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In this work, we demonstrate broadband extraordinary transmission and antireflection in two-dimensional
periodic metallic cuboids at optical frequencies. These phenomena originate from nonresonant excitations of
surface plasmons, and represent high antireflection simultaneously for a broad spectral band and a wide angular
range of incidence with polarization insensitivity. Based on this principle, we further introduce such metallic
cuboids arrays into silicon solar cells. It is shown that high performance of light trapping in the cells can
be achieved with a significant enhancement of the ultimate quantum efficiency. This study shows promising
applications of plasmonic nanostructures to high-efficiency photovoltaic devices.
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I. INTRODUCTION

Enhancing the efficiency of solar cells has been of great
interest in recent years. In general, there are three basic
requirements for solar cells to achieve high efficiency.'™
First, the cell surface must be highly antireflective for the
broadband solar spectrum over a wide angular range such
that the solar energy can be sufficiently absorbed and trapped
in the cell. Second, the absorbed energy must efficiently
produce photocarriers instead of generating heat or other
effects. Third, the solar cells should also have high conductivity
for the photocarriers to be effectively collected with minimum
combination in the bulk.

Flat and homogenous metallic films are generally extremely
reflective to light, although they satisfy the high-conductivity
requirement of solar cells. However, from intense studies
in recent decades, nanostructured metallic films have been
demonstrated to have completely different properties. Such
metallic nanostructures can support surface plasmons (SPs)
(i.e., excitations of collective conduction-electron waves at the
interface between a metal and a dielectric®) or spoof surface
plasmons® in the long-wavelength regime. A typical effect of
the SP excitations is that they may lead to extraordinarily
enhanced optical transmission through metallic films with
significantly reduced reflection.”® Meanwhile, SPs can trap
and confine light in dimensions much smaller than the wave-
length near the metal/dielectric interface, which may greatly
enhance the interaction of light with thin active dielectric
(or semiconductor) layers. Therefore, properly engineered
metal/dielectric nanostructures in principle can meet all the
above three requirements for making ultrahigh-efficiency thin-
film solar photovoltaic (PV) devices.'*-14

Nevertheless, one of the drawbacks of SP excitations is the
inherently narrow bandwidth of operation, which is directly
associated with the plasmonic resonance mechanisms.’™ Very
recently, it was found both theoretically and experimentally
that simple metallic gratings consisting of narrow slits can be-
come transparent and completely antireflective for extremely
broad bandwidths under oblique incidence.'>~!® This unnatural
and fascinating phenomenon can be explained either by the
nonresonant excitation mechanism of SPs and SSPs,"> or by
the anomalous impedance match between the grating and
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free space (or dielectric material) at the plasmonic Brewster
angle.' One of the various potential applications of the
ultrabroadband transmission mechanism is to make long-
dreamed-of transparent metals.!>!7-!°22 But, for applications
to antireflective photovoltaic devices, one-dimensional (1D)
metallic gratings will suffer from two limitations. First,
perfect ultrabroadband transmission can be achieved only
for transverse-magnetic (TM) polarization while transverse-
electric (TE) polarization is almost completely reflected.”
Second, even for the TM polarization, high ultrabroadband
transmission occurs only within a narrow angular range of
extremely inclined incidence.

In this paper, we extend the principles of ultrabroadband
transmission through 1D metallic gratings to 2D cases for
both TM and TE waves. The 2D structures are periodic
metallic cuboids on dielectric or semiconductor substrates.
Note that, in the literature, 2D subwavelength hole arrays
perforated in metallic films have been widely used to study
extraordinary optical transmission phenomenon,”*>* but the
absolute transmission of these structures is usually very low.
One of the reasons is that the waveguide modes in the holes
have a cutoff frequency below which the wave fields inside
the holes are evanescent. By contrast, the cuboid structures
do not have this limitation. Therefore, here we demonstrate
that such structures can achieve polarization-insensitive high
transmission and antireflection simultaneously for a broad
spectral band at optical frequencies and a wide angular range
of incidence. Furthermore, by applying the periodic metallic
cuboids as a broadband antireflection coating layer on silicon
solar cells, we show that high performance of light trapping
in the cells can be achieved with significant enhancement of
the ultimate quantum efficiency. The investigation presents
promising applications of plasmonic nanostructures to high-
efficiency photovoltaic devices.

