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ABSTRACT

The bulk photovoltaic effect (BPVE) is mostly studied in ferroelectric and
piezoelectric  systems  with  a  sizable  intrinsic  and  induced  electric  dipole
moment. While most studies of BPVE are based on the conventional posi-
tive  piezoelectric  materials,  their  responses  in  negative  piezoelectric
systems  remain  rare.  In  this  work,  based  on  a  minimum  tight-binding
model  simulation,  we  adopt  a  chain  model  to  illustrate  how  the  BPVE
evolves under mechanical deformation in negative piezoelectrics. We find
that  the  BPVE  responses  are  mainly  governed  by  strain-induced  shift
vector  variations.  This  is  in  contrast  to  the  conventional  positive  piezo-
electrics.  Moreover,  such  a  mechanism  is  further  illustrated  in  realistic
quasi-layered  negative  piezoelectrics,  i.e.,  rhombohedral  GeX  (X  =  S,  Se,
Te), via density functional theory calculations. Our work provides in-depth
insights into BPVE engineering in unconventional negative piezoelectrics.
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 1   Introduction

The bulk photovoltaic effect (BPVE) is a nonlinear optical
response that enables light-to-electricity conversion [1–4]
by  generating  spontaneous  shift  and  ballistic  currents
under homogeneous optical illumination [5–9]. The shift
current stems from a real space shift in the wave packet
center  between the valence and conduction bands upon
light excitation [10, 11]. It emerges in noncentrosymmetric
single  phase  systems  (without  requirement  of  complex
heterojunction setup), allowing for overcoming the well-
known  Shockley–Queisser  limit  [12],  thus  offering  a
novel  pathway  toward  high-efficiency  solar  cells.  Given
this,  piezoelectrics  and  ferroelectrics  mainly  serve  as

good BPVE platforms. For instance, the first experimental
BPVE detection was successfully achieved in ferroelectric
BaTiO3,  dated back in 1982 [13].  Until  recently, BPVE
in  both  piezoelectric  and  ferroelectric  materials  have
been  receiving  tremendous  attention  theoretically  and
experimentally, owing to their advances of various exotic
physical  feature  under  mechanical  engineering  [14–20],
e.g.,  two-dimensional CuInP2S6 [14],  α-In2Se3 monolayer
[17], and WS2 nanotubes [20].
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Piezoelectric materials provide a direct interconversion
between electrical and mechanical energy [21, 22]. Based
on the polarization response to strain along the principal
axis, they can be categorized into positive ( ) and
negative  piezoelectric  responses  ( ).  The  vast
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majority of known piezoelectric materials exhibit positive
piezoelectricity. Their BPVE enhances concurrently with
increasing  polarization  under  tensile  strain,  such  as  in
SnS [23], and 2H/3R-MoS2 [24, 25]. In contrast, studies
on  negative  piezoelectric  materials  remain  relatively
nascent  [26–29].  Furthermore,  we  note  that  mechanical
strain engineering provides an effective means for modu-
lating the photovoltaic effect [30, 31], while their distinct
strain-polarization  response  would  lead  to  different
BPVE behavior compared with the positive piezoelectric
materials  [15].  These  materials  have  emerged  as  a
pivotal platform for realizing and studying the negative
piezoelectric  effect  [28, 29]  due  to  their  pronounced
structural  anisotropy  and  unique  polarization  rotation
mechanisms.

In this work, we employ a one-dimensional (1D) mini-
mum model to simulate the BPVE in negative piezoelectric
platforms, adopting a tight-binding (TB) model calcula-
tion.  Our  calculations  reveal  that  a  uniaxial  tensile
(compressive)  strain  along  the  spontaneous  polarization
axis  could  suppress  (enhance)  the  shift  vector.  It
furthermore  modulates  the  BPVE,  especially  the  shift
current conductivity. In addition, we perform first-prin-
ciples  density  functional  theory  (DFT)  calculations  to
evaluate  the  BPVE in  rhombohedral  GeX  (X  =  S,  Se,
Te) compounds, which exhibit a large negative longitudinal
piezoelectric coefficient. Our calculations reveal a signifi-
cant  shift  current  photoconductance  of  164  µA/V2 at
0.8  eV  under  a  3%  compressive  strain  along  the  [001]
direction of the conventional cell  (or the [111] direction
of the primitive cell), surpassing most ferroelectric mate-
rials.

