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are protected by time-reversal symmetry 
(TRS) and characterized by a nonzero Z2 
invariant.[1] The spin and momentum 
of topological edge states (2D TIs) or 
surface states (3D TIs) are orthogonally 
locked and robust against nonmagnetic 
backscattering.[2] Beyond the Z2-order 
protected band topology, the crystalline 
symmetry preserves the band topology in 
cases such as discrete rotation and mirror 
symmetry which defines the topological 
crystalline insulators (TCIs).[3] A combina-
tion of these two topological properties in 
one material, i.e., dual topology, defines 
a dual TI and offers fertile possibilities 
of gapping one topological surface state 
via breaking the respective symmetry 
while preserving another.[4] Therefore, 
the exploration of dual TIs can elucidate 
more degrees of freedom to manipulate 
the band structure and electric transport 
properties for designing novel topological 
electronic, spintronic, thermoelectric, and 
optical devices.[5]

Dual TIs can exist in different topolog-
ical forms.[6] One form refers to dual pro-

tection of surface states by multiple bulk symmetries, such as 
Bi2Te3

[6b] predicted to be both a TI and a TCI whose topological 
surface state is protected by TRS and crystal symmetry simul-
taneously. Another interesting form is that the dual TIs can 

Dual topological insulators, simultaneously protected by time-reversal sym-
metry and crystalline symmetry, open great opportunities to explore different 
symmetry-protected metallic surface states. However, the conventional dual 
topological states located on different facets hinder integration into planar 
opto-electronic/spintronic devices. Here, dual topological superlattices 
(TSLs) Bi2Se3-(Bi2/Bi2Se3)N with limited stacking layer number N are con-
structed. Angle-resolved photoelectron emission spectra of the TSLs identify 
the co existence and adjustment of dual topological surface states on Bi2Se3 
facet. The existence and tunability of spin-polarized dual-topological bands 
with N on Bi2Se3 facet result in an unconventionally weak antilocalization 
effect (WAL) with variable WAL coefficient α (maximum close to 3/2) from 
quantum transport experiments. Most importantly, it is identified that the 
spin-polarized surface electrons from dual topological bands exhibit circularly 
and linearly polarized photogalvanic effect (CPGE and LPGE). It is anticipated 
that the stacked dual-topology and stacking layer number controlled bands 
evolution provide a platform for realizing intrinsic CPGE and LPGE. The 
results show that the surface electronic structure of the dual TSLs is highly 
tunable and well-regulated for quantum transport and photoexcitation, which 
shed light on engineering for opto-electronic/spintronic applications.
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1. Introduction

Topological insulators (TIs) possess metallic states with a 
linear dispersion relation on the boundary or surface which 
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be constructed via stacking 2D TIs layers with weak interlayer 
hybridization and mirror symmetry perpendicular to the con-
struction direction,[4,6a,7] which has two surface states protected 
by TRS and mirror symmetry, respectively. There is except for 
the case that the band structure of heterojunction of 3D TI/2D 
TI, such as Bi2Te3/Bi[8] or Bi2Se3/Bi[9] is just the superposition 
of 2D Dirac cone states of TI and Bi, leading to a formation 
of additional Rashba states. One typical example is the layered 
compound Bi2TeI where the 2D TI layer Bi is sandwiched by 
two layers of a trivial semiconductor BiTeI to construct a weak 
TI.[7a,10] However, the time reversal and mirror symmetry-pro-
tected Dirac surface states of Bi2TeI reside in different facets 
assigned with weak topological indices and mirror Chern num-
bers. A similar example of such a dual topological system is 
Bi1Te1

