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ABSTRACT: Bulk silicon is a poor light emitter and absorber,
but its optical properties are significantly enhanced by
nanostructuring. We use first-principles calculations to
investigate the electronic and optical properties of nanoporous
silicon. We determine and analyze the electronic structure,
optical coefficients, and photovoltaic conversion efficiency as a
function of pore size and spacing. Our results show that the
visible-range absorption coefficient of nanoporous Si is greatly
improved compared to the bulk for pore spacings and sizes on the scale of a few nanometers. The photovoltaic efficiency is
improved to up to 2.7 times compared to bulk Si, and the theoretical maximum conversion efficiency reaches up to 6.3% for a
thin-film nanoporous material thickness of 135 nm. Our results show that nanoporous Si is a promising material for thin-film
photovoltaic applications.
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Silicon is an earth-abundant material of great importance in
semiconductor electronics such as integrated circuits and

solar cells. However, Si is an indirect-gap semiconductor, and
optical transitions across its minimum gap require the
assistance of phonons.1 This results in a low absorption
coefficient in the visible range and increases the material
thickness and cost for photovoltaic applications. The indirect
band gap of bulk Si also makes it an inefficient light emitter and
precludes its applications for active optoelectronic components.
Increasing the light absorption and emission in Si could extend
the already established Si manufacturing technology into
optoelectronics and has been an area of intense research
activity.
Nanostructuring is a promising approach to engineer the

optical properties of Si and increase the efficiency of thin-film Si
solar cells. Pattering the surface of Si with nanopores of 220 nm
diameter has been demonstrated to reduce the surface
reflection to less than 5% and increase optical absorption in
the visible range.2 Moreover, Si nanowires with a diameter of
390 nm increase the optical path length in thin-film solar cells
by up to a factor of 73 and deliver efficiencies above 5%.3

Similar Si nanowire array geometries have been found to
suppress reflectivity and improve absorption in the visible
range.4,5 The structural features of the above-mentioned Si
nanostructures are on the order of 100 nm, which is
comparable to the wavelength of visible photons and therefore
has a strong effect on wave propagation and reflection in solar
cells made of these nanostructures. However, nanostructures of
this scale do not exhibit strong quantum confinement, and the
fundamental electronic properties of Si (e.g., band gap, exciton
binding energy, optical matrix elements) are not affected
significantly compared to the bulk. Nanostructuring with pores
of 60 nm diameter has been demonstrated to enable optical

gain and stimulated emission in nanoporous crystalline Si, but
this is attributed to recombination at A-center defects.6

Si nanostructures with features on the scale of a few
nanometers are strongly affected by quantum confinement, and
their optical absorption and emission properties can be
significantly enhanced compared to the bulk. Besides increasing
the band gap, quantum confinement breaks the momentum-
conservation requirement along the confinement direction and
increases the probability of optical transitions across the
indirect band gap. Nanostructuring can thus enable the
emission of visible light from Si. Visible photoluminescence
at room temperature has been reported for Si quantum wire
arrays with features on the 5 nm scale.7 Luminescence has also
been reported in 1 nm wide Si nanoparticles that can be
tailored through modification of the surface chemistry.8

Moreover, highly efficient and color-tunable visible LEDs
have been fabricated with Si nanocrystals with a size between 1
and 2 nm.9