The paper is organized as follows. In Sec. II, we first show
the experimental demonstration of broadband transmission
for both TM and TE waves in 2D metallic cuboids in the
optical frequency range. The experimental measurements
agree reasonably well with numerical calculations based
on the finite-difference time-domain method. A nonresonant
feature has also been explored that depends on the spatial
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FIG. 1. (Color online) (a) Schematic of metallic cuboids on a
glass substrate. (b) SEM image of the sample, d, = d, = 450 nm,
w, = w, = 150 nm, # =100 nm, and n;, = 1.47. The scale bar
is 500 nm. The transmission spectra at different incidence angles:
(c) calculated spectra for TM polarization, (d) measured spectra for
TM polarization, (e) calculated spectra for TE polarization, and (f)
measured spectra for TE polarization.

distribution of electric fields. Then an analytical analysis of
broadband antireflection in 2D metallic cuboids is described
in Sec. III. Based on this principle, we further introduce such
metallic cuboids arrays into silicon solar cells, and show
high-performance light trapping in the cells. The ultimate
quantum efficiency for this plasmonic solar cell is evaluated
in Sec. IV. Further, the efficiency comparison between this
plasmonic solar cell and the traditional ones is presented in
Sec. V. The advantage of this plasmonic approach is also
discussed. Finally, a summary is given in Sec. VI.

II. EXPERIMENTAL AND NUMERICAL
DEMONSTRATION OF BROADBAND TRANSMISSION
IN 2D PERIODIC METALLIC CUBOIDS

First let us experimentally demonstrate high ultrabroadband
transmission through 2D metallic cuboids in the optical
frequency range. The 2D periodic metallic cuboids we studied
are schematically shown in Fig. 1(a), where a TM or TE wave
is incident on the structure at an angle 6 to the Z axis. The
period and the gap width along the X (Y) axis are d, and
wy (dy and w,), respectively, and A is the thickness of the
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cuboids. The refractive index of the substrate is n;. During
the fabrication of the samples, we first coated a 100-nm-thick
gold film on optical glass by magnetron sputtering. Then a
focused-ion-beam facility (strata FIB 201, FEI company, with
30 keV Ga ions) was used to mill the cuboid structures.
A microspectrophotometer (Craic, QDI2010) was used to
measure the optical spectra of the samples. The numerical
calculations are based on the finite-difference time-domain
(FDTD) method® with Lumerical FDTD solution 8.0.1.

A field-emission scanning-electron microscope (SEM)
image of one sample is shown in Fig. 1(b) with d, =
dy =450 nm, wy, = w, = 150 nm, and # = 100 nm. The
calculated and experimentally measured transmission spectra
under different incidence angles are shown in Figs. 1(c)-1(f).
More data for incidence angles from 0° to 72° can be found
in Fig. Al in the Supplemental Material.>* When the incident
wave is TM polarized [Figs. 1(c) and 1(d), with the magnetic
field H parallel to the Y axis], the first-order Wood’s anomaly
along the X direction is Awpy1(f) = nyd,(1 + sinf), which
shifts from d to 2d with increasing 6. The transmittivity
increases from 6 = 0° (normal incidence) to & = 64°, and
then slightly decreases when 6 further increases towards 90°.
In particular, the transmission spectra become nearly flatat6 =
64° for long wavelengths A > Awp,1, and the experimentally
measured flat transmittivity is nearly 80%. Therefore, the high
ultrabroadband transmission in 2D periodic metallic cuboids
for A > Awpy is similar to that of 1D metallic gratings under
oblique incidence.'>!7

For TE polarization (with the electric field E parallel to
the Y axis), significant transmission still occurs in Figs. 1(e)
and 1(f) for long wavelengths A > Awp,;. This is different
from the effect in 1D metallic gratings, where TE waves are
almost completely reflected in the long-wavelength range. In
Figs. 1(e) and 1(f), the transmission only slightly decreases
with increasing 6 from 0° to 90°, so high ultrabroadband trans-
mission is achieved for both normal- and oblique-incidence
configurations. Therefore, the 2D periodic metallic cuboids
are largely transparent also for TE waves in a wide angular
range. This is a remarkable advantage for applications to solar
cells that require transmission and antireflection of both TM
and TE waves.

