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Ultrafast shift current dynamics in WS2 monolayer
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The shift current effect, in materials lacking inversion symmetry, may potentially allow the performance of
photovoltaics to surpass the Shockley-Queisser limit for traditional p-n junction-based photovoltaics. Although
the shift-current effect has been studied from first principles via second-order perturbation theory, an understand-
ing of the dynamics of hot carriers is still lacking. We investigate the dynamics of the shift current in monolayer
WS2 via real-time propagation time-dependent density functional theory (rt-TDDFT). We find that the shift
current can be generated within 10–20 fs after turning on the lights, and dissipates within approximately a few
tens of femtoseconds after turning off the lights. This property can be used for ultrafast photon detection. This
work provides an important step toward understanding the dynamics of shift-current effects, which is crucial for
device applications.

DOI: 10.1103/PhysRevResearch.6.013123

I. INTRODUCTION

In materials lacking inversion symmetry, current can be
generated under illumination, which is known as the bulk
photovoltaic effect (BPVE) or “shift current” effect [1–3]. The
direction of the generated current can be reversed via external
voltages as demonstrated in the BiFeO3 single crystal [4]. The
shift current effect (or the BPVE) can be used as an alternative
to the photocurrent generated by traditional semiconductor
p-n junctions [5,6]. More remarkably, it allows the generation
of a photovoltage far above the band gap [7–9]. For example,
the measured open-circuit voltage in BFO can be as large as
30 V, ten times larger than its band gap of ∼2.7 eV [10]. It
therefore may potentially allow the performance of the BPVE-
based photovoltaics to surpass the Shockley-Queisser limit for
the traditional p-n junction based photovoltaics [11].

The shift-current effect is a nonlinear optical response
[3,12]. It is now understood that the shift current originates
from the change in the Berry connection of electron bands
upon optical transition [13,14]. Recently the shift-current
conductivity has been calculated via first-principles methods
[15–19], which may provide useful guidance to find suitable
materials for PV and other applications [6].

Despite intensive investigations over the past decades, the
understanding of the shift current is far from complete. Even
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though the shift-current has been studied via model Hamilto-
nians [20–22], a quantitative investigation of the dynamics of
excited “hot” carriers through first-principles calculations is
still lacking. It has been shown that PV conversion efficiency
is closely related to the diffusion length and carrier relaxation
time [11,23]. To achieve high efficiency, it is crucial to under-
stand the carrier dynamics to optimize PV devices.

In this work, we investigate the shift-current dynamics
in monolayer WS2 using the real-time propagation time-
dependent density functional theory (rt-TDDFT) [24–27],
which is a powerful tool for investigating time-dependent
effects in nonlinear optical processes [28–30]. We examine
the influence of temperature on the excitation and dissipation
of the shift current. We show that the shift current can be
established within 10–20 fs after turning on the light and
diminishes on a similar time scale when the light is turned off,
which can be used for ultrafast photon detection. Our work
provides an important step to understanding the dynamics of
shift currents from first-principles calculations.

II. METHODS

A. Calculation of shift current via rt-TDDFT method

The shift-current conductivities have been calculated via a
second-order perturbation theory [12]. In this work, we cal-
culate the photonexcited current directly via time-dependent
wave functions. The current density J(t ) under the light field
is given by

J(t ) = eh̄

m

occ∑
n=1

∑
k

Im[〈ψ̃nk(t )|∇|ψ̃nk(t )〉] , (1)

where ψ̃nk(t ) is the time-dependent Bloch wave function of
the nth band at point k. The time-dependent wave functions
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are obtained by the real-time evolution of the time-dependent
Kohn-Sham equation, under an external time-dependent elec-
tric field E(ω, t ).