[4] consisting of double layers of 3D TI Bi2Te3 and one 
bilayer of Bi, whose weak TI and TCI states are not located on 
the same termination. The exhibition of dual topological sur-
face states on different facets may limit the application of low-
dimensional heterostructure devices. While only one single 3D 
strong TI layer Bi2Se3 is incorporated between 2D TI Bi, a TI 
surface state will inherit the bulk property of both topological 
layers, and the strong TI surface states (TISs) and TCI sur-
face states (TCISs) can emerge on the same facet.[5b,11] It may 
become more applicable for multitopological state manipula-
tion considering the correlation of facet, topology, and sym-
metry.[12] Until now, different topological classes of dual TIs 
have been demonstrated by ab initio density functional theory 
calculation, angle-resolved photoelectron emission spectros-
copy (ARPES), and scanning tunneling spectroscopy.[4,5c,6a] 
However, the correlation of quantum transport with the elec-
tronic structure of a dual TI is not well understood yet, and 
their potential applications such as optoelectronics by utilizing 
dual TI states have also never been explored. Here, we con-
structed Bi2Se3-(Bi2/Bi2Se3)N topological superlattices (TSLs, N 
is the stacking layer number, when N = ∞ Bi4Se3 is predicted to 
be a dual TI[11]) consisting of alternating one bismuth bilayer 
(Bi BL) and one quintuple bismuth selenide layer (Bi2Se3 QL) 
via molecular beam epitaxy (MBE). Based on ARPES, we can 
identify the TISs and TCISs coexist in the Bi2Se3-terminated 
topological superlattices. As N increases from 1 to 13, the Dirac 
point of TCI (DTCI) and TI (DTI) shifts from the estimated value 
−0.25  eV (−0.8  eV for DTI) for N  = 1 to +0.1  eV (−0.5  eV for 
DTI) for N = 13 (about 0.3 eV), and DTCI approaches to Fermi 
level and finally crosses over the Fermi level at N  = 7. From 
magnetoconductance (MC) measurements, we observe that the 
electron–electron interaction (EEI) and weak antilocalization 
effect (WAL) play an important role in the low-dimensional 
TSLs, and more coherent channels contribute to WAL when 
the Dirac point of TCI, DTCI, located near Fermi level. More-
over, via low-energy photon excitation exploration, the stacking 
layer number N regulated spin-polarized bands also lead to 
pronounced N-dependent circularly and linearly polarized 
photogalvanic effect (CPGE and LPGE), revealing the coherent 
entanglement of TCI and TI surface electrons. In contrast to 
CPGE originated from optical selection rules of the spin-split 
subbands, LPGE only emerges with coherent channels of TCI 
and TI intermixing states where asymmetric electron scattering 
occurs. Our observation of a dual TI band structure modulated 
quantum transport and optical excited photocurrent would give 

more insights of investigations of dual topological states with 
manifestation on one facet for electronic, spintronic, or opto-
spintronic device application.

2. Formation of Dual TSLs and ARPES 
Measurements
Figure 1a shows a schematic diagram of TSLs with alternative 
stacking of 2D and 3D TIs. Along the stacking direction, one 
2D TI Bi bilayer is sandwiched by two 3D TI Bi2Se3 quintuple 
layers. The small lattice mismatch between these two building 
blocks enables well-ordered crystalline samples and the infi-
nite stack sequence of (Bi2Se3/Bi2)N(N  →  ∞) has a hexagonal 
layered structure with space group R m3 .[13] The comparable 
spin–orbit coupling (SOC) of these two blocks is inherited 
from the same element Bi and their weak covalent bonding 
strength enforces the progressive coupling of adjacent 2D and 
3D TIs. Inside the dotted box (Figure  1a), it depicts the SOC 
of the electrons between the Bi2 bilayer and the Bi2Se3 layer.[11] 
Generally speaking, when two different energy bands overlap 
with each other, the existence of their SOC opens an exchange 
gap.[11] In the Z2 language, the exchange gap between surface 
states can be naturally obtained where the topological energy 
band crosses for the (1 + 1) mod 2 = 0.[14] However, when the 
stacked topological system preserves mirror symmetry for the 
plane along the surface normal M’, a gapless surface state 
emerges due to the topological protection by a mirror Chern 
number, as described as a TCI in Figure 1b. Assuming that the 
topological properties of the parent layer Bi2Se3 are still pre-
served on the surfaces with SOC, the acquired TCI from mirror 
symmetry protection makes the stacked topological system a 
dual topological phase on the same facet. Fortunately, the Bi 
and Bi2Se3 layers share the same space group R m3 , and the 
three mirrors along Γ − M perpendicular to the surface would 
be preserved throughout epitaxial growth. The dual topology 
can be classified from the band inversions located at the time-
reversal invariant momentum (TRIM) Γ  and along Γ − M of the 
2D surface Brillouin zone (Figure  1c). As a consequence, the 
surface state protected by TRS is still preserved at the Γ point 
accompanied with three pairs of Dirac surface states at non-
TRIM points along − Γ −M M lines on (001) surface simulta-
neously. Figure  1d depicts the Fermi contour of Bi2Se3-TSLN=5 
with a clear hexagonally warped Fermi surface near the center 
of the first surface Brillouin zone, which is similar to 3D TI 
Bi2Se3. The energy–momentum (E–k) image along   − Γ −M M 
in Figure 1e (left) remarkably shows two Dirac-like bands, with 
Fermi level EF  = 0.0 eV, one at the Γ  point around −0.7  eV 
termed as DTI and the other on the mirror-invariant Γ − M 
azimuth around −0.1  eV termed as DTCI, which indicates the 
coexistence of different symmetry-protected topological surface 
states on the same facet. Corresponding momentum-dispersion 
curves (MDCs) in Figure  1e (middle) show a pronounced TI 
surface state, implying strong topological protection despite 
the Coulomb attractive interaction between the Bi and Bi2Se3 
layers.[15] Figure  1e (right) shows the second derivative image 
of MDCs (2nd MDCs), which offers an enhanced resolution of 
the Dirac linear bands from TCI and TI states. The strong TI 
surface state in the reduced dimensional TSLs is similar to that 
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in the previously reported bulk material Bi4Se3 with DTI located 
at 0.6  eV below the Fermi level.[16] However, the crossed TCI 
energy bands are less clear than the TI surface state. Neverthe-
less, it indicates the nontrivial property of topological protection 
in the stacked TSLs.