 2   Computational details

All first-principles calculations in this study employ the
Vienna ab  initio simulation  package  (VASP)  based  on
DFT  [32].  We  treat  exchange–correlation  interactions
using  the  generalized  gradient  approximation  (GGA)
using  the  Perdew–Burke–Ernzerhof  (PBE)  form  [33],
and the core-valence electron interactions are computed
via  the  projector  augmented-wave  (PAW) method  [34].
Valence electrons are expanded using a plane-wave basis
set with a 500 eV kinetic energy cutoff to ensure electronic
accuracy.  The  first  BZ  of  the  conventional  unit  cell  is
sampled using the Γ-centered Monkhorst–Pack k-meshes
with  a  grid  of  15  ×  15  ×  5  [35].  For  structural  relax-
ation, the convergence criteria for total energy and force
component  are  set  as  1  ×  10–6 eV  and  0.001  eV/Å,
respectively.  Modern  theory  of  polarization  is  used  to
calculate  the  electron  contributed  electric  polarization
along  the  periodic  boundary  [36].  The  shift  current
photoconductances  are  computed  via  the  maximally
localized  Wannier  functions  (MLWFs)  using  the
WANNIER90 package [37, 38]. We employ a refined 300
× 300 × 150 k-point mesh and a 0.04 eV delta-function

broadening to yield converged shift current components.
The spin–orbit coupling (SOC) is included self-consistently
throughout all the calculations.

 3   Simplified low-energy model
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L = R1 +R2

k1 k2

R1 = R2

P = 0

η = R2 −R1 ̸= 0

d = δP
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ε
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′
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We  begin  with  a  simple  1D  model  with  two  ions  in  a
unit cell. The formal charges of them are denoted as ±Z.
At  the  equilibrium  structure,  their  interatomic  bond
distances  are  denoted  as  and ,  with  the  lattice
constant  of  [as  illustrated in Fig.  1(a)].  To
simulate  their  ionic  interactions,  we adopt a  spring-like
potential  for  the  alternative  bonds,  described  by spring
stiffness coefficients  and , respectively. This structure
is similar to the well-known Su–Schrieffer–Heeger model
[39]  to  describe  the  polyacetylene.  Since  the  electric
dipole  moment  in  a  periodic  boundary  condition  is  ill-
defined, we follow the conventional approaches to denote
that  when ,  the  total  spontaneous  polarization

.  This  is  the  referenced  state.  Under  a  nonzero
distance  mismatch ,  net  polarization
occurs,  which  is  contributed  from  ionic  and  electronic
parts  separately.  In  the  following,  we break down their
contributions  and  estimate  their  effects  on  the  sign  of
the piezoelectric coefficient .  Here,  represents a
uniaxial strain along the chain, defined as .
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The  ionic  part  contribution  is .  Under  finite
strain, the new lattice constant is . At such
a  new  equilibrium  structure,  it  is  clearly  that

.  Hence,  we  can  estimate  the  piezoelectric
constant as 
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Therefore, the sign of  is determined by two factors,
the formal charge  and the relative magnitude between
equilibrium  distance  and  stiffness .  One  also
observes that the piezoelectric coefficient  is inversely
proportional to strained lattice constant , which gives
a nonlinear  relationship. We plot the diagram of
polarization  change  with  respect  to  strain  and

 in Fig. 1(b).
PelNext,  we  discuss  the  electronic  polarization .  We

adopt a two-orbital spinless tight-binding model 
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Here,  is the hopping integral between nearest neighbor
ions, and  is their on-site energies. We focus on semi-
conductors with large on-site energy difference than the
hopping parameter, namely, . The eigenener-
gies  take  the  form  of .  It
opens a direct band gap at the Brillouin zone boundary
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k = ± π
L
. The valence band Bloch wave function is 
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√
N− (k)where , and  is the normalization

factor. With this wavefunction, we can evaluate the elec-
tron  contributed  polarization  according  to  the  Berry
phase theory [36], 
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Here, we expand the expression according to the power
of the unit-free parameter . One sees that the polarization
is zero when the two sites are equally separated ( ),
consistent  with  the  previous  assumption.  Since ,
the  tensile  (compressive)  strain  could  reduce  (enhance)
the  magnitude  of .  Performing  derivative,  we  have

