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Recently, we developed a general laser control scheme, i.e., the Stark control of electrons at interfaces
(SCELI), based on Stark shifts, that is able to manipulate the electron dynamics at material interfaces [A. J.
Garzón-Ramírez and I. Franco, Phys. Rev. B 98, 121305 (2018)]. Here, we investigate how SCELI is influenced
by the band bending effects introduced by interfacial dipoles and by the laser screening due to the polarization
response of the material. For this, we follow the quantum dynamics of a model one-dimensional tight-binding
semiconductor-semiconductor heterojunction driven by nonresonant few-cycle laser pulses of intermediate
intensity. Band bending effects are introduced through an interfacial electrostatic potential term dictated by
the depletion approximation of a neutral p-n junction. In turn, screening effects are captured through the general
boundary conditions of the field vectors at interfaces dictated by Maxwell’s equations. For field amplitudes where
SCELI dominates (E0 � 0.55 V/Å in the model), laser screening leads to a 46% reduction of the effect that can
be partially compensated by increasing the intensity of the incident field. Surprisingly, band bending mildly
affects SCELI. When both band bending and screening are considered simultaneously, the charge transfer is
reduced, on average, 40% for E0 � 0.46 V/Å. Overall, we observe that screening and band bending change the
magnitude of SCELI but leave the underlying mechanism for electron transfer intact.

DOI: 10.1103/PhysRevB.103.235304

I. INTRODUCTION

Controlling electron dynamics using lasers is an es-
sential goal of science and technology [1–6]. This is
because lasers allow manipulation of electrons on an ul-
trafast timescale [7–31], opening new ways to control the
ability of matter to chemically react [32–39], conduct charge
[8–12,18,23,26,28,30,31,40–48], absorb light [49–53], or
other properties on a femto- to attosecond timescale.

Recently, we introduced a general scheme for the Stark
control of electrons at interfaces (SCELI) [28]. The scenario is
based on using nonresonant few-cycle laser pulses of interme-
diate intensity (nonperturbative but nonionizing) to distort the
electronic structure and create transient resonances among the
valence band (VB) levels and the conduction band (CB) levels
of two adjacent materials through Stark effects. These tran-
sient resonances open laser-controllable quantum tunneling
pathways for interfacial electron transfer. The reason to use a
few-cycle laser is because it allows for the use of strong fields
with intensity ∼1013 W/cm2 that lead to nontrivial Stark ef-
fects before the onset of dielectric breakdown [12,29,54].

The Stark effect refers to the shifts of energy levels in
matter due to the application of an electric field. Stark routes
for the control of electrons are a form of Hamiltonian con-
trol [13,28,37–39,48,55–57] based on pushing energy levels
around. That is, on modifying the Hamiltonian by using the
response of matter to strong nonresonant light. The advan-

*ignacio.franco@rochester.edu

tage of Stark routes for control of electrons is that they can
be used even in the presence of strong decoherence [28,48]
because they do not exploit the fragile coherence properties
of electronic superposition states. This feature of Stark-based
schemes of control is crucial as the electronic decoherence in
matter is remarkably fast (typically ∼10s fs) [58–61].

Thus far, the investigation of SCELI [28,48] has been based
on idealized models where the band lineup of the hetero-
junction is not affected by interfacial dipoles and where the
electric field due to the photogenerated dipole is not taken into
account. However, in realistic systems, once an interface is
formed, thermal equilibrium leads to an interfacial dipole as a
result of the charge migration at the interface. This interfacial
dipole, in turn, creates a potential barrier against electron or
hole transfer [62–67]. Further, the response of matter to light
leads to an oscillating dipole [31,68–71] with an associated
electric field that screens the incident electric field of light
[31,70,71]. Currently, it is unclear to what extent SCELI will
be affected, or even if it will survive, in the presence of these
effects.

To address this problem, here we study SCELI including
the screening and band bending effects on a model AB hetero-
junction composed of two adjacent one-dimensional two-band
tight-binding semiconductors, and focus on the exemplifying
case in which the two materials have no spectral overlap. To
capture the screening, we use a self-consistent model in which
the incident light is screened by the instantaneous electric
polarization of the system. This polarization is the result of the
charge displacement due to the interaction of the electronic
cloud of the heterojunction with the laser field. In turn, the
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effects of band bending are introduced through an electrostatic
profile at the interface given by the depletion approximation
[72,73] for a neutral p-n junction at thermal equilibrium.

