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Figure 3a shows photographs of three samples: 1 µm thick
a-Si:H thin film (left), NW arrays (middle), and NC arrays
(right) with the same height as the film thickness. The thin
film sample is mirror-like and highly reflective. The sample
with NW arrays reflects less light while the sample with NC
arrays looks black, exhibiting enhanced absorption due to
suppression of reflection from the front surface. From these
pictures it is obvious that, under identical conditions, the
sample with NC arrays absorbed the most light, while the
thin film sample reflected the most light. In order to
quantitatively characterize the absorption of these samples,
we carried out absolute hemispherical measurements with
an integrating sphere (Labsphere). A schematic of this
measurement is shown in Figure 3b. A tungsten lamp coupled
to a monochromator was used for wavelength-dependent
measurement and an argon ion laser with 488 nm wavelength
was used to measure dependence on the angle of incidence.

The sample was mounted at the center of the sphere. The
reflected and transmitted light from the sample was uniformly
scattered by the integrating sphere and collected by a
photodetector. In our measurement, we accounted for all light
reflected from and transmitted through the sample, so this
can be considered a measurement of the absolute absorption.
For a numerical comparison we also solved the Maxwell
equation with rigorous coupled-wave analysis (RCWA)
method.19,20 This frequency-domain method allowed us to
simulate the dispersive materials with tabulated dielectric
constant data from experiments. The dielectric constant for
a-Si:H was taken from a handbook.21 In the simulation, a
plane wave was incident on the periodic nanopatterned a-Si:H
structure. The transmitted and reflected waves were calcu-
lated, from which we derived the absorption of the structures.

The total absorption of three different kinds of samples at
wavelength λ ) 488 nm is shown in Figure 3c for different
angles of incidence. The results of the RCWA calculations
are shown in Figure 3d. For the reasons we explained above,
the sample with NC arrays demonstrated the highest absorp-
tion. The measured absorption of the NC sample is 98.4%
around normal incidence, which agrees well with the
calculated value of 97.8%. The high absorption of the NC
arrays (∼98%) presents a significant advantage over NW
arrays (85%) and thin film (75%). As the angle of incidence
increased, the total absorption decreased as total reflection
increased for all the three samples, although in all cases the
NC arrays showed significantly higher absorption than the
NW arrays, which showed higher absorption than the thin
film. At angles of incidence up to 60°, the total absorption
was maintained above 90% for the NCs. This value of 90%
absorption for the NCs compares favorably with 70% for
the NWs and 45% for thin film. In general the simulation
agrees well with our experimental data over a wide range of
angles. At incident angles close to normal, small differences
exist between the measured and the calculated values, and
there appears to be fluctuations of the measured value for
thin film and NWs. This is because, at normal incidence,
some of the reflected light could escape through the port
where the laser beam entered. Differences in the samples’
surface roughness also contributed to the difference between
experimental and simulated data.

The absorption measurement was carried out over a broad
range of wavelengths (400-800 nm), which cover most of the
spectrum that is useful for a-Si:H solar cells. The measured
results are summarized in Figure 4a, and the calculated results
are shown in Figure 4b. Between 400 and 650 nm, the
absorption of the NC arrays was maintained above 93%,
which is much better than the NW arrays (75%) and thin
film (64%). The measured total absorption decreased to 88%
at 700 nm, which corresponds to the a-Si:H band gap (1.75
eV), also better than NWs (70%) and thin films (53%). The
experimental data match with simulation very well (Figure
4b). The small difference between experiment and theory
near the 700 nm is mainly due to the lack of accurate
parameters for simulation near the band gap of a-Si:H.

