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The bulk photovoltaic effect (BPVE) of two-dimensional (2D) polar crystals has received considerable
attention in recent years due to its potential applications in high-efficiency energy harvesting. Here, we propose
a class of pentagonal chain-based 2D pyroelectric CuXX'Y (X, X’ = S, Se, Te; Y = Cl, Br, I) monolayers with
in-plane polarization via a high-throughput screening method. By using first-principles calculations, we show
that compared to the 2D nonpolar CuX,Y compounds, the alignment between the averaged transition intensity
and shift vector of the polar CuX X'Y materials gives rise to the enhanced shift current responses reaching up to
500 wA V=2 in the visible range, and the magnitude of the shift current is positively related to the polarity of the
X-X' bond. More importantly, we find that all the studied materials have their exfoliation energies comparable
to those of existing 2D materials, implying the feasibility for preparing CuXX'Y monolayers by mechanical
exfoliation. Our study demonstrates the potential of utilizing pentagonal chains in the design of polar materials

with strong BPVE responses.
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I. INTRODUCTION

The bulk photovoltaic effect (BPVE) is a nonlinear optical
process that can directly convert light into electricity without
the need of a built-in electric field at p-n junctions or interfaces
to separate the electron-hole pairs. Thus, it can be realized
in a single-phase material with a solar cell efficiency higher
than the Shockley-Queisser limit [1]. The dominant factor for
the BPVE is the shift current that arises from the asymmetric
evolution of electron wavefunctions during band transition.
For this reason, the BPVE is only present in crystals without
inversion symmetry. Polar materials are of great interest in
BPVE applications, because the existence of electric polar-
ization naturally satisfies all the requirements for shift current
generation. Early studies have shown that the photocurrent
collection via BPVE with an efficiency larger than 10% can be
achieved in ferroelectric hybrid and oxide perovskites [2,3],
which has motivated considerable research on ferroelectric
photovoltaics. As a result, many 2D ferroelectric crystals,
such as group IV monochalcogenides [4,5], o-In,Se; [6], and
selenium and tellurium monolayers [7], have been recently
predicted for promising BPVE materials. Especially, a strong
BPVE has been experimentally observed in 2D hybrid per-
ovskites [8] and CulnP,S¢ [9], which opened up a new way
for developing novel solar cells by using ultrathin ferroelectric
sheets.

Besides ferroelectrics, 2D structures with electric
polarization can also be artificially designed. For instance,
recent experimental studies based on symmetry engineering
have been conducted to induce polarization in transition-metal
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dichalcogenides for large shift current generation by rolling
bilayer WS, into a polar nanotube [10], stacking WSe, and
black phosphorene to form a polar interface [11], or applying
a strain gradient on MoS, to obtain a polar monolayer
(flexophotovoltaic effect) [12]. Theoretically, Schankler
et al. [13] found an enhanced BPVE in MoS, by inducing
polarization via an electric field, which is called a bulk
piezophotovoltaic effect.

These studies highlight the importance of electric polar-
ization for enhancing shift current, while the real application
is hindered by the complicated setup for symmetry reduction
in such nonpolar structures. In this regard, 2D pyroelectric
materials are promising alternatives due to their intrinsic polar
symmetry. Moreover, unlike ferroelectrics that become para-
electric with a phase transition above the Curie temperature,
the electric polarization in pyroelectrics is a structural prop-
erty independent of temperature, thus enabling the application
at elevated temperatures. In recent years, Janus structuring
has been widely used to design 2D pyroelectric crystals with
asymmetric surfaces (called Janus materials) [14,15], which
led to the emergence of out-of-plane dipole moments and a
superior BPVE response [16]. However, the rational design of
in-plane polar symmetry in 2D materials and the consequent
nonlinear optical properties remain largely unexplored.