This paper is organized as follows: Sec. II describes the
tight-binding Hamiltonian for the AB heterojunction and the
method employed to solve the time-dependent Schrödinger
equation during and after photoexcitation. Section III details
how SCELI is affected by band bending and screening effects.
Our main results are summarized in Sec. IV.

II. MODEL AND METHODS

As in Ref. [28], we study the electron transfer across
the semiconductor-semiconductor interface. This interface is
modeled as a one-dimensional insulating AB heterojunction
with Hamiltonian

Ĥ = ĤA + ĤB + ĤAB. (1)

Here, Ĥi is the Hamiltonian for material i = A or B, and ĤAB is
their interfacial coupling. Each material is modeled as a two-
band system with Ni = 50 unit cells in dipole interaction with
a laser field E(t ) = E (t )ı̂,

Ĥi =
2Ni∑
n=1

[
hi

nn + |e|E (t )xn
]
â†

nân +
2Ni∑

〈n,m〉
hi

nm(â†
nâm + H.c.),

(2)
where 〈n, m〉 denotes nearest neighbors, H.c. is the Hermi-
tian conjugate, and the direction of laser polarization ı̂ is
chosen to be normal to the interfacial plane. Here, ân (â†

n)
annihilates (creates) a fermion in site or Wannier function
n, â†

n |0〉 = |n〉 where |0〉 is the vacuum state, and satis-
fies the usual fermionic anticommutation relations. Each
unit cell has two Wannier functions with alternating on-
site energies (hi

nn = hi
evenδn,even + hi

oddδn,odd) in tight-binding
coupling among them (hi

n,n+1 = t i
evenδn,even + t i

oddδn,odd). Here,
xn denotes the position of each Wannier function along the
junction and |e| the electron charge. The interaction be-
tween the semiconductors at the interface is given by ĤAB =
−tAB(â†

2NA
â2NA+1 + H.c.), where tAB is the interfacial tight-

binding coupling. For definitiveness, we choose a lattice
constant of a = 5.0 Å, distance between sites in each cell
of 1.7 Å in both materials, tight-binding coupling between
the nearest-neighbor Wannier functions of t i

odd = t i
even = −3.0

eV, and on-site energies of hA
odd = 1.0 eV, hA

even = 7.0, hB
odd =

−3.0 eV, and hB
even = 3.0 eV. The interfacial distance is aAB =

7.7 Å and tAB = 0.2 eV. Those parameters are chosen to ob-
tain semiconductors with identical electronic structure (6.0 eV
gap and 3.7 eV bandwidth) but rigidly shifted in energy,
resulting in a heterojunction where there is no spectral over-
lap among the bands. This ensures that the heterojunction
is insulating to both an applied bias voltage and resonant
photoexcitation, such that all charge transfer events are due
to SCELI [28].

The laser pulse employed in the simulations is a few-cycle
laser of central frequency h̄ω = 0.5 eV, width τ = 5.85 fs,
centered around tc = 50 fs, and carrier envelope phase (CEP)
φ = 0. A few-cycle laser is chosen to suppress the onset of
dielectric breakdown [12,29,54] even for moderately strong
fields. Such laser pulse is far detuned from electronic tran-
sitions in the system such that Stark effects dominate the

photoresponse. The vector potential associated with the laser
pulse is of the form

AL(t ) = E0

ω
e−(t−tc )2/2τ 2

sin[ω(t − tc) + φ] ı̂, (3)

where E0 is the peak field amplitude. The associated electric
field EL(t ) = −ȦL(t ) = EL(t )ı̂ is given by

EL(t ) = E0

ω
e−(t−tc )2/2τ 2

{
(t − tc)

τ 2
sin[ω(t − tc) + φ]

−ω cos[ω(t − tc) + φ]

}
. (4)

This form guarantees that EL(t ) remains an ac source even for
few-cycle lasers as

∫ ∞
−∞ EL(t )dt = AL(−∞) − AL(∞) = 0.