Previous theoretical work has examined the electronic and
optical properties of a range of nanometer-sized Si nanostruc-
tures. Van de Walle and Northrup investigated the electronic
properties of Si-based layered structures using first-principles
methods.10 They found that a two-layer Si structure has a direct
band gap and a strong direct transition between the band-edge
states. Hybertsen studied the phonon-assisted and zero-phonon
transitions in Si nanostructures and found that phonon-assisted
processes dominate optical transitions for nanofeature sizes
above 1.5 to 2 nm.11 A genetic algorithm was employed by
d’Avezac et al. to search for all possible Si/Ge superlattices and
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found one specific configuration with a direct band gap and a
strong dipole-allowed transition.12 Direct band gaps were also
observed by Peelaers et al. for Si/Ge core−shell nanowires with
a diameter of 1.2 to 1.6 nm13 and by Yang et al. for Si
nanowires with a diameter of 1.2 nm.14 Moreover, a large
exciton binding energy (0.8−1.1 eV) was reported by Yang et
al.14 and by Bruno et al.15 for Si nanowires with a diameter less
than 2 nm. The strong excitonic effects in these nanostructures
are attributed to the enhanced electron−hole interaction due to
the quantum confinement. This body of theoretical work
provides strong evidence that Si nanostructures with character-
istic features on the order of a few nanometers are very
promising for optoelectronic applications.
Nanoporous Si presents the advantage that the pores

introduce quantum confinement and carrier scattering only in
two of the three spatial dimensions. Thus, nanopores cause the
scattering of electrons by the pore sidewalls and enable the
absorption of light with polarization perpendicular to the pore
direction. However, at the same time nanopores do not
strongly affect carrier scattering or carrier mobility along the
pore direction and, thus, allow for high carrier-extraction
efficiency. As a result, thin-film nanoporous Si may overcome
the stability and efficiency limitations of disordered hydro-
genated amorphous Si, which suffers from the detrimental
Staebler−Wronski effect.16

In this work we present and analyze the electronic and
optical characteristics of nanoporous Si with nanoscale patterns
on the order of a few nanometers. Quantum confinement by
the nanopores increases the band gap and enhances carrier
scattering, thus improving the optical absorption that is desired
in solar-cell applications. We show that nanoporous Si can
exhibit simultaneously improved absorption, reduced reflectiv-
ity, and increased photovoltaic conversion efficiency compared
to bulk Si. Our results indicate that the photovoltaic efficiency
of nanoporous Si can be improved by up to 2.7 times compared
to the bulk for a film thickness of 135 nm and that the

maximum absolute conversion efficiency in nanoporous Si can
reach up to 6.3%. Therefore, nanoporous Si thin films can have
a higher photovoltaic conversion efficiency than thin-film bulk
Si and a substantially increased efficiency to material cost ratio
than commercial bulk Si solar cells and could be applied to
develop low-cost and flexible Si solar cells with an appreciable
efficiency.

■ RESULTS AND DISCUSSION

Structure. Figure 1 shows some of the nanoporous Si
structures examined in this work. The structural models were
constructed by perforating bulk Si with nanoscale pores of
radius R and spacing L along the [001] direction. Although
hexagonal pore patterns are encountered experimentally, we
considered a square-lattice distribution of pores because the
hexagonal lattice is incommensurate with the symmetry of the
(001) surface of Si and results in too large simulation cells. We
expect that a hexagonal pore arrangement yields similar results
to the investigated square pore arrangement for the electronic
and optical properties and the photovoltaic efficiency enhance-
ment as a function of pore size and spacing. We investigated a
total of 20 nanoporous Si structures with pore spacing up to 6
times the lattice constant of the conventional unit cell of bulk Si
(aSi = 5.43 Å) and pore radius ranging from 2.7 to 13.5 Å. The
Si dangling bonds on the nanopore surfaces were passivated
with H atoms to eliminate midgap defect states that contribute
to nonradiative recombination. Chemical passivation by
oxygen,17 methyl18 (CH3), and halogen19 is used in practice
to eliminate surface dangling bonds in porous Si and Si
nanowires for higher ambient stability. The nanoporous Si
systems we studied are all intrinsic. The additional screening
and absorption by free carriers are weak at typical solar
irradiation conditions and are not expected to affect the
calculated results. We studied nanostructures containing up to
300 atoms in the periodic cell, and GW calculations for the

