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We use a first-principles density functional theory approach to calculate the shift current and linear
absorption of uniformly illuminated single-layer Ge and Sn monochalcogenides. We predict strong
absorption in the visible spectrum and a large effective three-dimensional shift current (~100 uA/V?),
larger than has been previously observed in other polar systems. Moreover, we show that the integral of the
shift-current tensor is correlated to the large spontaneous effective three-dimensional electric polarization

(~1.9 C/m?). Our calculations indicate that the shift current will be largest in the visible spectrum,
suggesting that these monochalcogenides may be promising for polar optoelectronic devices. A Rice-Mele
tight-binding model is used to rationalize the shift-current response for these systems, and its dependence
on polarization, in general terms with implications for other polar materials
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Introduction.—The shift current is a dc current generated
in a material under uniform illumination [1-4], and gives
rise to phenomena such as the bulk photovoltaic effect
(BPVE) [1]. A necessary condition for the BPVE in a
material is the lack of inversion symmetry. Interestingly, in
the BPVE, the resulting photovoltage is not limited by
the band gap energy, and a junction or interface is not
required to generate a current. These properties of the
BPVE motivate great interest in the possible optoelectronic
applications of noncentrosymmetric systems, and they have
been suggested to play a role in emerging functional
materials, including hybrid halide perovskites [5].

The BPVE is much less studied in two-dimensional (2D)
materials [6-8]. Two-dimensional materials represent the
ultimate scaling in thickness with mechanical, optical, and
electronic properties that are unique relative to their bulk
counterparts. For example, single-layer group-IV mono-
chalcogenides GeS, GeSe, SnS, and SnSe are actively being
investigated [9—17] due to their band gaps and large carrier
mobilities suitable for optoelectronics. Centrosymmetric in
the bulk, the monochalcogenides lack inversion symmetry
in single-layer form, allowing for the emergence of a
spontaneous polarization and a BPVE. Although broken
inversion symmetry is necessary for a nonzero shift current,
the relationship between shift current and polarization at a
given frequency is complex and depends on the degree of
asymmetry and spatial localization of the valence and
conduction states [5]. On the other hand, the shift-current
spectrum integrated over frequency is clearly correlated to
polarization, as shown in this Letter.
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In this Letter we use first principles density functional
theory methods, supplemented by a tight-binding model, to
predict and understand the spontaneous polarization and
BPVE in single-layered monochalcogenides. In addition to
confirming their established favorable band gaps and strong
absorption [18,19], we demonstrate that the monochalcoge-
nides exhibit a large in-plane shift current, up to 100 uA/ V2.
Using a Rice-Mele tight-binding model, we find that the
integral of the frequency-dependent shift-current tensor is
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FIG. 1. The crystal structure of single-layer group-IV mono-
chalcogenides M X, where M = Ge, Sn, and X = S, Se. In (a) we
show the 3D view of the single-layer and in (b)—(d) the
projections of the single-layer crystal on the Cartesian axes.
Structures with 0, =P polarizations are also shown in inset (b)
and (d). A twofold rotation along z (plus translations) determines
the polarization axis, see text.
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TABLE I. Left: Ground state polarization of single-layer monochalcogenides. The 3D effective polarizations are for a layer thickness
of a = 2.6 A. The energy barrier between the ground-states with opposite polarization calculated within DFT-PBE are also shown.
Right: Direct (D) and indirect (I) band gaps calculated with DFT-PBE and optical gaps reported from GW-BSE calculations.

Polarization Energy Supercell Band gap (eV)
2D 3D barrier lattice vectors (A) DFT-PBE GW-BSE Expt.*
(nC/m)  (C/m?) (K) a b c D I D D
GeS 0.48 1.9 5563 15.0 3.7 4.5 1.9 1.7 2.2 [19] 1.6 [12]
GeSe 0.34 1.3 1180 15.0 4.0 43 1.2 1.2 1.6, 1.3 [18,19] 1.2 [12]
SnS 0.24 0.8 384 15.0 4.1 4.3 L5 1.4
SnSe 0.17 0.6 80 15.0 43 4.4 0.9 0.9 1.4 [18]