To further reveal the mirror-symmetry-protected band cross-
ings at non-TRIM points, we performed systematic band 
analysis. Figure  2a depicts the experimental ARPES spectra 
along high-symmetry and non-high-symmetry lines in k-space 
which exhibit the topological crystalline character of the stacked 
TSLs. Compared to the ARPES spectra taken along high-
symmetry lines Γ − M with Γ − K cut, there is a hybridization 
gap with an energy gap of about 0.10 eV along Γ − K  extracted 
from the energy distribution curve while no obvious gap along 
Γ − M direction but a Dirac crossing point around −0.09 eV at 
k ∼ 0.25 Å−1. The Dirac point is derived from the existence of 
mirror symmetry protection which forbids the SOC gaps along 
Γ − M. By comparing our ARPES of a wide area of in-plane 
ordered samples with previous works,[5b] we can confirm the 
existence of dual topological surface states in low-dimensional 
topological superlattice on the Bi2Se3 facet. This feature indi-
cates the consequence of the mirror-symmetry-protected Dirac 
surface state of the stacked TSLs.[11]

Stacking layer number N usually significantly affects the 
electronic properties of conventional superlattices and 3D TIs, 

e.g., quantum confinement effect,[17] which greatly modifies 
the band structure. Figure 2b shows a series of ARPES spectra 
of TSLs (Bi2Se3/Bi2)N along − Γ −M M with various repeating 
period numbers N = 1, 5, 7, 11, 13. Clearly, with increasing N 
from the ultrathin stacking layer (N = 1) to thick stacking layer 
(N = 13), the “V”-type TI surface state is still preserved. Inter-
estingly, the position of the Dirac point DTI shifts from −0.8 eV 
for N  = 1 to −0.5  eV for N  = 13. The position of the Dirac 
point DTI of TSL N = 13 is similar to the 3D bulk Bi4Se3, which 
remarkably shows the magnificent effect of stacking layer 
number regulation. Simultaneously, the TCI Dirac point DTCI 
(marked with red crossed lines) is located at around −0.25 eV 
for the sample with N = 1, which is 0.15 eV deeper than that 
for the sample with N = 5. It overtakes the Fermi level when 
N is above 7. Figure  3c shows the variation of the estimated 
energy distance of DTI and DTCI relative to the Fermi level as 
a function of N (when N > 7, the position of DTCI is inferred 
with respect to DTI assuming the relative distance between 
DTI and DTCI keeps constant). In general, the overall electronic 
structure of dual TI on Bi2Se3 facet is less modulated by the 
stacking layer number, while the relative position of DTI and 
DTCI presents a monotonic up-shift of about 0.3  eV. This up-
shift can be ascribed to the modulation of the charge transfer 
effect from electron donor Bi BL to electron acceptor Bi2Se3 
QL.[15b]