Since the Hamiltonian in Eq. (1) is a single-particle
operator, the electronic properties of the system are charac-
terized by the electronic reduced density matrix ρn,m(t ) =
〈�(t )| â†

nâm |�(t )〉, where |�(t )〉 is the many-body wave
function. The dynamics of ρn,m(t ) is determined by the
Liouville–von Neumann equation

ih̄
d

dt
ρn,m(t ) = 〈[â†

nâm, Ĥ ]〉, (5)

with initial condition ρnm(0) = ∑N
ε 〈ε|n〉〈ε|m〉 f (ε), where

|ε〉 are the single-particle eigenstates of Ĥ at time t = 0,
and f (ε) is the initial Fermi distribution function. Equation
(5) is numerically integrated from t = 0 to 110 fs, using
the predictor-corrector Adams-Moulton method with adaptive
time step in the SUNDIALS package [74]. Snapshots of the key
observables are recorded every 	tobs = 0.01 fs.

The electron transfer dynamics is monitored through
changes in the total charge 	Qi of each material. Specifically,
we focus on

	QA(t ) = |e|
∑
nεA

[ρnn(t ) − ρnn(0)], (6a)

	QB(t ) = |e|
∑
nεB

[ρnn(t ) − ρnn(0)]. (6b)

Any A → B electron transfer is monitored by

QA→B(t ) = 	QB(t ). (6c)

III. RESULTS AND DISCUSSION

A. SCELI basics

In the interest of clarity, we briefly summarize the main
mechanism behind SCELI. The interaction of the AB hetero-
junction with the electric field of nonresonant light leads to
a distortion of its electronic structure due to the Stark shifts.
Specifically, the laser-matter interaction breaks the periodicity
of the potential of the semiconductors that form the het-
erojunction [75–77], introducing equally spaced resonances
in the energy spectrum [known as the Wannier-Stark ladder
(WSL)], and localizes the electronic wave functions of the in-
stantaneous Hamiltonian. To see this, it is convenient to focus
on a tight-binding one-band model in the presence of a static
electric field E [75–77]. For this model, the Wannier-Stark
ladder eigenenergies are

εm = ε0 + |e|maE , (7)
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where ε0 denotes the center of the energy band for the
field-free model, m = . . . ,−2,−1, 0, 1, 2, . . . , a the lattice
constant, and E the electric field. The interaction with the
electric field fans out the energy levels in the band. In addi-
tion, this interaction localizes the electronic eigenfunctions by
introducing a linear potential whose difference between con-
secutive sites is |e|aE . In fact, in the one-band model, the wave
function of the Wannier-Stark state with energy εm is localized
around site m and is given by |�m〉 = ∑

n Jn−m(t0/2|e|aE ) |n〉,
where Jn(x) is the Bessel function of the nth order and t0
is the tight-binding coupling between sites. The degree of
localization increases as the electric field increases and thus
the potential drop between consecutive sites increases.

In SCELI, the interaction of the AB heterojunction with the
electric field of nonresonant light leads to a fanning out of the
energy eigenstates of all bands. As a result of this distortion,
transient resonances between energy levels belonging to the
different bands of the semiconductors are formed. When the
energy eigenstates involved in the transient resonances are VB
levels of A and CB levels of B, quantum tunneling channels for
A → B electron transfer are opened. The quantum tunneling
channels are particularly effective when the wave functions of
the Wannier-Stark states involved overlap at the interface. The
electric field amplitude at which the transient resonances that
lead to A → B electron transfer occur can be approximately
obtained by assuming that all bands are independent of one
another. Then, using Eq. (7), the transient resonances between
the VB of A and the CB of B are formed when εA

m = εB
n ,

where εA
m is the energy of the Wannier-Stark state of material

A localized at site m, and εB
n is the energy of the Wannier-Stark

state of material B localized at site n. As a consequence, the
electric field at which the transient resonances take place is

E = εA
0 − εB

0

xA
m − xB

n

, (8)

where xi
n = na is the position for site n of semiconductor i =

A or B.

B. Screening effects

To understand how SCELI is affected by screening
effects generated by photogenerated charge displacements
in the material, we introduced Maxwell’s equations through
the general boundary conditions of the field vectors at the
interfaces. We assume that the laser incides perpendicular
to the AB heterojunction, such that the linearly polarized
electric field oscillates parallel to it. Thus, the laser polarizes
the heterojunction and induces surface charges that create a
screening field. To determine the effective electric field inside
the heterojunction, we focus on the vacuum-heterojunction
interface. From the condition of continuity of the normal com-
ponent of the electric displacement field D⊥ = ε0E(t ) + P(t )
between these two media, D1,⊥ − D2,⊥ = σ , it is possible
to connect the electric field E(t ) inside the heterojunction
with the incident laser field EL(t ) in vacuum and the induced
dielectric polarization density P(t ) in the heterojunction. For
our system, Dk,⊥ represents the normal electric displacement
for vacuum (k = 1) and the AB heterojunction (k = 2). Since
the two media, i.e., vacuum and AB heterojunction, are di-
electric materials, the free charge density σ = 0. Therefore,

the effective laser field inside the heterojunction is

E(t ) = EL(t ) − P(t )