“Experimental optical gaps (Expt.) of few-layer chalcogenides are also shown for comparison

well correlated to the spontaneous polarization; and this Spontaneous polarization.—We calculate the spontane-
integral is maximized at an optimal value of polarization. ous polarization of single-layer chalcogenides using the
Structure, symmetries, and ab initio methods.—Our DFT ~ modern theory of polarization [26,27], as implemented in
calculations are performed with the generalized gradient — ABINIT. We first identify an adiabatic path between the
approximation including spin-orbit coupling. We use the  ground state and a centrosymmetric geometry with, in
ABINIT code [20], with Gaussian pseudopotentials [21] and  this case, zero polarization. We parametrize the atomic
the Perdew-Burke-Ernzerhof (PBE) functional [22]. We  displacements along a path between these geometries
fully relax atomic positions in supercells that include at  [Figs. 1(b) and 1(d)] with 4 as R/(1) = Rf)—i—/l(R}—Rf)),
least 10 A of vacuum between layers. Our relaxed lattice where Rf) (R}) is the initial (final) position of ith atom in
parameters are shown in Table I and agree with previous  the centrosymmetric (noncentrosymmetric) structure. We
work [10] (see details in Supplemental Material [23], which  calculate the minimum-energy path between the =+P,
includes Ref. [24]). configurations, as detailed in the Supplemental Material
Bulk monochalcogenide crystals MX (M = Ge, Sn and  [23]. The minimal energy path is indistinguishable from the
X =S, Se) are orthorhombic with point group mmm and  linear path used here. The polarization for various 2D
space group Pnma (No. 62). They consist of van der Waals-  monochalcogenides has also been theoretically studied
bonded double layers of metal monochalchogenide atomsin  recently [13,17,28-33]. Our adiabatic polarization path,
an armchair arrangement. The space group of the bulk crystal ~ is shown schematically in Figs. 1(b) and 1(d). Table I shows
contains eight symmetries including a center of inversion  the computed spontaneous electric polarization per unit
which prevents spontaneous electric polarization and the  area, Pya, and an effective 3D polarization assuming an
BPVE. Upon exfoliation, the resulting single “double layer”  active single-layer thickness a = 2.6 A. Interestingly,
primitive cell has four atoms, see Fig. 1. In this work, the GeSe has a significantly higher effective 3D polarization,
layers are chosen to be oriented perpendicular to the x axisas 1.9 ¢ /m?, than most prototypical ferroelectrics, e.g.,
shown in Fig. 1(a). The single-layer structure has four (28 C /m2 in CaMn;0,, [34], 0.26 C/m? in BaTiO;
symmetries, including a twofold rotation with respect to z [35,36], 0.37 C/m? in KNbO; [37], and 0.9 C/m? in
(plus translation), 2[001] + (1/2,0, 1/2), which determines BiFeO; [38,39]. The energy barriers, provided in
the direction of the in-plane spontaneous polarization of the .1} I, are much larger than room temperature.
layer along the z axis. In addition, the 2D system has two  pygywever, since reorientation under an applied electric field
mirror symmetries with respect to x and y, "?[100]_"' is often facilitated by domain wall motion, future experi-
(1/2,1/2,1/2) and m[010] + (0,1/2,0). Hence its point  enes are necessary to conclusively demonstrate ferroelec-
group, which determines the nonzero components of the ¢ switching behavior.
optical response tensors, is mmZ. . ) Optical absorption and shift current.—One notable
As a consequence of the mirror symmetries with respect  fearure of single-layer monochalcogenides is their prom-
to the x and y axis of a single monochalcogenide layer, all ising band gap energies in the visible range [12,18,19]. In
the cross-components terms of the imaginary part of the  Tuple I, we show the computed DFT-PBE gaps, which are a
dielectric function, €§’, vanish together with the tensor good estimate of the corresponding optical gaps. Although
components xxx, xyy, xzz, yxx, yyy, and yzz of the shift  in principle ab initio many-body perturbation theory
current. Only seven components are symmetry allowed  (MBPT) would be a more rigourous approach to optical
[25]: zxx, zyy, 222, Yyz, and xzx, as well as components  gaps, in this case, we expect the PBE single-particle gaps to
obtained by interchanging the last two indices. Symmetry,  be indicative since excitonic effects, as large as 1 eV in GeS
however, does not dictate the magnitude of the response in [19], can fortuitously cancel the well-known tendency of
each direction, and consequently we compute the matrix  the PBE functional to underestimate the transport gap. In
elements below. Sn-based materials, the PBE gaps are smaller by ~0.5 eV
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FIG. 2. Shift-current spectra (a), shift vector integrated over k
(b), and linear absorption (c) of single-layer GeS. The large in-plane
shift-current response in the visible range is dominated by the shift
vector and corresponds to the large absorption along zz and yy.

than in prior MBPT calculations (see Table I), and hence
the responses are redshifted and should be treated with
more caution. In addition, since exciton formation can alter
and even enhance shift current at exciton resonances [40],
strong excitonic effects in monochalcogenides could lead to
even larger shift currents.

