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2D Bi,Ses; materials for optoelectronics
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SUMMARY

2D layered materials with diverse exciting properties have recently attracted
tremendous interest in the scientific community. Layered topological insulator
Bi,Ses; comes into the spotlight as an exotic state of quantum matter with insu-
lating bulk states and metallic Dirac-like surface states. Its unique crystal and elec-
tronic structure offer attractive features such as broadband optical absorption,
thickness-dependent surface bandgap and polarization-sensitive photoresponse,
which enable 2D Bi,Se; to be a promising candidate for optoelectronic applica-
tions. Herein, we present a comprehensive summary on the recent advances of
2D Bi,Ses; materials. The structure and inherent properties of Bi,Se; are firstly
described and its preparation approaches (i.e., solution synthesis and van der
Waals epitaxy growth) are then introduced. Moreover, the optoelectronic appli-
cations of 2D Bi,Se; materials in visible-infrared detection, terahertz detection,
and opto-spintronic device are discussed in detail. Finally, the challenges and
prospects in this field are expounded on the basis of current development.

INTRODUCTION

Two-dimensional (2D) layered materials hold great promise for the technological advancement of next-
generation electronic and optoelectronic devices. Compared with their bulk counterparts, 2D layered ma-
terials usually show unique features because of quantum confinement effect along the vertical direction of
the 2D plane (Akinwande et al., 2014; Liu et al., 2020a, 2020b, 2020c; Ricciardulli et al., 2021). Atomically
smooth surfaces without dangling bonds enable them to be compatible with any 2D materials and mature
complementary metal oxide semiconductor (CMOS) process without considering lattice matching (Akin-
wande et al., 2019; lannaccone et al.,, 2018; Liang et al., 2019; Liu et al., 201%9a, 2019b; Wang et al.,
2021a, 2021b, 2021¢, 2021d). Moreover, the electronic band structures of 2D layered materials cover a
wide range of electromagnetic spectrum, meaning that diverse optical and electrical properties reside
in their family (Liu et al., 2027a, 2021b; Xia et al., 2014). In the last decade, a wealth of 2D layered materials
have been isolated from bulk crystals or been fabricated through bottom-up synthesis (Cai et al., 2018;
Fang et al.,, 2021; Han et al., 2019a, 2019b; Li et al., 2017; Varoon et al., 2011; Wang et al., 2020a, 2020b;
Zhou et al., 2018). Their fundamental physical properties and demonstrative functional devices have
been thoroughly studied (Koppens et al., 2014; Sierra et al., 2021, Wang et al., 2019a, 2019b, 2019c,
2021a, 2021b, 2021¢, 2021d)). These thereby vastly promote the application of 2D layered materials in
next-generation advanced devices.

Among numerous 2D layered materials, topological insulator Bi;Ses as an unusual phase of quantum mat-
ter has attracted tremendous research interest in the scientific community. Insulating bulk states with a
band energy gap of ~0.3 eV and conducting gapless surface states consisting of a single Dirac cone co-
exist in a thin layer of Bi,Ses, which has been verified theoretically and experimentally (He et al., 2010;
Kimetal., 2012; Pengetal., 2010; Zhang et al., 2009). Topological surface states protected by time inversion

symmetry possess spin-momentum locking helical nature, which can suppress electron backscattering and 1State Key Laboratory of

enable excellent carrier mobility (~103em? V' s7") (Bansal et al., 2012; Bhattacharyya et al., 2017a, 2017b; Materials Processing and Die
Heetal., 2012; Steinberg et al., 2010). In addition, Bi,Se; demonstrates attractive optoelectronic properties &fI\ICIOU|d Tlecshno|09y, 5§h00|
. . . teri i

such as broadband optical absorption (Guo et al., 2013; Peng et al., 2012; Yao et al., 2014), thickness- Engii;rr'?n; ;'j;;:oir;

dependent surface bandgap (He et al., 2010; Post et al., 2013) and polarization-sensitive photocurrent (Bes- University of Science and

basetal., 2016; Duan et al., 2014; Yan et al., 2014). These intriguing properties are favorable for Bi,Sez as a geah'(‘;l?gy' Wuhan 430074,

LR na

promising candidate for optoelectronic devices (Bhattacharyya et al., 2018a, 2018b; Sharma et al., 2016; *C q
orresponaence:

Wang et al.,, 2019a, 2019b, 2019¢; Zhang et al., 2010). Up to now, a large amount of efforts have been zhaity@hpust.edu.cn

devoted and significant progress have been made in the study of 2D Bi,Se; from materials preparation https://doi.org/10.1016/j isci.

to optoelectronic applications. 2021.103291

L) o

oo iScience 24, 103291, November 19, 2021 © 2021 The Authors. 1

updates.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:zhaity@hust.edu.cn
https://doi.org/10.1016/j.isci.2021.103291
https://doi.org/10.1016/j.isci.2021.103291
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.103291&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

Vis-IR Photodetection

Figure 1. Schematic illustration of preparation approaches and optoelectronic applications of 2D Bi,Se;
materials

To promote the further development of 2D Bi,Se; research and technology, it is necessary to make a
comprehensive summary and reasonable outlook. Inspired by this, we provide an overview in terms of
the recent advances (Figure 1). The structure and properties of 2D Bi,Sej3 are firstly introduced. Subse-
quently, the preparation approaches of 2D Bi,Se3 are summarized in detail, including solution synthesis
and van der Waals epitaxy growth. We then emphasize the optoelectronic applications of 2D Bi,Ses in
visible-infrared detection, terahertz detection, and opto-spintronic device. Lastly, several insights are given
into the technical challenges and potential solutions towards future development of 2D Bi,Ses-based
optoelectronics.