For different ratios of w,/d, along the X axis, the max-
imum ultrabroadband transmission occurs around different
optimal incident angles (6,,). The calculated and measured
0-dependent TM transmission spectra with three different
w, /d, ratios are shown in Fig. 2. The experimentally observed
optimal angles are 6,, = 68° in Fig. 2(b) for w,/d, = 0.25,
0, = 62° in Fig. 2(d) for w,/d, = 0.375, and 6,, = 56° in
Fig. 2(f) for w, /d, = 0.5. Obviously, the angular range (area)
of the incident angle corresponding to high ultrabroadband
transmission broaden when the radio w,/d, increases. For
small w, /d,, high transmission occurs only near the optimal
angle, but under conditions such as w, /d, = 0.5, significant
transmission is observed in a wider angular range. Thus, we
have demonstrated that high transmission and low reflection
of 2D metallic cuboids can be achieved for both broad spectral
bands and wide angular ranges.

The phenomenon of high ultrabroadband transmission has
a nonresonant feature, which can be understood from the |E|?
distribution. Figure 3(a) shows the calculated transmission
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FIG. 2. (Color online) Calculated and experimentally measured
angular transmission spectra, TM polarization. The color bar shows
the transmission intensity. d, = d, = 320 nm, 4 = 100 nm, and n, =
1.47. For the sample with w, = w, = 80 nm: (a) calculated spectra
and (b) measured spectra. For the sample with w, = w, = 120 nm:
(c) calculated spectra and (d) measured spectra. For the sample with
w, = w, = 160 nm: (e) calculated spectra and (f) measured spectra.
Insets show the SEM images of the corresponding samples.

spectra of the sample under incidence angles of 0° and 68°,
and the corresponding |E|? fields are shown in Figs. 3(c)-3(f)
at two specific wavelengths. For normal incidence, one can
see that a Fabry-Pérot (FP) resonance peak appears at A =
1020 nm. This wavelength satisfies Ay = 2h/N + Ay, where
N > 0is an integer and Ay is the redshift of the peak.!>?7%°
Since the FP peak is due to the resonance effect, we can see that
the electric field shows a standing-wave pattern in Figs. 3(c)
and 3(e). (This indicates that for normal incidence, one needs
to use thin metal layers for solar cells to avoid FP resonance.)
In contrast, under the oblique-incidence condition 6 = 68°,
high and flat transmission appears for all the wavelengths
A > 1200 nm. As expected, the electric fields in Figs. 3(d) and
3(f) show a nonresonant feature since the |E|? field intensity is
much lower than that for the FP resonance. [Here the scale is
the same in Figs. 3(c)-3(f) for comparison.] This nonresonant
feature can reduce the loss from the metal layer.

III. ANALYTICAL ANALYSIS OF BROADBAND
ANTIREFLECTION ON 2D PERIODIC
METALLIC CUBOIDS

The phenomenon of high broadband transmission and an-
tireflection for 2D periodic metallic cuboids can be understood
from the detailed analytical solutions of Maxwell’s equations
in the Supplemental Material.”® From these analyses, the
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FIG. 3. (Color online) (a) Calculated transmission spectra under
incidence of 0° and 68°, d, = dy, = 320 nm, w, =w, =80nm, h =
320 nm, and n, = 1.47. (b) Dependence of the optimal incident angle
(6,,) obtained by Eq. (2), FDTD simulations, and the experiments,
respectively. The cross-sectional distribution of electric fields (|E|?)
at the center of the cuboids (y = 120 nm): (c) 6 = 0° at A = 1020 nm,
and (d) & = 68° at A = 1600 nm. The cross-sectional distribution of
electric fields (JE|?) at the center of the slit (y = 280 nm): (e) 8 = 0°
at A = 1020 nm, and (f) 6 = 68° at A = 1600 nm.

reflection coefficient can be expressed as

5.8(2 ns—1)Bs
(A_ kncozé) )tan(ﬁsh)-i_l(kocos)g c
r= (n,+ DB, @)
(A+k2c029 )tal’l(ﬂsh)-i-l ko costC
where
e (for TM), B w?/d?  (for TM),
| wi/d; (for TE), 11 (for TE),
C o wy/d, (for TM),
- wy/d, (for TE),

ko =2m /A, and B; is the wave number in the slit. For TM polar-
ization, the minimum reflection appears at (8;,w,)/(kod,cosd)
= 1 or tan(B;h) = 0. Note that the FP resonance corresponds
to tan(B;h) = 0. Therefore, the optimal incident angle for high
ultrabroadband transmission and antireflection satisfies

