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Significant photoconductive effects are reported in emergent two-dimensional (2D) Bi2O2Se. In this
work, we investigate the layer-dependent photoresponse properties and photovoltaic effects of 2D Bi2O2X
(X = S, Se, and Te) by first-principles calculations and quantum-transport simulation. The absorbance
per layer increases with the decreasing layer number for high-frequency light, so the absorbance den-
sity of 2D Bi2O2X can be elevated by decreasing the layer number. An outstanding open-circuit voltage
(1.08 V) among 2D materials is found for the monolayer (ML) Bi2O2Se p-n junction. The computed
responsivities of ML black phosphorous, MoS2, and WSe2 p-n junctions through our methods are in good
agreement with experiments. The ML Bi2O2Se and Bi2O2Te p-n junctions show responsivities of 16.8
and 13.6 mA/W, respectively, under AM1.5 sunlight; these values are higher than those of their exten-
sively studied ML MoS2 (8.6) and WSe2 (8.8) counterparts. The Bi2O2Se film and Bi2O2S p-n junctions
also show higher responsivities than those of commercial Si and GaAs. Therefore, the 2D Bi2O2X p-n
junctions have prospective applications in photovoltaic devices.

DOI: 10.1103/PhysRevApplied.15.064037

I. INTRODUCTION

Two-dimensional (2D) materials are promising materi-
als for photovoltaic and photoelectronic applications [1–3]
because of their strong interaction with light [4], vari-
ety of band gaps, good carrier transportation [5,6], easy
construction of van der Waals heterostructures, easy mod-
ulation by an electrical field, and depressed dark currents
[7]. The absorption coefficients of typical 2D materials
[graphene and transition-metal dichalcogenides (TMDs)]
are one order of magnitude higher than those of com-
mon photoelectronic bulk materials (Si and GaAs) [8].
For example, the absorbance of a visible photon with an
energy of 1–2.5 eV by monolayer (ML) MoS2 reaches
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5%–10% [8], which is equivalent to approximately 50-
nm-thick Si [9]. Despite the limited total light absorbance
of the few-layer material, it can produce extraordinarily
high power density in devices. The power densities of
graphene/MoS2 and WS2/MoS2 solar cells are predicted
to be in the range of 1000–10 000 and 3000–12 000 kW/L,
respectively; these values are much higher than those of
5.9 and 290 kW/L recorded in in Si and GaAs ultrathin
solar cells, respectively [8].

2D Bi2O2X (X = S, Se, and Te) layered materials,
where X 2− ions intercalate between stacked covalently
bonded [Bi2O2]2+ layers [10], are reported as a promising
group of 2D materials for applications in electronics [11–
13], thermoelectric [14–16], and photoelectronic devices
[1,17]. Ionic bonding between the layers in Bi2O2X is
different from the interlayer van der Waals interactions
of most 2D materials, leading to unique stacking prop-
erties [18]. Recently, 2D Bi2O2Se has attracted intense
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research interest due to its moderate band gap (0.8–1.3 eV
from bulk to ML) [11], reasonably high carrier mobility
(450 cm2 V−1 s−1 at 300 K and 3 × 105 cm2 V−1 s−1 at
2 K) [11,18], good air stability [18], and excellent device
performance at the sub-10-nm region [12,13]. Experi-
mental methods are developed to grow millimeter-sized
2D Bi2O2Se films with accurate control of their thick-
ness [19], enabling the fabrication of macroscopic scale
devices [17]. Significant photoconductive effects are found
in 2D Bi2O2Se. For example, a very high responsivity of
3.5 × 104 A/W and specific detectivity of 9.0 × 1013 Jones
are reported in a 2D Bi2O2Se phototransistor [1]. A Bi2O2S
nanocrystal is also reported to be an excellent photoelectric
material [10].