ε0
. (9)

Here, the induced polarization density is determined as
P(t ) = μ(t )/V , where the dielectric’s total volume is V =
[(NA + NB)a + aAB]a2 and μ(t ) = ∑2Nj

n=1[ρn,n(t ) − 1]xn î is
the dipole moment. Note that because the electronic structure
of materials A and B is identical except for a rigid shift
in energy, they have identical hyperpolarizabilities and their
dielectric response coincides. As a a consequence, from an
electromagnetic perspective, there is no additional discontinu-
ity in the electric field along the AB interface. This simplifying
feature of the model allows us to employ the dipole approx-
imation of laser-matter interactions in spite of the interface.
Further note that considering the more general case, where
the two materials have different dielectric response, requires
an analysis of the underlying microscopic charge dynamics
in the presence of spatially varying fields. This is beyond the
state of the art of computational methods and we therefore
conduct all simulations under electric dipole approximation.
The results are expected to be informative of the screening
expected for heterojunctions between two materials with sim-
ilar permittivity in the range of frequencies employed in the
photoexcitation.

Figure 1 compares the electron transfer dynamics with (red
line) and without (blue line) screening for a laser pulse of
h̄ω = 0.5 eV, E0 = 0.3 V/Å, and φ = 0. Screening reduces
the amplitude of the electric field by 39% at its peak (upper
panel). This reduction leads to a decrease in the number of
induced transient resonances that open quantum tunneling
channels for A → B electron transfer. In this particular case,
it causes a reduction of 57% of the charge that is transferred
across the AB interface due to SCELI, as seen in the lower
panel.

The upper panel of Fig. 2 compares the charge transfer
QA→B(t f ) as a function of field amplitude E0 of the incident
laser pulse with (red line) and without (blue line) screening.
Our results of QA→B(t ) are reported at time t f = 68 fs, which
is a time in which the electric field of the light is already im-
perceptible and SCELI effects are complete. The lower panel
quantifies the degree of screening of the laser pulse and its in-
fluence on SCELI as a function of E0. The degree of screening
is calculated as the reduction on the field amplitude at t = tc.
Notice that the screening increases with E0 for E0 < 0.7 V/Å,
as seen in the lower panel of Fig. 2. Clearly, the screening
reduces the net QA→B(t f ) obtained for amplitudes E0 < 0.7
V/Å because it reduces the effective field experienced by the
material and thus the number of effective quantum tunneling
channels for A → B electron transfer for a given E0. Nev-
ertheless, the mechanism behind SCELI remains intact. For
this reason, the effect increases with E0 as the field opens
additional quantum tunneling channels for A → B electron
transfer even in the presence of screening. Overall, we observe
that the screening reduces the electron transfer QA→B(t f ) on
average 44% for E0 � 0.7 V/Å (see lower panel of Fig. 2).

The screening reduces the magnitude of the effective elec-
tric field and can also modify its shape. Figure 1 compares
the electric field experienced by the heterojunction with and
without screening for a laser pulse of E0 = 0.3 V/Å. Here,
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Material A Material B

(a)

(b)

FIG. 1. Screening effects on the electron transfer dynamics
across the AB heterojunction induced by non-resonant few-cycle
laser pulses through Stark shifts. (a) Scheme of the heterojunction
under the influence of a laser field polarized along direction ı̂. (b)
The charge displacement induced by the laser pulse (h̄ω = 0.5 eV,
E0 = 0.3 V/Å and φ = 0) generates a polarization in the material
which diminishes the incident electric field of light (upper panel),
leading to a reduction in the net charge transferred (lower panel).

one can notice that the screening just reduces the amplitude
of the electric field, keeping the shape intact. However, for
stronger fields E0 > 0.55 V/Å, the harmonic mixing due to
the nonlinear response of the material and the generation of
real carriers leads to polarization contributions at frequencies
larger than those of the incident pulse. The fast oscillation in
P(t ) not only screens the electric field, but also modifies its
shape; see Fig. 3.