9,,, = COS_] [(:Bs wx)/(kde)] (2)

in 2D periodic metallic cuboids. In fact, when TM light is
incident at the optimal angle (6,,), the reflection coefficient
reaches the minimum:

(1 — ny)tan(Bsh) +i(ns — 1)

i = U ) an(Boh) + i(n, + 1) ©)
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As indicated in Fig. 3(b), the 6,, calculated from Eq. (2)
reasonably agrees with the simulated one from the FDTD
method, particularly for the cases with low w,/d,. Most
importantly, the experimentally measured results agree well
with both the calculations for the FDTD method and the
predictions from Eq. (2). All these results justify the current
theory of the optimal angle for 2D periodic metallic cuboids.
For TE polarization, the minimum reflection can be found
at & = 0 or tan(Bsh) = 0 (FP resonance). For A >d,, the
reflection increases with increasing 6. However, if A > h,
extremely low reflection can be achieved for both TM and
TE polarization states, indicating that polarization-insensitive
antireflection can be achieved from 2D periodic metallic
cuboids, especially in the long-wavelength range.

IV. BROADBAND LIGHT-TRAPPING ENHANCEMENT OF
PLASMONIC SOLAR CELLS BASED ON 2D PERIODIC
METALLIC CUBOIDS

In the following, we will demonstrate that 2D periodic
metallic cuboids can be used to design broad-angle and ul-
trabroadband solar cells based on the above high-transmission
and antireflection effects. Consider the structure of the solar
cell in Fig. 4(a) that consists of three layers. On the top is
a 2D periodic array of metallic cuboids made of (low-cost)
aluminum. In the middle is a 20-nm-thick silicon oxide layer,
below which is the semi-infinite single-crystalline silicon layer
acting as the absorber.

In our design, the aluminum cuboids have the periods
dy = dy = 160 nm, the gap widths w, = w, = 80 nm,
and the thickness 47 = 80 nm. The silicon oxide layer is
required in order to avoid additional surface combination,'
since the dielectric spacer layer between the aluminum cuboids
and the semiconductor can cause electrical isolation. The
silicon oxide layer (20 nm) meanwhile offers a graded-index
layer, which also reduces the reflection.’ The absorbance®!
of the structure at a given wavelength (X) is evaluated by
A(L) = wlm(e) f |E|>dV, where Im(¢) is the imaginary part
of the permittivity, @ and E are the angular frequency and
electric field strength, respectively, and the integral is over the
entire semi-infinite silicon layer.

The normalized absorbance in the semi-infinite single-
crystalline silicon layer at different incident angles are shown
in Figs. 4(b) and 4(c) for the TM and TE polarization states,
respectively. For TE polarization, the absorbance decreases
with increasing incidence angle, so the highest absorbance
value is at 0°. For TM polarization, however, the absorbance
increases with increasing incidence angle because of the high
ultrabroadband transmission mechanisms discussed above. In
addition, the reflection spectra of this solar cell are given
in Figs. A2(a)-A2(b) in the Supplemental Material,>® where
the high antireflection of the solar cell can be observed.
Because of the nonresonant feature of high transmission in
the long-wavelength range, the loss from the metal layer is
reduced, as indicated by the absorbance of the metal layer
in Figs. A2(c)-A2(d) in the Supplemental Material.’® Since
the antireflection effect and nonresonant transmission both
significantly reduce the loss from the metal layer, most of the
light energy can be trapped in the active layer. Consequently,
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FIG. 4. (Color online) (a) Schematic of the plasmonic solar cell
that consists of three layers. On the top is a 2D periodic array of
metallic cuboids made of (low-cost) aluminum. In the middle is a
20-nm-thick silicon oxide layer, below which is the semi-infinite
single-crystalline silicon layer acting as the absorber. Normalized
absorbance in the silicon layer of this solar cell: (b) for TM
polarization and (c) for TE polarization. The absorbance enhancement
in the silicon layer of this solar cell: (d) for TM polarization and (e)
for TE polarization. Here the parameters for this plasmonic solar cell
are d, = dy, = 160 nm, w, = w, = 80 nm, and 4 = 80 nm.

high absorbance in the semi-infinite single-crystalline silicon
layer can be achieved.

