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The influence of electromagnetic scattering by Au and silica nanoparticles placed atop silicon
photovoltaic devices on absorption and photocurrent generation has been investigated. The
nanoparticles produce substantial increases in power transmission into the semiconductor and
consequently photocurrent response from ⬃500 to⬎ 1000 nm. Increases in power conversion
efficiency under simulated solar irradiation of up to 8.8% are observed experimentally, and
numerical simulations provide quantitatively accurate predictions of these observed enhancements.
Additional simulations indicate that these concepts can be applied to a broad range of photovoltaic
device structures, including those based on low-index materials for which conventional
antireflection coatings are problematic. © 2008 American Institute of Physics.
关DOI: 10.1063/1.2957980兴
Commercially available crystalline Si solar cells, which
currently dominate the photovoltaics market, typically possess power conversion efficiencies 共兲 in the range of
10–20%.1,2 As potential routes to improving  in photovoltaic devices generally, and hence the economic viability of
solar power systems, there is extensive interest in light trapping and manipulation techniques including antireflection
coatings 共ARCs兲, surface texturing, increasing the optical
path length for thin photovoltaic films,1,2 and optical absorption enhancement via scattering from metallic or dielectric
nanoparticles.3–8 With respect to structures incorporating
metal nanoparticles, several references have demonstrated
measurable photocurrent enhancement for silicon-oninsulator photodiode structures,3,4 hydrogenated amorphous
Si thin film cells,5 and crystalline Si p-n photodiodes.6–8 It
has been noted that a distinct advantage of nanoparticle scattering is that there is little to no detrimental effect on the
electrical properties at the semiconductor surface.3,4
In this letter we demonstrate and analyze enhancement
of optical absorption in the active semiconductor region of
crystalline Si photovoltaic devices using either metallic or
dielectric nanoparticles that scatter incident light in a manner
favorable for photocurrent generation. By engineering the
size, shape, and concentration of nanoparticles, transmission
of light into the semiconductor can be enhanced via scattering that occurs preferentially in the forward direction. Scattering by metallic nanoparticles is strongly influenced by localized surface plasmon resonances,9 leading to effects that
can either increase or suppress optical absorption in the
semiconducting substrate.5–8 Dielectric nanoparticles, however, have no plasmon resonance and exhibit a less pronounced effect over a larger range of wavelengths. Mie scattering theory encompasses both the scattering and plasmonic
resonance behavior of such particles and provides an accurate basis to help predict the enhancement in  via light
scattering.9 Numerical simulations combined with experimental measurements for commercial grade crystalline Si soa兲
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lar cell devices are employed to demonstrate substantial enhancements in both photocurrent response and photovoltaic
power conversion efficiency, elucidate the origins of the observed behavior, and assess merits of silica and metal
nanoparticle-based scattering in general as a means of performance improvement in photovoltaics.
The device structures in our experiments consisted of
commercially available n+ / p crystalline Si solar cells with
front side surface texturing obtained from Silicon Solar, Inc.
The pre-existing ARC and metal contacts were chemically
stripped using first HF and then HCl: HNO3. New contacts
were fabricated using photolithography and lift-off with an
active area for each of approximately 1 cm2. 100 nm diameter Au or 150 nm diameter silica nanoparticles 共nanoComposix, Inc.兲 were deposited on fabricated devices from solutions containing colloidal Au or silica nanoparticles at
concentrations between 1 ⫻ 1010 and 2 ⫻ 1011 ml−1. To improve particle adhesion, samples were first drop coated with
poly-l-lysine for 3 min, then rinsed in de-ionized water and
blown dry with nitrogen. The colloidal particle solution was
also drop coated onto the sample and maintained in a humid
environment for 15– 120 min, yielding particle concentrations ranging from 4 ⫻ 108 to 2 ⫻ 109 cm−2 with negligible
particle clustering. Figure 1 shows both a schematic of the
experimental geometry employed and a scanning electron
micrograph of Au nanoparticles deposited onto a device from
which the particle concentration and absence of clustering
can be confirmed.
To measure the photocurrent response, samples were illuminated at normal incidence using a 100 W tungstenhalogen lamp and a 1200 groove/ mm grating monochromator, providing monochromatic light at wavelengths of
500– 1100 nm. For measurements at wavelengths of 600 nm
and longer, a red filter was employed to eliminate illumination from the second-order diffraction line. For each measurement, the illumination spectrum was obtained using a
50/ 50 beam splitter to direct light to a reference Si photodiode. Current-voltage 共I-V兲 characteristics were obtained, either in the dark or under illumination from a 150 W Newport
Solar Simulator with a global AM 1.5 direct filter, using a
room-temperature probe station and HP 4156A Semiconduc-
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FIG. 1. 共a兲 Schematic of device and experimental geometry, with schematic
representation of forward scattered wave. 共b兲 Scanning electron micrograph
showing Au nanoparticles deposited on device surface at a concentration of
1.4⫻ 109 cm−2 with minimal particle clustering.

