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ABSTRACT: To increase the power conversion efficiency of
solar cells, improved antireflection coatings are needed to
couple light into the cell with minimal parasitic loss. Here, we
present measurements and simulations of an antireflection
coating based on silicon dioxide (SiO,) nanospheres that
improve solar cell absorption by coupling light from free space
into the absorbing layer through excitation of modes within the
nanospheres. The deposited monolayer of nanospheres leads to
a significant increase in light absorption within an underlying
semiconductor on the order of 15—20%. When the periodicity
and spacing between the nanospheres are varied, whispering
gallery-like modes can be excited and tuned throughout the
visible spectrum. The coating was applied to a Si solar cell
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containing a Si;N, antireflection layer, and an additional increase in the spectral current density of ~5% was found. The
fabrication process, involving Meyer rod rolling, is scalable and inexpensive and could enable large-scale manufacturability of
microresonator-based photovoltaics.
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B INTRODUCTION

To date, many methods have been applied to reduce reflection
in photovoltaic (PV) devices, including single- and double-layer
thin-film coatings,lf4 plasmonic effects,””'” Mie resonan-
ces,"®"? dielectric microstructures,”®™*" surface texturing,28
etc. However, most of these antireflection coatings (ARCs)
are manufactured by film deposition techniques such as
chemical vapor deposition (CVD), sputtering, or evaporation
(as well as possible lithography steps), which are costly and
often involve high-temperature environments that are unsuit-
able for certain solar cell technologies. Recently, flexible and
environmentally friendly ARCs based on cellulose materials,
which do not require these vacuum-based or high-temperature
fabrication processes, have been introduced.”?" Nevertheless,
more research on the durability of these coatings is necessary to
determine their applicability as commercial ARCs.

Silicon dioxide (SiO,) nanospheres offer a promising
nanophotonic ARC option due to their light trapping and
scattering properties.”’~>* Further, SiO, nanoscale structures
can overcome most of the above-mentioned difficulties as they
are stable with respect to extreme temperatures and
illumination. Moreover, SiO, is earth abundant. Different
techniques have been used to achieve layers of SiO,
nanospheres on top of photoactive layers on flexible and rigid
substrates, including the Langmuir—Blodgett method,*>*!
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sedimentation,”” and controlled evaporation.”> Despite the
success in obtaining large areas covered with spheres, these
approaches are not generally compatible with roll-to-roll
processes, which are required for most continuous, mass
production approaches.

The Meyer rod rolling technique has been used to deposit
solution-based nanomaterials (i.e., graphene,* silver nano-
wires,” and carbon nanotubes™) on a variety of mechanical
supports, including plastics, wafers, and glasses, enabling
coatings for flexible electronics and energy storage devices.
Here, we use the Meyer rod rolling technique with an aqueous
solution containing SiO, nanospheres and demonstrate that
optical modes can be excited from incident illumination and
lead to increased photocurrent in an underlying solar cell.

B RESULTS AND DISCUSSION

We present an effective and potentially scalable ARC for PV
based on SiO, dielectric nanospheres deposited by the Meyer
rod rolling technique, which produces broadband absorptivity
enhancement of >15% when applied to Si solar cells. The
highly periodic configuration of the SiO, nanospheres leads to
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(b)

Figure 1. (a—c) Photographs depicting the fabrication steps for the SiO, dielectric nanosphere coating on top of a c-Si wafer. A Meyer rod is pulled
along the surface of a Si wafer with a droplet of suspension containing SiO, nanospheres. The sample is then submitted to a mild annealing
treatment at SO °C for 1 min for water evaporation. (d) SEM image showing one monolayer of SiO, nanospheres on a Si substrate.
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Figure 2. Contour plots showing (a and c) experimental and (b and d) simulated absorptivity as a function of both wavelength (4 = 400—1000 nm)
and angle of incidence (6 = 0—65°) of incoming light for (a and b) a bare Si wafer and (c and d) a Si wafer with a close-packed monolayer of SiO,
nanospheres. All calculations are based on the FDTD method. There is no experimental data for incident angles <10° due to geometric constraints
that are typical to integrating sphere systems. (e) Electric field profiles for data points numbered 1—S5 in panels c and d are shown for each incident
polarization. Illumination angle is defined as the angle between the surface normal and the direction of incident light.

the excitation of particular optical modes within the structure,
which produces distinct electric field distributions that strongly
indicate the presence of whispering gallery-like modes within
the nanospheres.