Adv. Mater. 2023, 2208343

Figure 1. Formation mechanism and band characterization of dual topological surface states. a) Schematic diagram of complete TIs stacking structure 
with finite periods. The TSL is consisted of alternating Bi2Se3 quintuple layers (QLs) and Bi bilayers (BLs) structure (repeating periods, N) with Bi2Se3 
termination. The dotted box shows the spin–orbit coupling of 2D electrons between QLs and BLs.[11] b) The schematic illustration of the formation of 
dual topological states. The spin–orbit coupling can induce an exchange gap where two Dirac cones overlap. With mirror symmetry protection, the 
gap will be closed, leading to six Dirac cones on the Bi2Se3 surface. Light blue planes M’ represent the mirror planes. c) Bulk Brillouin zone and its 2D 
projection to (0001) surface, where blue planes represent three equivalent mirrors. d) The Fermi surface of (Bi2Se3-Bi2)N = 5 from ARPES. e) From left to 
right, the E–k curves, MDCs, and 2nd MDCs, measured along − Γ −M M, clearly show the coexistence of TCI and TI states (denoted by DTCI and DTI), 
which are almost identical to spin split bands from surface contribution.[5b]
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2.1. Transport Properties of TSLs

To gain more deep insights into dual topology-modulated 
quantum transport properties, we performed low-temperature 
transport measurements. WAL,[18] a typical characteristic of 
surface states in topological materials, usually occurs at low 
temperatures and low magnetic fields, which originates from 
quantum interference (QI) between backscattered electrons 
when Dirac electrons acquire a π Berry phase after circling 
on the spin-momentum-locked surface.[19] A series of Bi2Se3-
TSLs samples were fabricated into a standard Hall bar geom-
etry (Figure  3a). First, we performed magnetoresistance (MR) 
measurements with the magnetic field (B) at different tilting 
angle θ, which allows us to distinguish the 2D WAL effect 
associated with the topological surface states from the 3D bulk 
effect. Figure 3b (take Bi2Se3-TSLN=3,11 as examples, others seen 
in Figure S5, Supporting Information) shows MR as a func-
tion of the normal component of magnetic field B, i.e., Bcosθ. 
When the magnetic field is parallel to the charge current direc-
tion (θ = 90°, B||I), the existence of a trivial parabolic MR curve 
indicates no contribution to WAL from 3D bulk-state-occupied 
electrons.[20] On the contrary, a visible negative MR dip occurs, 
a characteristic of WAL, when the magnetic field is perpendic-
ular to the sample (θ = 0°, B⊥I). It can be clearly seen that all 
the R(θ, B) curves nearly coincide with each other particularly 
in low magnetic fields. The angle-dependent magnetic field MR 
results demonstrate that the observed WAL is mainly derived 
from 2D surface states.[20,21]

According to 2D localization theory, magnetic field-induced 
suppression of WAL corrections in 2D systems is quantified by 
the Hilami–Larkin–Nagaoka (HLN) equation[22]
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which has been extensively applied to the surface states of top-
ological materials.[18b,20,23] σ is the sheet conductivity, e is the 
charge of electron, lφ is the phase coherence length which is the 
distance traveled by an electron before its phase is changed, α 
is the WAL coefficient representing the number of independent 
spin–orbit-coupled coherent transport channels (one spin-
momentum-locked surface state contributes 1/2 at most),[24] 
and Ψ is the digamma function, i.e., the logarithmic derivative 
of the gamma function. Figure  3c shows the MC and typical 
HLN fitting curves (up to 1T) at various temperatures for N = 1 
(others seen in Figure S6, Supporting Information), from which 
the relationship between the phase coherence length lφ and the 
temperature T can be obtained. It can be noticed that the QI 
gets destroyed due to the randomization of phase at higher tem-
peratures and nearly could not be observed above 50 K. We fur-
ther fitted lφ − T curves with l T∼φ

γ−  shown in Figure 3d, where 
the index γ  = 0.33, 0.5, 0.75 corresponds to an EEI dephasing 
mechanism in 1D, 2D, and 3D systems, respectively.[25] That the 
value of γ is rough about 0.5 indicates the dephasing scattering 
mechanism mainly comes from a 2D system,[18a,26] which is 
consistent with WAL mainly originating from 2D surface states 
as mentioned above. Owing to the strong EEI in the reduced 
dimensional TI superlattice system (see Section S3, Supporting 
Information), the phase coherence length will be smaller com-
pared to similar topological insulator materials.[18a,18b]

To characterize the SOC of the TSL system, we can introduce 
the term of spin–orbit scattering length (lso) into the formula 