To be compatible with the periodic boundary conditions, a
velocity gauge is used for the electric field [31], i.e.,

E(ω, t ) = −1

c

∂A(ω, t )

∂t
. (2)

The vector potential is taken to be uniform in the system, i.e.,

A(ω, t ) = A0 cos(ωt ) . (3)

The time-dependent Kohn-Sham equation under the vector
potential reads [31]

ih̄
∂

∂t
ψ̃i(t ) =

{
1

2m

[
p + e

c
A(t )

]2

+ ˆ̃V eff (t )

}
ψ̃i(t ) , (4)

where ˆ̃V eff (t ) = VHxc[n(t )]+ ˆ̃Vion, with VHxc[n(t )] being the
time-dependent Hartree-exchange-correlation potential, and
ˆ̃Vion the electron-ion interaction operator under the vector po-
tential [31]. For simplicity, we neglect the real-space symbol
r in the equation. We solve Eq. (4) via real-time evolution of
the wave function using the Crank-Nicholson scheme [25].

B. Computational details

The shift current of the WS2 monolayer is simulated via the
rt-TDDFT methods implemented in the atomic orbital based
ab initio computation at USTC (ABACUS) package [32].
ABACUS is developed to perform large-scale density func-
tional theory (DFT) calculations based on numerical atomic
orbitals (NAO) [33]. We adopt the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional [34] and the SG15 [35]
optimized norm-conserving Vanderbilt (ONCV) pseudopo-
tentials [36] are used to describe the interactions between ions
and valence electrons. The DFT-D3 correction of Grimme
[37] is used to describe the van der Waals interactions. A
uniform real-space grid corresponding to an energy cutoff of
240 Ry for the charge density is adopted to solve the Poisson
equation via fast Fourier transform. The 2s2p1d NAO basis
set for S, and the 4s2p2d2 f basis set for W are used to expand
the Kohn-Sham wave functions. The cutoff radii of the NAOs
are set to 10 a.u.

We simulate the monolayer WS2 supercell containing
4×4×1 primitive cells, and a 17 Å vacuum is added to avoid
interaction between the periodic images. A 24×24×1 k-mesh
(which is equivalent to a 96×96×1 k-mesh for the unit cell)
is used to sample the Brillouin zone, which converges the
results very well. The time step for the electron wave function
evolution is set to 0.05 fs. To study the temperature effects
and the electron-phonon interactions, we also perform the
Ehrenfest molecular dynamics (MD) [38] for the ions along
with the electron wave function evolution.

The linearly polarized lights are used in our simulations,
and due to the time-reversal symmetry of WS2, only the shift
currents are observable, while the injection currents are ex-
cluded [12]. To isolate the shift current from the total currents,
we average the calculated currents over a 50 fs period once
they stabilize. In the rising and decaying stages, an averaging
period of 1 fs is used. This effectively removes the rapidly os-
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FIG. 1. (a) The calculated shift currents (scatters) under different
light intensity for h̄ω = 1.9 eV, 2.75 eV, and 3.1 eV, demonstrating
an excellent linear fit with |E |2 (solid lines). The insert shows the
structure of monolayer WS2. (b) Shift current conductivities σ yyy as
functions of excitation energy at 0 K, 100 K, and 300 K, respectively.
The conductivity calculated by the perturbation theory from Ref. [19]
is also shown as a comparison.

cillating linear order current and ensures robust convergence
of the results. Additional information regarding the calcula-
tion and reliability validation is available in Appendix A.

III. RESULTS AND DISCUSSION

We first investigate the shift-current conductivities
σαββ (ω) of monolayer WS2 [19]. We calculate the shift
currents at each frequency ω under different excitation
powers. Since a periodic boundary condition is used in our
simulation, it is equivalent to simulating infinitely stacked
WS2 layers, which differs from the single-layer setup used in
Refs. [39,40].

