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Fig. 1. History of bulk photovoltaic effect.
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Fig. 2. Several mesoscopic models for the bulk photovoltaic
effect: (a) Asymmetric carrier scattering centers!*”; (b) asym-
metric potential well at a carrier generation center'”); (c) the

minimum band splitting arising from spin-orbit coupling/*’!
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Fig. 3. (a) Schematic of mechanism of shift current; (b) sche-
matic of mechanism of BPVE current (including shift and
ballistic currents) during the excitation (ex), scattering, and

recombination (rec) process/*.
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Fig. 4. Bulkphotovoltaic response for WS, nanotubes: The dependence of I, on the position of the laser spot in a WS, monolayer
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on Py, for three different wavelengths. The bottom right inset illustrates possible excitation paths from the valence band (VB) to

the conduction band (CB) for each wavelength[*l.
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Fig. 5. (a) The optical image and corresponding short-circuit photocurrent density mapping of the two dimensional CulnP,S; BPVE
device; (b) the characteristic output I-V curves of the two dimensional CulnP,S; BPVE device at dark and bright conditions;
(¢c) output J-V curves at specific poling voltages with the positively, zero voltage, and negatively poled respectively; (d) the thick-
ness dependent BPVE in CulnP,Sg; (e) the open-circuit voltage as a function of the temperature, the V. vanishes when the temper-
ature increases to the phase transition temperature at about 315 K57,
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Fig. 6. (a) Crystal structure monolayer 17, WTe,; (b) schematic and optical image of a dual-gated monolayer WTe, device; (c) po-

larization-dependent I; with the light spot fixed at the red, black, and blue dots shown in the inset, inset depicts the photocurrent

along { with linear polarized light as a function of the beam spot location in the a-b plane; (d) polarization-dependent circular

photo galvanic effect currents for different displacement fields at T' = 20 K08,

PE; 5 pm B f JROGIECR B AT LA Vi, BV
B fRAIRF 0 7 —E ARG ZR . R F XU 1B AU
B Viw = Verewtar + Viinear + Veonst= Vicos (20 +
0y) + Vosin(40 + 6y ) + Veonse- FoH, Vipear TRTEL
% BPVE, Vi V8T 547 0] Berry i Mk ¥
B H I B R SE BPVE. A, 1% TAEF FIZ:
B 5 CNN ALRLAME B (e d . 2
PR, E 7(d) FiR).

B T AT HEBE 7 Xl v 3R 2549 TMDs, M
3R-TMDs Btk ds 44 o f 21 H Ok 1) /0 %02 TMDs
[ RE B ROGAR RN . 2022 4, Yang 25 63 % B
k25 S AR IZ B 45 19 3R-MoS, etk Ak b 2
HoR Y MoS, B HA A &t fl, 7= E A eR s
MoS, HA 7N (H) MzEE (R) WS 7,
Hrp 3R g5t sh =R A A Ak (1 8(a)),
ZTAERDEIRER4454) hBN/Graphene/3R-MoS,/
Graphene/hBN/Graphene, Fl|H] 3R-MoS,)Z iR
Wb 375y B A BT, AT = AR AR AR

T 28 1 14 ' 2 PR A% B HG o 7 £14) e 8% b 3 0 A 1R
(1 8(b)), WUZ XA e s s 1z, 17 B2 X 380k
HAE, — 2O TUEAUZN 1.5 £5. 5 Bernal
HEBE B2 A7 BB, XUZ 3R-MoS, FFAF7EP
T e S w4454 (AB W5 F1 BA 5), AB W5 BA I
AN A KA TT AR L. e E s 22 1 G I
Wi 1 3 A7 22 AB WA BA W4 L 30 M) 1o 305 T~ X
Pk (R/NHAE T TRIAF IR ), BRI DXk 1) S R 30 e 7
IETE (K 8(c)). StrL T dRF I S s AR 58 T fi
B, SBHUR T 2 R I, TR R R LR R
R TR (] 8(d)), X Fh i 4= Bl 56 28 ] fig
JEZ BN R TR RN . A, 2R %
IR FAME TR IR 16%, AR RHASLIR 2%
et 1A

3.2.2 —_#EMHFRLE

2021 4F, Akamatsu 55 04 k4 #E f9 Al b 49
(WSe,) FI2EHE (black phosphorus, BP) 4t St

237201-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

"B F W

Acta Phys. Sin.

