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Subfemtosecond charge driving with correlation-assisted band
engineering in a wide-gap semiconductor
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First-principles calculations indicate that, before falling into dielectric breakdown, charge transport induced
by a strong-intensity few-cycle optical waveform in the subfemtosecond time domain can be precisely controlled
depending on band distortion engineered by strain along the [0001] direction in wurtzite-AlN. It is further
discovered from a model of electron-hole interaction that the subfemtosecond charge driving with band
engineering can be substantially strengthened by excitonic correlation and dynamics. With these findings, we
reveal band engineering to be a route to the ultrafast charge control of semiconductors and indeed suggest an
unexplored prototype of solid-state petahertz (1015 Hz) device.
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I. INTRODUCTION

Insight into the interaction between electron and high-
intensity subfemtosecond laser pulse has opened a window
on the extreme ultrafast dynamics at the time scale of 100 as
(10−16 s)–1 fs (10−15 s) [1–10]. During the last decade, in
particular, subfemtosecond electron dynamics instantaneously
driven by few-cycle optical waveforms have attracted great
attention to the potential of light-wave-induced solid-state
electronics, which may dramatically increase the speed of
the electric signal processing up to the petahertz (1015 Hz)
frequency range. Realization of those light-wave-induced and
-controlled dynamics have been attempted through not only
charge [11–17] but also spin degrees of freedom [18].

It has been reported that macroscopic charge transport
is generated by the light-wave-induced charge excitation in
amorphous silica (SiO2), where the driven electric conduc-
tivity exceeds the static one by more than 18 orders [19].
This result represents a breakthrough in managing the elec-
tric current at a petahertz clock speed below the breakdown
threshold, by manipulating a reversible wavelike flow of elec-
trons. Theoretical investigations concerning such subcycle
petahertz currents have been extensively carried out based
on the independent-particle picture [20,21] or real-time first-
principles dynamical simulation [22]. The real-time charge
dynamics have been shown to depend on the crystal orienta-
tion, i.e., the localized current verges into delocalized tunnel-
ing along the bond axes of SiO2 [22]. Recently, the petahertz
diode has been proposed to rectify the light-wave-induced
current using a heterostructure made of low-hole-mass and
low-electron-mass dielectrics [23], which implies that the
oscillating current could actually be rendered and properly
accessible for signal processing. More recently, the petahertz
optical driving of carriers has also been demonstrated in
a wide-gap semiconductor III-V nitride group (e.g., GaN)
with efficient optical polarization, incorporating an interband
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transition [24]. Broadening the material class from dielectrics
to wide-gap semiconductors is important because semicon-
ductors have (i) ubiquitous applications in modern electron-
ics, (ii) efficient interband transition (a relatively weak-field
optical pulse is available), (iii) good permittivity, (iv) diverse
controls of electronic structure, and so on. Fine control of the
material polarization now emerges as an important issue for
realizing wide-range functionality of the solid-state petahertz
device.

In this paper, we theoretically investigate light-wave-
controlled subfemtosecond charge transport in a wide-gap III-
V nitride semiconductor under a band distortion engineered
by an external strain. In particular, wurtzite-AlN is known to
have the largest piezoelectric coefficient of all III-V wurtzite
materials [25] and its electronic structure is found to crucially
change under a strain along the [0001] direction, which results
in an increase in electron mobility and a subfemtosecond
enhancement of charge transport. Further, that enhancement
is found to be strongly intensified by the excitonic correla-
tion according to a model investigation exploring the long-
range electron-hole interaction. This demonstration shows
band engineering to be a direction for subfemtosecond charge
driving and control of semiconductors. In fact, it indicates the
potential for the accurate processing of light-wave-controlled
charge signals, by deploying band-engineered AlN plates.

The outline of the paper is as follows. In Sec. II, we
investigate the subfemtosecond charge transport of AlN under
an applied external strain within the framework of the time-
dependent density functional theory (TDDFT). In Sec. III,
we propose a one-dimensional two-band model incorporat-
ing the long-range excitonic correlation and study the light-
wave-induced charge transport by solving the time-dependent
Schrödinger equation. In the section, we also suggest a brief
idea of the device application of the corresponding dynamics.
Finally, in Sec. IV, we provide a summary and conclusion.