Figure 1(a) depicts the shift currents as functions of the ex-
citation power for photon energies h̄ω = 1.9 eV, 2.75 eV, and
3.1 eV at zero temperature. The numerically calculated shift
currents increase linearly with the excitation power, and the
shift current conductivity can be fitted very well accordingly
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using the following relation [3]:

Jα = σαββ (ω)Eβ (ω)Eβ (−ω) , (5)

where α and β are the lattice directions.
The fitted conductivity σ yyy(ω) as a function of the exci-

tation energy at T = 0 K is shown in Fig. 1(b). There are
two major peaks: the first peak is at approximately 2.75 eV,
with σ yyy = 0.60 mA·Å/V2, and the second peak is at ap-
proximately 3.1 eV, with σ yyy = 0.48 mA·Å/V2. There is
also a very weak peak at approximately 1.9 eV. The cal-
culated current along the x axis is zero conductivity due
to the mirror symmetry M̂y, and therefore σ xxx and σ xyy

are zero [17,19]. The conductivities calculated at T = 0 K
in this work are in good agreement with the previous re-
sults obtained by a second-order perturbation theory method
[17,19], considering the results are from two very different
approaches. This is not surprising because the shift-current
conductivity is determined by the geometries of the energy
band structures [13–15]. However, the conductivities obtained
through rt-TDDFT exhibit slightly greater smearing compared
to those calculated from perturbation theory. This broaden-
ing of peaks in the TDDFT simulation can be attributed
to electron-electron scattering resulting from the temporal
evolution of the Hartree-exchange-correlation potentials. In
contrast, the smearing in perturbation theory is governed by
an artificial parameter.

Thus far, we have reproduced the shift-current conductivity
of previous calculations. However, this method can go beyond
the previous perturbation theory, and allows us to calculate the
shift current at finite temperatures. In these calculations, the
dynamics of ions are described by the classical MD. The shift-
current conductivities at 100 K and 300 K are also shown in
Fig. 1. For the excitation energy h̄ω = 2.75 eV, σ yyy decreases
from 0.60 mA·Å/V2 at T = 0 K, to 0.54 mA·Å/V2 at 100 K,
and 0.48 mA·Å/V2 at 300 K. Similarly, for h̄ω = 3.1 eV, σ yyy

decreases from 0.48 mA·Å/V2 at T = 0 K to 0.44 mA·Å/V2

at T = 100 K, and 0.39 mA·Å/V2 and 300 K. The shift-
current conductivity gradually decreases with the increasing
of temperature, presumably due to electron-phonon scattering.

To further analyze the contribution to the shift current,
we project the time-dependent wave functions ψ̃nk (t ) to KS
orbitals ψ̃0

mk of the ground state, i.e., the KS orbitals before
applying the excitation light,

|ψ̃nk(t )〉 =
∑

m

cnm,k(t )
∣∣ψ̃0

mk

〉
, (6)

where m is the band index of the ground state Kohn-Sham
orbitals. The shift current can then be written as

〈ψ̃nk(t )|∇|ψ̃nk(t )〉 =
∑
m,m′

c∗
nm,k(t )cnm′,k(t )

〈
ψ̃0

mk

∣∣∇∣∣ψ̃0
m′k

〉
. (7)

We find that the shift currents calculated via Eq. (7) are almost
identical to the original results. The major contribution to
the shift currents in the studied energy range comes from
the highest occupied bands and the lowest unoccupied bands,
which are consistent with previous work [19].

The total shift current can be decomposed into the off-
diagonal contribution, i.e., the contribution from m �= m′
terms, and the diagonal contribution, i.e., the m = m′ terms.
We can further decompose the diagonal contribution from

TABLE I. The total shift currents (in mA), along with the off-
diagonal and diagonal currents, in single-layer WS2. The excitation
power is 1.33×1013 W/cm2, at T = 0 K.

Total current Off-diagonal Diagonal
Frequency (mA) (mA) (mA)

2.75 eV 7.57 0.35 7.22
3.10 eV 6.03 0.73 5.30

electrons (i.e., m sum over the unoccupied bands) and holes
(i.e., m sum over the occupied bands). The diagonal terms
are related to the quantity �mn(k) = vmm(k) − vnn(k), where
vmm(k) and vnn(k) are the velocities of the electrons and holes,
respectively [12,18]. �mn has a clear physical meaning that
this part of the shift current arises from the electron velocity
change on the optical transition. Note that the observed con-
tribution is not from the injection current, which is absent in
this system [12]. Please refer to Appendix B for a detailed
explanation.