In summary, we fabricated a-Si:H NWs and NCs using a
scalable and IC-compatible process. Compared with flat thin

Figure 3. (a) Photographs of a-Si:H thin film (left), NW arrays
(middle), and NC arrays (right). (b) Schematic illustration of
hemispherical measurement using an integrating sphere (c) Mea-
sured results of absorption on samples with a-Si:H thin film, NW
arrays, and NC arrays as top layer over different angles of incidence
(at wavelength λ ) 488 nm). (d) Simulated value of absorption on
samples with a-Si:H thin film, NW arrays, and NC arrays as a top
layer over different angles of incidence (at wavelength λ ) 488
nm).
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through a gradual reduction of the effective refractive index.
Because of the suppressed reflection, the absorption is greatly
improved over a large range of wavelengths and angles of
incidence.

The outline of the fabrication process for a-Si:H nano-
structures is shown in Figure 1, panels a-d. A 1 µm thick
a-Si:H film (Figure 1a) was grown by hot wire chemical
vapor deposition (HWCVD) on an indium-tin-oxide (ITO)
coated glass substrate. The Langmuir-Blodgett method was
used to assemble silica nanoparticles (NPs) into a close-
packed monolayer on top of an a-Si:H thin film. These silica
nanoparticles (Figure 1b) were then used as an etch-mask
during a chlorine-based reactive ion etching (RIE) process,
since the etching rate of silica is much lower than that of
a-Si:H. Either NWs (Figure 1c) or NCs (Figure 1d) can be
obtained, depending on the reactive ion etching conditions.18

The details of the etching conditions can be found else-
where.18 Panels e-g of Figure 1 show an effective refractive
index profile calculated by averaging the refractive indices
of air (n ) 1) and a-Si:H (n ) 4.23) weighted by volume at
the interface between air and an a-Si:H thin film (Figure 1e),
between air and a-Si:H NW arrays (Figure 1f), and between
air and a-Si:H NC arrays (Figure 1g). The effective refractive
index changes immediately from 4.23 to 1 across the flat
film interface (Figure 1e), which causes the reflection of light.
For a-Si:H NW arrays (Figure 1f), the refractive index of
the a-Si:H NW array depends on the density of the NWs,
but they always provide an intermediate refractive index step,
leading to reduced reflection over a broad range of wave-
lengths and angles of incidence. Interestingly for the a-Si:H
NC arrays, the diameter of these NCs shrinks gradually from
the root to the top, resulting in a graded transition of the
effective refractive index. For this reason, we expected the
a-Si:H NC arrays would demonstrate the best antireflective
properties and so the greatest absorption enhancement.

Three samples with a 1 µm thick a-Si:H thin film on top
of ITO-coated glass were selected for the experiment. After
the RIE process, the top layers of the two samples were NW
and NC arrays, respectively. The third sample was left
unprocessed and remained a nontextured a-Si:H thin film

for use as a control. Panels a and b of Figure 2 show scanning
electron microscope (SEM) images of silica nanoparticles
forming a close-packed monolayer on a-Si:H thin film. These
silica nanoparticles had a uniform size of about 500 nm and
were close-packed and display short-range order. Panels c
and d of Figure 2 show SEM images of a-Si:H NW arrays
after RIE. The diameter of each NW was ∼300 nm. Each
nanowire was ∼600 nm long. The silica nanoparticles can
still clearly be seen on the top of each NW. Panels e and f
of Figure 2 show SEM images of a-Si:H NC arrays. Each
NC was also ∼600 nm long. The tip diameter of these NCs
was ∼20 nm, while the base diameter was ∼300 nm. It is
believed that the conical shape is due to the gradual shrinkage
of the size of the silica nanoparticle. After RIE, the silica
nanoparticles were so small that they were no longer
observable on top of NCs.

Figure 1. (a-d) Schematic illustration of 1 µm thick a-Si:H on ITO-coated glass substrate, a monolayer of silica nanoparticles on top of
a-Si:H thin film, NW arrays, and NC arrays. The effective refractive index profiles of the interfaces between air and (e) a-Si:H thin film,
(f) 600 nm a-Si:H NW arrays, and (g) 600 nm a-Si:H NC arrays.

