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The rectified bulk photovoltaic effect (BPVE) in noncentrosymmetric semiconductors, also called shift cur-
rent, is considered promising for optoelectronic devices, terahertz emission, and possibly solar energy harvesting.
A clear understanding of the shift current mechanism and search for materials with large shift current is,
therefore, of immense interest. ABC semiconductors LiZnX (X = N, P, As, and Sb) can be stabilized in cubic
as well as hexagonal morphologies lacking inversion symmetry—an ideal platform to investigate the significant
contributing factors to shift current, such as the role of structure and chemical species. Using density-functional
calculations properly accounting for the electronic bandgaps, the shift current conductivities in LiZnX (X = P,
As, Sb) are found to be approximately an order of magnitude larger than the well-known counterparts and
peak close to the maximum solar radiation intensity. Notably, hexagonal LiZnSb shows a peak shift current
conductivity of about −75μA/V2 and Glass coefficient of about −20 × 10−8 cm/V, comparable to the highest
predicted values in literature. Our comparative analysis reveals a quantitative relationship between the shift
current response and the electronic polarization. These findings not only posit Li-Zn-based ABC semiconductors
as viable material candidates for potential applications but also elucidates key aspects of the structure-BPVE
relationship.
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I. INTRODUCTION

The optical response of a material is given by a series
of linear and nonlinear processes [1–3]. Second-order optical
and transport properties have been studied extensively in the
last few decades, revealing an intimate connection between
Berry phases and nonlinear processes [4–8]. In nonmagnetic
semiconductors lacking inversion symmetry, second-order op-
tical response gives rise to a bulk photovoltaic effect (BPVE)
[9,10] in the form of a rectified current in response to a
linearly polarized light, known as shift current [11–13], which
has wide applications in optoelectronic devices [14–16] and
terahertz emission [17–19].

Shift current has long been considered as a promising alter-
native to the conventional p-n junction based solar cell devices
as this bulk response arises because of the real-space shift
of charge centers in noncentrosymmetric materials, thereby
producing a less dissipative photocurrent of topological origin
[13], not confined to the Shockley-Queisser (SQ) limit of con-
ventional solar cells [20–22]. However, the photoconversion
efficiency of BPVE materials is found to be much below the
SQ limit for intermediate to large gap semiconductors so far
[23].

For potential applications, a clear understanding of the
BPVE response on structural details along with new materials
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with large BPVE response is of paramount importance. In this
regard, a quantitative comparison between theory and experi-
ments have been carried out for a variety of materials, such
as the well-known multiferroic BiFeO3 [24], ferroelectric
BaTiO3 [25], and its derivative [25] and SbSI [26]. Recently,
materials with large shift current have also been predicted
[27–30]. Nevertheless, dependence of shift current magnitude
on crystal structure and chemical species is still not fully
understood.

Shift current is a bulk phenomenon dependent on the
average distance moved by the charge carriers during op-
tical transition, the so-called shift vector. The shift vector
is defined by the difference of Berry connections of initial
and final states participating in the optical transition [24,31].
Most studies on the structure-BPVE relationship hitherto have
focused on materials with nonvanishing spontaneous polariza-
tion. Shift current response therein is found to be dependent
on the bonding character and charge delocalization of the
electronic states and polarization [14]. Fregoso et al. [32]
have explicitly shown that the zone-averaged shift vector is
directly proportional to the difference in electronic polar-
izations between the initial and final states involved in the
optical transition lying across the in-gap chemical potential in
insulators.

In ferroelectrics, although the magnitude of the shift cur-
rent conductivity (SCC) is not directly related to the total
ferroelectric polarization [14,28], theoretical and experimen-
tal studies [33,34] on the ferroelectric charge transfer complex
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tetrathiafulvalene-p-chloranil (TTF-CA) suggest that SCC
may, in fact, be related to the electronic part of the polarization
(Pel), quantified in terms of the Berry phases of the Bloch
bands [35]. Specifically, large shift current response can be
generated in the lower-symmetry ferroelectric structure of
TTF-CA which also possesses significant Pel, approximately
20 times larger than the ionic contribution, Pion.

A systematic and quantitative understanding of the rela-
tionship between SCC and Pel, however, is lacking. Moreover,
it remains unclear if this correlation can also be extended
to piezoelectric materials where polarization can only be in-
duced by external strain.

Here, we address the dependence of SCC on the structure
and composition, revealing subtle aspects of the structure-
BPVE relationship, by carrying out a systematic and com-
parative density functional (DF) investigation of the SCC in
the ABC semiconductors LiZnX (X = N, P, As, Sb). Many
members of the ABC semiconductor family can be synthe-
sized in cubic as well as hexagonal structures, both of which
are noncentrosymmetric. The polymorphism in Li-Zn-based
semiconductors of the AI BIICV type provides a rather unique
opportunity to explore the effects of the crystal structure and
chemical species on the SCC.