We thus observe three regions of the response when screen-
ing is considered. In region I (E0 � 0.093 V/Å), QA→B(t f ) =
0 as the field is not intense enough to induce effective transient
resonances that lead to A → B electron transfer. In region II
(0.093 < E0 � 0.55 V/Å), the screening reduces the ampli-
tude of the electric field, on average, by 46%, while keeping
its shape intact. In this region, the transient resonances that
lead to charge transfer are mainly due to crossing between
VB levels of A and CB levels of B. Last, in region III (E0 >

0.55 V/Å), screening reduces the electric field amplitude and
modifies its shape, leading to a complicated dependence of
QA→B(t f ) on E0.

FIG. 2. Screening effects on the incident electric field of light
and net charge transfer QA→B(t f ). The upper panel shows the charge
transferred QA→B(t f ) just after the pulse at time t f = 68 fs as a
function of the incident laser pulse amplitude E0 with (red line) and
without (blue line) screening effects. The lower panel shows the per-
centage of the electric field screening (red line) and the ratio between
QA→B(t f ) with and without screening (black line) as a function of
E0.

FIG. 3. Screening effects on the electric field and the electron
transfer QA→B(t ) for a laser pulse of h̄ω = 0.5 eV, E0 = 0.75 V/Å,
and φ = 0. For E0 > 0.55 V/Å, the induced dielectric polarization
density not only diminishes the amplitude of the electric field, but
also modifies its shape (upper panel). This effect reduces the charge
transfer and introduces new features on the electron transfer dynam-
ics (lower panel).
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FIG. 4. Dependence of SCELI on laser parameters in the absence
(upper panel) and in the presence (lower panel) of screening. Notice
that in both cases, the charge transferred increases as the frequency of
the laser pulse decreases, in agreement with a tunneling mechanism.

In the upper panels of Figs. 1 and 3, one can notice that
there are oscillations that persist after pulse. These oscillations
are the result of resonant processes in the photoexcitation
that leave the heterojunction in a superposition of energy
eigenstates.

To further understand the effects of screening on SCELI,
we quantified the A → B electron transfer induced by pulses
with three different laser frequencies, but with the same num-
ber of cycles (τ = √

2π/ω). Figure 4 shows the behavior of
the charge transfer QA→B(t f ) as a function of the incident
laser amplitude E0 for h̄ω = 0.05, 0.5, and 1.0 eV with and
without screening. In all cases, in the regime in which there
is an appreciable effect (E0 > 0.076 V/Å), decreasing the
laser frequency increases the charge that is transferred. This is
because, by decreasing ω, one increases the time in which the
relevant energy levels in the two materials are near resonance,
thus enhancing the effectiveness of the tunneling events. Nev-
ertheless, we also observe that for E0 � 0.7 V/Å, decreasing
ω increases the effects of screening. The average reduction of
the charge transfer QA→B(t f ) is 52% for h̄ω = 0.05 eV, 44%
for h̄ω = 0.5 eV, and 35% for h̄ω = 1.0 eV. This is because
the response of the electrons of the heterojunction changes
with ω. For small ω, the response of the electrons follows the
instantaneous electric field, whereas for large ω, the response
follows the pulse envelope. Thus, the effects of P(t ) on the
effective electric field increase as ω decreases. From a SCELI
perspective, it is advantageous to work with a lower frequency
laser even when the screening effects increase. This is because
the use of lower frequency pulses enhances the effectiveness
of the quantum tunneling, which favors SCELI.

Figures 5(a) and 5(b) characterize the dependence of
SCELI on the interfacial coupling strength tAB with and
without screening. As shown, in both cases, increasing tAB

monotonically increases the charge that is transferred for all
E0 as it enhances the effectiveness of the quantum tunneling
at the interface. However, we observe that as tAB increases, the
effects of screening increase. In fact, for tAB = 0.05 eV, the
reduction in QA→B(t f ) is, on average, 32% for E0 � 0.7/V/Å,
whereas for tAB = 0.9 eV, the reduction is 47%. This is be-
cause as tAB increases, the polarizability of the heterojunction
and the amount of transferred charge also increases, leading

(a)

(b)

(c)

FIG. 5. Screening effects on the dependence of SCELI on the
interfacial parameters. (a) Dependence on laser amplitude for three
representative interfacial tight-binding couplings tAB. (b) Depen-
dence on tAB for E0 = 0.3 V/Å. (c) Dependence on the interfacial
distance for a fixed interfacial coupling tAB = 0.2 eV and E0 = 0.3
V/Å.

to an enhanced back reacting of the material on the effec-
tive electric field. Nonetheless, having larger valuer of tAB is
preferable, even when the screening effects increase, because
SCELI is enhanced.

