
PHYSICAL REVIEW APPLIED 11, 044053 (2019)

Direct Wave-Vector Excitation in an Indirect-Band-Gap Semiconductor of Silicon
with an Optical Near-field

Masashi Noda,1,*,† Kenji Iida,1 Maiku Yamaguchi,2 Takashi Yatsui,2 and Katsuyuki Nobusada1

1
Department of Theoretical and Computational Molecular Science, Institute for Molecular Science, Myodaiji,

Okazaki, 444-8585, Japan
2
Department of Electrical Engineering and Information Systems, Graduate School of Engineering, The University

of Tokyo, 7-3-1, Hongo, Bunkyo-ku, Tokyo, 113-8656, Japan

 (Received 24 August 2018; revised manuscript received 24 January 2019; published 17 April 2019)

In this work, our first-principles calculations reveal that direct wave-vector excitation (i.e., interband
transitions between different wavenumbers without phonon assistance) can occur in the indirect-band-
gap semiconductor silicon. The wave-vector excitation is successfully induced by irradiation of a silicon
thin film with an optical near-field (ONF). As a result, the absorption-band-edge energy Eedge shifts to a
lower photon energy of 1.6 eV for ONF excitation from Eedge of 2.1 eV for the conventional excitation by
propagating far-field light. The direct wave-vector excitation is caused by the sufficiently large components
of wave vectors inherent in the ONF, and thus does not require phonon assistance. For a realistic silicon
system, it is clarified that the wave-vector excitations are determined by the energy difference between the
valence and conduction bands and occur irrespective of the initial and final wave vectors.
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I. INTRODUCTION

Silicon is the most-mature material used in semiconduc-
tor technology and has been undoubtedly leading the way
in the growth of the semiconductor industry. Electronic
devices such as transistors, resistors, or a set of these com-
ponents (i.e., integrated circuits), are largely based on sil-
icon technology. In addition, silicon semiconductors have
been widely used as a key ingredient material in optoelec-
tronic devices such as solar cells. However, in comparison
with the sufficiently high potentiality of silicon semicon-
ductors in electronic devices, silicon semiconductors have
an essential drawback when used in optoelectronic devices
because of the low optical absorption and emission effi-
ciency of silicon. Thus, the thickness of a silicon solar
cell is typically on the order of hundreds of microns; this
results in low solar-cell efficiency due to the high recombi-
nation efficiency and large thermal relaxation. In addition,
there are no practical light-emitting devices made of sil-
icon, such as light-emitting diodes. All these drawbacks
originate entirely from the indirect-band-gap structure of
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silicon. In indirect-band-gap semiconductors, the top of the
valence band and the bottom of the conduction band have
different wave vectors (k). The wave-vector conservation
law must be satisfied through an interband transition. Thus,
visible light cannot directly cause an indirect interband
transition, because the wave vector of visible light is 3
orders of magnitude smaller than the difference in the wave
vectors of the indirect-band-gap structure. To solve the
problem, phonon assistance, (i.e., electron-phonon cou-
pling) is required for an interband transition between the
different wave vectors. As a result of the indirect interband
transition, the optical absorption and emission efficiency
are very low.

Various practical approaches have been proposed to
improve the optical properties of silicon semiconduc-
tors. Tandem structures of silicon and other materials,
heterogeneous-material-doped silicon substrates, or spe-
cific structural designs of silicon substrates are typical
examples [1–3]. Recently, an electric field enhancement
due to plasmonic materials inside a silicon semiconduc-
tor was used to induce an interband transition in sili-
con [4–13]. These approaches should provide workable
solutions to the low optical efficiency of silicon semi-
conductors. However, they still require phonon assistance,
and are therefore not direct solutions to the problem of
inducing interband transitions in indirect-band-gap silicon
semiconductors.