We calculate the imaginary part of the dielectric func-
tion, €4°, within the independent particle approximation. As
shown in Fig. 2, the absorption is strong €, ~ 50, in the
visible range of 1.5 to 3 eV, due to the direct or nearly direct
band gap of these materials [7]. For comparison, we
calculate the absorption coefficient a = we,/c, with light
frequency @ and speed of light ¢. For the 2D monochal-
cogenides of thickness ~2.6 A, a~0.5-1.5 x 10° cm™!,
and similar values were found for graphene and MoS, (0.7
and 1-1.5 x 10° cm™!, respectively) [41]. The zz and yy
tensor components are larger than xx due to the intrinsic
crystal anisotropy, in agreement with previous work
[12,18,19]. In addition to the energy gaps and the large
absorption in the visible range, single-layer monochalco-
genides have a large shift-current response, as shown
below.

The dc shift current is generated to second order in the
electric field. Consider a monochromatic electric field of
the form E®(t) = E’(w)e'™ + E*(—w)e™™". The shift-
current response can be expressed in terms of the third-
rank tensor 6°°(0; w, —®) as,

a
thm

_2Zaabc (0; 0, —0)E? () ES(—w). (1)

The shift-current tensor is given by [3]

abc (). iﬂe
o2 (0, , _(1)) 2h2 / 871'3 anm Vinn nm a

nm
+ rCmanm;a)é(wmn - (0)’ (2)

where rj, are velocity matrix elements. The ry ., are
b= oré,, ] OkP—
i(Ab, — AL )re,, where A%, are the Berry connections,
with the a and b indices denoting Cartesian directions. We
define the Fermi-Dirac occupation numbers f,,, = f,, — f >
and the band energy differences as fw,,, = hw, — ho,,.
For linearly polarized incident light, » = ¢, and the
integrand in Eq. (2) is proportional to the shift “vector”
Re%, [3], defined as (1/2)Im[r,, sy = Pl

Figure 2 shows the calculated effective shift-current
spectra for GeS parallel and perpendicular to the polari-
zation axis. (The shift-current spectra for GeSe, SnS, and
SnSe have similar features, see the Supplemental Material
[23].) We report the responses assuming an active single-
layer thickness of a =2.6 A [42]. We find a broad
maximum of the order of 100 xA/V? which, importantly,
occurs in the visible range (1.5-3.3 eV). The in-plane
components, zzz and zyy, are larger than the out-of-plane
component zxx, consistent with the large absorption along
zz and yy. We compare this response with that of
prototypical ferroelectric materials in the same frequency
range, e.g., 0.05 uA/V? in BiFeO; [5], and 5 uA/V? in
BaTiO; [5], which are much smaller. Additionally,
0.5 uA/V? is reported for hybrid halide perovskites [5]
and NaAsSe, [44], and 250 uA/V? (= 400 mA/W) is
found for state-of-the-art Si-based solar cells [45] (see the
Supplemental Material [23] for details on the conversion
between shift-current and A/W units). The BPVE for 2D
monochalcogenides is therefore quite large.

The absorption and shift-current spectra are related by
the velocity matrix elements r,,, entering Eq. (2), explain-
ing why peaks in e, tend to correspond to peaks in the shift
current spectra. To explore the relationship between 6’2’1’ and
o’ in Fig. 2(b), we plot the shift vector integrated over
the Brillouin zone (BZ) [5.,46],

—ea [ £ Y ikt~ o). 0)

where Q is the volume of the unit cell.

For the monochalcogenides, eR”’(w) contains most
features of 69*?(w), and hence dominates the shift-current
response. Following the analysis of Ref. [46], we interpret
eR? as a collective shift of polarization upon excitation,
due to transitions from valence to conduction states with a
distinct center of mass [47]. Thus, wave function Berry
phases play a fundamental role in the BPVE, which we
further explore next.

Polarization and shift current.—To understand the rela-
tion between 6?? and polarization P, consider a short-circuit

generalized derivatives, defined as r¢

Rab(
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FIG. 3. Nonmonotonic dependence of the integral of the shift-
current tensor vs electric polarization for GeS; the integral is
normalized by —3 x 10'® As~! V=2, its value at the ground state
with polarization P, = 1.9 C/m”. The tensor components 77z,
zyy, and zxx are shown in black, green, and blue points,
respectively. For small P the integral is directly proportional
to polarization (dashed lines), but it is nonmonotonic for large P.
The integral reaches it maxima at P(§,,), which is close to P,.

bulk ferroelectric illuminated by unpolarized light with a flat
broad spectrum. The short-circuit current in the z direction,
I = AE} [ do[c™ (0; w, —w) + 6°%(0; w, —w)], is pro-
portional to the integral of the shift current tensor. Here,
the cross sectional area is A and the amplitude of the
electric field is E,. To first nonvanishing order in A4,
both the polarization and the integral are linear in A,
P(2) = 0;,P(0)A+---, [c°®"(2) = ( [D,6°"(0))A+ - -,
and hence proportional to each other.