Figure 1. Some of the nanoporous Si structures with various pore radius R and pore spacing L examined in this work. Quantum confinement by the
nanoscale pores increases the probability of optical transitions across the band gap of Si and enhances the absorption coefficient in the visible range.
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largest simulation cells required up to 10 000 CPU hours. All
structures were relaxed to minimize the stress and the forces on
the atoms.
Band Structure. Figure 2 shows the band structures of

three nanoporous Si structures [A (L = 3aSi, R = 2.69 Å), B (L
= 3aSi, R = 4.26 Å), and C (L = 3aSi, R = 6.02 Å)] along the in-
plane (Γ−X) and out-of-plane (Γ−Z) directions. These three
structures have the same pore spacing but different pore radii.
As the pore size increases, the band gap widens from 1.66 eV to
3.13 eV due to increasing quantum confinement. The band gap
of structures A and B is indirect with the valence-band
maximum located at the Γ point and the conduction-band
minimum located at the X point. The difference between the
minimum direct and the indirect gap, however, decreases to
below 1 meV for structure C, and thus direct transitions also
contribute to optical absorption near the onset for this
structure. Since the conduction-band minimum of bulk Si is
located at a point between Γ and X, the shift of the conduction-
band minimum in nanoporous Si is attributed to band structure
distortion by the introduction of nanopores. The lowest
conduction band gets flatter along the quantum-confined
direction as the pore radius increases and becomes almost
horizontal for structure C.
The band gap of nanoporous Si as a function of pore radius

and spacing is shown in Figure 3. Most structures are found to

have quasi-direct band gaps and are marked with solid symbols
in Figure 3. The band gaps tend to be quasi-direct for large
pore spacing, which is the case for most examined structures
with L = 5aSi or L = 6aSi. This is explained by the multiple
folding of the Brillouin zone along the quantum-confined
direction. The gap is also more likely to be quasi-direct for
structures with large pore size, a trend already analyzed for
structures A, B, and C. The band gap values were fitted as a
function of pore radius R and spacing L according to
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where the calculated band gap of bulk Si, Egap
bulk, is 1.295 eV

(which is within the typical 0.1 eV accuracy of the
computational method compared to the experimental value of
1.17 eV at 0 K20), and f(x) is a shape-dependent term
representing different levels of confinement for different values
of the R/L ratio, which was found to be f(x) = (1923x2 +
14976x4) eV Å2.

Optical Matrix Elements. Although most nanoporous
structures with large pore spacings have a quasi-direct band gap,
the transition probability across these gaps is small compared to
typical direct-gap transitions. Figure 4 shows the average optical

(velocity) matrix elements of interband transitions between
states within 100 meV from the band edges at the Γ point for
light polarized perpendicular to the pore direction. The optical
matrix elements for all examined structures are smaller than the
typical value for the direct allowed transition in bulk Si at the Γ
point, and for most structures they are also smaller than the
typical indirect (phonon-assisted) optical transition matrix
elements of bulk Si (Figure 4). Therefore, the reported direct
gaps of Figure 3 are quasi-direct since they are associated with
small transition probabilities. Only the matrix elements for the
smallest pore spacing (L = 3aSi) are larger than the
characteristic value of phonon-assisted transitions. This is in

Figure 2. Band structures of three of the investigated nanoporous Si structures (A, B, and C shown in the insets).

Figure 3. Band-gap values of nanoporous Si as a function of pore
radius and spacing. The lines are fits to the calculated data. The
structures with direct band gaps are marked with solid symbols.