Adv. Mater. 2023, 2208343

Figure 2. Symmetry and stacked layer number-dependent band structure. a) The E–k image and EDCs along Γ −M with mirror symmetry and Γ −K 
without mirror symmetry for N = 5. Obviously, the sub-band breaks off along Γ −K with a gap of about 0.1 eV while it continues at the band crossing 
due to the mirror symmetry protection. b) ARPES spectra of energy dispersion at the Fermi surface of superlattices Bi2Se3 − (Bi2Se3-Bi2)N with N = 1, 
5, 7, 11, 13, respectively. The Dirac cone of TCI DTCI is marked with red crossing lines and the Dirac cone of TI DTI is marked with blue crossing lines. 
c) The estimated binding energy shift of DTI and DTCI as a function of TSLs’ stacking layer number N.
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(formula 1 in Section S8, Supporting Information) to obtain 
N-dependent lso (Figure S8b, Supporting Information). No evi-
dent change of lφ was observed after introducing spin–orbit 
scattering length lso. We found that the lSO of TSLs does not 
change significantly with thickness. It is also in line with expec-
tations, since the composition of our system has not changed. 
Furthermore, in Figure S3 in the Supporting Information, the 
conductance σ(T) with different B drops logarithmically with 
temperature for all the TSLs. The positive slope of σ(T) can be 

denoted by h

e T
κ π σ=









∂
∂ln2

, serving as additional evidence for 

the EEI. Figure 3e depicts the low-field (less than 1 T) MC-Δσ of 

Bi2Se3-TSLs (N = 1, 3, 5, 7, 9, 11, 13) at 2 K. The extracted WAL 
coefficient α from the HLN fit as a function of N is shown in 
Figure 3f. Remarkably, as the N increases, the value of α, which 
represents the number of independent coherent channels, first 
increases and then decreases, varying from ≈1.0 to ≈1.5 and 
back to ≈1.0. The “terrace”-like trend is also evident when the 
background of linear MR is taken into account (Figure S7, Sup-
porting Information) though α for N = 11 is greatly reduced.[27] 
It is worth noting that, in Figure S3 in the Supporting Informa-
tion, δk, a manifestation of the contribution of WAL to some 
extent, also has the “terrace”-like trend with N, which is con-
sistent with N-dependent α. The stacking layer N dependence 

Adv. Mater. 2023, 2208343

Figure 3. Temperature and stacked layer number-dependent WAL measurements of TSLs. a) Schematic view of transport measurements, where θ is 
the angle between the direction of the magnetic field and the normal direction of the sample surface. b) WAL measurements of different magnetic field 
inclinations of N = 3 and N = 11. The right panel shows MC at low fields (up to 1 T). When the magnetic field is perpendicular to the sample, it shows 
a typical cusp like WAL, and while the magnetic field is parallel to the sample, it shows a trivial parabolic form (with fitting). The inset picture shows 
the direction of the electric current and magnetic field, where θ is the angle between the direction of the magnetic field and the normal direction of 
the sample surface. c) The raw magnetic conductance data and HLN equation fitting of (Bi2Se3-Bi2)N = 1 superlattices at different temperatures. d) The 
phase coherent length lφ versus temperature curve and the fitting curve with ∼φ

γ−l T  in different superlattices. e) The raw magnetic conductance data 
and HLN equation fitting of different superlattices. f) The fitted α changes with the number of stacking layers N. Enhanced α is commonly associ-
ated with the helical spin texture of the topological Dirac dispersion. The insets show the corresponding changing trend of band structure evolution.
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of electron transport may be related to the regulation of elec-
tronic structure.

The nonmonotonic change of α indicates the contribution 
of additional QI channels. Comparing the quantum transport 
results with ARPES spectra in Figure  2, it can be concluded 
that the change of α originates mainly from the variation of the 
band structure near the Fermi level. As the N varies, the posi-
tion of DTCI relative to the Fermi level changes from ≈  −0.25 
to ≈ +0.10 eV (estimated from Figure 2c). In the previous low-
temperature transport study of 3D TI Bi2Se3, the α shows no 
evident thickness dependence for films thicker than 6 QL.[28] 
Such a nonmonotonic change of α cannot be ascribed to 
single topological surface state (TSS) contribution. Besides, the 
enhanced α emerging at N = 5–9 with value over 1.0 strongly 
demonstrates the pivotal role of TCISs in contributing to the 
transport channels. If there is only one TISs, the value of α will 
not change much and not exceed 1.0 in theory. Only when the 
Fermi level crosses the TISs and TCISs simultaneously can α 
exceed 1.0 (about 1.5) due to the additional contributions of the 
multiple TCISs. Such presumptions from the QI match quite 
well with ARPES results as shown in Figure  2b. Though the 
TCISs do play a vital role in QI transport, the contribution of 
TCISs is not as high as expected. According to the electronic 
band structure shown in Figure  1d, there are three pairs of 
TCISs around the Fermi level. Consequently, six extra equiva-
lent channels to QI arise and cause the upper limit of α up to 
7.0 (top and bottom surface). However, the observed α is largely 
reduced, which reflects the mutual scattering and coherent 
entanglement between Dirac cones from TCISs and TISs.[29,30] 
Usually, the WAL is contributed by the Dirac surface state with 
the same topology such as in a single TI or TCI system.[18b,30] 
The N-dependent WAL in the TSLs originates from a topolog-
ical regulation by the topological states of the TSLs with dual 
topologies. In addition, the shift of the Fermi level with respect 
to the Dirac point is likely to alter the strength of the mutual 
scattering between the electrons on the surface of the Dirac 
cone. More detailed theoretical work may be needed to explore 
the mechanism behind it.