Additionally, Fig. 5(c) compares the dependence of SCELI
on the interfacial distance aAB with and without screening for
a fixed tAB. In both cases, increasing aAB increases the charge
transfer QA→B(t f ) because this reduces the laser field ampli-
tude required to create the transient resonances. To understand
this, consider a minimal single-band model per material in the
heterojunction. In the presence of a strong electric field, the
electric field at which there is a transient resonance between a
VB level of A localized at site m and CB level of B localized
a site n is given by Eq. (8). As aAB increases, xA

m − xB
n in-

creases, leading to a decrease in the E required to induce the
transient resonance. Thus, increasing aAB generally increases
the charge transfer because the same pulse can induce more
transient resonances that lead to A → B electron transfer. In
both cases, QA→B(t f ) increases threefold when aAB goes from
4 to 10 Å, which is consistent with the observation that the
mechanism behind SCELI is not affected by screening.

In summary, we observe that screening in general reduces
the amplitude of the effective electric field in the material for
E0 � 0.55V/Å, leading to a reduction in the charge transfer
QA→B(t f ) due to SCELI. However, the quantum tunneling
mechanism described in Refs. [28,48] for the scheme of con-
trol and its dependence on the laser and material parameters
is unaffected by the screening. For this reason, the effects
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of screening can be partially overcome by increasing E0 up
to a threshold E0 = 0.55 V/Å. Beyond this threshold, the
effects of screening modify the shape of the effective electric
field in the material, leading to a complicated dependence of
QA→B(t f ) on E0.

C. Band bending effects

To understand how band bending affects SCELI, we em-
ployed a basic model for the electrostatic profile of the
heterojunction upon thermal equilibration given by the so-
called depletion approximation [72,73]. This approximation
assumes that there exist depletion regions on both sides of
the junction in which the electron and hole densities change
exponentially with position. Outside these depletion regions,
the appropriate electrostatic potential and electron and hole
concentrations are those that would exist in the absence of
the heterojunction. Here, we use the form of the electrostatic
potential, V (x) = kBT sinh−1( x

2La
), for a neutral p-n junction

detailed in Ref. [72], where La is the length of the depletion
region, kB the Boltzmann constant, and T the temperature (we
choose T = 300 K). For the AB heterojunction, the electro-
static potential at the Wannier function n is thus

Vnn = kBT sinh−1

(
na + aAB/2

sa + aAB

)
, (10)

where s is the number of unit cells in the depletion region. In
the presence of this additional contribution, the Hamiltonian
of each semiconductor of the heterojunction becomes

Ĥ ′
i =

2Ni∑
n=1

[
hi

nn+ |e|E (t )xn + Vnn
]
â†

nân+
2Ni∑

〈n,m〉
hi

nm(â†
nâm+H.c.).

(11)
As shown in Figs. 6(a) and 6(b), this additional term in the

Hamiltonian shifts the electric field amplitude needed to cre-
ate the transient resonances behind SCELI and also modulates
their effectiveness. This causes a change in the charge that is
transferred, QA→B(t f ), by the same laser pulse. To understand
this shift in the required field amplitude, consider a minimal
single-band model per material in the heterojunction. In this
case, since we are interested in the A → B electron transfer,
we only consider VB of A and CB of B. The value of the elec-
tric field at which there is a crossing between a level localized
at site n of A and site m of B is given by Eq. (8). When the band
bending is taken into account, this value is modified to E =
(hA

nn+Vnn )−(hB
mm+Vmm )

xA
n −xB

m
. With band bending, the energy difference

in the numerator decreases because the energy eigenstates of
the VB of A localized at the depletion region increase their
energy due to the electrostatic potential of Eq. (10), while
the energy eigenstates of the CB of B decrease their energy.
Since xA

n − xB
m remains constant, the required field amplitude

to induce the transient resonances decreases. In Fig. 6(b), the
crossing shown is shifted from 0.65 to 0.61 V/Å, and the gap
for this specific crossing increases from 0.28 to 0.31 eV (for
other crossings, the energy gap can decrease too).