In the present study, we propose a substantially dif-
ferent approach to induce interband transitions between
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different wave vectors in a silicon semiconductor. The con-
cept is based on direct wave-vector excitation by large
wave-vector components of an optical near-field (ONF).
The physical mechanism underlying the concept is the
fact that the ONF has wave vectors that are 3 or more
orders of magnitude larger than those of incident prop-
agating far-field (FF) light in the visible range. This is
a natural consequence of spatially localized ONF in a
nanostructure, according to the uncertainty principle. The
physical concept of wave-vector excitation was proposed
by Kirkengen and Bergli [14] in a simple mathematical
model. The present authors demonstrated that direct wave-
vector excitation actually occurred in an one-dimensional
Kronig-Penny model, which is physically analytical [15].
However, since all these theoretical studies are based on
simple mode systems, there is a very large gap between the
physical concept of direct wave-vector excitation and its
actual realization in silicon nanotechnology. Therefore, we
perform first-principles calculations of direct wave-vector
excitation in a realistic silicon semiconductor system and
verify the realization of a highly optically functional mate-
rial made of silicon.

II. METHODS

A. Theoretical formula
Our theoretical method is based on a real-time and

real-space grid-based time-dependent density-functional-
theory (DFT) approach developed in our group [16–18].
The time evolution of density in an interacting N -electron
system is described by the time-dependent Kohn-Sham
equation for auxiliary electronic wave functions ψjk(r, t)
in the Coulomb gauge:

i�
∂

∂t
ψjk(r, t) =

[
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2m
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e
m

A(t) · ∇ + e2

2m
A2(t)

+ VH (r, t)+ Vxc(r, t)+ Vion(r, t)
]
ψjk(r, t),

(1)

where m is the electron mass, A is the vector potential of
an external field, VH is the Hartree potential, VXC is the
exchange-correlation (XC) potential, and Vion is the ionic
pseudopotential. In the calculation of the ONF excitation,
instead of using A, we use the potentials given by Eq. (5)
in the right-hand side of Eq. (1). The Hartree potential is
obtained from the Poisson equation:

∇2VH (r, t) = −4πeρ(r, t), (2)

where e is the elementary charge and ρ is the electron
density given by

ρ(r, t) = 2
ktot

∑
j ,k(∈occ)

|ψjk(r, t)|2. (3)

In Eq. (3), ktot is the total number of k-point grids, and
the sum is performed for the occupied orbitals. For the
XC potential, we use the adiabatic local-density approx-
imation (LDA) with the ground-state LDA XC potential
given by Perdew and Zunger [19]. We confirm that the
results obtained with the LDA potential are almost the
same as those obtained with the Perdew-Burke-Ernzerhof
(PBE) potential [20]. Although a further investigation of
the dependence on DFT functionals would be beneficial,
it is very difficult to use a more-sophisticated DFT func-
tional. This is because first-principles calculations of the
ONF excitation have an enormous computational cost to
treat a huge supercell. Thus, we focus here on the inter-
actions between a realistic silicon system and the ONF,
which inherently has large wave-vector components. For
Vion, we use norm-conserving pseudopotentials with the
Kleinman-Bylander separable form [21,22].

In the simulation of FF excitations, we can apply the
standard Bloch condition, ψjk(r) = exp(ik · r)ujk(r), with
ujk(r + l) = ujk(r), where l is one of the lattice vectors.
Then we follow the electron dynamics of ujk(r, t) instead
of ψjk(r, t) using the vector potential A [see Eq. (1)] given
as A(t) = A0ûθ(t), where û is a unit vector and θ is a step
function. Detailed explanations of the calculation of the
dielectric function are provided elsewhere [23].

Since wave-vector excitations are not taken into account
under the Bloch condition, to calculate the ONF excita-
tion, we use a supercell method by adopting the Born–von
Karman periodic boundary condition [24,25]. The number
of unit cells included in the supercell is then the same as
that of the k-point grids in the calculation of the ground
state. Since the standard approach of calculating a dielec-
tric function [23] cannot be applied to ONF excitations, we
define their absorption intensities by

P ≡
∑

jc,jv ,kc,kv

∫
dr|ψ∗

jckc
(r, 0)ψjvkv (r, t)|2, (4)

where subscripts c and v denote the conduction and
valence bands, respectively. In Eq. (4), the overlap inte-
gral of wave functions squared corresponds to the total
change in the electron occupation of Bloch states (i.e., the
transition probability). It is also noted that by calculating
the FF excitation intensity with Eq. (4), we can reasonably
compare the intensities of the ONF and FF excitations.