It is worthwhile to discuss the absorbance enhancement of
the present solar cell design, which can be defined by the
factor A(A) = A(L)/As(X). Here A(L) is the absorbance
of the silicon layer in this plasmonic solar cell, and Ap(A)
is the absorbance of the same layer of silicon without
adjacent coating, i.e., the naked silicon layer. The absorbance
enhancement for both TM and TE polarization states at
different incident angles is shown in Figs. 4(d) and 4(e).
For TM polarization, most of the enhancement factors A(A)
are greater than unity, which indicates high performance of
light trapping in the active layer. It is also shown that the
enhancement factors for TE polarization are even better than
those for TM polarization.

To further demonstrate that the present design is suitable
for high-performance solar cells, we calculate its ultimate
quantum efficiency (QE),>"*> which assumes that every
absorbed photon with energy larger than the electronic band
gap produces exactly one electron-hole pair. The ultimate QE
then evaluates the fraction of the incident solar photons which
are absorbed and converted to electron-hole pairs under the
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where A is the incident wavelength, 7 is Plank’s constant, ¢ is
the light speed in free space, and Iamisg (A) is the air mass
1.5 solar spectrum as usually adopted.* The ultimate QE in
Fig. 5(a) is high within the wavelength range 400-1000 nm.
For TM polarization, the ultimate QE is greater than 84% in
a wide angular range, and it only slightly decreases when 6 is
above 56°. Here the ultimate QE value for TM polarization is
better than that of TE polarization due to the higher normalized
absorbance in the semi-infinite single-crystalline silicon layer.
For the unpolarized situation, the ultimate QE remains around
80% in a wide angular range, which also corresponds to high
efficiency of photon conversion into electron-hole pairs.

It is a common problem that the efficiency of solar
cells usually depends on the incident angle.">37 To solve
this problem, it is desirable to pursue omnidirecitional light
absorption and trapping. Fortunately, the present plasmonic
solar cell almost has this property. As shown in Fig. 5(b), its
angle-dependent QE presents significant enhancement for all
TM, TE, and unpolarized incident light. Obviously, most of
the enhancement factors are greater than unity, indicating that
the 2D periodic aluminum cuboids trap most of the photons
into the solar cell rather than reflecting them back. Since solar
light is unpolarized, we focus on the red curve in Fig. 5(b),
which maintains a high enhancement factor around 1.3 for
small-angle incidence (close to normal incidence). Even for
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large-angle incidence, the factor still exceeds 1.1. Therefore,
high performance of the solar cell can be achieved for a wide
angular range of incidence. If we assume that the incidence
angle is from 6; = — 68° to 6, = 68° for sunlight, the total
quantum efficiency enhancement of the solar cell can be
expressed as

O Egam
f:ﬁ QE(6)cosbdo — f9]2 QE.(0)cos0db

7 x 100%.
9]2 QFE.:(8)cos0db

&)

Our calculations based on this equation show that the current
plasmonic solar cell can achieve an enhancement of the
ultimate QE by about 29.5% due to the fact that 2D periodic
metallic cuboids have the properties of wide-angle and
broadband antireflection.

V. EFFICIENCY COMPARISON BETWEEN THE
PLASMONIC SOLAR CELL AND TRADITIONAL
SOLAR CELLS

It is well known that the traditional solar cells usually
contain six parts. From bottom to top, they are the rear
electrode, the back reflector, the active layer, the passivation
layer, the top electrode, and the antireflection (AR) coating,
respectively. For simplification, we ignore both the rear
electrode and the back reflector, and consider only the other
four parts, which play the following roles. (i) The active layer
(such as the silicon layer) absorbs the sunlight and produces the
photocarriers; (ii) the passivation layer efficiently reduces the
surface recombination velocity and enhances the lifetime of
the charge carriers; (iii) the top electrode collects the electrons
and links to the external electrical circuit; and (iv) the AR
coating, such as dielectric 1/4 AR coatingﬁ&39 is used to
enhance the light absorption in the active layer. Nowadays,
in high-performance photovaltaic devices, the standard c-Si
surface passivation scheme uses thermal SiO, in order to yield
outstanding characteristic.*’ Due to its long-term stability,
SiN, is also a good choice.*! However, the top electrode, which
is made of metallic material, suffers from its opaque covering
and suppresses the solar energy coming into the device. For
example, in a cell device*> where a metal grid electrode of
20 pm width and 200 pum period is used, 10% of the solar
energy is wasted due to the covering of the electrode.