Here, we employ a water-based process to assemble a
monolayer of SiO, nanospheres on a substrate by the Meyer
rod rolling technique, which produces close-packed arrays with
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high-density coverage. To generate a close-packed monolayer
of SiO, nanospheres, a surfactant (Zonyl) is added to the
nanosphere suspension to prevent aggregation. The suspension
containing nanospheres is then spread on the top of a
semiconducting substrate, and a dense monolayer of SiO,
nanospheres assembles during the drying process (see the
Methods Section for details). Figures la—c shows the steps
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required to obtain a close-packed monolayer of spheres with
diameters of 500 nm and a coverage area of ~67%, as shown in
Figure 1d and discussed in the Supporting Information. This
coverage can be improved through further optimization of the
coating technique; however, the achieved coverage is sufficient
to demonstrate the optical resonances, as presented later in the
article.

The SiO, nanosphere ARC results in increased absorption
throughout the solar spectrum, as determined from experi-
ments (Figure 2). An integrating sphere and monochromatic
light were used to measure the absorptivity as a function of
angle of incidence (6 = 10—65°) and wavelength (1 = 400—
1000 nm) for both a bare Si reference wafer (Figure 2a) and a
Si wafer with the nanosphere ARC (Figure 2c). The addition of
the SiO, nanosphere layer leads to both broadband and
narrowband absorption enhancements throughout the visible
spectrum that vary with incident wavelength and illumination
angle from the surface normal. One simple explanation for the
increased absorption is that the spheres constitute a new thin-
film layer that acts as an antireflection coating whose index of
refraction varies with thickness based on the weighted-average
of the index at each distance from the Si slab’s surface
(Supporting Information). This explanation accounts for the
two broadband absorption enhancement regions that occur at
~500 and ~750 nm at normal incidence and shift to slightly
shorter wavelengths for larger incident angles (Figure S1).

However, additional narrowband peaks (e.g., the absorption
peak that occurs at ~600 nm in the experimental data for an
incident angle of 10°, which shifts to longer wavelengths at
higher angles) cannot be explained by this simple model. To
better understand the origins of the narrowband resonances,
simulations were performed using the finite-difference time-
domain (FDTD) method, and contour plots of absorption were
obtained (as a function of incident illumination wavelength and
angle) for a thick Si slab with and without the nanosphere
coating (Figures 2b and d). Simulations are performed for both
polarizations to match the unpolarized light from the
experiment. The simulations accurately describe the exper-
imental data, including the absence of any sharp resonances for
the bare Si. Figure 2d shows the calculated absorption in a Si
slab with a close-packed layer of SiO, spheres, which is in good
agreement with the experimental data shown in Figure 2c. In
addition to the broadband absorption regions discussed above,
the nanosphere coating also leads to regions with narrowband
absorption, highlighted by white ellipses in Figures 2¢ and d.

Electric field intensities for each incident polarization
(transverse magnetic (TM) and transverse electric (TE)) are
displayed in Figure 2e for each numbered point in Figures 2¢
and d. The electric field profile of the TM incident light at point
4 (A = 573 nm at normal incidence) strongly suggests the
excitation of whispering gallery-like modes inside the
sphere,”"** as confirmed by the field intensity profile (Figure
2e). These modes couple with each other, most likely due to
the close proximity of the spheres, which allows for light
scattering from one to another, ultimately leading to a
significant increase in the electric field strength within the
periodic array of nanospheres.”’~** These enhanced fields then
couple into the high-index absorbing materlal (Si wafer),
leading to increased absorption in the Si.*’

For an isolated SiO, nanosphere surrounded by an isotropic
medium, we can describe the whispering gallery modes as
electromagnetic modes with azimuthal variations, which are
typically referred to as transverse electric or transverse magnetic

depending on whether the electric or magnetic field is in the
radial direction.”> For an array of nanospheres above a
substrate, we have asymmetries due to both the substrate and
the adjacent spheres; however, for particular wavelengths, the
field profiles resemble the fields of the whispering gallery
modes of isolated spheres. For this reason, we refer to these
resonances as whispering gallery-like modes.