II. BAND ENGINEERING

Comprehensive schematics of the light-wave-controlled
charge dynamics in the wurtzite-AlN plate are displayed in
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FIG. 1. (a) Schematics of carrier dynamics induced by two or-
thogonally polarized optical waveforms consisting of injection and
driving pulses. (b) Crystal structure of wurtzite-AlN. Blue and white
balls represent N and Al, respectively. (c),(d) A driving pulse along
the �-A direction, together with an orthogonally polarized injection
pulse, is applied to (c) the unstrained and (d) the strained AlN. An
external tensile strain εz is made along the [0001] direction, i.e., �-A
direction. Electrodes are positioned at both ends of the AlN system
along the �-A direction. Only the current along the direction will
then be measured by the Ampere meter.

Fig. 1. Figure 1(a) describes a situation in which a high-
intensity pulse injects carriers into the conduction band (CB)
from the valence band (VB) of AlN and another pulse drives
an acceleration of carriers and induces the charge trans-
port. The wurtzite-AlN crystal is depicted in Fig. 1(b). As
shown in Figs. 1(c) and 1(d), the polarization direction of
the injection pulse field Fi(τ ) is tuned parallel to the �-K
direction and that of the driving pulse field Fd(τ ) to the �-A
direction (i.e., the [0001] direction ∝ẑ), which is the geometry
in our consideration. The two pulses without time delay
are orthogonal to each other in order to distinguish the
dynamical processes between injection and driving. Those
fields can be expressed from their vector potentials Ai(τ ) =
Ai0e

−τ 2/τ 2
W sin(ωτ + ϕ)x̂ and Ad(τ ) = Ad0e

−τ 2/τ 2
W sin(ωτ +

ϕ)ẑ as Fi(τ ) = −∂/∂τAi(τ ) and Fd(τ ) = −∂/∂τAd(τ ), re-
spectively, i.e., with Fi0 = ωAi0 and Fd0 = ωAd0. ϕ is the
carrier envelope phase (CEP), which is taken as π/2 through
the work unless mentioned otherwise because it gives the
maximum charge transfer (shown later). Charge transport in-
duced by the driving pulse is attained by Qtr = ∫ ∞

−∞ dτJ (τ ),
where J (τ ) is the current density along the �-A direction [i.e.,
the current which will be probed by the Ampere meters in
Figs. 1(c) and 1(d)].

In the calculation given later, the photon energy ω of
both pulses will be taken as 0.7 eV smaller than the band
gap Eg of AlN (Eg = 4.19 eV in our calculation [26]). The
ponderomotive potential Up (≡F 2

i0/4ω2) at the assumed value
of Fi0 = 0.7 V/Å is then 1.9 eV, which is much larger than
ω. Also, the Keldysh parameter γ (≡ω

√
2Eg/Fi0 ) will be

estimated to be ∼1. Up � ω or γ � 1.5 [27,28] would then

FIG. 2. (a) Electronic band structure of AlN. CB and VB repre-
sent the lowest conduction band and highest valence band, respec-
tively. (b) Band distortions in CBs by the tensile strain εz. (a′), (b′)
Electronic structure calculation with LDA+U . On-site Hubbard U

for p orbitals of Al and N are adopted to be 5.44 and 1.36 eV,
respectively. Electronic band structure and band distortions of CBs
by the tensile strain εz are given. A corrected gap is found to be
5.01 eV. (c) CB energy change �ECB, which is defined by ECB(εz =
1.03) − ECB(εz = 1) of (b), in the first Brillouin zone. The figure
describes �ECB along the arc of the circle in the momentum space.
Note that the bottoms of CBs at the � point are aligned with 0 eV
in (b), (b′), and (c). (d) Relative effective mass and momentum (pz)
expectation of CB near the � point (in fact, at a single grid point of k
mesh from the � point along the �-A direction) as a function of εz.

be interpreted as a criterion of the adiabatic excitation and
driving. In addition, the pulse width τW is taken to be 3.66 fs,
being short enough to avoid dielectric damage. To perform
the theoretical exploration using the first-principles calcula-
tion, we employ TDDFT implemented in the full-potential
linearized augmented plane wave (FP-LAPW) method within
the ELK code [29].