, also determined by the
relative magnitude between equilibrium distance  and
stiffness .  Note  that  we  assume  a  constant  hopping
integral  in the model, based on the small strain defor-
mation  approximation.  Nevertheless,  as ,  the
electron  contributed  polarization  (and  the  piezoelectric
coefficient)  is  orders  of  magnitude  smaller  than the  ion
contributions . The detailed derivations of both electric
and ionic polarization are given in Supporting Informa-
tion.
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Without  loss  of  generality,  we  assume ,  then
such  a  model  describes  negative  piezoelectric  feature
under  condition  of .  Building  upon  the
reported  negative  piezoelectric  materials  [28, 29],  we
select  appropriate  atomic  distances  for  this  model.
Meanwhile,  within  the  reasonable  parameter  range
defined by this criterion, we select a representative set of
k1 and k2 coefficients  to  derive  distinct  TB  parameters
for negative piezoelectric effects, as detailed in Supporting
Information.  Taking  parameters  of ,  the  direct
band gap  opens at the X point with a value of 1.0 eV
at  the  equilibrium  structure  [Fig.  1(c)].  Based  on  the
above conditions, the total electric polarization increases
under compressive strains (  = –2%–0%) [Fig. 1(d) and
Table  S1].  Opposite  behaviors  emerge  under  tensile
strains (  = 0%–2%).

σaaa (ω)

a

To  investigate  the  BPVE  in  negative  piezoelectrics,
we  evaluate  the  shift  current  in  this  1D  chain  model.
The  shift  current  photoconductance  under
linearly polarized light (LPL, polarized along ) is evalu-
ated by [41, 42] 
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where a is  the  longitudinal  direction. 
 is  the  difference  of  Fermi–Dirac  occupation  (m

and n are the band indices).  is the inter-
band  Berry  connection.  The  shift  vector  is  defined  as

,  where  is  intraband
Berry  connection  and  is  the  phase  of

. The shift vector represents the positional
change of a wave packet during the transition from the
nth to the mth band. The  measures the
absorption rate according to the Fermi’s golden rule. All
quantities are k-dependent.

σxxx

σxxx

Eg

σxxx

(Rvc

ε

The 1D chain can generate a shift current tensor 
along the extended direction. As shown in Fig. 1(e), the
shift  current  of  the  1D  chain  exhibits  the  largest 
peak  at  the  photon  energy  of  about  1.0  eV,  primarily
contributed  by  the  electronic  transitions  between  the
valence  band  maximum  (VBM)  and  conduction  band
minimum (CBM) near the X point. Note that in evaluating
shift  current  variation  with  strain,  we  assume  the
hopping  parameter t changes  with  bond  length.  Thus,
bandgap  changes with strain, which is demonstrated
in  Supporting  Information.  One  observes  that  the  shift
current  increases  under  compressive  strains,  whereas  it
decreases under tensile strains [Fig. 1(e) and Table S1].
When  strains  are  applied,  the  bandgap  remains  nearly
unchanged,  indicating  that  the  bandgap-dominated
absorption is not the primary mechanism responsible for
the  variation  of  shift  current.  In  order  to  elucidate  the
origin of such a  variation, we further calculate the
shift vector between valence and conduction band ).
Its variation at the X point under different  is shown in
Fig.  1(f),  which  is  monotonously  increased  (reduced)
under compression (tension). This suggests that the shift
vector is responsible for shift current modulations. Note
that  the  shift  vector  represents  the  displacement
between  Wannier  wavepacket  centers  during  electron
excitation from the valence to conduction bands, which
can be well-modulated under the strain. Furthermore, a
parallel conclusion is conducted with respect to positive
piezoelectric systems according to the 1D chain model –
tensile  strain  concurrently  increases  polarization  and
shift  current  (details  can be  found in  Supporting Infor-
mation  Fig.  S1  and  Table  S2),  which  aligns  with  the
BPV  mechanisms  of  positive  piezoelectric  materials
previously  [23–25].  The  variation  of  shift  current  in
negative piezoelectric materials is fundamentally different
from that in conventional positive piezoelectric materials
under strains, as exemplified in Table S3.