Here, we propose a new strategy to screen 2D pyroelectric
materials based on pentagonal chains, and find a class of
2D quaternary CuXX'Y (X, X' =S, Se, Te; Y =Cl, Br, 1)
compounds with in-plane polarization as well as large shift
currents (~500 uA V=2). Although a larger polarization does
not always ensure a stronger BPVE response, we do find
that the shift current and electric polarization in our studied
systems have a positive correlation. Moreover, compared with
the nonpolar CuX,Y sheets, we show that the shift vector

©2023 American Physical Society
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FIG. 1. (a) Cairo pentagonal tiling. The dashed lines represent
a unit cell. The orange shaded region shows a polar chain struc-
ture with two different atoms on the three-coordinated vertices. The
red arrow denotes the twofold screw axis as well as the polariza-
tion direction. (b) The pentagonal chain structure with polarization
along the chain direction induced by nonequivalent three-coordinated
atoms.

distributed near uniformly in the Brillouin zone aligns with
the transition intensity at the same photon energy after inte-
gration, leading to an enhanced BPVE in these polar CuXX'Y
monolayers.

II. METHODS

Our first-principles calculations were carried out based
on density function theory. We used the Vienna ab Initio
Simulation Package [17] with the projector augmented wave
method [18]. The electronic exchange-correlation interaction
is treated with the Perdew-Burke-Ernzerhof functional within
the generalized gradient approximation [19]. The energy cut-
off for the plane-wave basis is set to be 500 eV. The density of
the Monkhorst-Pack k-point mesh [20] used is 27 x0.01 AL
All the structures are fully optimized with a convergence
threshold of 0.01eV A~! for force and 1x10™* eV for en-
ergy. A vacuum space of 20 A is applied in the nonperiodic
direction to avoid the interaction between two adjacent layers.
The k-point sampling for the shift current tensor calculation
is carefully tested (see Supplemental Material Fig. S1 [21]),
where a 70x70x1 grid is used to perform the simulation.
Both the DFT-D3 and optB88-vdW methods are used for the
van der Waals (vdW) correction.

III. RESULTS AND DISCUSSION

Pentagons are much less common as the building blocks of
2D materials. Compare with hexagons, pentagons naturally
have a lower symmetry, which benefits the design of polar
materials. Among all the possible 2D pentagon-based config-
urations [22], Cairo pentagonal tiling is a popular structure
model [Fig. 1(a)]. Plenty of 2D materials have been recently
predicted and fabricated based on this tiling pattern [23], such
as penta-graphene [24], penta-PdSe, [25], and penta-NiN,
[26]. In our previous studies, a strategy was proposed to

realize in-plane spontaneous polarization in such a pentagonal
model [27,28], where the polar vector is along the twofold
screw axis. This polar symmetry requires two different atoms
at neighboring three-coordinated vertices forming polar bonds
[green and blue balls in Fig. 1(a)]. Note that the screw axis
is located at the middle of the shaded region, which shows
a chain-like shape. Interestingly, we notice that the other
pentagonal chain structure [Fig. 1(b)] can be obtained based
on the configuration of the silicon pentagonal nanoribbons
experimentally deposited on the silver (110) surface [29-31].
Although pentagons are arranged differently in these two
one-dimensional configurations, the twofold screw axis
remains in both cases. Therefore, when neighboring three-
coordinated atoms are nonequivalent, a polar chain forms
[Fig. 1(b)] that can be utilized to assemble 2D pyroelectric
materials.

Here, we demonstrate a high-throughput screening method
to identify the 2D polar materials composed of the previously
mentioned pentagonal chains based on the Computational
2D Materials Database (C2DB) [32], which is an online
repository of crystallographic data and elementary physical
properties for more than 4000 2D crystals. As shown in
Fig. 1(b), the two neighboring “left-right” connected pen-
tagons are the minimum repeating unit for the chain structure,
implying that a single cell of the target material should contain
at least one such motif. Thus, our algorithm is designed to
determine whether the materials in the database meet this
requirement via the following steps, as illustrated in Fig. 2(a):
(i) use a 2x2 supercell to ensure that the repeating unit is
completely inside the structure for screening (note that two
red balls in the pentagons are out of the unit cell); (ii) find all
chemical bonds in this supercell, where a bond exists when
the atomic distance is less than the sum of their covalent
radii; (iii) project all atoms and bonds onto the basal plane
(eliminating structural buckling), and calculate all bond an-
gles for the projected structure forming a data set; and (iv)
make a summation of ten bond angles selected in the set
and iterate over all combinations. If there exists a combina-
tion with a summation of 1080° (the interior angle of two
pentagons), and the ten bond angles in this combination are
made up of eight atoms (blue balls), which exactly form nine
chemical bonds (pink lines), the material is identified with
pentagonal chains. By applying this protocol to C2DB, we
find 13 target materials that have a similar structural motif
with a general formula of MX,Y (M = Cu, Ag, Au; X = O,
S, Se, Te; Y = Cl, Br, 1), as listed in Supplemental Material
Table SI [21]. Among them, four copper-based materials—
namely, CuSe,Cl, CuTe,Cl, CuTe,Br, and CuTe,l—are
selected for further study as they have corresponding vdW
bulk phases matching the experimentally observed crys-
tals in the Materials Project (MP) database [33]. The
screened configuration is plotted in Fig. 2(b), where each
pentagon consists of one copper and four X atoms and
the pentagonal chains are connected by the bridging Y
atoms. The buckled structure breaks the inversion sym-
metry, however, and the identical three-coordinated atoms
cannot induce electric polarization. Thus, the 2D MX,Y
structure is noncentrosymmetric but nonpolar. In order to
realize polar systems, we make an isoelectronic substitution
by replacing one X atom with a same-group other atom
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FIG. 2. (a) Schematic of the pentagonal chain configuration in 2D materials. (b) Geometric structure of the nonpolar CuX,Y sheet
composed of CuXj, pentagonal chains and halogen atoms (Y) as the linker. (¢) Geometric structure of the polar CuXX'Y sheet composed