Firstly, the static limit of AlN under a strain-engineered
band distortion needs to be examined. Figure 2(a) shows the
electronic structure of the unstrained AlN, which exhibits
a direct band gap at the � point. When AlN is exposed
to an external strain (εz > 1), a modulation occurs in CB
along the �-A direction as displayed in Fig. 2(b) due to
the strong piezoelectric coefficient, and concomitantly the
band curvature increases along that direction. On the other
hand, CB along the �-K direction is found to hardly change
under the same strain. In Figs. 2(a′) and 2(b′), LDA+U

corrections in the band structure calculation are provided.
In spite of the quantitative corrections, no serious qualitative
renormalization is found. Through the work, therefore, LDA
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FIG. 3. (a) Excited charge Qex with respect to F 3
i0. Inset shows

the band structure in the ground state (gray) and the effective
instantaneous band structure during the dynamics (green). Lateral
and vertical shifts of conduction and valence bands are origi-
nated from p − Ad for electrons and p + Ad for holes, respectively.
(b) Time-dependent transition probabilities. Red and blue lines are
cases of Fi0 = 0.7 V/Å and 1.5 V/Å, respectively. Black line
denotes the electric field Fi (τ ) of the injection pulse. (c) Charge
transfer �Qtr and its increment ratio [=Qtr (εz )/Qtr (εz = 1)] with
respect to εz at values of Fi0 and Fd0 = 0.11 V/Å. Inset also gives
the charge transport increment �Qtr with respect to Fi0 at values of
εz and Fd0 = 0.11 V/Å. (d) Snapshot of the current density J (τ ) at
εz = 1.03. Red and blue domains correspond to positive and negative
values of the current, respectively. (e) Difference in the electron
density �ρ, which is defined by ρ(εz = 1.03) − ρ(εz = 1), after the
optical pulse has passed. White and black clouds mean area with
accumulated and dispersed charges, respectively. Fi0 = 0.7 V/Å and
Fd0 = 0.11 V/Å are taken in (d) and (e).

will be employed for the electronic structure calculation. In
Fig. 2(c), the CB energy change �ECB caused by the strained
distortion (at εz = 1.03) is plotted in the first Brillouin zone,
where an increase in the band energy (i.e., the band curvature)
along the �-A direction compared to other directions is obvi-
ous. This leads to a clear decrease in the CB effective mass
along the �-A direction, but little change otherwise, and fur-
thermore enhances the momentum expectation of 〈CB|pz|CB〉
near the � point [Fig. 2(d)].

Now the light-wave-controlled charge transports occurring
on the subfemtosecond time domain are presented in Fig. 3.
Excited charges Qex into CB by the injection pulse polar-
ized along the �-K direction are found to follow roughly

∝F 3
i0 (in fact, roughly ∝F 3

i0F
3
d0 [30]) in Fig. 3(a), which

immediately signifies that the third-order process is en-
gaged, i.e., 3ω ≈ Eeff

g ≈ Eg − 〈Ad(τ ) · p〉CB − 〈Ad(τ ) · p〉VB

with 〈Ad(τ ) · p〉CB ≈ 1.44 eV and 〈Ad(τ ) · p〉VB ≈ 0.6 eV in
the calculation. In the inset, Eeff