Figure 4. Average optical (velocity) matrix elements squared of
interband transitions between the states within 100 meV from the
band edges of the investigated nanoporous Si structures at the Γ point
for light polarized perpendicular to the pore direction. The optical
matrix elements are given in units of (αc)2, where α is the fine-
structure constant and c is the speed of light. The horizontal dashed
line indicates the typical value of direct optical transition matrix
elements across the direct gap of bulk Si at the Γ point, while the
dotted line denotes the characteristic value of indirect (phonon-
assisted) optical matrix elements across the indirect gap of bulk Si.
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agreement with the earlier work of Hybertsen,11 who found
that phonons are the dominant carrier-scattering mechanism
that mediates optical transitions in Si for nanoscale features
larger than 1.5 to 2 nm. The transition probability across the
band gap is largest when quantum confinement is strongest
(large pore radius and small pore spacing) and decreases with
decreasing degree of quantum confinement. In the limit of
small pore size and large pore separation the matrix elements
approach zero, since this is the limit of the transition across the
indirect gap of bulk Si, which is forbidden without the
assistance of phonons.
Dielectric Constant. The dielectric constants of all studied

nanoporous Si structures are summarized in Figure 5. Screening

is enhanced for increasing Si volume fraction. The first-
principles results are in good agreement with both the 2D
Bruggeman nonsymmetric model,21
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and the 2D Maxwell−Garnett model,22
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where ϵSi and ϵeff are the dielectric constants of bulk and
nanoporous Si, respectively. The 2D Maxwell−Garnett model
considers vacuum cylinder inclusions in a matrix of bulk Si,
while the 2D Bruggeman model treats both Si and vacuum as
cylindrical inclusions in a theoretical effective medium. The
Bruggeman model is thus an extension of the Maxwell−Garnett
model.23 Our first-principles results show that both models are
similarly valid in describing the dielectric constant of porous Si
at the nanoscale.
Optical Properties. To understand the effect of quantum

confinement on the optical properties of nanoporous Si, we
examine the real (ϵ1) and imaginary (ϵ2) parts of the dielectric
function for structures A and B and compare it to the dielectric
function of bulk Si (Figure 6). A Gaussian function with a width
of 0.15 eV was used to account for the broadening of the
optical spectra. For the purposes of this analysis, only direct
optical transitions (no phonon-assisted absorption) across the

direct gap of bulk Si have been included in Figure 6. The two
nanoporous Si structures have the same pore spacing but
different pore radii. Structure A has a larger ϵ1 than structure B
and is closer to bulk Si (Figure 6a). This is because structure A
exhibits stronger screening effects than structure B due to its
higher Si volume fraction. The imaginary part curves (Figure
6b) show that the direct absorption edges for both examined
nanoporous Si structures occur at lower energies (1.70 eV for
structure A and 2.15 eV for structure B, Figure 2) than the first
direct optical transition of bulk Si (3.4 eV24), which indicates
that scattering of electrons by the nanopores enables quasi-
direct optical transitions across the band gap. The refractive
index n and the extinction coefficient κ are determined from ϵ1
and ϵ2 using
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where E is the photon energy. The reflectivity and absorption
coefficient were calculated from n and κ by
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and are shown as a function of photon energy for nanoporous
Si structures A and B in Figure 7. Structure B shows lower
reflectivity (Figure 7a) and larger optical gap (Figure 7b) than

Figure 5. Dielectric constant of nanoporous Si as a function of Si
volume fraction for various pore geometries. The data are in very good
agreement with both the Bruggeman formula (solid) and the
Maxwell−Garnett formula (dashed).

Figure 6. Dielectric functions of structures A and B compared to bulk
Si. (a) Real part (ϵ1) and (b) imaginary part (ϵ2). Electron scattering
by the nanoscale pores enables optical transitions across the gap in
structures A and B. Only direct optical transitions are considered for
bulk Si (no phonon-assisted transitions), and only direct and quasi-
direct transitions are included for the nanostructures to highlight the
additional absorption due to the quasi-direct transitions in nanoporous
Si.
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structure A and bulk Si25 because of its lower Si volume fraction
and stronger quantum confinement. Strong confinement in
structure B also leads to stronger pore-electron scattering,
which gives higher electron transition probability and
absorption coefficient than both structure A and bulk Si in
the 2.3−3.2 eV energy range (Figure 7b). We note that we did
not include phonon-assisted optical transitions for nanoporous
Si, which would increase the absorption even further.
Excitons. We studied excitonic effects in nanoporous Si