Among the considered LiZnX (X = N, P, As, Sb) semicon-
ductors, while the first three members are known to crystallize
in the cubic half-Heusler phases [36,37], LiZnSb naturally
exists in the hexagonal phase [38]. Interestingly, LiZnSb is
found to exhibit polytypism i.e., it is also possible to synthe-
size the cubic analog of LiZnSb at ambient pressure condition
[39], while cubic to hexagonal phase transition can be induced
in LiZnP and LiZnAs by external pressure [40].

Recently, the semiconducting cubic LiZnX half-Heuslers
have been identified as potential piezoelectric materials [41],
and the hexagonal variants are shown to exhibit spontaneous
and switchable electric polarization [42], making them suit-
able candidates to probe for nonlinear shift current response.
It is important to note that the considered cubic half-Heuslers
may also find applications as high-performance thermoelec-
tric, spintronic and energy materials [40,43]. On the other
hand, some of the hexagonal polymorphs are identified as
hyperferroelectrics with unique dielectric behaviors, which
can retain polarization regardless of screening and are thus
potentially useful in ultrathin and ultrafast switching devices
[44].

Interestingly, the largest components of shift current con-
ductivities in the LiZnX semiconductors (X = P, As, Sb)
range from −30μA/V2 to −75μA/V2 approximately, which
are two orders of magnitude larger than that in BiFeO3

[24] and comparable to the highest known photoconductiv-
ity values reported in literature [28–30]. Moreover, all these
compounds have bandgaps in the visible and near-infrared
regions with a sizable photoconductivity in the visible spec-
trum, which make them promising candidates for photovoltaic
applications. To ascertain the photoresponse, we also compute
the Glass coefficients (GCs) for the polar hexagonal structures
and find values comparable to the largest predicted values so
far, rendering them viable for possible solar energy harvesting
device applications.

Our DF calculations reveal a quantitative correlation be-
tween Pel and SCC in ferroelectric hexagonal LiZnX (X = P,

As, Sb). Remarkably, this correlation extends to piezoelectric
cubic LiZnX (X = P, As, Sb) compounds as well, where the
induced electronic polarization can, in principle, be used as
a figure of merit for prediction of large SCC response. Our
comparative analysis of the electronic and optical properties
of the considered compounds, therefore, elucidates key factors
governing the shift current response in LiZnX semiconduc-
tors, in principle extendable to inversion-broken materials in
general.

II. COMPUTATIONAL DETAILS

We performed DF calculations to study the electronic and
optical properties of LiZnX (X = N, P, As, and Sb) semicon-
ductors employing the Full-Potential Linearized Augmented
Plane Wave method as implemented in WIEN2K [45]. To ob-
tain bandgaps which are comparable with their experimental
counterparts, Tran-Blaha version of modified Becke Johnson
(TB-mBJ) exchange-correlation potential [46] was considered
along with the generalized gradient approximation (GGA)
of Perdew-Burke-Ernzerhof [47]. We included the spin-orbit
coupling (SOC) effects, as implemented in WIEN2K, only
for LiZnAs and LiZnSb. Starting with the lattice parameters
and atomic positions from available literature (presumably
obtained within GGA using WIEN2K with default force
threshold) [40], we reoptimized the internal parameters, uti-
lizing the P63mc space group symmetry, such that the force
on each atom was less than 1 meV/Å. For this, we used the
FULL-POTENTIAL LOCAL-ORBITAL code [48,49]. The struc-
tures thus obtained were used for further calculations. For the
cubic compounds, on the other hand, geometry relaxation was
not required as all the atoms are located at the high-symmetry
positions.

Self-consistent calculations were performed with a 20 ×
20 × 20 k-mesh grid in the full Brillouin zone (BZ) for the
cubic compounds, whereas a 20 × 20 × 10 k-mesh was used
for the hexagonal analogs. Modified tetrahedron method of
Blöchl was employed for k-space integration [50]. The energy
and charge density convergence criteria, respectively, were set
to 10−5 Ry and 10−4 e/a.u.3 per unit cell. We chose muffin
tin radii (RMT) of 2.0 a.u. and 2.2 a.u. for Li and Zn atoms,
respectively. The RMT values for the X atoms were set at 2.0
a.u. (P), 2.3 a.u. (As), and 2.5 a.u. (Sb), such that RMT × kmax

was fixed at 7.0, where, kmax is the largest plane wave vector.
Linear optical response of cubic (hexagonal) LiZnX was

calculated on a 50 × 50 × 50 (64 × 64 × 32) dense k-mesh
using the well-known relations implemented in WIEN2K [51].
The optical conductivity σab(ω) was obtained from the dielec-
tric tensor εab(ω): σab = iωεab(ω)/4π (a, b = x, y, z), where
h̄ω is the energy of the incident photon. The imaginary part of
the dielectric tensor ε2

ab(ω) can be calculated from the velocity
matrix elements as [27,52]