2.2. CPGE and LPGE Measurements of TSLs

In addition to the stacking layer number of TSLs dramatically 
affecting the band structure and low-temperature transport 
characteristics, it will also stir the surface electrons in a non-
equilibrium process under light stimuli such as the CPGE and 
LPGE. CPGE is a unique probe to reveal topological surface 
states with spin-momentum locking,[31] which are forbidden 
from the contribution of bulk states with inversion symmetry 
in this case.[32] When the circularly polarized light is incident on 
the surface at an oblique angle θ (Figure 4a), based on the selec-
tion rules, only the spin-polarized electrons can be excited to 
unoccupied spin-polarized states resulting in the imbalance of 
carriers with opposite spin in k-space to generate a spin-polar-
ized current. LPGE can arise from the asymmetric scattering 
of free carriers by phonons, static defects, or other carriers in 
noninversion symmetric systems,[33] and may be related to the 
origin of topological surface states.[31] So far, CPGE has been 
studied in strong SOC systems, such as 2D electron gas,[34] 

Weyl semimetals,[35] topological insulators,[31,33,36] etc. With 
the coexistence of TCI and TI surface states on one facet in 
N-dependent TSLs, there may be interesting photogalvanic 
effects awaiting exploration.

Polarization-dependent photocurrent measurements were 
conducted as shown in Figure  4a. A diode laser with 1.17  eV 
was used and the light polarization was controlled by a quarter-
wave plate (QWP). θ is the oblique angle between the light wave 
vector and the normal direction of the sample surface which is 
marked by the z-axis. The incident plane is set as a y–z plane, 
and the electrode direction is along the x-axis. Figure 4b shows 
the measured photocurrent as a function of φ for N = 9, with 
θ = −45°. The photocurrent can be fitted phenomenologically by 
the following formula[36c,37]

I I I Iφ φ ϕ( )= + − +sin 2 sin 4C L 0
 (2)

here φ is the angle of the slow axis of the QWP with respect 
to the emitted linearly polarized light. IC and IL represent the 
amplitude of the CPGE and LPGE currents, respectively. ϕ is 
related to the angle between the coordinate axis y and the crys-
tallographic axis.[33] Both CPGE and LPGE current can be well-
fitted by IC∝sinθ (θ is the incident angle), vanishing at normal 
incidence as shown in Figure 4c.[38] Quite different from pre-
vious reports where a photo drag effect drives the photocurrent 
response,[33] the photocurrent from LPGE is predominantly pre-
sent in TSLs with N = 9. Both CPGE and LPGE currents vary 
linearly with the light intensity as shown in Figure 4c inset, 
which is expected according to phenomenological and micro-
scopic theories.