Table I lists the total shift currents and the off-diagonal
and diagonal components for h̄ω = 2.75 eV and 3.10 eV. As
we see from the table, the shift current is dominated by the
diagonal contribution. For h̄ω = 2.75 eV, off-diagonal contri-
bution accounts for only roughly 5% of the total current, and
the other 95% is contributed by the diagonal current. Similar
results are also obtained for the h̄ω = 3.10 eV case. The
diagonal current contributes 88% of the total current, whereas
the off-diagonal term only contributes 12%. Whether this is a
general result for other materials remains to be further studied.

One of the most prominent advantages of the rt-TDDFT
method is that it can explore the ultrafast dynamics of the
process. It is interesting to see how fast the system can estab-
lish steady shift current under illumination. Figure 2 shows
the shift current as a function of time after turning on the
laser with h̄ω = 2.75 eV. As one can see, the shift current
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FIG. 2. The generation of shift currents after turning on the light
with the excitation of 1.0×1010 W/cm2 at 0 K, 100 K, and 300 K,
respectively.
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TABLE II. Lifetimes of shift currents and their components at
different temperatures with photo energy h̄ω = 2.75 eV.

Temperature Total current (fs) Electron (fs) Hole (fs)

0 K 21.84 17.71 20.40
100 K 19.39 13.36 20.33
300 K 17.84 11.08 15.85

quick raises after applying the laser, and the saturation times
of the shift current after excitation are about 11 fs, 12 fs,
and 14 fs at temperatures of 0 K, 100 K, and 300 K, respec-
tively. This suggests that the shift-current effect can be used
as ultrafast photon detectors, whereas the typical response
time for photodiode based photon detectors is about a few
tens of picoseconds. Figure 2 reveals that at the same ex-
citation power, the saturated shift currents at 100 K is 89%
of that at 0 K, whereas the saturated shift currents at 300 K
is only about 80% of that at 0 K. This could be understood
that at higher temperatures, the electron-phonon scattering
is stronger, therefore the generated shift current would be
weaker. Similar results are obtained for the h̄ω = 3.10 eV. In
order to investigate whether the excitation power influences
the saturation current and current dynamics, we performed
calculations using three distinct incident light intensities and
the results are presented in Fig. 8 of Appendix A. These
results indicate that the magnitudes and dynamics of the shift
currents remain consistent across the three different excitation
intensities.

After turning off the lights, the shift current would dis-
sipate. The dissipation time of the shift current, which
determines the diffusion length of the excited carriers, is
crucial for the PV device applications [11]. To calculate the
current relaxation time, we turn off the light after the cur-
rent becomes steady, and monitor the decay of the current.
Figures 3(a)–3(c) depict the decay of the shift current after
turning off the light at 0 K, 100 K, and 300 K, respectively,
at h̄ω = 2.75 eV. We show the results for the total currents,
and the components including the electrons, holes, as well as
the off-diagonal currents. The total shift current, electronic
current, and hole current all decay (roughly) exponentially.
Specifically, the electron currents decrease almost to zero at
about 30–45 fs, depending on the temperature. However, the
total currents and the hole currents have some (about 10% of
the steady currents) long-lived residual components, which do
not decay to zero in the simulated time range. Remarkably,
the off-diagonal current only has small oscillations between
0.10 mA and 0.52 mA, and does not decay in the simulation
up to 45 fs for all temperatures.

We further fit the current relaxation times of the total,
electron, and hole currents at different temperatures via ex-
ponential functions, and the results are shown in Table II. The
relaxation times of the shift currents decrease with increasing
temperature, as expected, due to the stronger electron-phonon
scattering. For the total shift current, the relaxation time de-
cays from 21.84 fs at 0 K to 17.84 fs at 300 K. The relaxation
times of electrons (around 11 fs–18 fs) are a little shorter
than those of holes (around 15 fs–20 fs). The small long-life
residuals of the total and hole currents cannot be fitted very
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FIG. 3. The dissipation of the total, electron, hole, and off-
diagonal (m �= m′) currents at (a) 0 K, (b) 100 K, and (c) 300 K,
respectively, after turning off the light field.

well due to the limited simulation time. In fact, the carrier
relaxation times are not very sensitive to temperature, which
reflects the band topological nature of the shift current [13].