arising from the electron−hole interaction. Excitonic effects
have been shown by first-principles calculations to modify the
optical coefficients of bulk Si due to the coherent coupling of
different electron−hole configurations.26,27 In quantum-con-
fined structures such as nanowires14,15,28 excitonic effects
additionally increase the exciton binding energy and shift the
onset of optical absorption to lower energies. Structure B has a
larger exciton binding energy (0.23 eV) than structure A (0.13
eV) since the increased quantum confinement enhances the
strength of the electron−hole interaction (Figure 7b). Although
the exciton binding energy of the examined nanoporous
structures A and B is increased by an order of magnitude
compared to bulk Si (15 meV),27 it is 1 order of magnitude
smaller than that of Si nanowires with comparable confinement
radius (0.8−1.1 eV) determined from theoretical predic-
tions.14,15 This is attributed to the weaker quantum confine-
ment in nanoporous Si than nanowires since the Si regions are
connected in the nanoporous geometry and have a larger
confinement volume for the same linear confinement
dimension (Figure 1).
Photovoltaic Conversion Efficiency. Our predictive

results can be applied to answer whether nanopores can
improve the photovoltaic conversion efficiency of thin-film Si
solar cells and to identify promising nanoporous Si structures
for photovoltaic applications. The calculated reflectivity and
absorption coefficient are two important factors that affect the
photovoltaic conversion efficiency, defined as the fraction of
solar energy converted to electrical power per unit area of

material. The electrical power density is calculated by
integrating the converted spectral irradiance over the solar-
spectrum wavelengths:

∫ λ λ λ λ λ= −
λ

P W R A C( )[1 ( )] ( ) ( ) d
0

max

(8)

where λ is the photon wavelength, λmax is the longest
wavelength that can be absorbed by the nanostructure and is
determined by the direct band gap of the nanoporous Si
structure,

λ = hc
Emax

g
dir

(9)

and W(λ) is the solar spectral irradiance at Air Mass 1.5.29 The
term R(λ) is the reflectivity of the front surface of the material,
and the absorbance A(λ) is given by

λ = − α λ−A( ) 1 e d( ) (10)

where d is the thickness of the material. The term C(λ) is a
conversion factor to account for the fraction of the photon
energy converted to electronic energy (i.e., to the excitation
energy of one electron−hole pair across the minimum band
gap),

λ λ=C
E

hc
( )

g

(11)

where Eg is the minimum (direct or indirect) band gap of the
material.
Several competing factors affect the photovoltaic conversion

efficiency of thin-film nanoporous Si compared to bulk.
Decreasing the volume fraction of Si in the nanostructures
reduces the reflectivity on the front surface and increases the
fraction of solar photons that enter the material. Moreover,
quantum confinement by the nanopores enables pore-electron
scattering and enhances the absorption of solar photons. In
addition, the increased band gap of nanoporous Si results in a
higher fraction of converted photon energy (eq 11) and
increased converted power density. On the other hand, larger
band-gap values in the nanostructures blue-shift the absorption
edge and reduce the absorption of long-wavelength photons.
To explore how these competing effects affect the photovoltaic
conversion efficiency of thin-film Si, we calculated the electrical
power of all 20 structures for a material thickness of 100 nm
using eq 8. The relative converted electrical power for the
nanoporous structures compared to bulk Si is shown in Figure
8 as a function of pore radius and spacing. The data show that
the introduction of nanopores can indeed improve the
efficiency over the bulk. Among all the nanostructures studied,
structure B (L = 3aSi and R = 4.26 Å) exhibits the highest
converted electrical power density (eq 8), which is about 2.5
times that of bulk Si for the considered thin-film thickness of
100 nm. If, in addition, we assume the effect of an antireflective
coating to suppress the surface reflectivity of both bulk Si and
structure B, the efficiency ratio decreases from 2.5 to 1.9, but
the absolute efficiency of structure B increases from 4.1% to
5.9%. The structures with the smallest pore spacing show the
highest conversion efficiencies for this material thickness. For
fixed pore spacing the converted power first increases with
increasing pore radius, due to the enhanced pore-electron
scattering and increased converted electrical energy, followed
by a decrease due to the blue-shift of the absorption threshold
that cancels out the other advantages of nanostructuring. The

