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Enhanced electron-hole interaction and optical absorption in a silicon nanowire
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We present a first-principles study of the correlated electron-hole states in a silicon nanowire of a diameter
of 1.2 nm and their influence on the optical absorption spectrum. The quasiparticle states are calculated
employing a many-body Green’s function approach within the GW approximation to the electron self-energy,
and the effects of the electron-hole interaction to optical excitations are evaluated by solving the Bethe-Salpeter
equation. The enhanced Coulomb interaction in this confined geometry results in an unusually large binding
energy (1-1.5 eV) for the excitons, which dominate the optical absorption spectrum.
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When an electron in a semiconductor is promoted from a
valence band to a conduction band, it creates a ‘“hole” in the
crystal, which in turns interacts with the excited electron
owing to the Coulomb interaction. One needs to go beyond a
single-particle picture in order to describe this interaction,
which gives rise to the formation of excitons. Excitonic ef-
fects are often noticeable in optical absorption studies of
semiconductors.!=3 After including the electron-hole interac-
tion, the calculated optical spectrum is modestly modified in
bulk silicon, mostly in the enhancement of the E, peak.>?
However, because of the weakened screening in a confined
geometry, the electron-hole interaction is expected to be
much intensified in low-dimensional structures and excitonic
effects are found to be crucial in optical absorption studies
for nanomaterials. Previous reports in the literature have
demonstrated the importance of excitons in carbon and BN
nanotubes*~® and semiconductor quantum dots.”

Semiconductor nanowires have been identified as poten-
tial building blocks for nanoscale devices and have attracted
wide interest in recent years.!® In particular, silicon single-
crystal nanowires (SiINWs) have been fabricated and their
potential in future applications demonstrated.!'~!3 The con-
finement effect on the size-dependent electronic properties is
of central interest. This size dependence has been studied
from first principles, mostly within the theoretical framework
of density functional formalism, and a few one-particle opti-
cal absorption results have been reported recently.!*!> How-
ever, without including electron-hole interactions at the same
level of accuracy, the optical gap and polarization-dependent
absorption spectra remain open questions. Previous empirical
studies with effective-mass and tight-binding models sug-
gested significant excitonic features for these nanowires,'
although no definitive answer was provided because of the
approximations used. Experimental data are also limited; cer-
tain pronounced peaks in the absorption spectra were
observed,'? but no detailed analysis was provided.

The choice of this nanowire is motivated by the experi-
mental finding that the smallest nanowires (down to a few
nanometers in diameter) grew primarily along the [110]
direction.'” In this paper, we report a first-principles study of
the correlated electron-hole states and the optical absorption
spectrum for a hydrogen-passivated SINW of a diameter of
1.2 nm, with the wire axis along the [110] direction. Using
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norm-conserving pseudopotentials'® and plane waves, we
first obtain the electronic ground state and the relaxed atomic
structure within density functional theory (DFT) in the local
density approximation (LDA).! Second, the GW corrections
to the quasiparticle energies?? are calculated. In the final step,
we compute the electron-hole-excited states by solving the
Bethe-Salpeter equation (BSE) of the two-particle Green’s
function.3?!

In this approach,’ the electron-hole-excited states are rep-
resented by the expansion (suppressing spin indices)
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where a” and b are the quasiparticle creation operators for a
hole and an electron, respectively, while |0) is the many-body
ground state. Equation (1) includes a k sum over the Bril-
louin zone (BZ), a summation over the valence bands (v) for
the hole states, and a summation over the conduction bands
(c) for the electron states. AS , is the exciton amplitude ob-
tained by solving the BSE??!
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where K" is the electron-hole interaction kernel, E,; and E,;
are quasiparticle energies for the conduction and valence
bands, respectively, and ()* is the energy of the excitonic
state. If we neglect spin-orbit interactions, the one-particle
basis functions are the same for spin-up and spin-down qua-
siparticles. Under this condition, the procedures outlined
above can be easily extended to include the spin degree of
freedom.? In this study we shall concentrate on optical ab-
sorption; therefore, only spin singlets will be considered.
To mimic isolated nanowires, we carry out calculations in
a hexagonal supercell imposing the periodic boundary con-
dition in the plane perpendicular to the wire axis, with the
size of the supercell being more than twice the diameter of
the SiNW. Taking into account the periodicity in the axial
direction, each unit cell contains 16 silicon and 12 hydrogen
atoms. A ball-and-stick model is shown in Fig. 1. The plane-
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FIG. 1. (Color online) Ball-and-stick model of the hydrogen-
passivated silicon nanowire under investigation: top view (left) and
side view (right). The large atoms are silicon and small atoms are
hydrogen.

wave energy cutoff is set at 12 Ry to ensure total-energy
convergence in the ground-state calculation. To avoid long-
range Coulomb interactions between wires in adjacent super-
cells, we use a truncated Coulomb interaction of the form?