STRUCTURE AND PROPERTY OF 2D BI,SE; MATERIAL

The crystal structure of BiSes is rhombohedral with space group D34 (R-3m). Viewed along the z-direction
(Figure 2A), the Bi,Sej crystal can be regarded as a layered compound formed by periodic stacking of quin-
tuple layers (QL) with the sequence -A(Se1)-B(Bi1)-C(Se2)-B(Bi1’)-A(Se1’), where 1 and 2 refer to two
different chemical states for the Se anions. In one QL, the Se2 anions in the middle are almost octahedral
in coordination with six adjacent Bi1 cations, whereas the outermost Se1 anions are strongly bound to three
Bi1 cations in the same layer. Se1 anions in two adjacent QLs are coupled by van der Waals force, indicating
that the Bi,Se; crystal is easy to cleave between adjacent Se1 layers. In addition, the Se1 (Bi1) layer can be
changed to the Se1’ (Bi1’) layer by an inversion operation with the Se2 layer as the inversion center. From
the top view along the z-direction, there are three different sites in the triangle lattice in a QL, namely A, B,
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Figure 2. Crystal structure and physical properties of Bi,Se;

(A) The schematic of layered crystal structure of Bi,Ses.

(B) Theoretically calculated electronic band structure of Bi,Ses with a bulk energy gap of 0.3 eV and gapless lines
dispersing. (A and B) Reproduced with permission from (Zhang et al., 2009). Copyright 2009 Springer Nature.

(C) Schematic of the band structure of Bi,Ses, depicting the spin-momentum locking surface states. The up and down
arrow represent spin-up and spin-down, respectively. Reproduced with permission from (Hsieh et al., 2009). Copyright
2009 Macmillan Publishers Limited.

(D) ARPES spectra of 1-6QLs Bi,Ses, showing that the surface states do not exist in Bi;Ses with less than 6QLs. Reproduced
with permission from (He et al., 2010). Copyright 2010 Springer Nature.

and C, indicating the three-fold rotation symmetry of Bi,Ses crystal. The lattice constants of Bi,Ses are a =
b =4.140 A and ¢ = 28.636 A and each unit cell spans over 3 QLs. Therefore, the thickness of each QL
(monolayer BiySes) is ~9.55 A.

Bi,Ses has a very unique electronic band structure, thus exhibiting many novel physical properties. In 2009,
Zhang et al. performed comprehensive theoretical calculations on the electronic energy band structure of
BiSes by considering the effect of crystal-field splitting and spin-orbit coupling on the energy eigenvalues
(Zhang et al., 2009). Their calculation results predict that Bi,Ses is a topological insulator with insulating
bulk states and conducting topological surface states. As shown in Figure 2B, a topologically non-trivial
energy gap of 0.3 eV and a single Dirac cone could be observed from the energy and momentum depen-
dence of the local density of states at T" point (Zhang et al., 2009). The electrons on the topological surface
states possess a spin-momentum-locked relationship (Figure 2C) that is protected by time-reversal symme-
try, enabling them to avoid interference from non-magnetic impurities (Hsieh et al., 2009). In the mean-
while, experimental studies using angle-resolved photoemission spectroscopy (ARPES) and scanning
tunneling microscopy have provided the visual topological surface states of Bi,Sez (Bianchi et al., 2010;
Zhang et al., 2013), which is similar to the dispersion relationship predicted by Zhang et al. (Zhang et al.,
2009). Since then, a great deal of theoretical calculations and experimental researches have been devoted
to the study of topological insulators, and many novel physical properties have been revealed (Dankert
et al., 2015; Kim et al., 2012, 2014, Kong and Cui, 2011; Liu et al., 2014, Luo et al., 2019; Sacepe et al.,
2011). One of the important properties is that the topological surface states are strongly dependent on
the thickness of Bi,Ses. As presented in Figure 2D, the ARPES spectra of Bi,Sej thin films grown by molec-
ular beam epitaxy (MBE) demonstrate the thickness-dependent band maps, in which the Dirac cone open-
ing is clearly observed when the thickness is thinner than 6 QLs (He et al., 2010). Moreover, the opened
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topological surface states exhibited sizable Rashba splitting due to the surface potential difference
induced by the substrate. In addition, Wang et al. directly observed the surface-dominated conduction
in a 6 QLs Bi,Ses thin film through the Hall effect test (He et al., 2012). These research results indicate
that the Bi;Ses with thickness above 6 QLs is topologically non-trivial while it is topologically trivial as thick-
ness below 6 QLs.

The unique electronic band structure brings novel electrical properties to Bi,Ses. For example, the conduc-
tance of Bi,Se3 was thought to be contributed by both its topological surface states and bulk states. Pablo
et al. evaluated the different contribution of topological surface states and bulk states of a 17 QLs Bi,Se3
flake through transport measurements (Steinberg et al., 2010). The as-evaluated carrier concentration of
bulk states and topological surface states were about 1 x 10’ em™? and 4 x 10" cm ™2, and the mobility
of ones were 1700 cm V=" s~ " and 1000 cm V" s, respectively. Besides, Seongshik et al. found that the
carrier concentration and mobility of Bi,Se3 demonstrated independence on the thickness in the range of
8-256 QLs by performing thickness-dependent transport measurements at a temperature of 1.5 K, which
remained around 1 X 103 cm 2 and 2 x 103cm V' s, respectively (Bansal et al., 2012). Although the
carrier concentration and mobility decreased as the thickness decreased when the thickness was in the
range of 2-8 QLs. The reason for this change was that the lack of topological surface states in the thin sam-
ple reduced their contribution to the conductance (Bansal et al., 2012). Generally, the coexistence of bulk
states and topological surface states opens new possibilities for novel electronic and optoelectronic de-
vices. It should be noted that the research on the topological surface states of Bi,Ses usually requires an
extremely low temperature environment, because thermal perturbations tend to excite narrow-bandgap
bulk states and thus annihilate the physical properties of topological surface states.