The advantage of the present plasmonic solar cells is that
2D periodic metallic cuboids can combine the AR coating
and the top electrode together, which inhibits the reflection
of sunlight and reduces the loss caused by the previously
used electrode covering at the same time. Actually, as shown
in Figs. 6 and 7, the light trapping of this plasmonic solar
cell is comparable with that of the traditional silicon solar
cell using dielectric A/4 AR coating. As we mentioned,
the traditional solar cell uses A/4 thick SiO, or SiN, film
as the AR coating [as shown in Figs. 6(a) and 6(b)]. For
example, 100-nm-thick SiO; film or 70-nm-thick SiN, film
can significantly suppress the reflection of the light around
the wavelength of 600 nm. (The refractive index of SiO; is
taken as 1.47 and the refractive index of SiN, as 2.1 in the
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FIG. 6. (Color online) (a)Schematic and (d) ultimate QE enhancement of a solar cell containing a SiO, A/4 AR coating and a metal
grid electrode. (b)Schematic and (e) ultimate QE enhancement of a solar cell containing a SiN, A/4 AR coating and a metal grid electrode.
(c)Schematic and (f) ultimate QE enhancement of the plasmonic solar cell based on 2D Al cuboids. The thickness of the SiO, AR coating
in (a) is 100 nm, and the thickness of the SiN, AR coating in(b)is 70 nm. The parameters of the 2D Al cuboids are d, = dy, = 120 nm,
w, = w, = 60 nm, and 7 = 80 nm and the thickness of the passivation layer (SiO,) in (c) is 20 nm. The metal grid electrode accounts for 10%

of the surface area.

calculation.) For a realistic comparison, the metal electrode
should be taken into account and it covers about 10% of the
surface area.*” Then based on Egs. (4) and (5), the ultimate
QE enhancement of the silicon solar cells containing these two
dielectric AR coatings can be evaluated, as shown in Figs. 6(d)
and 6(e), respectively. As a result, the total QE enhancement
of the cells can reach 20.2% for a SiO, AR coating and 27.7%
for a SiN, AR coating (as illustrated in Fig. 7). Interestingly,
the total QE enhancement for the plasmonic solar cell can
achieve 29.5%, which is slightly higher than for the traditional
ones using dielectric AR coatings (see Fig. 7). It is common
that optical resonances may happen in metallic structures,
but they usually depend on the incident angle. Thanks to
the nonresonance mechanism we mentioned in Sec. II, this

40
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FIG. 7. (Color online) The total quantum efficiency enhancement
of three types of silicon solar cells. S1 is the cell with 100-nm-thick
SiO, AR coating; S2 is the cell with 70-nm-thick SiN, AR coating;
and S3 is the plasmonic solar cell with 2D Al cuboids, where d, =
dy = 120nm, w, = w, = 60nm, and 2 = 80 nm, and the passivation
layer is 20-nm-thick SiO;.

plasmonic solar cell based on 2D periodic metallic cuboids is
not sensitive to the incident angle, which is comparable with
the traditional solar cell using dielectric /4 AR coating. In
particular, if the incident angle is within the range of 6 =
0°—45°, the ultimate QE enhancement of the plasmonic solar
cell is obviously higher than one made with SiO, or SiN,
AR coating. This feature originates from the fact that the 2D
nanocuboids of metal can achieve polarization-insensitive high
antireflection and light trapping simultaneously for a broad
spectral band at optical frequencies and a wide angular range of
incidence.

VI. SUMMARY

In summary, we have demonstrated high ultrabroadband
transmission and antireflection of 2D periodic metallic cuboids
at optical frequencies for both TM and TE polarized light, and,
accordingly, these plasmonic structures can make crystalline
silicon achieve very efficient polarization-insensitive light
trapping for a broad spectral band in a wide angular range
of incidence. It has been verified that such 2D plasmonic
structures can be used to design wide-angle and ultrabroad-
band silicon solar cells with significant enhancement of the
ultimate quantum efficiency achievable. These mechanisms
may be applied to improve the performance of various other
photovoltaic devices.
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