g is an effective energy gap
reduced due to the intraband transition and intense laser field
(indicating a temporal modulation of the light-matter interact-
ing band structures) [31], at which the charge excitation would
be made most actively. In Fig. 3(b), the carrier excitation by
the injection field can be reached through the real-time tran-
sition probability |〈CB|VB(τ )〉|2. |VB(τ )〉 corresponds to the
time-evolved wave function of valence electron state, which
can be managed within the framework of TDDFT. A field
strength Ffail giving rise to the dielectric breakdown is empir-
ically estimated to be Ffail � Eg/a [16] so that it gives about
1.35 V/Å for AlN with a lattice constant a ≈ 3.1 Å. Here it
is interesting to compare the real-time probabilities between
0.7 V/Å and 1.5 V/Å. At 0.7 V/Å, a signal profile turns out
to be completely reversible at the petahertz control rate, while
at 1.5 V/Å, the profile is no longer reversible even after a
complete pass of the injection pulse, which is a clear symptom
of dielectric breakdown. Charge transports at Fd0 = 0.11 V/Å
are provided as their increments �Qtr [=Qtr (εz) − Qtr (εz =
1)] and increment ratios Qtr (εz)/Qtr (εz = 1) in Fig. 3(c). It is
explicitly shown that Qtr gradually increases in terms of the
band engineering according to the enhancement in charge mo-
bility, consistent with Fig. 2. In that sense, we note that Qtr can
be made to increase a lot in a controlled fashion. Intriguingly,
the inset in Fig. 3(c) reveals the existence of a critical field
strength Fc to give a threshold initiating an appreciable �Qtr .
Fc can be estimated from 3Fcd�−K ≈ Eeff

g , where the third-
order process is considered [Fig. 3(a)] on the basis of the static
electronic structure and d�−K (≈1.89 Å) is the interatomic
bond length of Al-N along the �-K direction. This gives
Fc ≈ 0.4 V/Å, a value consistent with the inset in Fig. 3(c).
Figure 3(d) represents a snapshot of the current density of
injected charges in the real space. Injected charges appear to
form an optical-field-driven conducting channel through the
Al-N bond along the �-A direction, such that those charges
flow through the channel. Of course, the channel is also
activated by the strain. This is confirmed in Fig. 3(e), which
shows a difference in the charge density �ρ between εz =
1.03 and εz = 1 after the optical pulse has completely passed.
Charge transfers from Al to N are obvious in the figure.

III. EXCITONIC CORRELATION

To capture the complete dynamical nature beyond TDDFT,
we address a model Hamiltonian H to contain the electron-
hole interaction based on the one-dimensional (along the driv-
ing pulse polarization, i.e., the �-A direction) tight-binding
approximation [23]. The Hamiltonian H reads as follows:

H =
∑

k

Ee
k (τ )c†kck +

∑

k′
Eh

k′ (τ )d†
k′dk′

+
∑

kk′

∑

q

v(q )c†kck−qd
†
k′dk′+q

+ p̄[Ad(τ ) + Ai(τ )]
∑

k

(c†kd
†
−k + d−kck ). (1)
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FIG. 4. (a) Adiabatic response of carriers. (b) As ωi approaches
the resonance, the response becomes nonadiabatic. Note that
nex(τ ), i.e., the number of excited electron-hole pairs, is given
by

∑
kk′ |G(k, k′, τ )|2. Fi0 = 0.7 V/Å, Fd0 = 0.15 V/Å, and V0 =

1.0 eV are used.

The first term in H represents the effective band energies
of electrons and holes of a given semiconductor, that is,
Ee

k (τ ) and Eh
k (τ ) are given by Ee

k (τ ) = εe
k − pe

dAd(τ )sin(ka)
and Eh

k (τ ) = εh
k + ph

dAd(τ )sin(ka) for electrons and holes,
respectively. a is the lattice constant. εe

k and εh
k are the

tight-binding band energies at the wave vector k, i.e., εe
k =

Eg/2 + �e[1 − cos(ka)] and εh
k = Eg/2 + �h[1 − cos(ka)].