ε2
ab(ω) = 4π2e2

m2ω2

∫
dk

∑
n,l

( f [Ekn] − f [Ekl ])

× 〈kn|v̂a|kl〉〈kl|v̂b|kn〉
(Ekn − Ekl − h̄ω − iη)

. (1)

Here, m is the free electron mass, e is the electronic charge,
and v̂a and v̂b are the velocity operators. |kn〉 and |kl〉 are
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the electronic wave functions with energy eigenvalues Ekn and
Ekl , respectively, defined at the same crystal momentum k for
direct allowed transitions. f [Ekn] denotes the Fermi function
at energy Ekn. n and l are the band indices and η is the
broadening parameter.

The corresponding real part ε1
ab(ω) can be computed from

the Kramer-Kronig relation as [51]

ε1
ab(ω) = δab + 2

π
P

∫ ∞

0
ω′ ε2

ab(ω′)
ω′2 − ω2

dω′, (2)

where δab is the Kronecker delta function and P refers to
the principal value of the integral. The absorption coefficient
was then calculated from the real and imaginary parts of the
dielectric tensor [51]:

αaa(ω) =
√

2ω

c

(√[
ε1

aa(ω)
]2 + [

ε2
aa(ω)

]2 − ε1
aa(ω)

)1/2
. (3)

Similarly, the optical conductivity can also be obtained from
the complex dielectric constant [52].

On the other hand, the second-order rec-
tified current density is given by jc(0) =
σ c

ab(0; ω,−ω)Ea(ω)Eb(−ω) (a, b, c = x, y, z), where the
output dc current response is generated along c due to the
ac electric fields with frequencies ω and −ω along a and b
directions, respectively. In general, the third-rank conductivity
tensor σ c

ab(0; ω,−ω) is a complex quantity; however, under a
linearly polarized light the response is purely driven by the
real part of σ c

ab(0; ω,−ω) [8].
We used the Berry module of the WANNIER90 code [53,54]

to calculate SCC, which is based on the length gauge formal-
ism introduced by Sipe and Shkrebtii for determining the shift
current response for insulators in the independent-particle ap-
proximation [5]. In this formalism, zero frequency (dc) SCC
response generated in the direction c due to the ac electric
fields with frequencies ω and −ω along a and b directions
(i.e., due to ab-polarization of light) is expressed as [54]

σ c
ab(0; ω,−ω)

= − iπe3

4

∫
dk

∑
n, l

( f [Ekn] − f [Ekl ])

× [
ra

klnrb;c
knl + rb

klnra;c
knl

]
× [δ(Ekl − Ekn − h̄ω) + δ(Ekn − Ekl − h̄ω)]. (4)

The k-space integration for both linear and SCC calcula-
tions is performed over the first BZ employing the modified
tetrahedron-method of Blöchl [50] with the integral measure
dk = dd k

(2π )d in d dimensions.
The dipole matrix elements ra

knl and the generalized deriva-
tive ra;b

knl are related to the Berry connection of the Bloch bands
Aa

knl as

ra
knl = (1 − δnl )A

a
knl , (5)

ra;c
knl = ∂ra

knl

∂kc
− i

(
Ac

knn − Ac
kll

)
ra

knl , (6)

where the Berry connection Aa
knl is expressed in terms of the

periodic part of the Bloch states |ukn〉:
Aa

knl = i

〈
ukn

∣∣∣∣ ∂

∂ka
ukl

〉
. (7)

WANNIER90 uses the Gaussian approximation (in the limit
of vanishingly small width) to the Dirac delta functions with a
small broadening factor η to avoid numerical divergences due
to near degeneracies in the sum over virtual states [53,54]:

δ(x) = lim
η→0

1

η
√

2π
e−x2/2η2

. (8)