In Fig. 3 we show the integral of the shift-current tensor
over the frequency range (up to 6 eV) for GeS as a function
of polarization along the adiabatic path of Fig. 1(b). For
small polarization, the integral grows linearly with polari-
zation, as expected. However, for larger polarization there
is nonmonotonic behavior which we explain below with a
tight-binding model. Notice that without the integral, the
expansion coefficients become frequency dependent and
the current could increase or decrease with polarization
with no general relationship.

The Rice-Mele tight-binding model.—As mentioned
previously, the monochalcogenide layer has a 2[001] +
(1/2,0,1/2) symmetry that transforms the upper three
atoms in Fig. 1(b) onto the lower three. This suggests there
is an effective one-dimensional description of the armchair
structure in the z direction, and in fact, as we show below,
the trends in the integral of the shift-current tensor along z
are captured by a simple model Rice-Mele (RM) model
[48,49]. The RM Hamiltonian is

}{:E:“E+(—U€>@ﬁﬂl+H£J+04YAJQ,
| @)

where 0 parametrizes the structural distortion relative to
the centrosymmetric structure, A the staggered on-site

potential, and cl‘ is the creation operator for electrons at
site i. Inversion symmetry is broken when both A # 0 and
0 # 0, and preserved otherwise. For this two-band model
Eq. (2) gives (see the Supplemental Material [23] for more
details)

2
R,
222 ( (). _ — 3 k|vcv| cv
/dcoa 0,0, —w) = e /d T (5)

where R, = 0¢p.,/ Ok + A.. — A, is the shift vector and is
gauge invariant. A,,, = i(u,|0|u,,) are the Berry connec-
tions, and ¢2,, is defined by r4,, = |2, |e~®n, where E(k)
is the band dispersion and v, is the matrix element of the
velocity operator. The Rice-Mele model allows for a
complete analytic solution for the optical response and
these results will be presented elsewhere [50]. The polari-
zation is P(8) = (e/2r) [ dk|A,,(k,8) — A,,(k,0)]. The
model has two independent parameters 6 and A. To make
contact with the monochalcogenides, we set t = 1, and o

and A are related by the energy gap, 21/83 + A3 = 1.9 eV
(for GeS). Choosing parameters (7, [0, 8], Ag) =
(1,[0,-0.87],0.4) eV fits the zzz ab initio integral for
GeS well and corresponds to a gap of 1.9 eV. The RM
model polarization is Py = P(&).

As the RM model is a good description of the integral of
the shift-current tensor in monochalcogenides, we now
explore the relation between polarization and shift
current within this model. The integral of the shift
current tensor in Eq. (5) is determined by the competition
between the shift vector and the velocity matrix elements
h?|v,,|?/4E* = |r,,|?>. These in turn are controlled by & and
A, which have opposing tendencies: whereas increasing A
tends to localize charge at lattice sites, increasing dimeri-
zation 6 moves the center of charge away from them
(leading to an increase in polarization). We find that for
5 < A, R,, is sharply peaked at k = 0 but |v,, |>/4E? peaks
at 7/ c, and hence the integral is small. As § increases, R,
and |v,,|?/4E? broaden, and the integral increases; the
integral reaches a maximum at an optimum value, £6,,
which to lowest order in A is

S =A+ 0(A3logA), (6)

where the polarization takes the value P(§,,). For GeS,
GeSe, and SnS, 5, (—0.9, —0.5, and —0.6 respectively) is
relatively close to the optimal 9,, values of —0.5, —0.5, and
—0.6, respectively, whereas for SnSe, 0,, (0.4) is farthest
from oy (—0.2), see the Supplemental Material [23].
Therefore, consistent with Refs. [7] and [5], the large shift
current in these monochalcogenides results from two
competing factors, a large shift vector and large velocity
matrix elements (linear absorption strength), both of which
can be modulated with polarization (and therefore compo-
sition, structure, and external electric field).
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Discussion and conclusions.—We have calculated the
shift-current response and spontaneous electric polarization
of a family single-layer monochalcogenides, MX, where
M = Ge, Sn, and X = S, Se. We find a large shift current
and a large polarization compared with prototypical ferro-
electric materials. The fact that the maximum current
occurs in the visible range highlights the potential of these
materials for optoelectronic applications. Further, the large
spontaneous polarization can serve as a knob to engineer
the photoresponse. The integral of the shift-current tensor
over frequency is clearly dependent on polarization and by
means of a RM model, we find an optimal value of
polarization where the current is maximum.
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