PREPARATION OF 2D BI,SE; MATERIALS

Preparing 2D Bi,Se; materials is of great significance for studying novel properties and exploiting func-
tional devices. Compared with the bulk counterpart, 2D Bi,Ses possesses a larger surface-to-volume ratio
and more tailorability, in favor of investigating topological surface states and regulating physical proper-
ties. Currently, the approaches widely used to prepare 2D Bi,Se; materials include mechanical exfoliation,
molecular beam epitaxy, solution synthesis and van der Waals epitaxial growth (Guo et al., 2015; Kong and
Cui, 2011). Mechanical exfoliation is a process in which the bulk Bi,Ses crystals are cleaved into 2D
nanosheets by artificial mechanical forces stronger than interlayer van der Waals interactions. The high
crystallinity of bulk crystals can be inherited to the as-exfoliated 2D nanosheets, which is advantageous
for investigating their intrinsic physical properties. However, the serious challenge faced by the mechanical
exfoliation is that the morphology, thickness and yield of samples are uncontrollable (Cho et al., 2011,
Hong et al., 2010). The high quality 2D Bi,Sejs single crystal films with controllable thickness could be pro-
duced by molecular beam epitaxy, but the experimental equipment is expensive and less accessible, which
is difficult for industrial production (Chen et al., 2011). Fortunately, solution synthesis and van der Waals
epitaxy growth have demonstrated promising prospects in scalable production of 2D Bi,Se3 materials.
In this section, we will focus on the two production approaches for 2D Bi,Se3 materials.

Solution synthesis

Solution synthesis has been widely used in the laboratory to prepare 2D materials. This approach involves
chemical reaction processes in which one or more reactants are converted to one or more different prod-
ucts by rearranging constituent atoms. The reactions usually take place in an autoclave containing water or
organic solutions (Figure 3A). Under suitable conditions, these reactants react with each other after reach-
ing the chemical reaction activity, and finally produce the desired products. Importantly, the morphology,
size, thickness, and crystallinity of the products can be precisely controlled by changing the reactant,
solvent, reaction temperature and time (Liu et al., 20193, 2019b; Zhuang et al., 2014). For example, Xiong
et al. obtained 2D Bi,Se; crystals by using Bi(NO3)3-5H,0 and NaySeOs as reactants in a mixed solution of
poly(vinylpyrrolidone) and ethylene glycol (Zhang et al., 2011). As shown in Figure 3B, the as-synthesized 2D
Bi,Ses crystals presented a hexagonal shape with a lateral size of micrometers. The clear and bright
selected-area electron diffraction pattern presented in Figure 3C demonstrated the high crystallinity of
2D Bi,Sej crystals synthesized by this approach (Zhang et al., 2011). Their study focused on the Raman op-
tics of 2D Bi,Ses crystals, but the growth mechanism was not revealed.

Subsequently, Jeong et al. performed detailed studies on the growth mechanism of 2D Bi,Ses crystals
synthesized in solutions (Min et al., 2012). In their studies, the reaction sources and organic solvents
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Figure 3. Preparation approaches of 2D Bi,Se; flakes

(A) Schematic diagram of solution synthesis of Bi,Se; flakes.

(B) Morphology of the as-synthesized Bi,Sej3 flakes.

(C) Selected area diffraction pattern of Bi,Sej flakes. (B and C) Reproduced with permission from (Zhang et al., 2011). Copyright 2011 American Chemical
Society.

(D) Schematic illustration of van der Waals epitaxial growth of Bi,Ses flakes.

(E) Optical image of a triangular Bi,Se; flake with a lateral size of 0.25 mm.

(F) High-magnification TEM image of the as-grown Bi,Se; flake. (D-F) Reproduced with permission from (Wang et al., 2018). Copyright 2018 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

(G) Schematic representation of procedures for patterning of 2D Bi,Ses flakes.

(H) Representative optical image of large-scale Bi,Ses array.

(I) Atomic force microtopography of a 2 X 2 Bi,Ses array with a uniform thickness of 2 nm. (G-I) Reproduced with permission from (Zheng et al., 2015).
Copyright 2015 Springer Nature.

used were the same as those used by Xiong et al., but the reducing agent hydroxylamine was added to
speed up the chemical reaction. They found that small Bi,Se; crystals were nucleated within 5 s and then
grew into larger crystals after rapid injection of the reducing agent hydroxylamine into the reaction so-
lutions at 180°C and the reaction temperature quickly dropped to 160°C. When the temperature was
restored to 180°C, additional generated small crystals would adsorb to the surface of previous crystals
and further recrystallize to form the second Bi,Ses layer. Moreover, the authors believed that the nega-
tively charged Se atomic layer in Bi,Ses was the internal driving force for the adsorption and recrystalli-
zation of crystals, and added positively charged surfactants poly(ethylene imine) into the solution to
hinder the growth of 2D Bi,Ses crystals along the z-axis (Min et al., 2012). The discovery of this growth
mechanism provides important guidance for the subsequent preparation of 2D Bi,Se; materials by solu-
tion synthesis.
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Recently, Pradhan et al. have successfully obtained single-crystalline 2D Biy;Ses nanosheets using colloidal
synthesis method by hot injection of bismuth-complex precursor to selenium complex precursor (Pradhan
et al., 2020). In this method, the bismuth-complex precursor was prepared by dissolving bismuth acetate
(Bi(OAQ)3) in a mixture of short-chain octylamine (OctAm) and octanoic acid (OctAc) ligands along with
oleic acid (OLAc) at 100°C, and the selenium complex precursor was prepared by virtue of four ligands
(Oleylamine (OLAm), OctAm, OctAc, OLAc) and non-coordinating solvent octadecene to dissolve Se pow-
der at 180°C. These short-chain of amine and acid as well as relatively low reaction temperature promoted
the expansion of the lateral dimension of 2D Bi,Se3 nanosheets, resulting in a size of several microns. The
growth mechanism of the 2D Bi,Se3 nanosheets was considered to be oriented attachment, that is, the
small BizSes nanocrystals first undergo oriented attachment and then epitaxially recrystallized (Pradhan
et al., 2020). This colloidal synthesis method with oriented attachment growth mechanism has also been
used to fabricate metal (Sb, Mn, Cu)-doped or intercalated 2D Bi,Se3 nanosheets, which enrich the physical
properties of 2D Bi,Se3 materials (Maiti et al., 2021).