The time dependence of effective band energies comes from
combining the intraband transition due to Ad(τ ). In fact,
pe

d and ph
d are the matrix elements governing the intraband

transition. Within the tight-binding picture, electron hopping
is obtained from its kinetic energy like �e/4 = 〈l|(p2

e /2)|l +
1〉 = 〈l|pe|l〉〈l|pe|l + 1〉 = p̄pe

d , where l denotes the site in-
dex and p̄ and pe

d correspond to 〈l|pe|l〉 and 〈l|pe|l + 1〉,
respectively. We then have the effective electron band energy,
Ee

k (τ ) = εe
k − [�eAd(τ )/4p̄] sin(ka) and also the effective

hole band energy in the same fashion. 〈l|pe|l〉 = 〈l|ph|l〉 = p̄

is assumed. The second term in H gives the attractive poten-
tial between electron and hole to bring about the excitonic
correlation. This may be approximated as a long-wavelength
sector of the (screened) Coulomb interaction like v(q ) =
−(2π/L)(1/2qc )V0�(qc − |q|) [32–35]. �(q ) is the Heavi-
side step function. The last term in H describes the interband
transition between CB and VB. For an actual calculation, the
parameters of Eg = 4.5 eV, �e = 4.5 eV, �h = 2.0 eV, and
p̄/ω = 3 Å are taken and the cutoff wave vector qc = π/20a

is set.
Dynamics under the double-pulse optical pumping can

be described by solving the time-dependent Schrödinger
equation i∂/∂τ |�(τ )〉 = H|�(τ )〉. |�(τ )〉 is the quantum
mechanical state of the total system, which can be writ-
ten as |�(τ )〉 = G(τ )|0, 0〉 + ∑

k,k′ G(k, k′, τ )|k, k′〉. |0, 0〉
means the vacuum state of |0〉c|0〉v and |k, k′〉 now indi-
cates c

†
kd

†
k′ |0〉c|0〉v . The time-dependent Schrödinger equa-

tion leads to a population imbalance around the �

point and makes the light-wave-induced current J (τ ) =∑
kk′ [pe

d sin(ka) + ph
d sin(k′a)]|G(k,−k′, τ )|2 [23].

It is important to realize the adiabatic dynamics of carriers
accompanying the excitonic Coulomb interaction at the peta-
hertz clock speed. Figure 4(a) displays that the dynamics at
V0 = 1.0 eV are shown to be adiabatic in that nex(τ ) simply

FIG. 5. (a) Relation between the band width modification param-
eter η and the crystal strain εz. (b) η is determined by an estimation of
the conduction band width (η�e) as a function of the strain εz from
LDA and LDA+U [see Figs. 2(b) and 2(b′)].

follows the field oscillation of the optical pulse under the
condition of Eg � ωi = ωd = ω. ωi and ωd are frequencies
of the injection and driving pulses, respectively. In the con-
dition, the carrier generation and driving become mutually
synchronous. In contrast, in Fig. 4(b), as ωi approaches the
resonance, the adiabaticity is found to fail. Carriers would
then be nonadiabatically excited and remain even after the
injection pulse has passed. It may be worth noting that the
experimental setup corresponding to Fig. 4(b) can be used for
the high-order sideband generation in semiconductors [36].

To simulate the strain effect, we attempt to control the
conduction band width by putting �e → η�e, where η plays
a role of the band width modification parameter. In Fig. 5,
it is shown that the strain εz from 1.0 to 1.03 quantitatively
corresponds to the band modification of η�e with η from 1.0
to 1.1 (or from 1.0 to 1.16) according to the first-principles
calculation of LDA (or LDA+U ). Consequently, in the fol-
lowing model calculation, we focus on a range of η up to 1.2.

Schematic of the effective electron (CB) and hole (VB)
bands at a given time τ according to the effective Hamiltonian
H is illustrated in Fig. 6(a). Figure 6(b) shows the charge
transfer Qtr with respect to ϕ, i.e., CEP, where the maximal
transfer occurs at ϕ = π/2. Charge transports are enhanced
by the band width modification parameter η and the injec-
tion pulse strength Fi0 [Fig. 6(c)]. The band modification
of η�e with η ≈ 1.1 in the model calculation quantitatively
corresponds to the strain-induced change (at the 3% strain,
i.e., εz ≈ 1.03) in the first-principles band structure of LDA
results of Fig. 5 [also see Fig. 2(b)]. Compared to Fig. 3(c), a
critical scale such as Fc is not observed because the material
dimension along the injection pulse polarization (i.e., �-K di-
rection) is completely suppressed in the present model, which
is different from the TDDFT calculation of AlN. Interestingly,
nevertheless, charge transports such as in Fig. 6(c) are found
to be further enhanced by turning on the excitonic correlation
v(q ). For instance, they are strengthened by about three times
more at V0 = 1 eV than 0 eV as shown in Fig. 6(d). It is un-
derstood from Fig. 6(e) that by the excitonic correlation, scat-
tered momenta of excited carriers may suppress stimulated
recombination during the dynamics and consequently, more
pairs of excited electrons and holes are sustained, which could
then participate in the resultant charge transfers. Recently, it
was actually pointed out that the excited carrier occupation
during the attosecond carrier injection into GaAs increases
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FIG. 6. (a) Schematic of effective bands Ee
k (τ ) (CB) and Eh