However, the two key effects, the layer dependence of
photoabsorption and photovoltaic effect, have not been
investigated in 2D Bi2O2X . Although the layer-dependent
electronic structure of 2D Bi2O2Se is provided, the layer-
dependent optical properties of 2D Bi2O2Se have not been
calculated. Compared with the photoconductivity-effect
device, the photovoltaic effect device (p-n junction) not
only works at zero bias, but can also be used as a light-
emitting diode (LED) [20], for solar energy conversion
[21], and in logic circuits [7,22].

In the first part of this work, we investigate the absorp-
tion coefficients of 2D Bi2O2X through time-dependent
density-functional theory (TD DFT) calculations. We find
apparent enhancement in the high-frequency light absorp-
tions of 2D Bi2O2X , arising from their 2D nature, and the
absorbance of each layer increases with a decreasing layer
number. In the second part, we calculate the photocurrent
in p-n junctions of ML Bi2O2X via DFT coupled with
the nonequilibrium Green function (NEGF) method. The
calculated responsivities of typical ML materials [MoS2,
WSe2, and black phosphorous (BP)] based on this method
are in good agreement with previous experiments [21,23,
24]. A very high open-circuit voltage of 1.08 V is found
in ML Bi2O2Se p-n junctions, and the responsivities of
ML Bi2O2Se (16.8 mA/W) and Bi2O2Te (13.6 mA/W)
p-n junctions are higher than those of their TMD counter-
parts under AM1.5 sunlight. The Bi2O2Se film and Bi2O2S
p-n junctions also show higher responsivities of 1.9 and
1.3 A/W under AM1.5, respectively, than those of their
commercial Si (0.5 A/W) and GaAs (1.2 A/W) counter-
parts [22]. Our results indicate the promising application
of 2D Bi2O2X p-n junctions in photovoltaic devices.

II. METHODS

The electronic ground states of bulk and 2D Bi2O2X
are calculated by the hybrid functional method with the
HSE06 functional [25]. The projector-augmented-wave
(PAW) methods implemented in the Vienna ab initio simu-
lation package (VASP) [26,27] are used for all calculations
with a cutoff energy of 500 eV. The k-point meshes are

sampled by the Monkhorst-Pack scheme [28] with a sepa-
ration of 0.2 Å−1. A vacuum layer of 10 Å is used for the
2D calculations, and dipole corrections are used to elim-
inate fake interactions. The DFT D3 method is used to
consider the van der Waals interactions [29]. The energy in
electronic iterations converges to 10−5 eV, and the residual
force in the ionic relaxation converges to 0.02 eV/Å per
atom.

The optical properties are calculated through dielectric
functions by both the single-particle approximation [30]
and the Casida equation [31] after a ground-state HSE06
calculation. Six valence bands and 12 conduction bands
are included in the Casida equation on a 9 × 9 k-points
grid to derive the low-energy photon-absorption spectra.
The method we adopt employs a hybrid XC kernel in
the electron-hole ladder diagram in the Casida equation,
considering a local exchange correlation and the exact
exchange [31]. As TD DFT does not capture the long-
range correlation, the exciton effects are not accurately
included [32,33]. Generally, the state-of-art method for
optical absorption is the GW + Bethe-Salpeter equation
(BSE) scheme that accurately considers the exciton effects
[34,35]. We examine the validity of TD DFT by compar-
ing it with the absorbance of ML Bi2O2Se calculated by
GW BSE (see results), and the two results show reason-
able consistency. So, the absorption spectra we derive here
are approximately valid for Bi2O2X .

Lateral p-n junctions are constructed to simulate
the Bi2O2X photodetection devices. The Perdew-Burke-
Ernzerhof (PBE) functional with the generalized gradi-
ent approximation (GGA) is used to calculate the device
ground states, and the transport properties are calculated
at a temperature of 300 K. The periodic, Neuman, and
Dirichlet boundary conditions are used in the x, y, and
z directions, respectively. The GGA method is approxi-
mately valid here, as the central region of the devices is
heavily doped, leading to a strong screening effect and
reasonable prediction of the single-particle approximation.
The photocurrent spectrum is calculated by the NEGF
method, considering the single-photon-absorption pro-
cess implemented in the Atomistix Toolkit 2018 package
[36,37]:

Iα = e
�

∫ +∞

−∞

∑
β=L,R

[1 − fα(E)]fβ(E − �ω)T−
α,β(E)

− fα(E)[1 − fβ(E + �ω)]T+
α,β(E)dE, (1)

where fα(E) is the Fermi distribution function of electrode
α [both α and β go through L (left) and R (right)], e is
the charge of an electron, and � is the reduced Plank con-
stant. The first term represents transport from electrode β

to α, and the second term represents the opposite transport;
both processes include single-photon absorption. T±

α,β is
the transmission coefficient with the absorption of a single
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photon calculated by

T−
α,β(E) = N Tr[M+Ãα(E)MAβ(E − �ω)], N T+

α,β(E)

= N Tr[MÃα(E)M+Aβ(E + �ω)], (2)

where N and M are the numbers of photons and the transi-
tion matrix of the photon-absorption process, respectively.
Aα is the spectral function defined as Aα = G�αG+, where
G and �α are the Green function and broadening function,
respectively.

III. RESULTS AND DISCUSSION

A. Electronic and photoelectric properties of bulk and
ML Bi2O2X

The Bi2O2X crystals consist of alternatively stacked
[Bi2O2]2+ layers and X 2− ions, with I4/mmm space
group symmetry, as shown in Fig. 1(a). The relaxed
lattice parameters in our calculations are a = b =
3.85, 3.91, and 4.00 Å, c = 11.99, 12.23, and 12.73 Å for
X = S, Se, and Te, respectively; these values are in good
agreement with those obtained experimentally [1,10,38,
39]. The consistency with c = 11.92, 12.16, and 12.70 Å in
experiments confirms that our calculation properly consid-
ers interlayer interactions. We construct the 2D structures
by separating the crystal in the c direction through the ionic
bonds between [Bi2O2] layers and X 2− ions, as shown

in Fig. 1(b). However, the surface atomic configurations
are not explicitly characterized in previous experiments.
According to our calculations, the structure with Se atoms
on both sides reproduces the experimental band gap, but
the Fermi level is outside the band gap. We passivate both
sides with hydrogen to obtain a semiconductor (Fig. S4
within the Supplemental Material [40]). The H-passivated
configuration of 2D Bi2O2Se is used in DFT calculations
to explain the band gap’s layer dependence in experiments
[18]. To examine the configuration’s validity, we calculate
the indirect band gap of ML H-passivated Bi2O2Se with
the HSE06 functional to be 2.1 eV (see Fig. S2 within the
Supplemental Material [40]), which is consistent with the
indirect band gap of 1.95 eV determined by optical mea-
surement [18]. Therefore, we expect that calculating such
configurations could approximately simulate the electronic
structure of 2D Bi2O2X under experimental conditions.

The HSE band structures of the Bi2O2X crystals are
shown in Figs. 1(c)–1(e). The shapes of both the con-
duction bands and valence bands are similar in the three
materials, while the band gaps are different for S, Se,
and Te. Indirect band gaps from X [valence-band maxi-
mum (VBM)] to � [conduction-band minimum (CBM)]
of 1.49, 0.95, and 0.25 eV are obtained for X = S, Se,
and Te, respectively; these values are close to those previ-
ously reported [10,41,42]. Direct band gaps of 1.83, 1.60,
and 1.19 eV are located at the � point for S, Se, and Te,
respectively. The direct gaps of Bi2O2Se and Bi2O2Te are

(a) (b)

(c) (d) (e)

S,Se,Te

FIG. 1. Geometry and band structures of Bi2O2X . (a) Atomic structure of a single unit cell of bulk Bi2O2X crystal. (b) Side view of
ML Bi2O2X passivated by hydrogen atoms. Purple, green, red, and white balls represent Bi; S, Se, or Te; O; and H atoms, respectively.
(c)–(e) Projected band structures of Bi2O2S, Bi2O2Se, and Bi2O2Te, respectively, calculated with HSE06 functional. Green, purple,
and red dots represent projection weights of S, Se, or Te; Bi; and O orbitals, respectively.
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small enough to absorb the full spectrum of visible light
through a direct transition.