Van der Waals epitaxy growth

Van der Waals epitaxy growth is a powerful technique for preparing high-quality 2D materials, without
requirement on the lattice matching between the epitaxial layer and substrate (Han et al., 2019a, 2019b;
Li et al., 2020a, 2020b). The epitaxial layer interacts with the substrate through weak van der Waals forces
rather than chemical bonds, which ensures the epitaxial layer grows into large-size crystals. Bi,Ses has a
layered structure with a dangling-bond-free surface and lots of dangling bonds on its edges. This aniso-
tropic bonding property makes the in-plane growth of 2D Bi,Se; nanostructure preferential to the out-
of-plane growth (Li et al., 2012). Therefore, the 2D Bi,Se; crystals prepared by van der Waals epitaxial
growth possess not only high crystal quality but also large lateral size.

In the van der Waals epitaxy growth of 2D Bi,Sejs crystals (Figure 3D), high-purity Bi,Se; powders were usu-
ally utilized as the precursor and were evaporated into gaseous sources in a tube furnace (Wang et al.,
2018). The as-vaporized gaseous sources were transported to the substrate placed at the downstream of
the tube furnace by inert carrier gas, finally nucleating and growing into large-size 2D single crystals. By
using this method, Cui et al. obtained atomically thin 2D Bi,Ses flakes with a maximum lateral size of
~20 pm on amorphous SiO; substrates (Kong et al., 2010). Although the size is larger than that of crystals
prepared by solution synthesis, it is difficult to expand further because the dangling bands on the surface of
SiO;, severely hinder the migration of the precursor on the growth substrates (Zhou et al., 2019). Therefore,
the selection of suitable growth substrate is of great importance for the preparation of large-size 2D Bi,Ses
crystals. Layered materials such as graphene, h-BN and mica with atomically smooth surfaces were used as
the growth substrates of 2D Bi,Ses crystals in subsequent research (Dang et al., 2010; Xu et al., 2015).
Among them, the mica substrate has demonstrated more promising potential in the growth of large-
size 2D BiySe; crystals. For example, Zhai et al. achieved the controllable preparation of submillimeter
2D Bi,Sej crystals on mica substrates by van der Waals epitaxy (Wang et al., 2018). As shown in Figures
3E and 3F, the as-obtained crystal possessed a lateral size of up to 0.25 mm and high crystal quality.
Such large lateral sizes could be attributed to the absence of dangling bonds on the mica surface, which
greatly facilitated the migration, nucleation and growth of the precursor on the substrate surface (Wang
et al., 2018).

The nucleation and growth of Bi,Ses on the mica substrates are random; it is therefore particularly impor-
tant to realize position-controlled growth for its batch production, fabrication, and integration. For this pur-
pose, a series of methods were developed by Peng and co-authors for the patternable growth of 2D Bi,Se;
crystals (Lietal., 2012, Wang et al.,, 2016; Zheng et al., 2015). The first method was to modify specific regions
of the mica surface by using selective oxygen plasma etching, with copper grids or patterned polymethyl
methacrylate (PMMA) films as the masks. The morphology and chemical composition of the etched regions
could dramatically change, resulting in the inability to epitaxially grow 2D Bi,Sej crystals. Nevertheless, the
regions protected by the masks retained the characteristics of epitaxial growth, thereby realizing position-
controlled growth of Bi,Se; (Li et al., 2012). The second method was microintaglio printing, as shown in
Figure 3G (Zheng et al., 2015). The freshly cleaved mica substrates were first intaglio printed by solvent
ink utilizing polydimethylsiloxane (PDMS) stamps with surface relief structures. The solvent ink was then
vacuum-dried and PDMS was removed from the mica substrate. The resulting mica modified with intaglio
patterns was used for selective-region epitaxy growth of 2D Bi,Se; crystals. Consequently, 2D Bi,Sej crystal
arrays with lateral size of ~10 pm and uniform thickness of ~2 nm were achieved by this method (Figures 3H
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and 3l) (Zheng et al., 2015). The advantage of this method is that the desired reliefs can be designed on the
PDMS to obtain 2D Bi,Ses crystal arrays with different patterns. Analogously, a strategy of selective-region
chemical modification of the substrates was proposed by Peng and co-authors for patterned growth of 2D
BisSejs crystals (Wang et al., 2016). The nucleation energy barrier of 2D Bi,Se; crystals could be modulated
by surface engineering of combining micro-contact printing with self-assembly of octadecyltrichlorosilane
(OTS) molecules. Specifically, Bi,Ses crystals preferentially crystallized in the chemically modified regions,
thereby forming arrayed patterns (Wang et al., 2016). The patterned 2D Bi,Se; crystals exhibit complete
array structure, consistent growth orientation and uniform thickness, which is of great significance to batch
fabrication and integration of electronic and optoelectronic devices.

The development of simple and convenient growth schemes for attractive 2D Bi,Se; materials is of much
interest. For example, Husale and co-workers introduced a one-step confined thin melting approach to
prepare 2D nanostructures of topological insulator Bi,Tez (Sharma et al., 2019). In this approach, the top
growth substrate was directly in contact with the bottom Bi,Tes thin film precursor deposited by sputtering.
The molten species of Bi and Te were formed by heating the precursor and simultaneously diffused onto
the growth substrate, in which they got adsorbed and nucleated to produce the nanosheets. Additionally,
the Bi,Tez nanostructures could be patterned growth on lithographically patterned substrates in the
approach, which provides an important reference for the future development of simple and low-cost
methods for the preparation of 2D Bi,Ses and other topological insulator materials.