Figure 7. (a) Reflectivity and (b) absorption coefficient of nanoporous
Si structures A and B. Dashed lines include excitonic effects due to
electron−hole (e−h) interaction, while dash-dot lines do not include
excitonic effects. The calculated results are also compared to the
experimental data for bulk Si.

ACS Photonics Article

DOI: 10.1021/ph5002999
ACS Photonics 2015, 2, 208−215

212

http://dx.doi.org/10.1021/ph5002999


optimized photovoltaic conversion efficiency is achieved for
small pore spacing and a radius-to-spacing ratio around 0.25 to
0.30. We note that excitonic effects have a significant effect on
the efficiency of nanoporous Si and increase the converted
power by as much as a factor of 2.5. We also note that phonon-
assisted absorption, which is the only absorption mechanism of
visible light in bulk Si, has not been considered for the
nanoporous structures. If electron−phonon scattering is also
considered for the nanostructures (in addition to electron-pore
scattering), then the conversion efficiency is expected to
increase further.
Our data can identify which photon wavelengths contribute

the most to the produced electrical power for each Si structure.
As an example, Figure 9 presents a comparison of the converted
power density of nanoporous structures A and B with bulk Si
analyzed in terms of absorbed photon wavelength for a material
thickness of 100 nm. The location of the peak of the converted
spectral irradiance for each structure is determined from the

combined wavelength dependence of the solar irradiance, the
reflectivity, and the absorption coefficient. The spectral peak for
nanoporous Si structure B occurs at a longer wavelength than
structure A and bulk Si because the absorption spectrum for
structure B exhibits a peak at 2.7 eV (460 nm) (Figure 7b),
which corresponds to large values of the solar irradiance.
In thin-film nanoporous Si structures the effect from Fabry−

Perot resonance may not be neglected, and reflections between
the front and back surface should also be considered. In this
case, the photovoltaic conversion efficiency is defined as

∫ λ λ λ λ λ= − −
λ

P W R T C( )[1 ( ) ( )] ( ) d
0

max

(12)

where R(λ) and T(λ) are the reflectivity and transmissivity,
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The quantities r1,2 and t1,2 are the amplitude factors of the
reflected and transmitted field at the front and back surface.
The phase factor δ is defined as

δ π
λ

= ̃nd2
(15)

where ñ is the complex refractive index. Thin-film effects
introduce oscillations in the efficiency curves (Figure 10) due

to the periodicity of the reflectivity and transmissivity with
material thickness. The advantages of nanoporous Si compared
to the bulk material for energy conversion are more
pronounced in the 100 nm thickness regime. The nanoporous
Si structure B shows the largest enhancement of conversion
efficiency over bulk Si by a factor of 2.7 at the two peaks that
correspond to a thickness of 25 and 135 nm. Assuming the
solar irradiance based on the direct standard AM 1.5 spectrum,
nanoporous Si structure B has a photovoltaic conversion
efficiency of 1.5% for a material thickness of 25 nm and 6.3% at
a thickness of 135 nm. We note that a full investigation of solar-
cell efficiency requires knowledge of the impact of defects on

Figure 8. Relative converted electrical power produced in nanoporous
Si compared to the bulk as a function of pore radius and spacing. A
thin-film material thickness of 100 nm is assumed. The data show that
nanoporous Si structures with pore spacing on the order of 3 times the
lattice constant of bulk Si (16.3 Å) can exceed the photovoltaic
efficiency of an equivalent bulk Si structure. Excitonic effects have only
been considered for the smallest nanopore structures due to the
computational cost of the calculations. Phonon-assisted optical
processes that further increase the absorption coefficient have not
been included in the absorption spectra of the nanostructures.