B. Computational details

The geometrical optimization is performed with the
QUANTUM ESPRESSO program package with the PBE func-
tional and a cutoff of 30 Ry [20,26]. We use 12 × 12 ×
1 �-centered grids for k-point sampling. The LDA func-
tional is used hereafter because the results with the LDA
and PBE functionals are qualitatively identical. It is known
that the LDA and PBE functionals often underestimate

044053-2



DIRECT WAVE-VECTOR EXCITATION. . . PHYS. REV. APPLIED 11, 044053 (2019)

band-gap energies [27]. However, the focus of this study
is not to quantitatively evaluate band-gap energies but is
to demonstrate wave-vector excitation in realistic systems.
In fact, the indirect-band-gap structure is obtained with the
functionals used. Thus, it is reasonably considered that the
choice of an exchange-correlation function has, at least, a
negligible influence on the discussion in this study.

Figures 1(a)–1(c) show the primitive cell of the three
silicon bilayers and its band diagram, from which a typi-
cal indirect-band-gap structure is clearly recognized. The
minimum band-gap energy between the top of the valence
band and the bottom of the conduction band is 0.3 eV [the
red arrow in Fig. 1(c)], where their wave vectors are differ-
ent from each other. The vertical energy difference at the �
point [the black arrow in Fig. 1(c)] is 2.0 eV, which is 1.7
eV higher than the minimum band-gap energy.

The optimized geometry is used for the calculations with
SALMON (SCALABLE AB-INITIO LIGHT-MATER SIMULATOR
FOR OPTICS AND MANOSCIENCE), a program we developed.
In the calculations, we choose the orthorhombic unit cell
of the Si(111) surface [Figs. 2(a) and 2(b)], to which the
�-centered 32 × 16 × 1 constant grids are applied for the
k-point sampling. This number of k-point grids is needed to
obtain well-converged results for the absorption intensity.
Although at first glance this system has a direct band-gap
structure [see Fig. 2(c)], the difference in the band-gap
structure in Fig. 2(c) from that in Fig. 1(c) is due to the
band folding of the extended cell larger than the primi-
tive cell [28]. For example, the M point of the primitive
cell is transferred to the � point of the orthorhombic cell.

(a) (c)

(b)

FIG. 1. (a) The top view of the Si(111) surface for the primi-
tive cell of three silicon bilayers. Gray and blue circles represent
silicon and hydrogen atoms, respectively. Vectors a1 and a2
are lattice vectors. (b) The reciprocal vectors b1 and b2 (black
arrows) for the primitive cell. (c) Band diagram of the primitive
cell of the three silicon bilayers. The black and red arrows denote
the direct and indirect band gaps, respectively.

(a) (c)

(b)

FIG. 2. (a) Top view of the orthorhombic unit cell of three sil-
icon bilayers. (b) The reciprocal vectors. (c) Indirect-band-gap
structure of silicon.

Thus, for far-field excitation, the lowest-energy transition
at the � point becomes zero due to the folded band struc-
ture. For all the calculations, we use orthorhombic grids
with a constant mesh spacing of 0.32 × 0.277 × 0.333 Å3

and a constant time step of 2.0 × 10−3 fs.
The electric field of the laser pulse is set to 109 W/cm2

in accordance with the ONF used. The FF excitation inten-
sity given by Eq. (4) increases infinitely as the computed
cell size increases, while the ONF excitation intensity is
almost proportional to the surface density of the ONF
source. Thus, when Eq. (4) is used, we evaluate the FF
excitation intensity per unit surface area of 2 × 2 nm2 for
comparison.

Because a huge supercell consisting of 8192 atoms is
needed to calculate the present ONF excitation, it is essen-
tial to use a supercomputer for this study. The numerical
calculations are mainly performed with the K computer at
the RIKEN Advanced Institute for Computational Science.
Each node consists of a SPARC64 VIIIfx processor (eight
cores, 2.0 GHz) and 16 GB of memory. The most-time-
consuming part is the calculation of the electron dynamics
under the ONF; the elapsed time for this is approximately
13 h when 4096 nodes are used.