 4   Realistic materials of rhombohedral
GeTe

We  then  perform  DFT  calculations  to  illustrate  our
discussions  in  a  realistic  material,  r-GeTe,  which
exhibits  sizable  nonlinear  optical  responses  [42–44].
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Especially,  r-GeTe  is  a “quasi-layered” material  with
pronounced negative longitudinal piezoelectric coefficients
(d33 = –70.87  pC/N)  [30].  Given  these  attributes,  we
leverage  layered  ferroelectric  r-GeTe  as  an  ideal
platform  for  investigating  the  BPVE  mechanism  under
negative  piezoelectric  responses.  Below TC ≈ 720  K,  r -
GeTe  exhibits  a  non-centrosymmetric  structure  with
space  group  of R3m (No.  160)  [Figs.  2(a,  b)].  We take
the conventional hexagonal unit cell [Fig. 2(c)], which is
composed of three Ge atoms and three Te atoms alternately
arranged along the z-axis,  with unequal “stiff” (d1)  and

“soft” (d2)  interlayer  regions  [29].  The  short  and  long
Ge–Te bonds are optimized to be 2.856 Å and 3.255 Å,
respectively.  The  Ge–Te  bond  lengths  corresponding  to
the  shorter d1 region  and  the  longer d2 region  are
1.482 Å and 2.153 Å, respectively. The optimized lattice
constants  of  r-GeTe  are a = b =  4.228  Å  and c =
10.902 Å, which are consistent with previous theoretical
and experimental studies [29, 45].

The  calculated  electronic  band  dispersion  in  the  first
Brillouin zone [Fig. 2(d)] is shown in Fig. 2(e). The elec-
tronic  structure  calculations  reveal  an indirect  bandgap
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Fig. 1  (a) A simplified 1D model for the negative piezoelectric effect in materials. The green and orange balls represent
positive  and  negative  ions,  respectively.  The  red  arrows  indicate  the  spontaneous  polarization  direction. (b) Diagram  of
polarization change with respect to strain  and . (c) Tight-binding model calculated the energy band of a 1D
chain at the equilibrium structure. The Fermi level is set to be 0 eV. (d) The variation of polarization for the 1D chain TB
model under strain (  = –2% – +2%) in the negative piezoelectric regime. (e) The shift current, and (f) shift vector at X
points of the 1D chain TB model under strain in the negative piezoelectric regime.
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of  0.64  eV  without  SOC  for  r-GeTe  [Fig.  S2],  which
agrees  well  with  previous  studies  [46–48].  Inclusion  of
SOC activates a Rashba-like spin splitting in the vicinity
of  the  L  (and  its  equivalent)  point  [Fig.  2(e)],  which
reduces  the  band  gap  to  0.50  eV.  Orbital-projected
bands [Figs. 2(f, g)] confirm that the VBM (near the L
point) is dominated by the Ge-s, Te-py, and pz orbitals,
and the CBM is mainly formed by the hybridization of
the  Te-s,  and  Ge-pz,  orbitals.  Notably,  the  difference
between Te-px and py orbitals  contributions reflects  the
reduced crystal  symmetry and the use of  a fixed global
Cartesian  basis  in  the  orbital  projection,  rather  than  a
physical inequivalence of the electronic states.

σzyy σzxx σzzz Mx

σyyy σzyy σzzz

σyyy

σzyy

σzzz

Then,  we  evaluate  the  shift  current  of  the  bulk  r-
GeTe. The r-GeTe displays a C3v point group symmetry,
allowing  two  independent  out-of-plane  shift  current
response tensors (  = , ) and the  reflection
operation  allows  only  one  independent  in-plane  photo-
conductance  tensor  component. Figure  2(h)  shows  the
shift current photoconductivity, which is consistent with
previous results [36]. One sees that , , and 
all  exhibit  sizable  shift  current  at  their  first  peak  with
photon  energy  of  0.87  eV  [Fig.  2(h)],  with  their  peak
values of 219 µA/V2, 137 µA/V2, and 66 µA/V2, respec-
tively.  The k-resolved  shift  current  in  the  first  BZ
[Figs. S3(a)–(f)] reveals that the first peak values of 
and  are contributed by electron hopping around the
A,  and L′  points.  The   is  primarily  contributed  by
electron transitions  around the L (and L′ )  point.  Criti-
cally,  orbital-projected  bands  [Figs.  2(f,  g)]  show  these

electronic transitions are mediated by interlayer Ge and
Te  orbitals  hybridization,  closely  linking  shift  current
generation  to  anisotropic  bonding  in  the  quasi-layered
structure. We further calculate the resolved contribution
of  the shift  currents  from the Ge and Te atomic layers
[49, 50].  The  nearly  equal  quasi-layer-resolved  shift-
current contributions [Fig. S4] suggest that the BPVE in
r-GeTe  originates  from  electronic  transitions  between
the strong interlayer Ge–Te orbital hybridization.