OPTOELECTRONIC APPLICATIONS OF 2D BI,SE; MATERIALS

In the past few years, 2D Bi,Se3 materials have attracted enormous attention from researchers because of
its unique physical property as a topological insulator and high carrier mobility as well as a narrow bulk
bandgap of ~0.3 eV. The topological surface states of Bi,Se3 possess linear Dirac dispersion and helical
spin texture, which give rise to fascinating physical phenomena like spin-polarized surface current. The
thickness-moderated surface bandgap and occupation of empty surface states can be used to enhance
the photo-response of Bi,Ses. In addition, the plasmonic excitation of the Dirac fermions arising from to-
pological surface states lies in the tetrahertz range, which makes Bi,Se3 responsive to terahertz irradiation.
Given these novel physical properties, 2D Bi,Ses is considered to have huge application potential in opto-
electronic devices. In this section, we will highlight several typical optoelectronic applications of 2D Bi,Ses,
including visible-infrared photodetection, terahertz detection and opto-spintronic device.

Visible-infrared photodetection

The visual electronic band structure of 2D Bi,Se; crystal was detected by ARPES measurements in the work
of Peng and coauthors (Peng et al., 2012), as shown in Figure 4A. Although the bulk conduction band was
partially occupied on account of the electron doping from defects during growth, the 2D Bi,Ses crystal was
not completely transparent in the ultraviolet-visible-infrared (UV-Vis-IR) spectrum because there was still a
certain transition from the valence band to the occupied state. The optical transmittance of 2D Bi,Ses crys-
tal was negatively correlated with its thickness, and had an average visible transmittance between 60 and
70% in a ~6-nm-thick nanosheet film (Figure 4B), indicating that Bi,Se; absorbed part of the incident light
(Pengetal., 2012). Liu et al. demonstrated the near and mid-infrared optical absorption of 2D Bi,Sej crystal
with various thicknesses from 5to 25 nm (Liu et al., 20193, 2019b). As displayed in Figure 4C, the 2D Bi,Ses
crystal exhibited obvious optical absorption in the near and mid-infrared region and the characteristic that
the absorbance increases with thickness is similar to other 2D layered materials. This dependence can be
explained by the quantum confinement effect (Liu et al., 2019a, 2019b). The wide spectral absorption of
Bi,Se; make it a promising candidate material for constructing visible-infrared photodetectors (Hong
et al., 2020; Liu et al., 2020a, 2020b, 2020c; Luo et al., 2021a, 2021b; Zhang et al., 2010).

Forinstance, Zhong et al. reported visible photodetectors based on 2D Bi,;Se; nanosheets which were syn-
thesized by hydrothermal intercalation and exfoliation route (Zang et al., 2014). The responsivity and
response time of this Bi,Se3 nanosheet-based photodetector under 532 nm laser illuminations were deter-
mined to be 20.48 mMAW™" and 0.7 s, respectively. Zhai et al. demonstrated near-infrared photo-response
properties of 2D Bi,Se; flakes grown via van der Waals epitaxy (Wang et al., 2018). As shown in Figures 4D
and 4E, the photodetector based on these Bi,Ses flakes presented excellent sensitivity and good reproduc-
ibility under the excitation of near-infrared light at the wavelength of 1456 nm, which showed a superior
responsivity of 2.74 A W~" and a high detectivity of 3.3 x 10'° Jones, but with a slow response time of
~0.5 s at room temperature. These photodetection performance could be further improved to 23.89 A
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Figure 4. Visible-infrared photodetection of 2D Bi,Se; flakes
(A) ARPES band dispersion of a 2D Bi,Se; flake.

(B) UV-vis-IR transmittance spectra of 2D Bi,Se; flakes with different thicknesses. (A and B) Reproduced with permission from (Peng et al., 2012). Copyright
2012 Springer Nature.

(C) Near and mid-infrared absorption spectra of 2D Bi,Sej flakes with different thicknesses. Reproduced with permission from (Liu et al., 2019a, 2019b).
Copyright 2019 AIP Publishing.

(D) Schematic illustration of a photodetector based on 2D Bi,Se; flake.

(E) Time-resolved photoresponse of the photodetector under 1456 nm illumination. Inset: the response rate with rising time 0.54 s and decay time 0.52's.
(F) Temperature-dependent responsivity and detectivity of photodetector. (D-F) Reproduced with permission from (Wang et al., 2018). Copyright 2018
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

(G) Schematic diagram of a flexible photodetector based on Bi,Se; nanosheets with pencil-drawn graphite as the electrodes and paper as the substrate.
(H) Time-resolved photoresponse of the flexible photodetector under different bending angles.

(1) Time-photocurrent curves of the flexible photodetector after bending 0 cycles and 1000 cycles. (G-I) Reproduced with permission from (Liu et al., 20203,
2020b, 2020c¢). Copyright 2020 Royal Society of Chemistry.

W~"and 8.0 x 10'° Jones when the operating temperature of the device was reduced to 80 K (Figure 4F),
which were attributed to weaker Coulomb scattering and phonon scattering at lower temperature (Wang
etal.,, 2018). In addition, 2D Bi,Ses has demonstrated promising potential in flexible optoelectronic devices
because of its inherent atomic structure and excellent flexibility (Liu et al., 2020a, 2020b, 2020c; Peng et al.,
2012). As shown in Figure 4G, flexible near-infrared photodetectors based on 2D Bi,Se3 nanosheets using
paper as substrate and pencil-drown graphite as electrodes were fabricated by Qi and co-authors (Liu
etal., 2019a, 2019b). The as-fabricated flexible photodetector with various bending curvatures exhibited

8 iScience 24, 103291, November 19, 2021



iScience

excellent stability under 1064 nm laser illumination (Figure 4H). The switching photo-response behavior of
the device could be maintained after bending for 1000 cycles (Figure 41), indicating that the flexible near-
infrared photodetectors possessed high durability under bending conditions (Liu et al., 2019a, 2019b).
Generally, the high photodetection performance and attractive flexibility pave the way for the application
of 2D Bi,Ses in the portable and wearable optoelectronic devices. However, the slow response time at sec-
ond level is not satisfactory for commercial requirements. It is therefore necessary to carry out more funda-
mental research to improve the photodetection performance of 2D Bi,Ses-based photodetectors.