Figure 7 shows the effects of band bending on SCELI.
We observe that band bending mildly increases the effect of
SCELI for some values of E0 and mildly decreases the effect
for others. Specifically, band bending has a bigger impact on

(a) (b)

(c) (d)

FIG. 6. Band bending effects on SCELI. (a) Laser-dressed
eigenenergies obtained by diagonalizing the Hamiltonian in Eq. (1)
for fixed electric field amplitude E0 with (black lines) and with-
out (red lines) band bending for s = 40. (b) Detail of an avoiding
crossing that leads to A → B electron transfer. (c),(d) Overlap of the
diabatic wave functions of the energy levels in (b).

SCELI for E0 � 0.2 V/Å, where QA→B(t f ) increases due to
the decrease in the required field amplitude to induce tran-
sient resonances between VB of A and CB of B that lead
to A → B electron transfer. This leads to more quantum tun-
neling channels for interfacial electron transfer being opened
for the same laser pulse. In turn, for the case with band
bending plus screening, QA→B(t f ) decreases, on average, 41%
for E0 � 0.46 V/Å. This reduction is due to the effect of
screening on the effective electric field experienced by the
material. Thus, the screening dominates over band bending
and play a determining role in SCELI. For E0 > 0.46 V/Å, the
B → A electron transfer process plays a major role because
band bending also modifies the required field amplitude to
induce transient resonances between VB of B and CB of A.
This process along with interband Zener tunneling lead to the
observed complex dynamics for E0 > 0.46 V/Å.

Figure 7(b) shows the dependence of SCELI on the deple-
tion length s for the case with (red line) and without (blue
lines) screening. In both cases, we observe that the band
bending effects are approximately independent for s > 20 and
have a mild effect on the SCELI dynamics. This shows that the
behavior for s = 40 in Figs. 7(a) and 7(b) is representative of
interfaces of varying sharpness.

IV. CONCLUSIONS

In this work, we investigated the effects of screening and
band bending on SCELI. The screening was introduced by
Maxwell’s equations through the general boundary conditions
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(a)

(b)

FIG. 7. Effect of interfacial band bending on SCELI. (a) Charge
transferred as a function of the laser amplitude for an atomically
sharp interface (black), and a 40-unit-cell interface with (red) and
without (blue) screening effects. The bottom panel details the ratio
of the charge transfer QAB(t f ) with respect to the atomically sharp
interface in both cases. (b) Transferred charge as a function of the
number of unit cells s involved in the interface for a laser pulse with
h̄ω = 0.5 eV, E0 = 0.25 V/Å.

on the field vectors at the interfaces. In turn, band bending
was included through an electrostatic interfacial given by the
depletion approximation for neutral p-n junctions.

We observe that the quantum tunneling mechanism be-
hind SCELI is unaffected by band bending and screening.
However, the net charge transfer QAB(t f ) is affected by these
effects. In fact, when only screening is considered, QAB(t f ) is
reduced, on average, 44% for E0 � 0.7 V/Å. In turn, QAB(t f )
is mildly affected when only band bending is considered.
When both effects are taken into account, the net charge
transfer is reduced, on average, 41% for E0 � 0.46/V/Å.
The results show that screening dominates over band bend-
ing and plays a determining role in SCELI. Nevertheless, its
effects on SCELI can be partially overcome by increasing
the field amplitude E0 of the laser pulse up to a threshold
E0 = 0.55/V/Å.

Here, we have demonstrated that the shape of the electric
field of light is modified by the screening effect for large field
amplitudes. This implies that schemes of control that rely on
the shape of the laser pulse, such as laser-induced symme-
try breaking [7–12,17,18,20,21,26,30,48], can be limited by
screening effects as the schemes can become uncontrollable
for large field amplitudes for which the screening modifies the
intended shape of the incident light pulse.

We point out that in the employed model, the electric
field is isotropic along the AB heterojunction since materials
A and B have the same dielectric response. The more gen-
eral case where the two materials have different permittivity
requires an analysis of the underlying microscopic charge
dynamics in the presence of spatially varying fields, which
go beyond the electric dipole approximation of laser-matter
interactions.

Throughout, we demonstrate that SCELI survives under
realistic conditions and can be use to control the electron
across interfaces. As such, SCELI can be employed for the
development of ultrafast electronics and optical actuators and
exemplifies the robustness of the Stark-based strategies for the
laser control of electrons.
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