C. Silicon system irradiated by ONF

To study the ONF excitation in silicon, we use three
silicon bilayers whose Si(111) surfaces are terminated by
hydrogen atoms (Fig. 3). Silicon dangling bonds are elim-
inated here to retain the properties of bulk silicon. This
three silicon-bilayer system is the largest one that we
can treat because of the enormous computational cost to
calculate the wave-vector excitation. Although it would
be valuable to further investigate the dependence of the
ONF excitation on the surface morphology [e.g., the (111)
or (100) crystal face], which determines the band struc-
ture [29], quantitative investigation of the variation in the
surface morphology is beyond the scope of this study.
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FIG. 3. Calculation model. Silicon bilayer, in which the Si(111)
surfaces are terminated by hydrogen atoms. The electric dipole is
put in a supercell.

In calculations of the ONF excitation, a y-polarized
oscillating dipole as the source of the ONF is set at a dis-
tance of 0.5 nm from the top silicon layer. The potentials
of the ONF are given by

Vnear(r, t) = −M0(y − yp)

r3 sin(ωt) sin2
(
π t
T

)
, (5)

where ω is the frequency of the oscillating dipole field
and M0 is set to 3.76 × 10−2 e Å, which generates a field
intensity of 109 W/cm2 on the top silicon layer directly
below the oscillating dipole. The density of the ONF
source per surface area is then set to a sufficiently low
value of 1/(12 × 11 nm2), since we here focus on the
interaction between the ONF source and the silicon film
without interactions among the ONF sources. We set the
pulse duration T to 30 fs, and mainly discuss the result after
the ONF is switched off to elucidate the mechanism of the
excitation [30].

Because the magnitude of the ONF given by Eq. (5)
is nonuniform in the spatial (r) domain, the ONF in the
Fourier (k) domain includes large components of wave

FIG. 5. Imaginary part of the dielectric function of the silicon
thin film.

vectors as shown in Fig. 4. Therefore, the ONF can induce
interband transitions between Bloch states with differ-
ence wave vectors (i.e., crystal momentum [24,31,32]).
The total momentum of the electron system is unchanged
because the ONF and the band structure have symmetric
distributions in the k domain with respect to the origin
(k = 0).

III. RESULTS AND DISCUSSION

Before discussing the ONF excitation, we show the
imaginary part of the dielectric function of the silicon
thin film, corresponding to the conventional FF absorp-
tion spectrum in Fig. 5. The onset of the dielectric function
(approximately 2.1 eV) is close to the vertical energy dif-
ference at the � point, indicating simply that the electronic
transitions occur between the valence and conduction
bands within the same wave vector.

Figure 6(a) shows the absorption spectrum of the silicon
thin film for ONF excitation. The absorption-band-edge
energy for the ONF excitation is 1.6 eV, which is 0.5 eV
lower than that for the FF excitation. The electric field
enhancement conventionally discussed in the plasmonics
research field is useful only for increasing the absorption

(a) (b) FIG. 4. (a) Potential of the ONF
on the x-y plane at a distance of
0.5 nm from the dipole and (b) its
Fourier transform.
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FIG. 6. (a) The absorption
intensity for ONF excitation
and (b) comparison between the
absorption intensity for ONF
excitation (red line and points)
and FF excitation (blue line and
points). The horizontal axis is
the energy (eV) of the incident
external field.

intensity; that is, this blueshift of the absorption edge is an
intrinsic feature in the spatially localized field.

To identify the origins of the blueshift of the absorp-
tion spectrum, we examine the ONF excitation at 1.6 eV.
Figure 7(a) shows a map of electronic excitation between
the second-highest valence band and the lowest conduction
band in the ONF excitation at 1.6 eV. The band struc-
ture directly corresponds to that in Fig. 2(c), whose the
X and Y points are depicted below the energy surface.
The interband transitions occur irrespective of the initial
and final wave vectors if the excitation energy matches
the frequency of the ONF [30]. Analogous wave-vector
excitation is also found between the highest valence band
and the lowest conduction band [30]. In Fig. 7(b), the
absorption intensity of the excitation shown in Fig. 7(a)
is plotted as a function of the variation in the wave vec-
tors 	k (equivalent to |kc − kv|). The intensity of the
wave-vector excitation (	k �= 0) is stronger than that of
the excitation between the bands with the same wave vec-
tor (	k = 0), and has a peak around 	k ∼ 4 nm−1. This
is because the present wave-vector excitation is directly

induced by the large components of wave vectors inherent
in the ONF, which is localized in a nanometer-sized region
[15]. Therefore, as well as the absorption, stimulated emis-
sion accompanying the change in the wave vector would
be possible by use of the ONF.