Except individual Bi,Segs, the heterostructures based on 2D Bi,Se; were also demonstrated in the applica-
tion of photodetection (She et al., 2021; Zhang et al., 2016, 2019, 2020). Zhai et al. reported van der Waals
tunneling heterostructure photodetectors composed of 2D Bi,Se; and WSe, materials, as shown in Fig-
ure 5A (Wang et al.,, 2020a, 2020b). In this heterostructure, 2D Bi,Se; and WSe, formed desirable
broken-gap type-lll band alignment with high interfacial barriers and efficient charge separation (Fig-
ure 5B), which made the 2D Bi,Se3/WSe; heterostructure exhibit ultralow dark current below picoampere
and fast response rate in 4 ms. Moreover, the broken-gap band alignments of the heterostructure enabled
photo-generated carriers to transport through overlapped regions by means of direct or Fowler-Nordheim
tunneling, forming significant photocurrent. As a result, the 2D Bi,Se3/WSe; heterostructure presented re-
sponsivity of 94.26 AW ™" and detectivity of 7.9 x 10'? Jones for visible light at 532 nm, and responsivity of 3
AW "and detectivity of 2.2 x 10" Jones for near-infrared light at 1456 nm (Figure 5C) (Wang et al., 2020a,
2020b). The dark current of the heterostructure was obviously suppressed, but the responsivity still has
room for improvement because of the weak optical absorption that originates from its atomically thin na-
ture. In view of this, Zhai and co-authors constructed a hybrid heterostructure by integrating metal-organic
frameworks (MOFs) nanoparticles with strong optical absorption on the surface of 2D Bi,Sej; flakes (Fig-
ure 5D) (Wang et al., 2021a, 2021b, 2021¢c, 2021d). In this case, the MOF nanoparticles can not only serve
as a photosensitive material to absorb incident light, but also act as a photogate layer to regulate the chan-
nel conductance of Bi,Se; channel (Figure 5E), thereby enhancing the photoconductivity gain of the device
and realizing high-performance photodetection. As displayed in Figure 5F, the resultant photodetector
demonstrated outstanding responsivity up to 4725 A W~" with high detectivity of 3.5 x 10" Jones under
1500 nm illumination with power density of 0.012 mW cm~2at Vg = 1Vand Vgs =60V (Wang et al., 2021a,
2021b, 2021¢, 2021d).

Undoubtedly, constructing heterostructures are particularly beneficial for improving the performance and ex-
panding functions of the optoelectronic devices. For instance, 2D rubrene/Bi,Se; organic-inorganic hetero-
structure (Figure 5G) exhibited a high responsivity of 124 A W~ and a fast response rate of 54 ms with the
built-in electric field inhibiting the persistent photoconductivity (PPC) effect of components (Pei et al., 2020).
Bi,Ses/MoQj thin film heterostructure not only possessed high responsivity of 2.61 x 103 AW~" with a response
speed of up to 63 ps, but also demonstrated brilliant environment stability for up to 100 days without any encap-
sulation (Figure 5H) (Yang et al., 2020). Besides, the heterogeneous integration of 2D Bi,Se; and graphene
achieved mid-infrared photodetection (A = 3.5 um) with a high responsivity of 1.97 AW~ at room temperature
(Figure 51) (Kim et al., 2017). These fruitful research progresses and excellent device performance demonstrate
the promising potential of 2D Bi,Sejs in the application of visible-infrared photodetection.

Terahertz detection

Currently, terahertz radiation with frequency range of 0.1-10 THz (corresponding to the wavelength range
of 3000-30 um) is an important topic in promising technological challenges because of its wide applications
in communication, noninvasive imaging and other fields related to daily life (Viti et al., 2016). Fabricating
high-sensitivity THz detectors is essential for the progressive development of THz technology. In this
context, lots of investigations have been conducted to exploit novel materials that could meet the detec-
tion requirements (Chen et al., 2016; Yang et al., 2018). Topological insulator Bi,Ses is considered as a
promising candidate platform for high-sensitivity THz detection due to the presence of Dirac fermions
arising from well-defined topological surface states (Giorgianni et al., 2016; Kamboj et al., 2017; Luo
et al,, 2019; Zhang et al., 2010). Importantly, the plasmonic excitation of the Dirac fermions lies in the
THz range, which makes Bi,Ses exhibit strong THz response (Giorgianni et al., 2016; Kamboj et al., 2017;
Luo et al., 2019). As shown in Figure 6A, a demonstration of THz detector based on atomically thin
Bi,Sejs flake has been fabricated by Cheng and co-authors (Tang et al., 2018). In this device, the incident
THz photons were converted into the local surface plasmons at the interface of Bi,Ses and electrodes by
the subwavelength metal contacts, thereby driving the Dirac fermions of topological surface states to
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Figure 5. Visible-infrared photodetection of 2D Bi,Sez-based heterostructures
(A) Schematic diagrams of Bi,Se3/WSe; tunneling heterostructure with electron-hole pair generation and tunneling under illumination.
(B) Energy band diagrams of the Bi,Se3/WSe; tunneling heterostructure.
(C) Power density-dependent responsivity and detectivity of the heterostructure under 532 nm and 1456 nm illumination. (A-C) Reproduced with permission
from (Wang et al., 2020a, 2020b). Copyright 2020 Science China Press and Springer-Verlag GmbH Germany.

(D) Schematic diagram of Bi,Se3/MOF hybrid heterostructure.