of CuX,X’, pentagonal chains and halogen atoms.

/!

[Fig. 2(c)]. Consequently, the polar bonds are formed
and orderly arranged along the chain direction, exhibiting
pyroelectric polarization in the newly quaternary CuXX'Y
monolayer. We list all the constructed 2D CuXX'Y in
Supplemental Material Table SII [21] and highlight five
structures (CuTeSCl, CuTeSeCl, CuTeSBr, CuTeSeBr, and
CuTeSel) that also have their vdW bulk counterparts in the
MP database.

Next, we take CuTeSBr as an example to investigate the
BPVE in these polar CuXX'Y monolayers. The shift current
tensor is given as

o (0; 0, —w) =

ine’
— / 13 o

S (rflr)mrnm .a + rrcnnrnm;a)S(wmn - (,()), (1)
where a, b, ¢ are Cartesian indices, n and m are the band
indices, f,, = fu — fu is the Fermi-Dirac occupation number,
and hw,, = E, — E, is the band energy difference. The
integral is over the first Brillouin zone with [dk] = dk? /(27 )¢
in d dimensions, and k is the crystal momentum. rj, is the
dipole matrix element, which is given by 7¢ = (1 — (Snm )AL

nm nm>

andry, . represents generalized derivatives with the definition
of ré a J9kP—i(Ab —Ab rd | where A% is the Berry

con;l{ggtlon For 2D systems, the shift current needs to
be multiplied by d,/dmickness With d; as the lattice length
perpendicular to the periodic direction, and dpickness as the
actual thickness of the monolayer. This transformation is
for quantitative comparison with bulk systems. For a more
efficient calculation, we employ the Wannier interpolated
model proposed by Ibafiez-Azpiroz et al. [34], where pyw90
and WANNIER90 [35] codes are used to obtain the Wannier
functions (see Supplemental Material Fig. S2 for details [21]).
The largest photoresponse direction of CuTeSBr is in the polar
chain direction, i.e., 0, as plotted in Fig. 3(a). Compared
to the nonpolar CuTe,Br, the maximum peak is increased
threefold and can reach —479 uA V-2, The integrated shift
current in the visible range (1 to 3 eV) is increased even more,
because the negative and positive parts in the shift current
curve of CuTe,Br are largely canceled, while the curve for
CuTeSBr keeps almost the same sign. Similar BPVE prop-
erties have been found in other screened polar monolayers.