Figure 9. Converted spectral irradiance per unit area for nanoporous
Si structures A and B and compared to bulk Si. The integrated area
under each curve yields the converted electrical power per unit area for
each structure. A material thickness of 100 nm is assumed.

Figure 10. Converted electrical power produced in nanoporous Si
structures A and B as a function of material thickness relative to bulk Si
including thin-film effects. The conversion efficiency for structure B
has pronounced maxima for a thin-film thickness of 25 and 135 nm.
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the device performance, as well as a number of other efficiency
loss mechanisms (e.g., nonradiative recombination, energy loss
at interfaces, etc.). However, defect simulations for these
nanostructures are challenging, while the nature and concen-
tration of defects depend on the growth conditions of the
sample. In the present study we focus on the fundamental
energy-conversion properties; therefore the efficiency we
estimate constitutes an upper limit value. Nevertheless, our
predictive calculations show that nanoporous Si with pore size
and spacing on the scale of a few nanometers can indeed exhibit
improved photovoltaic performance over bulk Si and can yield
a theoretical maximum conversion efficiency of a few percent in
thin-film solar-cell applications.

■ CONCLUSIONS

In conclusion, we used first-principles methods to calculate the
electronic and optical properties of nanoporous Si with pore
spacing and radius on the order of a few nanometers. We found
that the inclusion of nanoscale pores increases the electronic
band gaps due to quantum confinement and results in quasi-
direct gaps for most examined structures. The visible-range
absorption coefficient is greatly improved in nanoporous Si
with small pore spacings and appropriately chosen pore sizes.
Although quantum confinement reduces the wavelength range
for the absorption of solar photons, the enhanced absorption
coefficient as well as the reduced reflectivity and increased band
gap improve the photovoltaic efficiency compared to bulk Si by
a factor of 2.7 and yields a theoretical maximum conversion
efficiency of 6.3% for thin-film (135 nm thick) solar cells.
Therefore, the enhanced electronic and optical properties of

nanoporous Si make it a promising material for thin-film
photovoltaic applications.

■ METHODS

We studied the electronic and optical properties of nanoporous
Si using first-principles calculations based on density functional
theory (DFT) and many-body perturbation theory. We
performed DFT calculations to obtain the ground-state charge
density and electronic wave functions using the local-density
approximation30,31 for the exchange−correlation potential. We
used the plane-wave pseudopotential method32 with a plane-
wave cutoff of 16 Ry and norm-conserving pseudopotentials33

as implemented in the Quantum-ESPRESSO code.34 We
calculated the quasi-particle band energies of nanoporous Si
using the one-shot GW method35 and the BerkeleyGW code.36

The static dielectric function was calculated with a 7 Ry plane-
wave cutoff and extended to finite frequency using the
generalized plasmon-pole model of Hybertsen and Louie.35

The Coulomb-hole self-energy term was calculated using a sum
over three times as many unoccupied bands as occupied bands
using the static-remainder approach.37 The dielectric function
was calculated using all occupied bands and unoccupied bands
up to 7.5 eV above the valence-band maximum. The quasi-
particle energies of the nanoporous Si structures with L = 3aSi
were calculated with a 2 × 2 × 4 Monkhorst−Pack38 mesh,
while the other structures with larger unit cells were studied
with a 1 × 1 × 4 Monkhorst−Pack mesh. We also used the
Bethe−Salpeter equation formalism27 to study two-particle
excitations and calculate the optical absorption and reflectivity
spectra including excitonic effects. Excitonic effects on the
optical absorption spectra have been considered only for the
three examined structures A, B, and C with the smallest pore

spacing (L = 3aSi) due to the high computational expense of
Bethe−Salpeter calculations for larger structures.
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