ε

ε = (c− c0)/c0
c0 c

∆Eg

To investigate the shift current variation under strain,
we systematically modulate  in the range of –3% to 3%
along  the z-axis.  Here,  represents  the
uniaxial strain applied along the z-axis,  where  and 
denote the lattice constants along the z direction of the
hexagonal  unit  cell  at  the  equilibrium  state  and  under
deformation, respectively. The two inequivalent interlayer
regions  in  r-GeTe  respond  differently  under  strain
[Fig.  3(a)].  In  detail,  we find that  tensile  (compressive)
strain  expands  (contracts)  the  interlayer  distance  (d2),
while  the d1 remains  nearly  unchanged.  This  structural
distortion directly modulates net electric dipoles formed
by alternating  Ge  and  Te  atomic  layers.  Consequently,
the  calculated  polarization  along  the z-direction
decreases  (increases)  under  tensile  (compressive)  strain,
exhibiting a negative longitudinal piezoelectric response,
consistent  with  previous  works  [29].  Furthermore,  the
bandgap variation (  = –0.047 – +0.024 eV) does not
change  too  much  within  the  deformation  regime
[Fig.  3(b)],  which  indicates  a  weak  correlation  with
respect to the shift current conductance modulation.
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Fig. 2  (a) Top and (b) aerial views of crystal structures of primitive cells for r-GeTe. (c) The side view of the conventional
cell. (d) The first Brillouin zone (BZ). (e) Energy band structure with SOC. (f, g) The orbital-resolved band structure for
Ge and Te atoms. (h) Shift current photoconductance of the bulk r-GeTe.
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The mechanical  deformation induced changes  of  shift
current photoconductance (  and ) are plotted in
Figs. 3(c, d). One sees that the out-of-plane shift current
components  and  exhibit significant enhancement
under  compressive  strains  and  reduction  under  tensile
strains [Figs. 3(c, d)], in agreement with the polarization
variation  [Fig.  3(b)].  This  trend  is  primarily  driven  by
strain-induced  shift  vector  modifications  [as  plotted  in
Fig. S5], aligns with the physical picture proposed in the
simplified  1D  model.  Specifically,  compressive  strain
significantly  reduces  the “soft” d2 interlayer  regions,
enhancing  the  Ge-pz and  Te-pz orbital  hybridization  at
the  VBM,  as  shown  in  Table  S4.  This  hybridization
increases both the polarization and the interband Berry
connection  [Fig.  S6].  Their  simultaneous  effects  lead  to
an  enhanced  shift  current.  Moreover,  the  in-plane  shift
current tensor  exhibits much less variations under 
[Fig.  S7].  Furthermore,  we  find  that  all  shift  current
conductance  components  under  in-plane  biaxial  strain
exhibit no discernible changes [Fig. S8].
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Besides,  at ε = –3%,  the  and  of  r-GeTe
increase  to  164  µA/V2 and –87  µA/V2 at ω =  0.8  eV,
respectively. The shift current peak values surpass those
of  the  previously  reported  ferroelectric  materials:  the
shift current of ~0.8 μA/V2 (at ω = 3.8 eV) in the
multiferroic material  BiFeO3 [51], ~50 μA/V2 (at ω
= 6.0 eV), ~30 μA/V2 (at ω = 6.5 eV) in the proto-

σyxx

typical  ferroelectrics  PbTiO3,  and  BaTiO3 [52],  and
~100 μA/V2 in the As monolayer (at ω = 0.18 eV)

[15].
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∆σzaa = σzaa (ε)−
σzaa(ε = 0) a = y, z

To explore the universality of strain-modulated BPVE
in piezoelectric systems, we investigate other Ge chalco-
genides  r-GeS  (–140.67  pC/N)  and  r-GeSe  (–71.45
pC/N) [30]. Both rhombohedral GeS and GeSe belong to
the R3m space  group,  and  exhibit  sizable  shift  current
conductance , , and  [Fig. S9]. In the presence
of SOC, GeS and GeSe are semiconductors with indirect
bandgaps of 0.50 eV and 0.47 eV [Figs. 4(a, b)], respec-
tively.  One  sees  that  the  strain-dependent  bandgap
evolution  in  GeX  (X  =  S,  Se,  Te)  is  different
[Fig.  4(c)],  attributed  to  the  chalcogen-dependent
orbital  compositions  and  deformation  potentials  at  the
band  edges. Figs.  4(d,  e)  show  the  first  peak  value  of

 and  of r-GeS and r-GeSe under an out-of-plane
strain.  Similarly,  one  sees  that  compressive  (tensile)
strain enhances (reduces) the  and  of the r-GeS
and r-GeSe. Here, we report the peak value change (with
referenced  to  the  strain-free  state) 

 ( )  of  each structure.  The variation of
shift current reflects the inherent strain-driven polarization
response in negative longitudinal piezoelectric materials,
thereby establishing it as a strategy to probe the polar-
ization.