Figure 2. (a, c, e) SEM images in a large area of a monolayer of
silica nanoparticles, a-Si:H NC arrays, and a-Si:H NW arrays,
respectively. (b, d, f) Zoom-in SEM images of silica nanoparticles,
a-Si:H NCs, and a-Si:H NWs, respectively.
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film and NW arrays, the NC arrays provided excellent
impedance matching between a-Si:H and air through a
gradual reduction of the effective refractive index away from
the surface and, therefore, exhibited enhanced absorption due
to superior antireflection properties over a large range of
wavelengths and angles of incidence. These novel a-Si:H
NCs may be suitable for low cost, large area solar cell
devices and other applications which benefit from antire-
flective coatings.

Acknowledgment. Y.C. acknowledges support from U.S.
Department of Energy under the Award Number DE-FG36-

08GOI8004. G.B. was supported by a grant from the global
climate and energy project. J.Z. is a CPN Fellow.

References
(1) Carlson, D. E.; Wronski, C. R. Appl. Phys. Lett. 1976, 28 (11), 671–

673.
(2) Street, R. A. Hydrogenated Amorphous Silicon; Cambridge University

Press: Cambridge, 1991.
(3) Shah, A. V.; Schade, H.; Vanecek, M.; Meier, J.; Vallat-Sauvain, E.;

Wyrsch, N.; Kroll, U.; Droz, C.; Bailat, J. Prog. PhotoVoltaics 2004,
12 (2-3), 113–142.

(4) Kayes, B. M.; Lewis, N. S.; Atwater, H. A. J. Appl. Phys. 2005, 97
(11), 114302.

(5) Kelzenberg, M. D.; Turner-Evans, D. B.; Kayes, B. M.; Filler, M. A.;
Putnam, M. C.; Lewis, N. S.; Atwater, H. A. Nano Lett. 2008, 8 (2),
710–714.

(6) Law, M.; Greene, L. E.; Johnson, J. C.; Saykally, R.; Yang, P. Nat.
Mater. 2005, 4 (6), 455–459.

(7) Tian, B.; Zheng, X.; Kempa, T. J.; Fang, Y.; Yu, N.; Yu, G.; Huang,
J.; Lieber, C. M. Nature 2007, 449 (7164), 885–889.

(8) Garnett, E. C.; Yang, P. J. Am. Chem. Soc. 2008, 130 (29), 9224–
9225.

(9) Tsakalakos, L.; Balch, J.; Fronheiser, J.; Korevaar, B. A.; Sulima, O.;
Rand, J. Appl. Phys. Lett. 2007, 91 (23), 233117.

(10) Hu, L.; Chen, G. Nano Lett. 2007, 7 (11), 3249–3252.
(11) Huang, Y.-F.; Chattopadhyay, S.; Jen, Y.-J.; Peng, C.-Y.; Liu, T.-A.;

Hsu, Y.-K.; Pan, C.-L.; Lo, H.-C.; Hsu, C.-H.; Chang, Y.-H.; Lee,
C.-S.; Chen, K.-H.; Chen, L.-C. Nat. Nanotechnol. 2007, 2 (12), 770–
774.

(12) Lee, Y. J.; Ruby, D. S.; Peters, D. W.; McKenzie, B. B.; Hsu, J. W. P.
Nano Lett. 2008, 8 (5), 1501–1505.

(13) Lohmuller, T.; Helgert, M.; Sundermann, M.; Brunner, R.; Spatz, J. P.
Nano Lett. 2008, 8 (5), 1429–1433.

(14) Wei-Lun Min, B. J. P. J. AdV. Mater. 2008, 9999 (9999),
(15) Xi, J. Q.; Schubert, M. F.; Kim, J. K.; Schubert, E. F.; Chen, M.; Lin,

S.-Y.; Liu, W.; Smart, J. A. Nat. Photonics 2007, 1 (3), 176–179.
(16) Yang, Z. P.; Ci, L.; Bur, J. A.; Lin, S. Y.; Ajayan, P. M. Nano Lett.