Compared with the ARPES and transport measurements 
above, the evolution of band structure exerts great influence 
on topological electron transport. Such influence might be the 
same on the photocurrent response. Figure  4e,f shows IC and 
IL as a function of N. According to previous band structure cal-
culations and deep-energy band structure mapping,[5b,11,15b] we 
assume the CPGE current is carried by electron states near the 
Fermi level due to the absence of hole bands which satisfy the 
energy conservation law. When N  = 1, the magnitude of IC is 
weak because when the TCI crossing point is well below the 
Fermi level, there are few spin-polarized electrons from topo-
logical states contributing to CPGE current under the optical 
selection rules according to the band structure in Figure 2b. As 
N increases, the DTCI approaches the Fermi level and more elec-
trons can be excited from bottom hole spin-polarized states to 
top electron spin-polarized states as shown in Figure 4d (N = 5). 
The circularly polarized light selectively excited the spin-polar-
ized Dirac electrons above the Fermi level, giving rise to the 
asymmetric distribution of electrons. Consequently, the CPGE 
current increases obviously. When DTCI continues to approach 
the Fermi level, due to the decrease of state density from 
the forbidden exchange gap region and the spin degeneracy 
around Dirac point in Figure 2a,[11] IC would decrease but pre-
serve a minimum at N = 7 shown in Figures 2a and 4d. When 
N increases to 11 and 13, the Fermi level is located far below 
DTCI, and as the energy band slope (Fermi velocity ∼  ΔE/Δk) 
decreases, the previously excited states no longer meet the 
photo-selection rules near Fermi level (Figure S9, Supporting 
Information), and IC becomes smaller. On the other hand, the 
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thickness dependence of LPGE can exclude its origin from 
extrinsic contribution such as photoionizing defects,[39] but is 
tightly related to the evolution of the band structure. When 
N  = 1, similar to CPGE, IL is small because of fewer excited 
states near the Fermi level. As N approaches 7, the exchange 
coupled topological surface states may be excited under linearly 
polarized light when the TCI states approach the Fermi level 
(transition between light-blue band and conduction bands in 
Figure 4d). Unlike CPGE meeting spin selection rules, LPGE 
current occurs when bulk electrons are excited to subbands of 
TCI and TI surface states. It is noted that under the restriction 
of time reversal symmetry preservation, LPGE must be related 
to dissipative processes.[39a] As shown through quantum trans-
port, there is mutual scattering and coherent coupling between 
TI and TCI surface states (S1 and S2, depicted in Figure 4d). It 
is possible that scattering between these two channels provides 
the ground for the generation of LPGE. Thus, the LPGE drops 
at N = 11 and even disappears at N = 13 with an even-symmetric 
IL respect to θ (θ = ±45°) when the TCI states are far away from 
Fermi level. This explains why LPGE current has been barely 

observed in topological insulators with a single Dirac cone, 
which presents a lack of optical transitions and scattering.[31,33] 
The observed pronounced LPGE and CPGE enable the dual 
topological system for the detection of light polarization but the 
involved physical process needs more comprehensive theoret-
ical and experimental explorations.

3. Discussion

We constructed the low-dimensional complete topological 
superlattices (Bi2Se3)-(Bi2/Bi2Se3)N (N  = 1, 3, 5, 7, 9, 11, 13) 
with a selected facet via MBE. We verified the coexistence of 
TI and TCI surface states on the same facet of Bi2Se3 termi-
nation. TSLs exhibit a “V”-type TI state at the Γ point due to 
strong topological Z2 protection. Moreover, at the non-TRIM 
points along Γ − M mirror plane direction, the gapless TCI 
surface states are preserved due to mirror symmetry protec-
tion. We also found the position of DTI and DTCI moves about 
0.3 eV as N increases which can ascribed to the charge transfer 

Adv. Mater. 2023, 2208343

Figure 4. Stacked layer number-dependent CPGE measurements of TSLs. a) Schematic view of the photocurrent measurement setup. b) The photo-
current as a function of phase angle φ at an incident angle θ = −45°. The black solid line represents the fitting curve according to Equation (2). c) The 
incident angle θ dependence of the CPGE current IC and LPGE current IL. The inset shows the power dependence of IC and IL measured at θ = −45°. All 
the solid lines are linearly fitted. d) Schematic illustration to explain the generation of CPGE and LPGE under polarized light illumination. The yellow 
and pink bands depict the spin-polarized surface states with opposite spin angular momentum from TI (dashed line) or TCI (solid line). The ARPES 
spectra show the band structure at N = 7. The electrons can be easily excited to the unoccupied surface states with opposite spin near the Fermi level, 
giving rise to large response of CPGE. Meanwhile, the LPGE occurs when the electrons are excited from low bulk states (blue electron) to high TI/TCI 
surface bands (red electron) with a scattering between subband S1 and subband S2. Consequently, a stronger LPGE current was observed when DTCI 
is located near Fermi level with a smaller momentum transfer. e,f) The dependence of CPGE and LPGE on stacking layer number N at θ = −45° and 
45°, respectively.
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effect from a confined charge rebalance process. Besides, the 
band information of TSLs is also evidenced by low-temperature 
transport results. Different from prototypical 3D TI transport 
behavior, the observed EEI and WAL effects are directly associ-
ated with the relative location between the Fermi level and TCI 
Dirac points. A pronounced enhancement of α appears with 
absolute value over 1.0 when DTCI approaches to Fermi level. 
The N-dependent WAL contributed by the dual topological 
states distinguishes these TSLs from other TI or TCI systems 
protected by a sole topology. At last, we show proof-of-concept 
control over photocurrent generation via dual topological mod-
ulation. The N-dependent CPGE and LPGE current varies with 
band structure and is tightly related to the position of DTCI 
and Fermi level. More importantly, the large nontrivial LPGE 
occurs, which is related to the mutual scattering between TI 
and TCI surface states. These features depict the nature of dual 
topological protection on one facet and imply the fabulous tun-
ability of band structure via N control of TSLs, which may give 
rise to giant modulation of spin transport and polarized optical 
excitation process.