To determine whether whispering gallery-like modes in each
SiO, nanosphere actually couple into the Si absorbing layer, we
probed the electric field intensity just inside the Si absorber.
Figures 3a and b show the field intensity from normal incidence
illumination at resonances 1 (4 = 455 nm) and 4 (4 = 573 nm),
and Figure 3c shows the field intensity off resonance (4 = 600
nm). Resonances 1 and 4 (shown in Figure 2e) are not
accessible with the experiment because they occur at normal
incidence, but these resonances show a focusing effect (Figures
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Figure 3. Electric field profiles at resonances resulting from
illumination at (a) 4 = 455 nm and (b) A = 573 nm. High fields are
observed inside the SiO, nanosphere which couple into the Si
substrate. Lateral field profiles at the top of the Si substrate (blue solid
line) and SO nm below the interface (blue dotted line) show increased
intensities within the Si for the resonant wavelengths (4SS and 573
nm). (c) Electric field profiles for off-resonance illumination (4 = 600
nm), where no specific, strong field enhancements are observed. (d)
Calculated spectral current density from two different structures: a
bare Si cell (black) and a cell with close-packed SiO, nanospheres on
top (blue). Enhancements in the spectral current density are observed
at the wavelengths of 455 and 573 nm, and no enhancement is found
at a wavelength of 600 nm.
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3a and b, left) that leads to increased semiconductor
absorption. Figure 3b shows a whispering gallery-like mode
with two high-intensity lobes, one on each side of the sphere,
similar to the profile of the whispering gallery mode of an
isolated sphere in an isotropic surrounding.”’ The electric field
intensities both at the interface (blue solid line) and 50 nm
below (blue dotted line) at resonances are much stronger than
that of off-resonance excitation (Figure 3c, 4 = 600 nm). As the
index contrast between a nanostructure supporting a
whispering gallery mode (e.g, nanosphere, nanodisk, nano-
cylinder, etc.) and its surrounding medium becomes larger,
stronger optical mode confinement occurs within the
nanostructure.** In our case, SiO, nanospheres are surrounded
by air from above, and significant energy is captured inside the
spheres. However, the light eventually leaks into the high-index
absorbing substrate (i.e, Si wafer) beneath it, where it is
absorbed due to evanescent coupling between the excited
modes within nanostructures and the supporting structure (e.g.,
high-index absorbing substrate).***

To test the effect of the SiO, monolayer ARC on an
optoelectronic device, we simulate the expected spectral current
density of a solar cell with this coating (Figure 3d). To
determine how much the current density is increased, the
AML1.5G solar spectrum-weighted current density (J) was
calculated for the cases with and without SiO, nanospheres
atop the substrate (Figure 3d). The total current density was
calculated based on the following expression:

J= 4 [$Gq(ar

where g is the electron charge, S(4) is the AML.SG solar
intensity per unit wavelength, and nEQE(/l) is the external
quantum efficiency (EQE) of the device. For this calculation,
Neqe(4) is given by the absorptivity within the Si substrate
assuming perfect internal quantum efficiency (IQE) for the
wavelengths of interest in our calculation for simplicity. Figure
3d shows the calculated spectrally resolved current density. The
absorptivity enhancement due to the previously described
resonances (A = 455 and 573 nm, Figures 3a and b) results in
higher spectral current density. For a bare Si cell (black line),
the total integrated current density (from A = 400 nm to the
bandgap of Si, 4 = 1100 nm) is 27.71 mA/cm?® With the
addition of the close-packed SiO, nanosphere coating, the
spectral current density (blue line) increases to 29.75 mA/cm?,
a ~ 7.4% improvement over that of a bare cell. As expected, the
spectral current density at 4 = 600 nm (off-resonance, Figure
3c) is much lower than the current density at either of the
resonant peaks. Thus, we expect that this new ARC, yielding a
high absorptivity enhancement, can significantly increase
photogenerated current for optoelectronic devices.