The conduction-band states are dominated by the
orbitals of Bi, while the valence-band states are domi-
nated by the px and py orbitals of X 2−. The transition of
electrons through the direct band gap at the � point is pro-
hibited for the absorption of z-polarized incident photon
due to inversion symmetry in the x-y direction. Therefore,
the absorption of z-polarized light with a frequency corre-
sponding to the direct band gap is significantly lower. Such
properties provide the possibility for polarization detection
of light over a specific frequency range.

We calculate the optical properties of bulk and 2D
Bi2O2X through the Casida equation. Because of tetrahe-
dral symmetry, the dielectric matrix εij has a diagonal form
and equivalence in the x and y directions:

ε =
⎛
⎝εxx 0 0

0 εxx 0
0 0 εzz

⎞
⎠. (3)

The absorption coefficient α of the bulk materials for a
given polarization in i direction can be calculated through

αbulk
ii =

√
2ω

c
Im[εii]√|εii| + Re[εii]

, (4)

where ω is the frequency of light, and c is the vacuum
speed of light.

The absorption coefficients of bulk Bi2O2X are shown
in Figs. 2(a)–2(c), indicating the sensitive photoresponse
of this group of materials, especially in the high-frequency
range. The average absorption coefficients of bulk Bi2O2X
for visible light are 1.7, 2.4, and 4.5 × 105 cm−1 for
X = S, Se, and Te, respectively. Such values Are higher
than those of Si and GaAs (5 × 104 and 1 × 105 cm−1,
respectively, in sunlight), indicating a high density of
light absorption of bulk Bi2O2X . As the transmission
light intensity decays by I = I0e−αd through material lay-
ers with a thickness of d, a large proportion (approx-
imately 63%) of visible light can be absorbed through
a thickness of d ∼ (1/α) ∼ 20 − 60 nm, which makes

(a)

(b)

(d)
(e) (f)

(c)

Photon energy (eV)Photon energy (eV)
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FIG. 2. Optical properties and scaling effect of Bi2O2X . (a)–(c) Absorption spectra of incidence light for Bi2O2S, Bi2O2Se, and
Bi2O2Te, respectively, calculated by TD DFT method. Red (blue) lines represent absorption coefficient in bulk crystals for photon
polarization perpendicular (parallel) to BiO layers, and black lines represent absorbance of light (incident from z direction and polarized
to x direction) by ML Bi2O2X (in x-y plane). (d) Average absorbance of each layer for 2D Bi2O2Se with different layers compared
with bulk Bi2O2Se. (e) Comparison between light absorbance of ML Bi2O2X calculated by different methods. Red lines, blue lines,
and black lines are calculated by TD DFT, GW BSE, and single-particle approximation, respectively. (f) Illustration of photovoltaic
device with 2D Bi2O2X contacted by two electrodes.
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ultrathin Bi2O2X films applicable for sensitive photode-
tection. As predicted by the band structures, the absorp-
tion edge of Bi2O2X is lower for heavier X 2− ions, and
the x- and y-polarized light is under stronger absorption
with a lower absorption edge than that of z-polarized
light.

The 2D Bi2O2X material has layer-dependent opti-
cal properties. The absorption coefficients, αML, of ML
Bi2O2X are also derived by our TD DFT calculation. The
total absorbance of a ML is then computed by A = αMLd,
where d is the layer thickness, and the results are shown
in Figs. 2(a)–2(c). Remarkably, the absorbance of ML
Bi2O2X reaches 10%–20% for high-frequency light. Con-
sidering the high absorption edges for ML Bi2O2S and
Bi2O2Se, their absorption of low-frequency light is lim-
ited, but an intense absorption exists for ultraviolet light.
As the indirect band gap limits the recombination of elec-
trons and holes and leads to a long carrier lifetime, light
absorption creates appreciable amounts of excited carriers
that contribute to the transport photocurrent.