To evaluate σ c
ab [Eq. (4)], we constructed a tight-binding

Hamiltonian from the maximally localized Wannier functions
of Li-2s, Li-2p, Zn-4s, Zn-4p, X -np (X = N, P, As, Sb), and
X -nd (X = P, As, Sb) orbitals employing the WANNIER90
code [53]. Here, n is the principal quantum number of the
outermost valence shell. In the next step, SCC was evaluated
using the postprocessing Berry module of WANNIER90 [54] on
a 100 × 100 × 100 k-point grid for the cubic half-Heuslers
and a 126 × 126 × 64 k-mesh for the hexagonal systems to
obtain well-converged SCC values. The broadening parameter
was chosen to be η = 0.05 eV, which was the same as for the
linear conductivity calculations. Convergence of SCC values
were tested for a cubic system on a 50 × 50 × 50 k-mesh
for different RMT values. Specifically, for cubic LiZnP, the
changes in peak positions were visibly negligible for reduc-
tion of RMT values by ∼5%. Further reducing the RMT for
Zn atoms by ∼10% changed the peak SCC values by �4%
without any appreciable change in the peak positions.

Piezoelectric coefficients and spontaneous polarizations
were calculated with the BerryPI module [55] implemented
in WIEN2K with TB-mBJ and TB-mBJ + SOC as applicable.
Converged results were obtained with a 15 × 15 × 15 k-mesh
grid for the cubic compounds and a 15 × 15 × 8 k-grid for the
hexagonal structures.

III. RESULTS AND DISCUSSIONS

Among the LiZnA family (A: pnictogens N … Bi), the
semiconductors LiZnX (X = N, P, As, and Sb) can be sta-
bilized in both cubic and hexagonal crystal structures. While
the Sb compound naturally exists in both cubic and hexag-
onal morphologies depending on the synthesis route [39], a
cubic to hexagonal structural phase transition can be induced
in LiZnP and LiZnAs by applying an external hydrostatic
pressure of ∼12.3 GPa and ∼20.3 GPa, respectively [40]. In
comparison, a cubic to hexagonal phase transition in LiZnN
is not likely due to a large energy barrier between the two
phases [40]. Nevertheless, LiZnN has distinct electronic prop-
erties and serves as a contrast to highlight the importance
of chemical effects. The electronic properties of LiZnN are,
therefore, discussed separately. On the other hand, LiZnBi,
which naturally exists in the hexagonal phase and can also be
stabilized in the cubic structure [40], is a Dirac semimetal [56]
and thus not considered in our interband shift current response
study. Cubic half-Heusler LiZnX are piezoelectrics (nonpolar)
and crystallize in the F 4̄3m (No. 216) MgAgAs-type structure
which can be viewed as a zinc-blende lattice formed by Zn
and X atoms with the Li atoms occupying the tetrahedral
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FIG. 1. Crystal structures of LiZnX (X = N, P, As, and Sb)
semiconductors in (a) cubic F 4̄3m phase and (b) hexagonal P63mc
phase. (c) Elementary electronic properties in terms of selected par-
tial density of states per formula unit for LiZnAs (as a representative
for X = P, As, Sb) and LiZnN calculated with TB-mBJ potential.
The inset shows a zoom-in view of the conduction band edge in
hexagonal LiZnN. SOC is included for LiZnAs.

interstitial sites [57–59], as shown in Fig. 1(a). There are 24
symmetry elements (point group Td ) which excludes inver-
sion, an essential criterion to exhibit second-order nonlinear
optical effects.

On the other hand, the hexagonal variants are ferro-
electrics belonging to the P63mc (No. 186) LiGaGe structure
type (point group C6v) and possess 12 symmetry operations.
Hexagonal LiZnX consists of a [ZnX ]− wurtzite lattice inter-
penetrated with a Li+ lattice [40,42], as seen from Fig. 1(b).
A polar distortion in the aristotype P63/mmc structure reduces
the symmetry to P63mc and is associated with a buckling of
the Zn-X planes along z in the wurtzite structure [40,42].

Our starting point is to obtain the optimal crystal structures
for both variants of the considered compounds. The atomic
positions of the resulting structures have residual forces �1
meV/Å on each atom, while the lattice parameters are kept
fixed to the values reported in Ref. [40] (see Sec. II for details).

In Fig. 1(c), we show the atom- and orbital-resolved den-
sity of states (DOS) per formula unit for LiZnN and LiZnAs
as a representative for X = P, As, and Sb. DOS and electronic
band structures of all the LiZnX compounds (X = N, P, As,
Sb) are presented in the Supplemental Material (SM) [60]. In
both polymorphs of all LiZnX compounds, the whole upper
valence band is dominated by X -np states. For X = P, As,

Sb, the lower part of the conduction band is composed of
significant contributions from Zn-4s, Zn-4p, X -ns, X -np, and
X -nd states. The situation for LiZnN is, however, in sharp
contrast as no d states exist for n = 2. In Fig. 1(c), we, there-
fore, show the N-3d DOS. The very large difference between
the N-3d DOS and the X-nd DOS, see Fig. 1(c) and SM
[60], is significant. This arises due to the much higher energy
position of the unoccupied N-3d levels as compared to the
X -nd levels (X = P, As, Sb). Additionally, the N-2s DOS in
the conduction band is smaller than the As-4s DOS, Fig. 1(c),
and also smaller than the P-3s and Sb-5s DOS (see SM [60]).
Together, these have a detrimental consequence for the optical
response of LiZnN, as discussed later.