2008, 8 (2), 446–451.
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Figure 4. (a) Measured value of absorption on samples with a-Si:H
thin film, NW arrays, and NC arrays as top layer over a large range
of wavelengths at normal incidence. (b) Calculated value of
absorption on a-Si:H thin film, NW sample, and NC sample over
a large range of wavelengths at normal incidence.
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Figure 3a shows photographs of three samples: 1 µm thick
a-Si:H thin film (left), NW arrays (middle), and NC arrays
(right) with the same height as the film thickness. The thin
film sample is mirror-like and highly reflective. The sample
with NW arrays reflects less light while the sample with NC
arrays looks black, exhibiting enhanced absorption due to
suppression of reflection from the front surface. From these
pictures it is obvious that, under identical conditions, the
sample with NC arrays absorbed the most light, while the
thin film sample reflected the most light. In order to
quantitatively characterize the absorption of these samples,
we carried out absolute hemispherical measurements with
an integrating sphere (Labsphere). A schematic of this
measurement is shown in Figure 3b. A tungsten lamp coupled
to a monochromator was used for wavelength-dependent
measurement and an argon ion laser with 488 nm wavelength
was used to measure dependence on the angle of incidence.

The sample was mounted at the center of the sphere. The
reflected and transmitted light from the sample was uniformly
scattered by the integrating sphere and collected by a
photodetector. In our measurement, we accounted for all light
reflected from and transmitted through the sample, so this
can be considered a measurement of the absolute absorption.
For a numerical comparison we also solved the Maxwell
equation with rigorous coupled-wave analysis (RCWA)
method.19,20 This frequency-domain method allowed us to
simulate the dispersive materials with tabulated dielectric
constant data from experiments. The dielectric constant for
a-Si:H was taken from a handbook.21 In the simulation, a
plane wave was incident on the periodic nanopatterned a-Si:H
structure. The transmitted and reflected waves were calcu-
lated, from which we derived the absorption of the structures.

The total absorption of three different kinds of samples at
wavelength λ ) 488 nm is shown in Figure 3c for different
angles of incidence. The results of the RCWA calculations
are shown in Figure 3d. For the reasons we explained above,
the sample with NC arrays demonstrated the highest absorp-
tion. The measured absorption of the NC sample is 98.4%
around normal incidence, which agrees well with the
calculated value of 97.8%. The high absorption of the NC
arrays (∼98%) presents a significant advantage over NW
arrays (85%) and thin film (75%). As the angle of incidence
increased, the total absorption decreased as total reflection
increased for all the three samples, although in all cases the
NC arrays showed significantly higher absorption than the
NW arrays, which showed higher absorption than the thin
film. At angles of incidence up to 60°, the total absorption
was maintained above 90% for the NCs. This value of 90%
absorption for the NCs compares favorably with 70% for
the NWs and 45% for thin film. In general the simulation
agrees well with our experimental data over a wide range of
angles. At incident angles close to normal, small differences
exist between the measured and the calculated values, and
there appears to be fluctuations of the measured value for
thin film and NWs. This is because, at normal incidence,
some of the reflected light could escape through the port
where the laser beam entered. Differences in the samples’
surface roughness also contributed to the difference between
experimental and simulated data.

The absorption measurement was carried out over a broad
range of wavelengths (400-800 nm), which cover most of the
spectrum that is useful for a-Si:H solar cells. The measured
results are summarized in Figure 4a, and the calculated results
are shown in Figure 4b. Between 400 and 650 nm, the
absorption of the NC arrays was maintained above 93%,
which is much better than the NW arrays (75%) and thin
film (64%). The measured total absorption decreased to 88%
at 700 nm, which corresponds to the a-Si:H band gap (1.75
eV), also better than NWs (70%) and thin films (53%). The
experimental data match with simulation very well (Figure
4b). The small difference between experiment and theory
near the 700 nm is mainly due to the lack of accurate
parameters for simulation near the band gap of a-Si:H.