To conclude, the dual topological system is established by 
stacking the 2D and 3D TI units. The band structures with cou-
pled TI and TCI surface states near Fermi level evolved with 
N, directly influencing the electronic transport and nonequilib-
rium photoexcitation process. From a practical point of view, 
one can artificially design a series of dual topological mate-
rials to implement the property of TI and TCI simultaneously 
or separately for topological electronic, spintronic, and optic 
applications.

4. Experimental Section
Sample Growth: A series of natural topological superlattice 

(Bi2Se3)-(Bi2/Bi2Se3)N (N  = 1, 3, 5, 7, 9, 11, 13) were grown via MBE 
on Si (111) substrate with the base pressure of 2 × 10−10  mbar for 
ARPES measurements, or on Al2O3 (0001) substrate for transport 
measurements. For Si substrates, after pretreatment through a small 
current, it was heated by a stepwise increase of short-time DC current 
until the 7 × 7 surface reconstruction appeared in the low energy electron 
diffraction (LEED).[5b] Growth temperature and time were controlled 
with precision to avoid the reaction of Bi BLs with excess Se to form 
additional Bi2Se3 layers which would introduce miscellaneous phases. 
X-ray diffraction pattern conformed well to standard PDF cards (see 
Section S1, Supporting Information). Transmission electron microscope 
image (Section S1b, Supporting Information) showed that the prepared 
TSL had a crystalline structure grown along the [0001] direction where 
the atomic layers of Bi and Se were continuous and well-aligned at the 
atomic level in the absence of displacement of Bi and Se atoms. LEED 
and reflection high-energy electron diffraction of the samples grown on 
Al2O3 were also performed (Section S10, Supporting Information). The 
crystal structure of samples on Al2O3 substrate was the same as those of 
the samples grown on Si (Section S10, Supporting Information).

ARPES Measurements: An Se capping layer of 6  nm was grown on 
Bi2Se3 termination after the preparation of Bi2Se3-TSLs with various N 
to prevent the surface state from being destroyed before measurements. 
Before transfer to the ARPES chamber to detect band structures of TSLs, 
the samples were first heated up to about 550 K and kept for 1.5 h to get 
rid of Se capper. ARPES measurements were performed at 4.5 K with the 
photon source of 21.2 eV from a He discharge lamp. Scienta DA30 was 
used to analyze electron energy. The energy and angular resolution were 
better than 20 meV and 0.5°, respectively. ARPES measurements of the 
samples grown on Al2O3 were also performed (Section S10, Supporting 

Information), which were the same as those of the samples grown on Si 
(Section S10, Supporting Information).

Transport Measurements: The samples were patterned into standard 
six probe Hall bars with a scale of 310 µm/60 µm (length/width) through 
photolithography and etching. Transport measurements were performed 
by a Quantum Design physical property measurement system (PPMS). 
The temperature range was 2–300 K and the magnetic field could be 
applied up to 14 T. A DC current in the range of 1−10 µA was applied for 
resistive measurements. To suppress the effect of Joule heating, pulses 
of electric current with a width of 80 ms were adopted for measurements.

Photocurrent Measurement: The photocurrent measurements 
were conducted at room temperature. The polarized laser beam was 
modulated at 377 Hz by an optical chopper and then passed through a 
QWP. By rotating the QWP, the polarization could be tuned continuously 
from circularly polarized light to linearly polarized light. The beam was 
focused to a spot size of ≈200 µm between the gold electrodes. At last, 
the photocurrent was measured with a lock-in amplifier.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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