Within the series X = P, As, and Sb, the electronic
bandgap decreases with increasing size of the X ion, as ex-
pected. For the cubic structures, the gaps within GGA are
found to be 1.35 eV, 0.41 eV, and 0.33 eV for X = P, As, and
Sb, respectively. In comparison, for the hexagonal structures,
the corresponding values are 1.15 eV, 0.35 eV, and 0.20 eV,
respectively. All the compounds have direct bandgaps at the 


point of the BZ, except for cubic LiZnP, which is an indirect
bandgap semiconductor with the valence band maximum at 


and conduction band minimum at the X point [40,60]. The
GGA bandgaps found for LiZnN amount to 0.54 eV and
0.35 eV, respectively, for the cubic and hexagonal structures
[60]. Here again, LiZnN is distinct from the other LiZnX .

The bandgaps obtained within GGA for the cubic as well
as the hexagonal structures are in good agreement with the
previous reports [40]. However, comparison of the GGA
bandgaps with the available experimental bandgaps for the
cubic compounds shows severe underestimation—a well-
known issue with semilocal functionals like GGA. Therefore,
to obtain bandgaps of cubic LiZnX semiconductors which
are comparable with their experimental counterparts, we use
the Tran-Blaha modified Becke-Johnson (TB-mBJ) potential
[46], which is a computationally efficient way to address this
issue. Indeed, the resulting bandgaps are in excellent agree-
ment with the experimental values, typically within �2% for
X = P, As and �9% for X = N. Similarly, TB-mBJ gives
rise to significant enhancement of bandgaps for the hexagonal
structures, by a factor of about 1.7 − 4.2 [60]. Since TB-mBJ
leads to excellent agreement between the experimental and
DF bandgaps for the cubic compounds, the obtained bandgaps
for the hexagonal phases are expected to match well with the
future experiments.

Corrections from the TB-mBJ potential, however, do not
change the nature of the bandgaps, i.e., all the materials re-
main direct bandgap semiconductors, except for cubic LiZnP
which retains its indirect bandgap. Moreover, inclusion of
TB-mBJ corrections in both phases produces bandgap values
in the visible and near-infrared regions of the electromagnetic
spectrum, indicating the potential of LiZnX compounds in
photovoltaic applications. In the following, we will, therefore,
evaluate the linear and nonlinear optical responses of the con-
sidered systems using TB-mBJ. Figures 2(a) and 3(a) show
the linear optical conductivity of cubic and hexagonal LiZnX
(X = P, As and Sb) semiconductors, respectively. While only
one independent component of σi j appears for the cubic
half-Heuslers (σxx = σyy = σzz), the hexagonal symmetry in
the ferroelectric phase allows two independent components
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FIG. 2. (a) Linear optical conductivity and (b) nonlinear shift
current conductivity of cubic LiZnX (X = P, As, Sb) calculated with
TB-mBJ potential. SOC is taken into account for the As and Sb
compounds.

(σxx = σyy 	= σzz). For brevity, only the zz component is
shown here; the xx component is shown in the SM [60].

The peaks in the linear optical response depend on dipole
selection rules via the numerator in Eq. (1) and the joint DOS
between the initial and final states. Information about possible
bands involved in the (direct) optical transition can be ob-
tained by examining the orbital character of the pair of bands
across the Fermi energy satisfying the energy conservation at
the high-symmetry points [61]. Qualitative information about
the dominant atomic orbital contribution to peaks in optical
response can, in principle, be obtained by carefully examining
the atom- and orbital-resolved DOS [52,62,63]. For example,
in the cubic compounds, the most prominent peaks at around
4 eV arises from large DOS of As-4p in the valence region
and Zn-4s states in the conduction band region (see Fig. 1
and SM [60]). For the hexagonal compounds as well, the low-
energy peaks in the average linear optical conductivity, σ =
(2σxx + σzz )/3 (not shown) involve the As-4p states in the
valence region, and Zn-4s and As-4d states in the conduction
region. SCC is a third-rank tensor with total 18 components
in general. The Td (4̄3m) point group of cubic LiZnX contains
three twofold rotational symmetries C2x, C2y, and C2z, which
invert the sign of all the components of SCC except when the
three indices x, y, and z appear simultaneously. Thus, three
nonzero components survive under the rotational symmetries
and the three mirror operations Mxy, Myz, Mxz further lead
to σ x

yz = σ
y
xz = σ z

xy. Figure 2(b) depicts the variation of σ x
yz

with the incident photon energy for all the three cubic LiZnX
(X = P, As, Sb) compositions. The peak positions of the
linear and shift current conductivities agree with each other.