The layer-dependent absorbance in 2D Bi2O2Se is cal-
culated to investigate the scaling effects, as shown in
Fig. 2(d). We calculate the absorbance per layer by A =
αd/n, where α, d, and n are the absorption coefficients,
the total thickness, and the number of the layers, respec-
tively. ML Bi2O2Se has a higher absorption edge than that
of multilayer films. However, ML Bi2O2Se has the largest
value of A for high-frequency light. The absorbance is neg-
atively related to the number of layers for hν > 3.2 eV,
indicating high photosensitivity for high-frequency light
of few-layer Bi2O2Se films. The joint density of states
(JDOS) of ML Bi2O2Se has steeper steps than the JDOS
of multilayer Bi2O2Se at the absorption edge due to its
2D nature (see Fig. S3 within the Supplemental Mate-
rial [40]). The higher JDOS in the high-frequency region
leads to a stronger absorption, which explains the layer
dependence of Bi2O2X photoabsorption. Additionally, the
exciton effects are more evident for 2D materials because
the screening therein is weaker than that in bulk crystals
[43]. The exciton effects can further enhance the absorption
of few-layer Bi2O2X , especially for low-frequency light
[Fig. 2(e)].

In Fig. 2(e), we compare the absorption spectra of ML
Bi2O2X computed by the TD DFT method and the inde-
pendent particle approximation. The many-body effects
(local exchange correlation and exact exchange) consid-
ered in TD DFT with a hybrid kernel make the spec-
trum shift to a lower-frequency range and generally shift
upward. For example, the absorbance of 3.4 eV (the first
peak) photons by ML Bi2O2Se is 17% and 11%, as deter-
mined by TD DFT and the single-particle approximation,
respectively. However, the many-body effects are not fully
considered in TD DFT, and the GW BSE results show a
small additional redshift of the absorption edge compared
with the TD DFT results.

FIG. 3. Electronic structure of bulk Bi2O2Te modulated by
strain. Partial density of states (PDOS) of fully relaxed crystal,
crystal with in-plane anisotropic strain of 3%, vertical expansion
of 2%, and vertical compression of 2%. Total density of states
and their projections to s, px, py , and pz orbitals are plotted as
gray, red, green, purple, and blue lines, respectively.

The optical properties of bulk Bi2O2Se can be modu-
lated by compression in the vertical or intralayer direc-
tions, leading to the transition from the indirect to the direct
band gap [38]. Here, we find that the metal-semiconductor
transitions appear in Bi2O2Te under intralayer anisotropic
strain, as shown in Fig. 3. The intralayer anisotropic strain
of 3% makes the valence bands strongly overlap with
the conduction bands at the Fermi level, providing an
effective way to modulate both the electronic and opto-
electronic properties. The band gap of about 0.24 eV for
bulk Bi2O2Te shows robustness under vertical (interlayer)
strain in comparison with the sensitive dependence for
Bi2O2Se [38].

The Bi2O2Te band gap is sensitive to intralayer
anisotropic strain because of the orbital components of the
CBM and VBM. The strain splits the px and py lines, and
compression in the x direction lifts the valence px bands at
the X point upward to close the band gap. In contrast, ver-
tical strain mainly acts on the conduction bands at the �

point. The 2% expansion leads to the px,y-dominant CBM
compared with the pz-dominant CBM under relaxed and
compressed conditions, as shown in Fig. 3, because the
reduced broadening of the pz bands through expansion lifts
the pz bands above the px,y bands. Therefore, one can mod-
ulate the selection rule for the direct-band-gap transition
by vertical strain.
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B. Photovoltaic properties in 2D Bi2O2X p-n junctions