Various applications require minimized reflection at partic-
ular wavelengths, which necessitates tuning the resonance of
the nanostructures decorating the surface of the optoelectronic
device in question. This tuning can be achieved by varying the
spacing between the spheres (Figure 4a) or the diameter of the
spheres (Figure 4b). As expected, increasing either the diameter
or spacing between the spheres leads to a redshift of the
resonances. Three particular resonances are emphasized in
Figure 4, corresponding to resonances 1, 2, and 4 from Figure
2. The redshift is more pronounced as the diameter of the
sphere is increased compared to that when an air-gap spacing
layer is added to the lattice because the electric field experiences
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Figure 4. Reflectance as a function of wavelength for a monolayer of
SiO, spheres on a Si substrate showing the reflectance variation due to
(a) the spacing between the 500 nm diameter spheres and (b) the
sphere diameter in a close-packed configuration. The three resonances
(assigned as 1, 2, and 4) correspond to the resonances that occur at
the normal incidence shown in Figure 2. The dashed lines are guides
to the eye. All calculations are based on the FDTD method.

a higher effective index of refraction, resulting in a larger
periodicity for electromagnetic waves within the layer.

To investigate the optical resonances in more detail
experimentally, we measured the reflectance on the microscale
regime using an upright optical microscope (Figure Sa). For
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Figure S. (a, left) Microscopic reflectance measurements and
simulations for a set of close-packed SiO, nanospheres. (a, right)
Representative optical images of three close-packed clusters under
illumination. (b, left) Macroscopic reflectance measurements and
simulations corresponding to an angle of incidence of 10° with respect
to the normal. Measurements were performed using an integrating
sphere and calculations were performed using the FDTD method. (b,
right) SEM image showing SiO, nanospheres on top of a Si wafer
where the measurements were performed.
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this measurement, regions containing only close-packed SiO,
nanospheres were selected. Three representative areas are
shown in Figure Sa, where each hexagonal pattern shows
illumination of seven close-packed SiO, nanospheres. For
normally incident light at 4 = 573 nm, one would expect
excitation of a whispering gallery-like mode and reduced
reflection; however, Figure Sa instead shows a peak in the
reflectance near this wavelength. This peak is caused by an
angle averaging effect of the numerical aperture of the objective
lens (NA = 0.75, corresponding to an acceptance angle of
~30°). As shown in Figure 2d, as the incident angle of
illumination is increased from 0° to 30° the resonance that
occurs at A = §73 nm is split (there is a red-shifted and a blue-
shifted branch). FDTD simulations show that the weighted
average of the reflectance over this angular region agrees well
with the experimental results obtained via microscopic
reflectance measurements (Figure 5a). For comparison, Figure
Sb shows a macroscopic measurement of the reflectance
obtained using an integrating sphere with a spot size of ~0.5
cm’ at an incident angle of 10°. The relatively flat response is
an effect of averaging over the resonances as a result of variation
in sphere diameter, spacing, and periodicity/randomization, as
seen in the SEM image (Figure Sb, right). Despite this
averaging effect, simulations of the reflectance for a close-
packed array of 500 nm diameter spheres illuminated at an
incident angle of 10° describe the measurements well (Figure
Sb, left). A weighted average of the reflectivity resulting from
different sphere sizes based on SEM images results in a further
flatting of the optical response (see Figure S3).

We performed local photocurrent measurements using a
standard multicrystalline Si solar cell with a 75 nm thin-film
silicon nitride (Si;N,) antireflection layer with and without the
addition of the nanosphere coating (Figure 6). Light from a
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Figure 6. (a) Calculated absorptivity and (b) measured photocurrent
enhancement resulting from the addition of a close-packed SiO,
nanosphere coating to a planar Si solar cell that already contains a
75 nm SizN, ARC. Inset shows the calculated electric field profile at A
= 4SS nm, which is similar to resonance 1 in Figure 2. A photocurrent
enhancement of up to ~5% was measured. (c) SEM image showing
three representative, close-packed regions where the measurements
shown in panel b were performed.