This is presumably related with a peak position of the joint
DOS.

For the hexagonal systems with polar C6v (6mm) point
group, there is only one twofold rotational symmetry C2z.
Additionally, there are two mirror planes Mx and My, perpen-
dicular to the x and y axis, respectively. As a result, the SCC
tensor reduces to the following form:

[
σ c

ab

]
hex =

⎛
⎝ 0 0 0 0 0 σ x

xz
0 0 0 0 σ

y
yz 0

σ z
xx σ z

yy σ z
zz 0 0 0

⎞
⎠.

Further, the Mxy mirror operation leads to σ x
xz = σ

y
yz and σ z

xx =
σ z

yy, and we have only three independent nonvanishing compo-
nents of SCC, among which only the zzz and zxx components
are plotted in Figs. 3(b) and 3(c) for brevity (see SM [60] for
further details).

Remarkably, all the LiZnX (X = P, As and Sb) compounds
are found to exhibit strong shift current response and the
magnitude of the largest component of SCC are ∼60 − 150
(∼4 − 10) times larger than that of the well-known multifer-
roic BiFeO3 [24] (SbSI [26]). In particular, in the hexagonal
LiZnSb, σ z

zz reaches a peak value of ∼ − 75μA/V2, which is
comparable to the highest values of SCC predicted for other
materials recently [28–30].

Evidently, in both cubic and hexagonal phases, the shift
current conductivity peaks tend to shift to lower photon fre-
quencies as we move from P to Sb, with hexagonal LiZnSb
having the largest zzz component of SCC in the visible re-
gion of the electromagnetic spectrum at photon energy of
∼2.8 eV, close to the maximum intensity of solar radiation
(∼2.5 eV). We emphasize that among the three independent
components of SCC in the hexagonal variants, the zzz com-
ponents are the largest in magnitude. This can be understood
from the buckling of the Zn-X wurtzite planes along the z di-
rection which is also responsible for spontaneous polarization
along z.

Shift current arises in noncentrosymmetric materials be-
cause of the real-space shift of charge centers under applied
electric fields and is of topological origin [13]. Therefore,
to gain further insights into the origin of large shift cur-
rent in LiZnX , we turn our attention to the polarization of
these systems. The hexagonal ferroelectrics possess sponta-
neous polarization while the cubic analogs are piezoelectric,
implying that polarization in these systems can be induced
by strain. Total polarization (spontaneous or induced) in a
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FIG. 3. (a) zz component of linear optical conductivity; (b), (c) zzz and zxx components of SCC calculated with TB-mBJ potential for
hexagonal ferroelectric LiZnX (X = P, As, Sb). SOC is considered for the As and Sb compounds.
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FIG. 4. Shift current response and degree of inversion symmetry
breaking due to optical irradiation, defined in terms of ion-clamped
piezoelectric coefficient eel

14 and electronic polarization Pel
z in cubic

and hexagonal polymorphs, respectively. All the properties are cal-
culated within TB-mBJ. SOC is included for LiZnAs and LiZnSb.

noncentrosymmetric material has two different contributions:
ionic polarization, Pion, arising from the displacements of ions
and electronic polarization, and Pel, resulting from the Berry
phases of the occupied Bloch bands [35].

The relationship between total polarization and SCC is
generally quite complex. On one hand, it has been established
that the magnitude of SCC is not directly related to the total
spontaneous polarization [14,28] of ferroelectric materials.
On the other hand, it is known that the shift vector, and hence
the shift current, is directly proportional to the difference in
the Berry connections between the bands participating in the
optical transitions [24,31]. Specifically, Fregoso et al. [32]
have explicitly shown that the zone-averaged shift vector is
directly proportional to the difference in electronic polariza-
tions between the initial and final states lying across the Fermi
energy in insulators. Based on these, it is argued in Ref. [33]
that materials with large Pel would lead to large shift cur-
rent response. In fact, in systems (e.g., TTF-CA) where bulk
polarization is approximately equal to Pel (i.e., Pel 
 Pion),
a controlled dependence of SCC on Pel has been demon-
strated which is in agreement with the theoretical calculations
[33,34].