It has been shown that long-range (LR) exchange in-
teractions may play an important role in electron-electron
scattering in semiconductors [41]. We conducted extra cal-
culations with the long-range exchange-correlation functional
[42,43], and the results are shown in Fig. 7 of Appendix A.
The results align with those from the PBE functional, con-
firming that incorporating long-range exchange interactions
doesn’t change the fundamental results and conclusions of the
paper.

We note that the relaxation times of the shift currents are
not identical to the carrier lifetimes due to electron-phonon
scattering or electron-impurity scattering, as the former ones
are finite (and very short) even in perfect crystals at zero
temperature. The ultrafast shift current relaxation times are
probably due to electron-electron scattering. The diffusion
length l0 can be estimated as l0 ≈ τ · vk. The very short cur-
rent relaxation times are responsible for the extremely low
BPV effects in bulk materials, because most photon generated
hot carriers are relaxed before they reach the electrode [11].
However, when the distance between the electrodes is com-
parable to the diffusion length, the BPV effects are greatly
enhanced [10,11,23,44]. The mechanisms of the shift-current
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relaxation and the calculation of the diffusion length are ex-
tremely important for the applications, which are beyond the
scope of this work. We leave them for future studies.

IV. SUMMARY

The dynamics of shift current are extremely important not
only for fundamental science, but also for device applications.
We investigate the shift current dynamics in the WS2 mono-
layer by using the rt-TDDFT method. We find that the shift
current can be established within 10–20 fs, and the current
dissipates within approximately a few tens of femtoseconds.
This property can be used for ultrafast photon detection. This
work is an important step toward understanding the dynamics
of shift-current effects.
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APPENDIX A: ADDITIONAL CALCULATION DETAILS

In this section, we offer additional calculation details to
underscore the reliability of our results.

Figure 4 compares the band structures of WS2 calculated
using the plane wave (PW) basis and the numerical atomic
orbital (NAO) basis. It is evident that within the pertinent
energy range, the band structures obtained by the two meth-
ods exhibit remarkable agreement with each other. These
results suggest that our chosen NAO basis is sufficiently
accurate for performing shift-current calculations on the
system.

In this work, the forces are calculated using the full ex-
pression, which includes the Pulay forces. Details about the
force calculations can be found in Ref. [32]. We have con-
ducted examinations on the changes in total energy after the

FIG. 4. Comparison of WS2 band structures calculated using
plane wave (PW) and numerical atomic orbital (denoted as LCAO)
bases.

0 10 20 30 40 50 60 70
-2653.12

-2653.14

-2653.16

-2653.18

-2653.20

-2653.22

To
ta
lE
ne
rg
y
pe
ra
to
m
(e
V)

Time (fs)

FIG. 5. Variation in the total energy of monolayer WS2 after the
cessation of light exposure.

FIG. 6. (a) The energy band diagram of single-layer WS2 con-
sidering the spin orbit coupling effect or not. (b) Comparison of the
effects of spin orbit coupling on the shift current of single-layer WS2
under optical field excitation.

013123-5



HE, CHEN, REN, MENG, AND HE PHYSICAL REVIEW RESEARCH 6, 013123 (2024)

FIG. 7. Comparison of shift-current (a) generation and (b) de-
cay in a single-layer WS2 system using PBE and long-range (LR)
exchange functionals.

removal of the light field, and the results are depicted in
Fig. 5. The results indicate that despite the presence of small
short-term oscillations in the total energy, long-term stability
in energy conservation is well maintained for up to 70 fs. This
demonstrates the accuracy and reliability of our calculations
throughout the entire simulation.

In order to assess the impact of spin-orbit coupling (SOC)
effects, we compute the energy band structures of the mono-
layer WS2 both with and without SOC. The results are
presented in Fig. 6(a). Incorporating SOC does not signif-
icantly alter the band structures, except for a reduction in
the band gap by 0.2 eV. We also performed calculations to
investigate the excitation of the shift current with and without
SOC, and the results are shown in Fig. 6(b). The results
demonstrate that the dynamics of shift-current excitation re-
main nearly unchanged in the presence of SOC. Therefore,
SOC has a minimal effect on the shift current dynamics, and
in the main text of the paper, we only present results without
SOC inclusion.