Our simplified 1D chain model and DFT calculations
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Fig. 3  (a) Interlayer  distances d1 and d2 variation, (b) electric  polarization  and  bandgap,  shift  current  conductance
(c)  and (d)  of the bulk r-GeTe under strain.
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establish the strain-modulated shift current as a ubiquitous
feature  of  negative  piezoelectric  materials,  arising  from
the strain-modulated shift vector. Within the framework
of the modern theory of polarization, the electric polar-
ization P is directly determined by the spatial distribution
of  Wannier  centers  of  the  occupied  bands,  such  that
changes  in  polarization  essentially  correspond  to  the
collective  displacement  of  Wannier  centers.  Meanwhile,
the  shift  vector  measures  the  displacement  between
Wannier  centers  during  electron  excitation  from  the
valence  to  conduction  bands.  Consequently,  mechanical
strain  provides  an  effective  means  to  tune  the  shift
vector,  thereby governing the shift  current conductance
variation  in  negative  piezoelectric  materials.  We  note
that similar strain-modulated BPVE behaviors have also
been  reported  in  other  negative  piezoelectric  systems.
For instance, As/Bi monolayer with negative longitudinal
piezoelectric  coefficients  [53]  exhibits  a  pronounced
enhancement  of  shift  current  under  compressive  strain
[15].  Overall,  our  study  offers  a  viable  strategy  for
mechanically  modulating  the  BPVE  in  negative  piezo-
electric materials.

Based on our previous prediction that strain can effec-
tively  modulate  the  BPVE  in  negative  piezoelectric
materials,  we  propose  that  negative  longitudinal  piezo-
electric GeX (X = S, Se, Te) can be utilized to construct
a pressure-tunable  infrared photodetector,  as  illustrated
in Fig. 4(e). Unlike conventional infrared detectors that

rely  on  an  external  bias,  the  device  generates  a  sizable
shift  current  under  infrared  illumination,  enabling  self-
powered,  zero-bias,  and  high-sensitivity  infrared  detec-
tion. Notably, both the sensitivity and response speed of
the  photodetector  can  be  tuned  via  compressive  strain,
enabling  multilevel  photoconductance.  The  estimated
responsivity  of  a  GeTe-based  photodetector  can  be
tuned approximately 0.123 A/W around 0.8 eV with an
optical alternating electric field magnitude of 0.01 V/nm
(a moderate strength within the experimental achievable
regime), comparable with the 0.191 A/W reported for a
BPVE-based self-powered MoS2 device [54].

 5   Conclusion

In  summary,  we  unravel  a  ubiquitous  strain-modulated
shift current response mechanism in negative piezoelectric
materials.  We  adopt  a  TB  model  and  reveal  that
compressive  strain  along  the  spontaneous  polarization
direction could simultaneously enhance the shift current
and polarization. This contrasts with the positive piezo-
electric  systems,  mainly  stemming  from  the  distinct
strain-driven  shift  vector  modifications.  We  would  like
to  note  that  the  BPVE  could  exist  in  piezoelectrics  at
the equilibrium state, while our study mainly focuses on
its engineering. Furthermore, we illustrate this mechanism
using r-GeX (X = S, Se, Te) according to first-principles
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Fig. 4  Calculated band structure with SOC of (a) GeS and (b) GeSe. (c) The bandgap of GeS and GeSe. The first peak
value change of shift current conductance of (d)  and (e)  of bulk r-GeX (X = Te, S, Se) under different strains,
as compared to their corresponding strain-free results. (f) The schematic diagram of pressure-driven infrared photodetector
based on the ferroelectric r-GeX.
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calculations.  The out-of-plane shift  current conductance
components  and  increase (decrease) under the
compressive (tensile) strain, aligning with the polarization
variation. Our work proposes shift current as a sensitive
probe signal to detect mechanical deformation in piezo-
electric systems.
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