The maximum peaks of CuTeSCl, CuTeSeCl, CuTeSeBr, and
CuTeSel are —508 uA V=2 at /iw = 1.88 eV, —109 uA V=2 at
how=1.72¢eV, =134 uA V2 at hw=1.75 eV, and —87 uA V2
at hw = 1.65 eV, respectively (see Supplemental Material
Fig. S3 [21]). Such values are larger than those of prototypical
ferroelectric oxides, e.g., 5 uUA V=2 in BaTiO; [3], and many
other emerging materials such as 2D ferroelectrics [4] and
Weyl semimetals [36] within the same photon energy range.
Thus, the BPVE for 2D CuXX'Y is strong for optoelectronic
applications. Note that the effect of spin-orbit coupling on
the shift current is also considered, which does not lead
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FIG. 3. (a) Shift current tensor o?** of CuTeSBr, CuTeSeBr, and
CuTe,Br. The inset image illustrates the direction of o*** with re-
spect to the orientation of the electric field and polarization axis.
(b) The relationship between the integrated shift current and the Born
effective charge Z; (X ).
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FIG. 4. (a) Band structures of the CuTeSBr and CuTe,Br sheets. The red bands contribute most to the peak value of the shift current.
(b) The shift current response between different band pairs. The red line for VB; — CB; represents the largest contribution. The (c) shift
current, (d) transition intensity, and (e) aggregate shift vector contributed from the (VB; — CB)) pair.

to significant changes (see Supplemental Material Figs. S4
and S5 [21]).

It is worth mentioning that the shift current and electric
polarization are not correlated in a specific way, especially
in complex materials [3,37]. However, many studies have
pointed out that a polar crystal structure is crucial for en-
hancing BPVE [9-11]. In periodic systems, the absolute value
of polarization is multivalued [38]. Here, we calculate the
yy component of the Born effective charge tensor for the X’
atom, i.e., Zy*y (X), to measure the magnitude of polarization in
CuX X'Br monolayers. Figure 3(b) clearly shows that Z;“y X"
has a positive relationship with the integral of the shift current
tensor over the frequency range (up to 5 eV), i.e., | [ o¥].
The same trend is also found in the other 2D CuXX'Y ma-
terials (see Supplemental Material Fig. S6 for details [21]).
Therefore, inducing polarization in nonpolar CuX,Y systems
is a possible strategy to design BPVE materials with tailored
nonlinear optical responses.

To wunderstand the microscopic mechanism for the
enhanced BPVE in such polar systems, we split the shift
current tensor into two components of the shift vector
and transition intensity. The shift vector R® is defined as
RE = dpum(k)/0kP—AL ~+ AL with ¢y, as the phase of
rb = |r? |e=m_ It has the unit of length, describing the
average displacement from band m to band n during the
lifetime of an electron after absorbing a photon. Over the

same period of time, the longer the carriers travel, the stronger
the shift current response is excited. The shift vector can be

. 2
calculated with RY =TIm[rb rb 4+ rb rb 1/170 " As
an analytical tool, we integrate R” over the Brillouin zone
between band m to band n:

ﬁ[n,m] (Cl)) = / [dk] fnmRzmg(wnm - w) (2)

Note that ﬁ[n,m] is not physical, but it can be used to plot
the aggregate shift vector curve under different light energy
for qualitative analysis. When separating Rﬁm from Eq. (1),
2 L .
there leaves a term of |2 |°, which is proportional to the
transition intensity from band m to band n, written as

2
e / (K] fon| 2 P8 — ). (3)

h

In terms of Egs. (2) and (3), the shift current responses
contributed from different band pairs are first examined
as shown in Figs. 4(a) and 4(b), where we find that the
largest contribution to the main peak for both polar CuTeSBr
(1.85 eV) and nonpolar CuTe,Br (1.66 eV) is from the
transition between the third highest valence band (denoted
VB3) and the lowest conduction band (denoted CB;). This
is because the transition matric element and joint density of
states are largely overlapped for this band pair in the Brillouin

b
E[n,m] ((,()) =
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FIG. 5. The k-resolved (a) shift current, (b) transition intensity, and (c) shift vector between VB3 and CB; of CuTeSBr at /iw = 1.85 eV.

(d)—(f) The same physical quantities of CuTe,Br at 7iw = 1.66 eV.

zone (see Supplemental Material Figs. S7-S9 for the details
[21]). Based on this, we calculate the shift current, transition
intensity, and aggregate shift vector for the (VB; — CB)
pair as plotted in Figs. 4(c)—4(e). The maximum values of
stBLCBl](a)) in CuTeSBr and CuTe;,Br are close [Fig. 4(d)],
and their peak positions are consistent with those of o}y cp

[Fig. 4(c)]. Therefore, F[VBLCBI] dominates the magnitude
of shift current response. In Fig. 4(e), one can see that the
R*[yB,.cB,] for CuTeSBr at 1.85 eV is nearly three times as
large as that for CuTe,Br at 1.66 eV, hence giving rise to the
BPVE enhancement in polar structure.