In summary, we fabricated a-Si:H NWs and NCs using a
scalable and IC-compatible process. Compared with flat thin

Figure 3. (a) Photographs of a-Si:H thin film (left), NW arrays
(middle), and NC arrays (right). (b) Schematic illustration of
hemispherical measurement using an integrating sphere (c) Mea-
sured results of absorption on samples with a-Si:H thin film, NW
arrays, and NC arrays as top layer over different angles of incidence
(at wavelength λ ) 488 nm). (d) Simulated value of absorption on
samples with a-Si:H thin film, NW arrays, and NC arrays as a top
layer over different angles of incidence (at wavelength λ ) 488
nm).
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through a gradual reduction of the effective refractive index.
Because of the suppressed reflection, the absorption is greatly
improved over a large range of wavelengths and angles of
incidence.

The outline of the fabrication process for a-Si:H nano-
structures is shown in Figure 1, panels a-d. A 1 µm thick
a-Si:H film (Figure 1a) was grown by hot wire chemical
vapor deposition (HWCVD) on an indium-tin-oxide (ITO)
coated glass substrate. The Langmuir-Blodgett method was
used to assemble silica nanoparticles (NPs) into a close-
packed monolayer on top of an a-Si:H thin film. These silica
nanoparticles (Figure 1b) were then used as an etch-mask
during a chlorine-based reactive ion etching (RIE) process,
since the etching rate of silica is much lower than that of
a-Si:H. Either NWs (Figure 1c) or NCs (Figure 1d) can be
obtained, depending on the reactive ion etching conditions.18

The details of the etching conditions can be found else-
where.18 Panels e-g of Figure 1 show an effective refractive
index profile calculated by averaging the refractive indices
of air (n ) 1) and a-Si:H (n ) 4.23) weighted by volume at
the interface between air and an a-Si:H thin film (Figure 1e),
between air and a-Si:H NW arrays (Figure 1f), and between
air and a-Si:H NC arrays (Figure 1g). The effective refractive
index changes immediately from 4.23 to 1 across the flat
film interface (Figure 1e), which causes the reflection of light.
For a-Si:H NW arrays (Figure 1f), the refractive index of
the a-Si:H NW array depends on the density of the NWs,
but they always provide an intermediate refractive index step,
leading to reduced reflection over a broad range of wave-
lengths and angles of incidence. Interestingly for the a-Si:H
NC arrays, the diameter of these NCs shrinks gradually from
the root to the top, resulting in a graded transition of the
effective refractive index. For this reason, we expected the
a-Si:H NC arrays would demonstrate the best antireflective
properties and so the greatest absorption enhancement.

Three samples with a 1 µm thick a-Si:H thin film on top
of ITO-coated glass were selected for the experiment. After
the RIE process, the top layers of the two samples were NW
and NC arrays, respectively. The third sample was left
unprocessed and remained a nontextured a-Si:H thin film

for use as a control. Panels a and b of Figure 2 show scanning
electron microscope (SEM) images of silica nanoparticles
forming a close-packed monolayer on a-Si:H thin film. These
silica nanoparticles had a uniform size of about 500 nm and
were close-packed and display short-range order. Panels c
and d of Figure 2 show SEM images of a-Si:H NW arrays
after RIE. The diameter of each NW was ∼300 nm. Each
nanowire was ∼600 nm long. The silica nanoparticles can
still clearly be seen on the top of each NW. Panels e and f
of Figure 2 show SEM images of a-Si:H NC arrays. Each
NC was also ∼600 nm long. The tip diameter of these NCs
was ∼20 nm, while the base diameter was ∼300 nm. It is
believed that the conical shape is due to the gradual shrinkage
of the size of the silica nanoparticle. After RIE, the silica
nanoparticles were so small that they were no longer
observable on top of NCs.

Figure 1. (a-d) Schematic illustration of 1 µm thick a-Si:H on ITO-coated glass substrate, a monolayer of silica nanoparticles on top of
a-Si:H thin film, NW arrays, and NC arrays. The effective refractive index profiles of the interfaces between air and (e) a-Si:H thin film,
(f) 600 nm a-Si:H NW arrays, and (g) 600 nm a-Si:H NC arrays.