We calculate both the ionic (Pion
z ) and electronic (Pel

z )
contributions to the spontaneous polarizations for the polar
hexagonal polymorphs and find that while Pel

z values are com-
parable for the P and As compounds, it increases as we move
from As to Sb (Fig. 4). Note that total ferroelectric polar-
ization magnitudes (Ptot

z ) of hexagonal LiZnAs and LiZnSb
[60] are in good agreement with previously reported values
[42], whereas our calculated Ptot

z as well as the nature of the
bandgap for hexagonal LiZnP are different from Ref. [42].
Asymmetry of electronic wave functions forming the covalent
bonds give rise to Pel, which can be considered as a measure
of inversion symmetry breaking due to optical irradiation
in polar semiconductors. Therefore, larger Pel

z in LiZnSb as
compared to LiZnAs likely originates from relatively larger
separation between the positive and negative charge centers,
which in turn leads to larger shift vector and, therefore, larger
shift current conductivity.

On the other hand, in nonpolar materials, the extent of
inversion symmetry breaking due to optical irradiation can
be characterized in terms of their piezoelectric response. We
compute the ion-clamped piezoelectric coefficient eel

14 of cubic
LiZnX (X = P, As, Sb), which is defined as the induced
electronic polarization in piezoelectric materials in response

to applied strain. The obtained values of eel
14, shown in Fig. 4,

decrease with the increasing size of the pnictogen atoms.
This results in smaller real-space charge separations, giving
rise to smaller photoconductivities while moving from cubic
LiZnP to cubic LiZnSb. Figure 4 shows a quantitative corre-
lation between Pel and peak values of SCC for ferroelectric
(hexagonal) LiZnX compounds. Importantly, this correlation
generalizes to piezoelectric (cubic) LiZnX systems as well.
As a consequence, in the latter, the electronic component(s)
of the strain-induced polarization can act as a figure of merit
for large shift current response.

While the correlation between Pel and the resulting shift
current is not yet established analytically, we note that both
shift current response as well as the electronic polarization
depend on the Berry connections of the Bloch bands, indicat-
ing a qualitative correlation between the two quantities. Such a
notion is further bolstered by the fact that shift current is sensi-
tive to typical electronic structure details such as the nature of
bonding and covalency effects [14], and our numerical results
reveal that such a correlation exists in the LiZnX (X = P, As,
Sb) family of compounds. Additionally, we find the presence
of band-resolved Berry curvature hotspots in the BZ leading
to large shift current conductivity in LiZnX (see SM [60] for
details).

The interplay between chemical species and the electronic
contributions to the piezoelectric coefficient and polarization
is, however, intricate. For example, in hexagonal LiZnN, even
if Pel

z (∼ − 0.40 C/m2) is larger than that of other structural
cousins, SCC turns out to be relatively smaller with a peak
value of σ z

zz ∼ −9μA/V2 at photon energy ∼8.7 eV [60].
Optical excitations are expected to be dominated by X -ns
and X -nd states, as well as Zn-4s states in the lower part
of the conduction band. We note that the X atoms in the
hexagonal (cubic) LiZnX compounds have four Zn and three
(four) Li neighbors. Such large coordination numbers lead to
a relatively large X -DOS at the conduction band edge, in-
cluding contributions from X -ns, X -np, and X -nd states. The
exception is LiZnN, since 2d states do not exist and the N-2s
DOS is also smaller in comparison with the other X -ns due
to the fact that the N-2s level lies deeper in energy than any
other X -ns level. Thus, the number of dipole-allowed optical
transitions from occupied N-2p states is reduced in compar-
ison to X -np by the lack of appropriate empty states. The
relatively low SCC in LiZnN also presumably arises due to
the differences in the electronic structure of LiZnN compared
to other LiZnX compounds (X = P, As, Sb). This suggests
that while materials with large electronic parts of spontaneous
and induced polarizations are ideal candidates to probe for the
shift current response, one should also look for compositions
where dominant contributions to the band edges come from
orbitals of different parity. Further, comparison of the shift
current response between cubic and hexagonal polymorphs
for a given chemical composition (Fig. 4) suggests that the
ferroelectric hexagonal variants with spontaneous electronic
polarizations are better performers compared to their nonpolar
cubic analogs.