Vol. 72, No. 23 (2023) 237201

Via

—-20

—10

B 7

TDBG Y HE I 25 i 12 45

A:5pm,¢:11(’x=36.5°

10 20

Vea/V

Ji B A IR AR IR A AR B 2R (c) T

sin(229)+ Vioust; (c) circular BPVE photovoltage (V;,

H stacking

R stacking

Vs | Vg

| =

14V, =76 V)

\zﬁxyﬁ\
AT

/“Q?ﬁx

0 45 90 135180 225 270 315 360

¥/ (°)

()

‘/pll/ nv

J 07 0 72 TF

1V, =7.6 V)
! 1

(5V,0V)

45 90 135 180 225 270 315 360
Angle of QWP, 0/(°)

(a) TDBG JGHR M &8 7~ B &5 (b) 76 A IR fR & L (Vag, Vig) 518 T 20 BPVE Ytk i

=79 K, A =5 pm I, A [ R E B R TDBG A Y AT IR 3 ki R BPVE; (d) 5 pm
6 B 4% 56 (r = 36.5°, o = 110°) R = A GHL R (V) 2340 181, 471 H 0 T ap 53 5300 Ay s i A (B8 % 6 681 2% 760 a7 £y (621

Fig. 7. Transport properties of the TDBG photodetector: (a) Schematic of the TDBG photo detector; (b) linear BPVE voltage( V)
as a function of polarization angle at a set of fixed gate voltage biases (Vpg, Vrg), the data are fitted by using Vj,= Vicos(2¢))+ Vg
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n) as a function of the angle of the quarter-wave plate () at different gate
voltage biases( Vpq, Vrg), measured at 7= 79 K and A = 5 pm; (d) photovoltage mapping excited by elliptically polarized light at
5 um, with y = 36.5° and v = 110°. y and + are the ellipticity and orientation angles of the polarization ellipse in the inset, respectively!6?
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Fig. 8. (a) Schematic of H stacking (2H) and R stacking (3R) of bilayer MoS, and the tunneling junction device (composed of
graphene/3R-MoS,/graphene heterostructure); (b) optical image of the BPVE device and scanning photovoltaic current map of
BPVE device (consisting of one, two and three layers); (c) schematic of two possible stacking domains (AB and BA) of a 3R bilayer

MoS, (left) and the scanning photo voltaic current map of device (right), the positive and negative photo response areas correspond

I/(mA-W-1)

(a) W2 MoS, HY A [al HE 2 7 30 (2H F1 3R) Fhid 45 4 [ f7 88075 /3R-MoS, /f1 8 I 5 it
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to the AB and BA domains with almost symmetric responsivity; (d) bias voltage dependence of the photovoltaic current in the AB

domain at different laser powers between 10 and 70 pW%3l,
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Fig. 9. Schematic illustrations of hetero interface of WSey/BP (the mirror planes of both WSe, and BP are parallel); WSe,/BP

device (b) and photocurrent mapping in device along ab direction (c); WSey/BP device (d) and photocurrent mapping in device

along the E1 and E2 electrodes (e); (f) laser power P dependence of the photocurrent I for two different wavelengths of 632.8 nm

and 532 nm(®4,
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Fig. 10. Photocurrent response of Crly junction device: (a) Schematic of a four layer Crly junction device in AFM ground state

(111 1); (b) photocurrent as a function of external magnetic field (H) measured from the four layer Crl; junction device;

(c¢) photocurrent as a function of quarter-wave plate angle for T 1 1 state (2 T) and | | | state (-2 T) measured from the trilayer

Crl; junction device; (d) the change in photocurrent Iy (o) — Ipn(0 ™) as a function of yyH measured from the same devicel®.
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Fig. 11. (a) Strain-gradient engineering of a 2D material by using a phase-change material in a hybrid system, on a reversible struc-

tural phase transition between phase I and phase II, strain gradients are generated in the 2D material at the edge of the phase-

change material, inducing shifts of electron charge centers (dipole moments), the strain plot illustrates strain gradients in the 2D

material(bottom panel); (b) Raman mapping of E21g mode of MoS, on a VO,/MoS, device; (c) the schematic diagram of VO,/MoS,

device and current-voltage curves of the device under laser illumination at spot 1 (Laser@l) and 2 (Laser@2) and dark conditions;

(d) light polarization dependence of the short-circuit current under laser (405 nm) illumination at spots 3 (Laser@3) and 4

(Laser@4) in a devicel*!.
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Abstract

The bulk photovoltaic effect is a second-order nonlinear photoelectric response, which refers to a
phenomenon that non-centrosymmetric structural material generates a steady-state photocurrent under uniform
light irradiation. The bulk photovoltaic effect has attracted widespread attention due to its open-circuit voltage
is not limited by the semiconductor bandgap and power conversion efficiency breaks through the Shockley-
Queisser limit. In addition, the bulk photovoltaic effect is closely related to the quantum geometric properties
(such as Berry curvature and quantum metric) of solids, thus making it an effective means to study crystal
polarization, orbital magnetization, and quantum Hall effects. Two-dimensional (2D) materials are rich in
electrical, optical, magnetic, topological properties and their interactions, which can effectively improve the
performances of bulk photovoltaic devices (such as expanding response range of bulk photovoltaic effect) and
have important research value for exploring basic physical problems. This paper reviews the development
process of bulk photovoltaic effect and its physical mechanism. The research progress of bulk photovoltaic effect
in 2D materials is discussed in detail, including single component 2D materials, 2D material stacking
engineering (such as 2D material homojunctions and heterojunctions), and other factors (such as magnetic field,
strain engineering) to generate or regulate the bulk photovoltaic effect response. Finally, the development

prospect of two-dimensional bulk photovoltaic effect is prospected.

Keywords: bulk photovoltaic effect, spatial inversion symmetry, two-dimensional materials, stacking

engineering
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