1
ch;a(p_p¢)0(|z| _Zc)9 (3)

where p and z are cylindrical coordinates for the relative
positions between two particles. The radial cutoff p, is set to
be half of the distance between neighboring wires (24 a.u.),
while the cutoff z. along the wire direction is set at 420 a.u.
in the exciton calculation, which is much larger than the
typical size of the excitons under investigation and smaller
than the length scale determined by the k-point sampling. We
have used a grid of 32 one-dimensional k points in the DFT
and GW calculations to obtain converged quasiparticle ener-
gies; 400 bands including 38 valence bands are employed in
the self-energy calculation. As discussed previously,® the
k-point sampling in the BSE step should be much denser
than that in the DFT and GW calculations. Hence, the
electron-hole interaction kernel K" is first computed on a
coarse k grid (32 k points), then interpolated on a fine grid
(192 k points) to get converged results. Twelve valence
bands and 12 conduction bands are included in Eq. (1).
Equation (2) is diagonalized to obtain the exciton energies
)* and electron-hole amplitudes A, ;.

Finally, to describe the absorption spectra of the SiINW,
we calculate a quantity representing the polarizability per

nanowire in units of nm?:

4¢°A
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which is obtained by multiplying the imaginary part of the
calculated dielectric susceptibility, x=(e—1)/4m, by the
cross-sectional area of the supercell A perpendicular to the
nanowire axis. The imaginary part of the dielectric function
€, as a function of energy w (f=1) is evaluated as usual.>??

In Fig. 2 we show the GW quasiparticle band structure
along the axial direction. Bulk silicon has an indirect band
gap with the conduction-band minima located along the I'-X
direction near X in the BZ. Because of the geometric struc-
ture of the specific SINW considered, two of the bulk I'X
branches are mapped to the k=0 point in the one-
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FIG. 2. (Color online) Electronic band structure of the SINW
with GW corrections included. The solid dots represent the bands
included in exciton calculations. The marked transition groups I, 11,
and III are dominant contributors to optical absorption peaks in
Fig. 3.

dimensional (1D) BZ, resulting in a direct band gap induced
by confinement in the directions perpendicular to the wire
axis. The electron self-energy corrections to the Kohn-Sham
eigenvalues are enhanced in the SINW compared with those
in the bulk. Our GW band gap (3.2 eV) is twice the band gap
from the LDA calculation (1.6 eV). With this quasiparticle
band structure and the corresponding wave functions, we
then calculated the one-particle optical absorption spectrum.
For consistent comparison with results including excitonic
effects, we also included 12 conduction bands and 12 va-
lence bands at this stage of the calculation.

The one-particle a,(w) with the polarization vector of
light along the axial direction is shown in the upper panel of
Fig. 3. The spectrum includes an artificial broadening of
0.1 eV. The group of transitions labeled by I in Fig. 2 cover
the region up to 5 eV, including the first peak at about
4.7 eV labeled by a triangle. It is noted that the optical ab-
sorption is only appreciable starting around at least 1 eV
above the fundamental gap marked by A. Because of the
symmetry of the wave functions, the first few direct transi-
tions have vanishingly small dipole matrix elements, which
contribute to a symmetry gap in the optical absorption of the
SiNW. This is not surprising since the first few conduction

states at T’ (zone-center point of the 1D BZ of the wire) are
connected with the bulk states in the I'X branches of the Si
bulk BZ away from I'. The degeneracy at the top of the
valence bands is also lifted because of the finite size of the
SiNW. Given the nature of the states involved, the first peak
in the spectrum, labeled by a triangle, is a new feature in the
SiNW compared with the bulk resulting from confinement.
The next feature in Fig. 3, labeled by a solid circle, in-
cludes two close peaks originating from transitions II and III
marked in Fig. 2. They correspond to the E; peak in bulk
silicon at 3.5 eV, which is blueshifted, enhanced, and split in
the SINW. The bulk E; peak is due to transitions in the
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FIG. 3. Absorption spectrum of the silicon nanowire calculated
with a smearing width of 0.1 eV. The arrows marked by A and A
indicate the fundamental gap and the lowest-energy exciton loca-
tions, respectively. The extremely small absorption for polarization
perpendicular to the axis illustrates the depolarization effect.

neighborhood of the L point in the bulk BZ between the top
valence band and the nearly parallel lowest conduction band
in the [111] direction. In the [110] nanowire under consider-
ation, the bulk L points map to either k=0 or the zone bound-
ary. Therefore, the corresponding transitions appear around
k=0 (transitions labeled by II) and between parallel bands in
the 1D BZ (transitions labeled by III). The final peak marked
by a square is connected with the bulk absorption peak E,. It
consists of many transitions in the SiNW, therefore not la-
beled in Fig. 2.

After solving the BSE, we obtain the energies and wave
functions of the excitonic states. The majority of the solu-
tions are optically inactive. The density of states (DOS) of
the excitons, most of which are in the continuum, is similar
to the joint density of single-particle states. In contrast, the
lowest-energy bound exciton, with an excitation energy of
2.1 eV (well inside the quasiparticle band gap) and marked
by A, in Fig. 3, has a binding energy of more than 1 eV. This
is two orders of magnitude larger than the exciton binding
energy in the bulk (14.7 meV). The optical dipole matrix
element for this particular bound exciton is very small. Its
electron distribution in the xz plane is shown in Fig. 4(a),
with the hole fixed at the center of the wire between two
nearest-neighbor Si atoms. The “size” is about 40-50 A,
smaller than what is expected for the bulk.