It has been shown that if the electronic interactions are
described on the level of adiabatic PBE (local in time,

FIG. 8. (a) Comparison of shift current generation in a single-
layer WS2 under various excitation light intensities: I0 = 1.0×1010

W/cm2, I1 = I0/10, and I2 = I0/100. (b) Comparison of current
attenuation for the currents generated by I0, I1, and I2.

semilocal in space), it might omit important channels of
the electron-electron scattering in semiconductors [41]. To
examine the impact of long-range (LR) exchange interactions
on the dynamics of the shift current, we performed addi-
tional calculations using the long-range exchange-correlation
functional [42,43], which explicitly accounts for these inter-
actions. Unfortunately, the long-range exchange functional is
not currently implemented in ABACUS [32], and therefore,
we utilized the TDAP software [27] to obtain the results.
As shown in Fig. 7, when incorporating the LR exchange
interaction, the shift current generated by the laser field at 0 K
exhibits saturation within approximately 6 fs and decay within
approximately 20 fs. These results align with the findings
obtained using the PBE functional. Therefore, including the
long-range exchange interaction does not alter the fundamen-
tal results and conclusions of the paper. We note that there
are some oscillations in the shift current calculated by the
TDAP code, which is absent in the results of ABACUS code.
This may be due to different implementation of the rt-TDDFT
algorithm in the two codes. However, the overall results are
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consistent to each other. Since the LR exchange-correlation
functional is significantly more expensive than the PBE
functional, we still use the PBE functional for the calculations
in the main text.

In order to investigate whether the excitation power in-
fluences the saturation current and current dynamics, we
performed calculations using three distinct incident light in-
tensities: I0 = 1.0×1010 W/cm2, I1 = I0/10, and I2 = I0/100.
The calculated shift currents are illustrated in Figs. 8(a) and
8(b). The results indicate that the magnitudes and dynamics of
the shift currents remain consistent across the three different
excitation intensities.

APPENDIX B: CONTRIBUTIONS TO SHIFT CURRENT

To gain insight into the results presented in the main text,
we can draw comparisons with the shift-current conductivities
obtained through second-order perturbation theory [12,18].
The relevant equations are as follows:

σc;a,b(0; ω,−ω) = − iπe3

2h̄2

∑
mnk

fnm
(
rb

mn(k)ra
nm;c(k)

+ ra
mn(k)rb

nm;c(k)
)
δ(ωmn − ω), (B1)

where fnm = fn − fm and h̄ωnm = En − Em are differences
between Fermi occupation factors and band energies, respec-
tively. The dipole matrix ra

nm and its generalized derivative
ra

nm;b are calculated as follows [12,18] (here we drop the k
index for simplicity),

ra
nm = va

nm

iωnm
(m �= n), (B2)

and

ra
nm;b = i

ωnm

[
va

nm�b
nm + vb

nm�a
nm

ωnm
− wab

nm

+
∑

p�=n,m

(
va

npv
b
pm

ωpm
− vb

npv
a
pm

ωnp

)⎤
⎦ (m �= n), (B3)

where

va
nm = 1

h̄
〈unk|∂aH (k)|umk〉,

ωnm = En − Em,

�a
nm = ∂aωnm = va

nn − va
mm,

wab
nm = 1

h̄
〈unk|∂2

abH (k)|umk〉. (B4)

As evident from Eq. (B3), the shift current includes a
component originating from �mn, representing the velocity
difference between the valence and conduction bands. This
component is closely linked to the diagonal contributions dis-
cussed in the main text. It is crucial to distinguish this con-
tribution from the injection current, which also features a
contribution from �mn. In the context of this system, the
injection current is absent due to the presence of time-reversal
symmetry in WS2, and linearly polarized light sources are
employed. The remaining terms in Eq. (B3) represent contri-
butions originating from the off-diagonal elements.
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