(E) Schematic band diagram of the hybrid heterostructure photodetector under illumination.
(F) Gate-dependent responsivity and detectivity of the hybrid heterostructure under 1500 nm illumination. (D-F) Reproduced with permission from (Wang
etal., 2021a, 2021b, 20271¢, 2021d). Copyright 2021 Science China Press and Springer-Verlag GmbH Germany.

(G) BiySes/Rubrene heterostructure visible photodetector with suppressed photoconductivity effect. Reproduced with permission from (Pei et al., 2020).
Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(H) Bi,Se3/MoO3 heterostructure infrared photodetector at optical communication waveband, showing long-term environmental stability. Reproduced with
permission from. Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(I) Bi;Ses/graphene heterostructure mid-infrared photodetector with high sensitivity at room temperature. Reproduced with permission from (Kim et al.,
2017). Copyright 2017 American Chemical Society.

move back and forth. The device presented excellent photo-response under irradiation with various fre-
quencies from 0.04 to 0.3 THz (Figure 6B) and demonstrated high sensitivity with a noise-equivalent power
of 3.6 x 107> W Hz "2 and a detectivity of 2.17 x 10" cm W Hz~"? at room temperature (Tang et al., 2018).
In addition, large area THz imaging of a target object (Figure 6C) was achieved by using a Bi,Te;»Seq s-
based detector under the impingement of 0.33 THz radiation (Viti et al., 2016).
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Figure 6. Terahertz detection based on 2D Bi,Se; flakes

(A) 3D schematics of 2D Bi,Sej terahertz detection principle.

(B) The time-resolved photoresponse of the detector at various frequencies of 0.04 THz to 0.30 THz. (A and B) Reproduced
with permission from (Tang et al., 2018). Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

(C) Terahertz imaging of a glue jar, which was obtained while impinging the 0.33 THz radiation on a Bi,Te; »Seq g detector.
Reproduced with permission from (Viti et al., 2016). Copyright 2015 American Chemical Society.

(D) Infrared pumping and probing with THz radiation of the topological surface states in a metal-Bi,Se;-metal device.
(E) Physical mechanism of interband transition in topological surface states and bulk states.

(F) Photocurrent of the THz device under various infrared radiation polarization states. (D-F) Reproduced with permission
from (Tang et al., 2018). Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

The topological surface states-related THz response of 2D Bi,Sej; flakes was further investigated by visible
pumping and probing with THz radiation, as shown in Figure 6D (Tang et al., 2018). The interband transition
between topological surface states depended on the excitation with selective rule of spin states because of
their locked spin-momentum feature (Figure 6E). Under the excitation of elliptically and circularly polarized
pumping light, the Bi;Ses-based detector presented well-fitted helicity-dependent THz photo-response
(Figure 6F), indicating that the topological surface states dominated the THz response mechanism for to-
pological insulator BiSes (Tang et al., 2018). These results provide valuable references for designing THz
detectors by taking advantage of the fascinating physical properties of topological insulators. In follow-up
research, the design of THz devices based on 2D Bi,Se3 could be incorporated into reconfigurable meta-
surfaces (metamaterials) to achieve versatile functional devices (Hu et al., 2021).

Opto-spintronic device

Topological surface states of Bi,Sez possess helical Dirac dispersion with spin locked to momentum,
which makes it potentially promising for quantum computing spintronics applications (Bhattacharyya
et al., 2018a, 2018b; He et al., 2019; Khokhriakov et al., 2020). Numerous studies have demonstrated
that topological surface states of topological insulators exhibit novel electronic responses and fasci-
nating optoelectronic effects to polarized light (Besbas et al., 2016; Kastl et al., 2015; Wang et al,,
20193, 2019b, 2019¢; Zhuang et al., 2021). Charge carriers with spin-momentum locking on the topolog-
ical surface states could be selectively excited to photocurrent according to the polarization states of
incident light. As shown in Figure 7A, the charge carriers on the topological surface states formed
pure spin currents without a net flow of charge in equilibrium (Mclver et al., 2011). Under excitation
with circularly polarized light, these pure spin currents were transformed into spin-polarized electrical
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Figure 7. Spin-optoelectronic devices based on 2D Bi,Se; flakes

(A) Pure spin currents from the topological surface states of Bi,Ses in equilibrium and spin-polarized electrical current

induced by driving the topological surface states with circularly polarized light.

(B) Schematic diagram of spin-polarized electrical current measurement.

(C) Photon polarization-dependent spin-polarized electrical current originating from the helical Dirac fermions of Bi,Ses.
(A-C) Reproduced with permission from (Mclver et al., 2011). Copyright 2012 Macmillan Publishers Limited.

(D) 3D device scheme of the valley-locked spin photocurrent measurement in a Bi,Ses-graphen-WSe; heterostructure.
(E) Helicity-dependent photocurrent of the heterostructure. (D and E) Reproduced with permission from (Cha et al., 2018).
Copyright 2018 Springer Nature.

current because of the out of equilibrium topological surface states. The microscopic origin of this phe-
nomenon is related to the interband transitions between topological surface states, which are dependent
on the surface state spin orientation. Because the the bulk states of Bi,Se; were spin-degenerate, the
photo helicity-dependent photocurrents can only be contributed by the surface states (Figure 7B). By
rotating the quarter-wave plate to change the photon polarization between left-circular and right-circu-
lar, the polarization-dependent photocurrents were measured in the opto-spintronic device (Figure 7C)
(Mclver et al., 2011). The helicity-dependent photocurrents in Bi,Se; could be modulated by the appli-
cation of ionic liquid gate (Duan et al., 2014), suggesting that there are many possibilities for the regu-
lation of spin-polarized photocurrents.