Figure 7(b) shows that the ONF yields a moderate inten-
sity at 	k = 0, which is also attributed to the wave-vector
excitation. This is because the 	k �= 0 excitation for the
primitive cell is included in the absorption at 	k = 0 for
the orthorhombic cell due to the band folding [30]. Indeed,
the far-field excitation yields a fairly small absorption at
1.6 eV.

From Fig. 7(a), it is further found that the ONF exci-
tation causes a large number of transitions, which result
in the high absorption intensity. These transitions originate
from the complicated band structure of the realistic system.
As shown in Fig. 7(a), there are many band states with
different energy surfaces along the wave vector k. Thus,
numerous combinations of valence- and conduction-band
orbitals have an energy gap equal to the energy of a photon.
Figure 6(b) shows the absorption intensities of the ONF
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Absorption intensity

FIG. 7. (a) Map of absorption
intensities between the second-
highest valence band and the low-
est conduction band (highlighted
in red) in the ONF excitation with
energy of 1.6 eV. Colored bars
depict interband excitation paths,
and the excitation intensities are
shown in the bottom calibrations.
(b) Dependence of the absorption
intensity on the variation in the
wave vector (	k) for the excita-
tion shown in (a).
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and FF excitations, where the intensity of the FF excita-
tion is given as the value per surface area of 2 × 2 nm2 for
comparison (see also Sec. II B). When the photon energy
is lower than 2.4 eV, the intensity of the FF excitation is
a few orders of magnitude lower than that of the ONF
excitation; that is, the ONF is capable of enhancing the
intensity even if the photon energy is slightly higher than
the direct band-gap energy (approximately 2.0 eV). When
the photon energy is greater than 3 eV, the intensity of
the FF excitation is stronger than that of the ONF exci-
tation. This is because the number of transitions induced
by the FF also increases as the photon energy increases,
while the net intensity of the ONF localized in space is
slightly lower than that of the FF. In other words, the inten-
sity enhancement in the low-energy range is attributed not
to the electric field enhancement that is frequently dis-
cussed in the plasmonics research field but to the large
components of wave vectors inherent in the ONF.

In a model system such as a one-dimensional potential-
well model, the number of transitions remains almost
unchanged by the ONF excitation [15]. This is because
there are severely limited transitions whose energy
matches with the incident laser energy when the band
structure is simplified. In other words, the wave-vector
excitation cannot be strongly induced for model systems
with a simplified band structure. Therefore, to deal with
a realistic band structure is very important to discuss the
intensity of the wave-vector excitation induced by the
ONF. On the basis of the first-principles results, it is
demonstrated that the ONF is capable of inducing strong
excitation in silicon at a lower energy than its direct
band-gap energy.

IV. CONCLUSION

In conclusion, we perform first-principles calculations
of the ONF excitation of silicon, which is a typical mate-
rial with an indirect-band-gap structure. The absorption
edge of the dielectric function of the hydrogen-terminated
(111) surface is at 2.1 eV, while the edge for the ONF
excitation decreases to 1.6 eV because of the direct wave-
vector excitation. It is clearly shown that the absorption
edge of silicon can be shifted to lower photon energy,
originating from the ONF excitation. Furthermore, the
absorption of the ONF excitation is a few orders of magni-
tude larger than that of the FF excitation when the energy
is lower than 2.4 eV. Previous theoretical studies on sim-
plified model systems did not well demonstrate that the
wave-vector excitation induced by the ONF has a strong
absorption intensity. However, we here elucidate that the
wave-vector excitation is strongly induced in the real-
istic silicon system. This is because of a large number
of transitions in the realistic system with a much-more-
complex band structure than that of a simplified model.
The principal drawback of using silicon for optical devices

due to the indirect-band-gap structure is nearly overcome
owing to the insights obtained in this study, demonstrating
that direct wave-vector excitation can be realized, while
mature industrial techniques for processing silicon to fab-
ricate electronic devices can also be used to develop optical
devices. Thus, our first-principles results pave the way for
advancement in designing alternative optical devices made
of conventional silicon semiconductors.
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