According to Eq. (1), the point with the large transition
intensity and shift vector in the Brillouin zone can lead to a
strong BPVE response; thus, we further plot k-resolved values
in Fig. 5 to understand the previous aggregate quantities. The
transition intensities of both materials share a similar distri-
bution [Figs. 5(b) and 5(e)]. However, the dipole transition is
forbidden around the middle point of the I' — Y line in polar
CuTeSBr due to the changed band symmetry. This explains
the slightly larger peak of transition intensity in CuTe,Br than
that in CuTeSBr. Moreover, because the transition intensity is

always positive (o<|r,’jm|2), the sign of the shift current is con-
sistent with that of the shift vector. Both strong positive and
negative values of the shift vector are observed in CuTe,Br
[Fig. 5(f)]; thus, the cancellation between them reduces the net
current after integration over the Brillouin zone [Fig. 5(d)]. In
contrast, the shift current contains most features of the transi-
tion intensity in CuTeSBr [Figs. 5(a) and 5(b)], since the shift
vector is nearly negative in the whole Brillouin zone, although
its absolute value decreases [Fig. 5(c)]. Such a pattern of
distribution avoids strong cancellation, consequently leading
to the enhanced shift current. As discussed elsewhere [13], the
shift vector is a decisive factor for determining the BPVE re-
sponse, which can be modulated significantly by changing the
crystal configuration, such as inducing atomic displacement.

Here, we show that isoelectronic atom substitution is another
effective approach to realizing a strong shift current.

To examine the feasibility of fabricating these pyroelectric
CuXX'Y monolayers from their vdW bulk counterparts, we
calculate the exfoliation energies, defined as the energy cost
for stripping the top layer from the surface of the bulk crystal
[39], written as

Eop— Eiso — Epuic /N ’

S

where Ej, is the energy of the isolated CuXX'Y monolayer,
Eyux /N is the energy of the corresponding bulk structure
per layer, and S is the in-plane area of the bulk unit cell.
We find that the values of E are in the range of 21.22 to
24.28 meV /Az [see Table I], which are comparable to those
of graphene, hexagonal-BN, and phosphorene [39], indicating
that these 2D CuXX'Y materials could be synthesized by
mechanical exfoliation from bulk phases. In addition, the sta-
bilities of freestanding CuXX'Y sheets are further examined
by calculating their phonon spectra, as plotted in Supplemen-
tal Material Fig. S10 [21], where no imaginary frequencies
exist throughout the entire Brillion zone, indicating that these
polar monolayers are dynamically stable. We also list the
energy above hull of CuX X'Y bulk structures in Supplemental

“

TABLE 1. Exfoliation energies for CuXX'Y monolayers with
different vdW corrections.

meV/ A2 DFT-D3 optB88-vdW
CuTeSBr 23.03 22.53
CuTeSCl 23.27 22.32
CuTeSeBr 21.22 22.72
CuTeSeCl 24.28 22.32
CuTeSel 24.11 23.00
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Material Table SII [21]. The values are in the range of 50 to
100 meV; thus, these materials are considered to be thermo-
dynamically metastable.

IV. CONCLUSION

In summary, we have proposed a new class of 2D pyro-
electric materials CuXX'Y (X, X' =S, Se, Te; Y = Cl, Br,
I) containing pentagonal chains by using a high-throughput
screening method. Compared to the nonpolar CuX,Y mono-
layers, the identified polar monolayers exhibit stronger shift
current responses (up to 500 uA V~2) that are positively corre-
lated to electric polarization. The enhancement of the BPVE
is due to the nearly uniform distribution of the shift vector in
the Brillouin zone, which suppresses the strong cancellation
in shift current integration. Moreover, the calculated exfolia-
tion energies show the feasibility of mechanically exfoliating

these polar CuXX'Y sheets from their bulk counterparts.
These results not only suggest that 2D CuXX'Y sheets are
novel BPVE materials, but also show the advantages of us-
ing pentagonal chains as the building units in the design
of polar materials, expanding the family of 2D pyroelec-
tric materials and unlocking their potential applications in
photovoltaics.
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