Recently, Choi et al. reported a lateral heterostructure opto-spintronic device composed of BiySes, gra-
phene and WSe; for the demonstration of generation, transport and detection of valley-locked spin
photocurrent (Cha et al., 2018). In this configuration (Figure 7D), the WSe; flake was used for the optical
generation and electrical regulation of valley-locked spin-polarized carriers, graphene served as the carrier
transport channel and Bi,Sez played the role in detecting spin-polarized carriers. Under the excitation of
circularly polarized light, valley-locked spin-polarized carriers generated in inversion-symmetry-broken
WSe; induced by electrostatic gating. The as-generated carriers were transferred into Bi,Se; through
the submicrometre-long graphene channel. Benefiting from the unique spin-momentum locking property
of Bi,Ses, the polarity of current detected in Bi,Se3 was able to reflect the characteristics of valley-locked
spin carriers. Analogously, helicity-resolved photocurrents shown in Figure 7E were measured by changing
the polarization of incident photons (Cha et al., 2018). From these advances, it can be seen that combining
the topological surface states of topological insulators and the valleytronics of transition metal chalcogen-
ides provides a suitable platform for manipulating the degrees of freedom of carriers.
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Figure 8. Prospects for 2D Bi,Sesz-based optoelectronics, covering wafer-scale growth, mid/far-infrared
detection, polarization detection and exotic topological effects

CHALLENGES AND PROSPECTS

Extensive scientific explorations have been carried out on 2D Bi,Sez materials, including physical property
disclosure, material preparation, and device application. This review presents an overview of the structure
and properties, preparation approaches (solution synthesis and van der Waals epitaxy growth), and device ap-
plications (visible-infrared photodetection, terahertz detection and opto-spintronic device) of 2D Bi,Se; mate-
rials. These findings indicate that 2D Bi,Sez is a promising candidate for optoelectronic applications. Despite
rapid progress have been made so far, there are still several technical challenges that need to be addressed.

The potential solutions for the development of 2D Bi,Se; materials are summarized in Figure 8. From the
perspective of material level, wafer-scale preparation of 2D Bi,Se; materials with high crystallinity, controllable
thickness, and uniform orientation is a prerequisite for optoelectronic devices in the real-world applications. It
is therefore of significant importance to develop new routes to grow wafer-scale 2D Bi,Se; materials. Judging
from the current research progress, the vapor deposition method is a very promising way to produce large-
area high-quality 2D materials (Liu and Zhai, 2020; Sun et al., 2021; Tong et al., 2019). Selenization of pre-
deposited Bi thin film with subsequent heat treatment may be an effective route to fabricate wafer-scale 2D
Bi,Ses materials (Liu et al., 2020a, 2020b, 2020c¢; Yu et al., 2018). This requires theoretical calculations to deeply
understand the thermodynamics and kinetics of crystal nucleation and growth.

In the aspect of device fabrication, high-performance multifunctional devices are always pursued in the
field of optoelectronics. There is still huge room for improvement in the device performance and function
demonstration of existing 2D Bi,Sez-based optoelectronic devices. It is urgent to focus on device perfor-
mance improvement and innovative device concepts. Constructing ferroelectric heterostructure by
combining 2D Bi,Se; with ferroelectric material is expected to manipulate the carrier concentration and
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suppress the dark current of optoelectronic device for the purpose of achieving high sensitivity (Luo et al.,
2021a, 2021b; Lv et al., 2019; Wu et al., 2020). In the meanwhile, an extended feature of mid/far-infrared
detection in this heterostructure may be obtained by exploiting the inherent thermoelectric property of
BixSes and pyroelectric character of ferroelectric material (Gopalan et al., 2017; Shimatani et al., 2019;
Wang et al., 2019a, 2019b, 2019¢). In addition, the integration of metamaterials with different configura-
tions on the surface of 2D Bi,Se3 may also bring some exciting results. In this case, local plasmon resonance
could be generated in the nanoantenna metasurface under light illumination, which would enhance the
light-matter interaction and improve the responsivity of device (Fang et al.,, 2012; Li et al., 2020a, 2020b;
Wei et al., 2020). Moreover, the metasurface-mediated optoelectronic devices possess potential applica-
tions in calibration-free polarization detection and filterless full-Stokes detection, because the exotic prop-
erties of metamaterials imbue them with unique functions such as the dependence on wavelength, chirality,
polarization and angle of incidence (Fan et al., 2021; Wei et al., 2020, 2021).

Apart from working on the material preparation and device fabrication, exploring fundamental physics of
2D Bi,Ses is required to disclose unpredictable exotic topological effects. The presence of topological sur-
face states in Bi,Se; predestines it for the fundamental study of condensed matter physics. For example,
introducing magnetic order in Bi,Ses by doping with magnetic substances could open the topological sur-
face states, leading to various interesting physical phenomena such as quantum anomalous Hall effect and
topological magnetoelectric effect (Chen et al., 2019; Fan et al., 2016; Jiang et al., 2020; Tokura et al., 2019;
Wang et al., 2021a, 2021b, 2021¢, 2021d). Fabricating van der Waals heterostructures by stacking topolog-
ical insulator Bi,Ses with (anti)ferromagnetic semiconductors may be a feasible route to study magnetic
proximity effect and topological Hall effect due to the existence of magnetic proximity effect in such con-
figurations (He et al., 2017; Hou et al., 2019; Katmis et al., 2016; Li et al., 20271a, 2021b; Luo and Qj, 2013;
Zhuang et al., 2021). In addition, it should be possible to create a moiré superlattice by twisting Bi,Ses.
Similar to magic-angle graphene, the induced moiré superlattice may lead to surprising physical effects,
such as the coveted superconductivity, Skyrmions and more (Cao et al., 2018a; 2018b; Li et al., 2021a,
2021b; Stepanov et al., 2020; Uri et al., 2020; Zhang and Liu, 2021). The combination of these novel prop-
erties and fantastic photonics will lead to more unpredictable topological effects.

In conclusion, the journey of exploring 2D Bi,Ses-based optoelectronics is still in its infancy. The future
technological advancement of 2D Bi,Ses-based optoelectronics requires a holistic collaborative approach
across different disciplines including materials science, physics, photonics, electronics and spintronics.
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