Figure 2. (a, c, e) SEM images in a large area of a monolayer of
silica nanoparticles, a-Si:H NC arrays, and a-Si:H NW arrays,
respectively. (b, d, f) Zoom-in SEM images of silica nanoparticles,
a-Si:H NCs, and a-Si:H NWs, respectively.
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film and NW arrays, the NC arrays provided excellent
impedance matching between a-Si:H and air through a
gradual reduction of the effective refractive index away from
the surface and, therefore, exhibited enhanced absorption due
to superior antireflection properties over a large range of
wavelengths and angles of incidence. These novel a-Si:H
NCs may be suitable for low cost, large area solar cell
devices and other applications which benefit from antire-
flective coatings.
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Figure 4. (a) Measured value of absorption on samples with a-Si:H
thin film, NW arrays, and NC arrays as top layer over a large range
of wavelengths at normal incidence. (b) Calculated value of
absorption on a-Si:H thin film, NW sample, and NC sample over
a large range of wavelengths at normal incidence.
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performance limited by thickness, roughness, dielectric properties
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PROPOSED STRUCTURE: modified asymmetric Fabry-Perot cavity with one reflecting side 
comprising a plasmonic structure embedded in a dielectric substrate (superstrate) 
!
CLAIM: suppression of reflection over narrow and wide band as well as a multiband frequency; 
dependent or independent of the incident wave polarization; antireflection attained as a very 
wide incidence angle. It works for any dielectric substrate (also highly lossy substrates), and for 
low contrast dielectric layers. It can be integrated.
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TRANSMISSION LINE THEORY

R = 0 ! Zin = ⌘0
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• Au nanoantennas embedded in crystalline Si 
• Superstrate: amorphous Si 
• operational wavelength: 6 microns 
• shape: square patch and square apertures, circular patch
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Figure S-1 – (A) Graph of an impedance !" # $" % &'" of a nanoantenna array buried 
under amorphous Silicon (superstrate) used in AR coating design for a crystalline 
Silicon wafer. The plot shows the nanoantenna resistance (blue) and reactance (red) 
(normalized to the impedance of the superstrate) versus the superstrate thickness 
normalized to optical wave wavelength in superstrate ()/+,. Point - shows 
d/+ # 0.25 where the nanoantenna array has only a resistive response. This situation 
corresponds to the conventional +/4 AR coating.  Correspondingly, for superstrate 
thickness thinner than a quarter of the wavelength		(0.25 5 )/+,, the nanoantenna 
array is inductive, and for superstrate thickness thicker than a quarter of the 
wavelength	(0.25 6 )/+,, the nanoantenna array is capacitive. (B) Graph of the 
nanoantenna impedance on the reflection coefficient plane (Smith Chart). The 
impedance plot in Figure S-1-A is projected on the impedance circle (the red circle) in 
the Smith Chart with point - on the Smith Chart corresponding to dashed-line - on 
the impedance graph. The impedance circle (the red circle) encompasses the origin of 
the Smith Chart for all lossless superstrate. Correspondingly, the upper semicircle 
indicates inductive nanoantenna array impedances and superstrate thicknesses 
smaller than +\4, the lower semicircle indicates capacitive nanoantenna array 
impedances and superstrate thickness larger than +\4. For a given nanoantenna 
impedance, the appropriate thickness of the amorphous Silicon layer (superstrate) can 
be read from the Smith chart by calculating the relative arc length of corresponding 
angle (blue shaded in the graph) to 48. On the Smith Chart, a half a circle arc 
corresponds to quarter wavelength TL.   
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Figure (S-3) Incidence angle Dependency 

 

  

 

  

Figure S-3 – Reflectance of Silicon substrates coated with conventional AR coating and buried 
nanoantenna array versus an incidence angle. High contrast superstrate can be used to reduce 
the reflection at wide incidence angles.  
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