supercontinuum laser was coupled into the scanning optical
microscope to measure photogenerated current from the solar
cell. The measured wavelength-dependent photocurrent of the
device containing the nanosphere coating was normalized to
the photocurrent obtained for the device without the coating.
The average photocurrent enhancement obtained for three
different regions with close-packed spheres is shown in Figure
6b. The measurement was compared with the calculated

absorptivity enhancement based on FDTD simulations (Figure
6a). A peak in the calculated absorption and the measured
photocurrent was found at A = 455 nm. This peak corresponds
to a resonance similar to that of resonance 1 (Figure 2d) for a
SiO, array directly atop Si, whereas for the device in Figure 6,
there is an additional Si;N, coating. This resonance persists
even though the incident illumination contains a range of
angles (0—30°). The measured and calculated enhancements
are found to be in good agreement. Figure 6¢ shows a SEM
image of the closely packed nanosphere coating, indicating
areas where the measurements were performed.

B CONCLUSIONS

In conclusion, we developed SiO, dielectric nanosphere ARCs
that improve light absorptivity within a semiconducting slab
and ultimately increase the power conversion efficiency of solar
cells by exploiting various optical resonances. A combination of
optical simulations and experimental measurements were
performed and compared, which enable insights into the
excited modes. Photocurrent measurements for a Si solar cell
were also presented, and the results illustrate how the excitation
of individual modes can improve the optoelectronic properties
of solar cells. Because the layer of SiO, nanospheres can be
made with an easy, inexpensive, and scalable process, this type
of ARC is an excellent new candidate for replacing conventional
ARC technologies that are unsuitable for certain photovoltaic
technologies.

B METHODS

Deposition of SiO, Nanospheres. A monolayer of SiO,
nanospheres was deposited on Si using the Meyer rod rolling
technique with a 0.46 mm (0.018 in) wire wound rod (no. 18 wire
wound rod, RD Specialties, Inc.). A surfactant (Zonyl) was added to
the SiO, nanosphere suspension to prevent sphere agglomeration,
resulting in a suspension with sphere concentration of ~0.1%. The
coated sample was subjected to a mild annealing treatment at 50 °C
for 1 min on a hot plate to evaporate the water.

Optical Measurements. For the macroscale reflection measure-
ments, a 150 W xenon arc lamp (#6255, Newport Corp.) was coupled
into a monochromator (500M, SPEX Industries, Inc.), and a 6 in.
integrating sphere (Labsphere) was used. The samples were positioned
in the center of the integrating sphere and rotated for the angle-
dependent measurements using a two-port technique. The reflected
light was collected by one Si photodetector attached at the bottom of
the integrating sphere, while a second one monitored the incident
power. The signal from these detectors were measured using a DSP
lock-in amplifier (SR830, Stanford Research Systems). Error in the
measurement technique was determined at wavelengths of interest
(400—1100 nm) to be <1%.*¢

For the microscopic reflection measurements, a tungsten halogen
white light source (BPS101, BWTEK Inc.) was connected to a
confocal optical microscope via a multimode optical fiber. The
reflection signal was recorded by a CCD camera (DV401-BV, WiTec).
The reflection spectrum shown in Figure Sa is the average of 9
measurements for different regions of the sample with close-packed
SiO, nanospheres, recorded with an integration time of 0.2 s per frame
and an average over 100 frames.

Simulations of Optical Response. The FDTD method was used
to simulate the optical response of the dielectric spheres (Lumerical
FDTD Solutions). We assumed close-packed SiO, nanospheres on a
Si substrate, and the absorptivity of the Si substrate was calculated
from its reflection. We applied periodic boundary conditions
horizontally within the simulated volume (or a Bloch boundary
condition when a plane wave source was propagating at an angle) to
simulate a periodic structure, and a perfectly matched layer boundary
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condition was used at the bottom of a Si substrate. Optical constants
required for simulations were obtained from ref 47.

Optoelectronic Response Measurements. A confocal optical
microscope was used for the photocurrent measurements, and a 100X
objective lens was used as the local source of excitation (with NA =
0.75). The illumination source originated from a supercontinuum laser
that was fiber-coupled to the microscope. Because the tunable laser has
a nonuniform power spectrum, all measurements were normalized to
the incident power for each wavelength.
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