To directly examine the performance of Bi2O2X in
devices, we construct the abrupt-change ML Bi2O2X p-n
junction (free-standing) with heavy doping of 1019 cm−3

and calculate the photocurrent. A similar or even higher
doping level is commonly applied in 2D-material-based
device simulations [13,44,45]. Despite the challenges of
heavy doping in Bi2O2X , recent experimental progress has
made a doping level of 1019 cm−3 possible. For example,
carrier concentrations of 1.83 × 1019 and 1019 cm−3 have
been realized through Ge doping and La doping, respec-
tively [46,47]. Another way to realize the heavy-doping
condition is electric doping by contacting the 2D materi-
als with a metal electrode [48,49]. For example, a doping
level of 3.1 × 1019 cm−3 in transition metal dichalco-
genides (TMDC) is realized by contacting with the Pd
electrode [49]. Various other doping strategies for 2D lay-
ered materials include ion implantation, plasma treatment,
and surface-charge transfer; these strategies realize even
higher doping levels of about 1014 cm−2 [50]. The atomic
structure and local density of states (LDOS) of such a ML
Bi2O2Se p-n junction are shown in Fig. 4(a). A built-in
potential is formed in the junction of about 10 nm in length
that provides a drifting field for photoexcited carriers. The
photoinduced carrier distribution in a p-n junction is illus-
trated in Fig. 4(b). The carriers drift with the built-in field
and then diffuse to form the majority carrier current.

The photovoltaic effects of the zero-bias ML Bi2O2X
p-n junctions are characterized by (1) the photocurrent
density for unit photon flux density [Fig. 5(a)]; (2) the
responsivity [Fig. 5(b)], which is defined as the photocur-
rent for unit power of incident light R = I/P; and (3)
the external quantum efficiency (EQE) [Fig. 5(c)], which
is defined as E = (I/e�), where I is the photocurrent
and � is the flux of photons. The photocurrents appear
from photon energies of 1.1, 1.8, and 2.4 eV and peak
at 1.4, 2.3, and 2.9 eV for X = Te, Se, and S, respec-
tively. The peak responsivity is about 80 mA/W for the ML
Bi2O2Se p-n junction at zero-bias voltage. Compared with

the peak responsivities of about 40, 45, and 70 meV for
the ML WSe2, MoS2, and BP p-n junctions, respectively
[Fig. 5(d)], the ML Bi2O2Se p-n junctions show outstand-
ing responsivity. An EQE of up to 18% can be realized
in the ML Bi2O2Se p-n junctions within our calculations,
indicating a reasonably high conversion efficiency.

A larger band gap means a stronger built-in poten-
tial, which ensures the efficient collection of carriers by
electrodes, but leads to a lower cutoff wavelength of
light absorption that limits the effective spectral range. In
Fig. 5(b), the ML Bi2O2S device has almost zero response
to photons under 2.5 eV. In comparison, the overall pho-
tocurrent spectra of the ML Bi2O2Te device are low due
to ineffective current formation caused by the weak built-
in field. Therefore, the ML Bi2O2Se p-n junction shows
the highest responsivity among ML Bi2O2X . Despite these
limitations, the shortcoming of the ML Bi2O2Te device
can be overcome by the reverse bias, and the ML Bi2O2S
device is suitable for interaction with high-frequency light.

As TMDs and group V 2D materials are also rec-
ommended for photovoltaic applications [8,51,52], their
responsivity is shown in Fig. 5(d) through our device sim-
ulations. The ML MoS2 and WSe2 p-n junctions display a
similar responsivity that rises from hν � 1.6 eV and peaks
at 1.9 eV with a maximum of R � 40 mA/W. In com-
parison, BP and antimonene display a strong photocurrent
peak with maximum R values of about 70 and 100 mA/W,
respectively. BP and antimonene also have low absorp-
tion edges, and the strong absorption peak at 1.3 eV of BP
also enables sensitive photodetection to infrared light. As
predicted by dielectric calculations in the previous work,
our device simulation confirms the potential photoelectric
applications of ML antimonene.