k (τ )
(VB) at a given time τ . Block arrows at electron (CB) and hole (VB)
denote each propagation direction at the time. (b) Charge transport
Qtr with respect to ϕ, i.e., CEP. (c) Charge transport increment �Qtr

as a function of the band width modification parameter η at values
of Fi0. (d) Charge transport with the excitonic-correlation-assisted
band engineering. �Qtr as a function of the parameter η at values
of V0 = 1.0, 0.5, 0.25, and 0 eV. Fd0 = 0.15 V/Å is adopted in
(c) and (d). (e) The number of excited electron-hole pairs, nex(τ ).
Fi0 = 0.7 V/Å and Fd0 = 0.15 V/Å are used. (f) (upper panel) Strain
may be applied in an electrical way such that the signal array of
...1011... would be removable or rewritable. (lower panel) Strain may
be applied in a mechanical way such that the signal array of ...1011...
would be less removable or less rewritable.

significantly due to intraband motion [37]. Considering this,
the Coulomb scattering would be a source of the intraband
transition (i.e., c

†
kck−q for electrons and d

†
k′dk′+q for holes)

and result in a coherent increase of carriers. It will then be a
general expectation that the long-range excitonic correlation

should support the optically induced charge dynamics of
semiconductors.

Application of the strain could be done in two ways. One
is an electrical way, where the compressive or tensile strain
is generated by an applied voltage to the AlN plate due to
an electromechanical interaction, i.e., the piezoelectric effect.
The other is a mechanical way, where mechanical tension
may be produced in the AlN plate by a suitable substrate.
Manipulating the band structure of the AlN plate in either
way, the signal array of... 1011... could be prepared in terms
of strained or unstrained AlN plates as shown in Fig. 6(f).
Subfemtosecond readouts of the arrayed signals have been
discussed throughout the work, being enabled in the double-
pulse geometry in Fig. 1. Depending on whether the strain
is applied electrically or mechanically, the signal processing
could be obtained in a volatile manner or in a (almost) non-
volatile manner [Fig. 6(f)]. In particular, although the volatile
operation including the petahertz application of strain (i.e.,
petahertz writing) may have difficulties at the current stage,
the nonvolatile operation of only the petahertz reading from
the permanently applied strain to AlN would have practicali-
ties. This would be an example where the light-wave-induced
current could be directly accessible for petahertz electronic
signal processing in memory devices.

IV. SUMMARY AND CONCLUSION

To summarize, we have theoretically investigated light-
wave-controlled charge transport through the band engineer-
ing of a wide-gap semiconductor AlN with real-time sub-
femtosecond dynamics of optical injection and driving of
carriers by high-intensity subcycle optical waveforms. Sub-
femtosecond charge transport was found to be enhanced by
the external tensile strain along the [0001] direction of AlN
within the framework of the first-principles TDDFT. In addi-
tion, their strong excitonic reinforcements were addressed by
scrutinizing their dynamical nature beyond TDDFT, using a
model of electron-hole interaction in strained semiconductors.
This demonstration proposes that wide-gap wurtzite semi-
conductors could be used for base materials for a solid-state
petahertz device with diverse ramifications, which eventually
concludes that the band engineering can be a guidance to the
subfemtosecond physics of semiconductors.
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