To ascertain the viability of these materials, specifically
hexagonal LiZnSb, for photovoltaic applications, it is useful
to express the shift current Jc(0) in terms of the GC Gc

aa:
Jc(0) = Gc

aaW Ii [28], where, a, c = x, y, z; W is the width of
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FIG. 5. (a) Net shift current density per light intensity along z in response to unpolarized light and (b), (c) nonvanishing independent
components of Glass coefficient calculated for hexagonal ferroelectric LiZnX (X = P, As, Sb) with TB-mBJ potential. SOC is considered for
the As and Sb compounds.

the exposed sample and Ii is the incident light intensity. This
enables evaluation of attenuation of incident light intensity
and nonhomogeneous intensity distribution across the bulk
samples. GC is related to the linear absorption coefficient αaa

as [14,28]

Gc
aa(ω) = 2

c0ε0

σ c
aa(0; ω,−ω)

αaa(ω)
, (9)

where only the components of SCC diagonal in electric fields
contribute. Here, c0 is the speed of light in vacuum and ε0

is the vacuum permittivity. It has been shown that the off-
diagonal elements of SCC cannot contribute to the total shift
current when exposed to unpolarized light [14,28]. Therefore,
for practical applications in solar cell devices, one requires a
ferroelectric material with nonzero spontaneous polarization,
otherwise the total shift current generated from the off-
diagonal field components will sum to zero [64]. Moreover,
we can show that the hexagonal LiZnX compounds can only
produce a net shift current along the z direction in response
to an unpolarized light [60]. For an unpolarized light with 45◦
angle of incidence, the net shift current density per light in-
tensity can be expressed as jz

unpol(0) = (3σ z
xx + σ z

zz )I0/(c0ε0),
where I0 denotes the intensity of the incident unpolarized light
(see the SM [60] for details). Investigation of Fig. 5(a) reveals
that when exposed to an unpolarized light, the net shift current
density in hexagonal LiZnX (X = P, As, Sb) can reach a peak
value of ∼ −22 × 10−3 V−1 to ∼ − 35 × 10−3 V−1 which
are almost two orders of magnitude larger than the unpolar-
ized light response in BiFeO3 [21,24]. We next compute GC
for the polar hexagonal compounds, as shown in Figs. 5(b)
and 5(c). From Fig. 5(a), we find that the zzz component of
GC for hexagonal LiZnX (X = P, As, Sb) are in the range
of −8 × 10−8 cm/V to −20 × 10−8 cm/V, which are about
4 − 10 (2 − 5) times larger than that of BC2N [30] (LiAsSe2

[28]) and comparable to the largest reported values in litera-
ture [65]. Moreover, in all the compounds, the peaks of GC are
situated in the visible range of the solar spectrum, indicating
their use in possible solar energy harvesting devices.

IV. CONCLUSIONS AND OUTLOOK

In summary, we have investigated the electronic and op-
tical properties of ABC semiconductors, LiZnX (X = N, P,
As, and Sb), to elucidate the structure-BPVE relationship

involving the magnitude of shift current conductivity, degree
of inversion symmetry breaking, and chemical effects. Our
comparative study reveals that while noncentrosymmetric ma-
terials with large electronic components of the induced or
spontaneous polarization are suitable candidates for observing
large nonlinear optical effects, details of the electronic struc-
ture also play an important role in determining the magnitude
of the response. Specifically, a correlation between the shift
current conductivity and the electronic part of polarization
is found using DF calculations which extends to piezoelec-
tric (nonpolar) compounds as well. A more methodical and
analytical understanding of the origin of such a correlation
is not available at present. However, recent reports, such as
in the molecular solid TTF-CA, combined with the above,
suggest that these quantities are related, albeit in an intri-
cate manner. A quantitative understanding of the influence of
crystal structure and composition on this correlation across
different materials classes would be an enriching endeavor
both theoretically and experimentally.

From a materials perspective, we find that the LiZnX
(X = P, As, and Sb) semiconductors exhibit large shift current
conductivities comparable to the highest reported values in
literature and thus may have potential applications in pho-
tovoltaics. Particularly, the polar hexagonal polymorphs with
large glass coefficients in the visible spectrum are promising
candidates.

A significant advantage of the ABC semiconductors con-
sidered here is that their ambient structures have already been
synthesized. Especially, LiZnSb naturally exists in the polar
hexagonal phase. The relative ease of synthesis and stability
of cubic and hexagonal morphologies suggest that these mate-
rials are viable from a technological standpoint. Experimental
access to these materials under ambient conditions enables
direct verification of our predictions.

These findings will likely fuel further theoretical and ex-
perimental studies on these materials, expedite discovery of
unique potential materials and, in turn, development of new-
generation devices based on shift current mechanism. Impact
of strain, as a viable means of tuning the ferroelectric polar-
ization [66,67], on SCC in the hexagonal LiZnX compounds
as well as extending the quantitative correlation between SCC
and Pel to recently predicted two-dimensional materials with
large shift current conductivity [68,69] should be particularly
interesting.
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