To compare the general performance of the 2D materials
in terms of photoelectric properties, we calculate the total
response coefficients under the AM1.5 standard spectrum
of sunlight [Fig. 5(e)]. The ML Bi2O2Se and Bi2O2Te p-n
junctions exhibit responsivities of 16.8 and 13.6 mA/W,
respectively, which are higher than those of the ML TMD

(a) (b)

Coordinate (relative units)

FIG. 4. (a) Device configuration and corresponding LDOS of ML Bi2O2Se p-n junction. Color scale from blue to red represents
LDOS from low to high. (b) Photoinduced carrier distribution of corresponding slightly doped p-n junction simulated by continuous
model. Blue and red solid lines denote CBM and VBM of p-n junction, while blue and red dash lines denote photoinduced electron
and hole density, respectively. Fermi level is set as zero.
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FIG. 5. Photovoltaic properties in ML Bi2O2X p-n junctions under different photon energies. (a) Photocurrent density, (b) respon-
sivity, and (c) EQE at Vbias= 0 V for photon energies from 0 to 5 eV. (d) Responsivity spectra of ML TMDs (MoS2 and WSe2) and
group V 2D materials (black phosphorous and antimonene) p-n junctions. Experimental responsivities of ML BP and MoS2 p-n junc-
tions are denoted by black and red stars, respectively. (e) Comparison of responsivity (red bars) and EQE (blue bars) of calculated
ML materials under standard AM1.5 sunlight radiation. Green bar represents experimental data. (f) I-V curve of heavily doped ML
Bi2O2Se p-n junction under AM1.5 illumination. UOC, I SC, and Wmax represent open-circuit voltage, short-circuit current, and maximal
output power of the device, respectively.

devices, but lower than those of the group V 2D material
devices. The group V 2D materials have advantages of low
absorption edges, strong interactions with light, and high
carrier mobility to achieve high responsivities and con-
version efficiencies of the photocurrent. However, black
phosphorous is unstable in air [53,54], and antimonene
has a band gap that rapidly drops to zero for an increas-
ing numbers of layers [55,56]; these features limit their
applications. By contrast, 2D Bi2O2Se displays air stability
[15,18], band gaps in a moderate range [11], and reason-
ably high responsivity, and thus, it is applicable for various
scales and designs of devices [1,12,17,19]. The I-V curve
of the ML Bi2O2Se p-n junction is shown in Fig. 5(f), and
a very large open-circuit voltage of 1.08 V is obtained.
The maximal output power of this p-n junction as a pho-
tovoltaic device is Wmax = 0.98 mW/cm2 under a working
voltage of about 1 V. As the total radiation power of AM1.5
solar spectra is Wtot= 100 mW/cm2, the ML Bi2O2Se p-n
junction could reach an energy conversion efficiency of
Wmax/Wtot � 1%.

The calculated responsivities of three ML 2D p-n junc-
tions are consistent with previous experiments, as shown
in Table I. For example, the responsivity of the ML

MoS2 [24] and BP [23] p-n junctions are measured to
be 16.6 and 6.2 mA/W, respectively, for incident light
with wavelengths, λ, of 532 and 1550 nm; these val-
ues are in agreement with the theoretical values derived
from the spectra in Fig. 5(d) of about 18 and 5.7 mA/W,
respectively. The ML WSe2 p-n junction’s responsivity
is measured to be 10 mA/W under white light and is
8.8 mA/W according to our simulation under AM1.5 illu-
mination [21]. Despite the difference between white light

TABLE I. Comparison of the photoresponsivity of zero-bias
ML p-n junctions between our simulation and experiments.
λ, Rcalc, and Rexpt. represent the wavelength of incident light,
the calculated responsivity, and the experimental responsivity,
respectively. The responsivity of the ML WSe2 p-n junction is
measured under sunlight in the experiment and simulated under
AM1.5 illumination in our calculations.

