/G 0.18 534 0.182 261 35 <1 

5 QLBS/G 0.18 269 0.243 163 109 56.7 
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