Significant changes are found in the absorption spectrum
of the SINW after the electron-hole interaction is taken into
account. The results are shown in the lower two panels of
Fig. 3 for polarization along and perpendicular to the wire
axis, respectively. For polarization perpendicular to the axial
direction, the absorption is suppressed due to the depolariza-
tion effect.?? For polarization parallel to the axial direction,
all the features now occur at much lower energies compared
with the one-particle result. The electron-hole interaction has
created strongly correlated exciton states in symmetry gaps
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FIG. 4. (Color online) The density of the electron for several
excitonic states with the hole fixed at the center of the wire between
two nearest-neighbor Si atoms. From top to bottom, four represen-
tative states are shown with energy values of 2.1 eV, 3.3 eV,
4.2 eV, and 4.2 eV, respectively. Corresponding cross-section plots
on the xz plane are shown on the right, while the three-dimensional
plots for the same data are shown on the left. Lengths are in atomic
units.

at energy above the fundamental quasiparticle gap, and the
oscillator strength of the interband transitions has been pre-
dominantly transferred to these bound exciton states, giving
rise to new peaks in the spectrum. As a result, the absorption
spectrum is dominated by a few new peaks that are very
different from those in the single-particle spectrum. We note
that, because of the symmetry gaps, the optically active ex-
citons here are bound excitons although they have excitation
energy above the fundamental gap.

The peak around 3.3 eV, marked by a triangle, comprises
excitons made of primarily a mixture of free electron-hole
pairs within group I marked in Fig. 2. The electron distribu-
tion for a representative excitonic state is shown in Fig. 4(b)
with the hole fixed at the wire center. Again, the distribution
is quite localized. The large peak around 4.2 eV, marked by
a circle in the middle panel of Fig. 3, is the most dominating
feature in the spectrum and is made of mainly two large-
amplitude exciton peaks. The first (second) one is composed
of combinations of free electron-hole pairs marked by II (III)
in Fig. 2. An anomalously high absorption amplitude for
these two excitonic states arises from a coherent and con-
structive superposition of the oscillator strengths of coupled
electron-hole configurations within the respective group. The
electron distributions for these two states are shown in Fig.
4(c) and 4(d), respectively. The latter contains electron-hole
pairs over an extended region of the BZ, yielding a particu-
larly short-ranged bound exciton with large overlap of elec-
tron and hole wave functions in real space.

The major finding of the current study—namely, a domi-
nating peak in the optical absorption spectrum associated
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with bound exciton states derived from the bulk £, peak—is
expected to be a general feature for small diameter SINWs.
Hence the spectrum for such SiNWs is characteristically and
categorically different from that in the bulk. It demonstrates
the ultimate importance of electron-hole interactions in the
optical response of these quasi-one-dimensional nanostruc-
tures. Quantum confinement modifies the electron and hole
wave functions and allows for a larger overlap between
them, thus enhancing the interaction. In addition, screening
is also largely reduced in the nanowire, owing to the larger
quasiparticle gap and a finite diameter surrounded by
vacuum. Interestingly, quantum confinement increases the
energy gap and moves the one-particle absorption features to
higher energies in the nanowire, while the enhanced
electron-hole interaction gives rise to large binding energies
for the relevant excitons. The two effects are both significant,
but affect the spectrum in opposite ways, resulting in a
nearly overall cancellation. Therefore, unexpectedly, absorp-
tion peaks are still being found in the 3—4-eV range for a
SiNW with diameter of as small as 1.2 nm.

In conclusion, we have performed a detailed study of the
effects of electron-hole interactions in the optical response of
a silicon nanowire from first principles. Because of the quan-
tum confinement effect and reduced dimensionality, the ex-
citonic effect is greatly enhanced. Compared with bulk sili-
con, significantly different optical spectra dominated by
bound exciton peaks are predicted. The binding energy of
these excitons is about 1—1.5 eV, much larger than the value
of 15 meV in the bulk. The most significant peak for a
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1.2-nm silicon nanowire is at 4.2 eV, resulting from bound
excitons associated with the E; peak in the bulk. This feature
of a predominant peak is expected to be a general feature of
the optical absorption spectrum of small diameter silicon
nanowires.

We note that an independent calculation of the optical
properties of Si nanowire was just published.>* The lowest
exciton energy and the most dominant peak for this nanowire
are found to be at 1.9 eV and 3.8 eV, respectively, compared
with our results of 2.1 eV and 4.2 eV. We believe that the
difference arises from the fact that the Coulomb interaction
is not truncated in Ref. 24. In our calculation we find the
truncation of the long-range Coulomb interaction to be par-
ticularly important in order to ensure the convergence of
0.1 eV in the GW band gaps and 0.1 eV in exciton energies.
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