Material λ (nm) Rcalc (mA/W) Rexpt. (mA/W)

ML MoS2 532 18.0 16.6
ML WSe2 AM1.5 8.8 10
ML BP 1550 5.7 6.2

064037-7



HAO TANG et al. PHYS. REV. APPLIED 15, 064037 (2021)

0 1 2 3 4 5
0

2

4

6

8

10

0 100 200 300 400
0.0

0.5

1.0

1.5

2.0
R

es
po

ns
iv

it
y

(A
/W

)

Ephoton (eV)
Bi2O2S film Bi2O2Se film

(a) (b)

R
es

po
ns

iv
it

y
(A

/W
)

Film thickness (nm)

FIG. 6. Photoresponsivity com-
parison between multilayer
Bi2O2S and Bi2O2Se p-n
junctions (a) at thickness of
100 nm for different incident
photon energies. (b) Thickness
dependence of Bi2O2Se and
Bi2O2S thin film under AM1.5
sunlight radiation. Dashed
lines are saturated values for
the bulk limit.

and AM1.5 spectrum of sunlight, their frequency ranges
are close to each other. The good consistency between the
calculated and observed responsivity clearly indicates that
our simulation is reliable.

The Bi2O2X (X = S, Se) films with a thickness of h � c
(c is the lattice constant in the vertical direction) are sim-
ulated through the bulk-device calculation combined with
a continuum approximation. The decay of light intensity is
considered by the absorption coefficient α(ω), and the total
photocurrent is an integral of the current density j (ω) from
the bulk photocurrent calculation:

I(ω) = �0
1 − e−α(ω)h

α(ω)
j (ω),

α(ω) = ω
√

2μ{|ε(ω)| − Re[ε(ω)]} (5)

where �0 is the incident photon flux, ω is the frequency of
light, and μ is the magnetic permeability.

The maximum responsivity reaches 4 and 10 A/W for
X = S and Se, respectively, as shown in Fig. 6(a). The
Bi2O2Se film p-n junction’s maximal responsivity appears
at a photon energy of around 1.5 eV, indicating a strong
photovoltaic effect under near-infrared light. Besides the
excellent photovoltaic properties we predict here, the
Bi2O2Se film photoconductive devices also show high per-
formance for near-infrared photodetection, as reported in a
previous experiment [17].

We also calculate the total photocurrent of the Bi2O2S
and Bi2O2Se devices under AM1.5 illumination as a func-
tion of thickness, as shown in Fig. 6(b), and the cur-
rent tends to saturate around a thickness of h � 300 nm.
The saturated responsivities are 1.3 and 1.9 A/W for
Bi2O2SandBi2O2Se, respectively. Compared with the pho-
tovoltaic responsivities of 0.5 and 1.2 A/W for Si and GaAs
p-n junctions [22], the Bi2O2X film p-n junctions’ respon-
sivities are outstanding, showing that they are promising
candidates for photodetectors. Compared with the satu-
rated thickness of about 1 μm for the Si device [9], the

saturated thickness of the Bi2O2S and Bi2O2Se devices
is apparently lower due to their higher absorption coeffi-
cients.

IV. CONCLUSION

In this work, we study the layer dependence of light
absorption of Bi2O2X (X = S, Se, Te) and photovoltaic
effects in the Bi2O2X p-n junctions through TD DFT
and quantum-transport simulations. We find strong light
absorption of Bi2O2X , and the absorbance per layer in
2D Bi2O2X films increases with a decreasing layer num-
ber for high-frequency light. We calculate the photocurrent
in 2D Bi2O2X p-n junctions via ab initio quantum trans-
port simulations. The ML Bi2O2Se p-n junction has an
outstanding open-circuit voltage of 1.08 V under AM1.5.
The ML Bi2O2Se and Bi2O2Te p-n junctions have respon-
sivities of 16.8 and 13.6 mA/W, respectively; these values
are higher than those of ML WSe2 and MoS2 p-n junc-
tions. We also develop multiscale methods for multilayer
2D films and derive high responsivities of 1.3 and 1.9 A/W
for the Bi2O2S and Bi2O2Se junctions, respectively, under
AM1.5. The Bi2O2Se film and Bi2O2S p-n junctions have
higher responsivities than those of their commercial Si and
GaAs counterparts. Therefore, the Bi2O2X group materials
are promising for photovoltaic applications in p-n junc-
tions and potentially other configurations, such as van der
Waals heterojunctions or Schottky junctions.
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