tor Parameter Analyzer. I-V measurements of enhanced photocurrent for devices fabricated in the same manner were
reproducible to within ⬃1%.
Numerical simulations using the COMSOL™ finite element simulation software package with the electromagnetics
module were employed to optimize nanoparticle concentration and diameter. For silica nanoparticles, the concentration
was optimized specifically for a particle diameter of 150 nm.
The simulated structures, modeled after experimental devices, consisted of a Au or silica nanoparticle on the surface
of an infinitely thick crystalline Si substrate, using established values10 for the wavelength dependent optical properties of Au, Si, and silica. Different concentrations of nanoparticles were represented by varying the simulation volume
and by employing mirror boundary conditions corresponding
to a periodic square array of particles on the semiconductor
substrate surface.7
Figure 2 shows measured I-V characteristics under AM
1.5 spectrally filtered illumination for devices with either Au
or silica nanoparticles at concentrations of 9.9⫻ 108 and
1.9⫻ 109 cm−2, respectively. Clear increases in Isc are observed in the presence of nanoparticles—with the increases
ranging from approximately 1% to almost 3% for Au nanoparticle concentrations between 4 ⫻ 108 and 2 ⫻ 109 cm−2,
and from 4% to almost 9% for silica nanoparticle concentrations between 1 ⫻ 109 and 3 ⫻ 109 cm−2. An increase in the
short circuit current leads directly to an increase in the power
conversion efficiency  = FFIscVoc / Pin, where FF, Isc, Voc,
and Pin are the fill factor, short circuit current, open circuit
voltage, and input power, respectively. Small, mostly offsetting, changes in the fill factor and maximum power were
observed in the measurements from sample to sample, most
likely due to the nonideal nature of the commercial grade
cells. The measured change in Voc was less than 0.01 V for
all reported samples. Overall, these minimal variations in Voc
suggest that the placement of these concentrations of nano-

FIG. 2. I-V characteristics, under AM 1.5 filtered illumination, for crystalline Si photovoltaic devices, before 共dashed兲 and after 共solid兲 deposition of
共a兲 Au nanoparticles at a density of 9.9⫻ 108 cm−2, or 共b兲 silica nanoparticles at a density of 1.9⫻ 109 cm−2. Enhancements in short circuit current
densities of 2.8% and 8.8% are observed for Au and silica nanoparticles,
respectively.

particles on the photovoltaic device surface influences predominantly Isc and that ⌬ is directly proportional to ⌬Isc.
Figure 3共a兲 shows experimentally observed ratios of
measured photocurrent response spectra for devices on

FIG. 3. 共a兲 Measured photocurrent response as functions of wavelength for
two devices with silica nanoparticles at concentrations of 1.03⫻ 109 cm−2
共dashed兲 and 1.92⫻ 109 cm−2 共solid兲, shown as ratios relative to reference
response of the same devices prior to nanoparticle deposition. 共b兲 Numerically simulated enhancement ratio of the projected short circuit current as a
function of 150 nm silica nanoparticle concentration.
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which silica nanoparticles have been deposited, relative to
those of the same devices prior to nanoparticle deposition.
For Au nanoparticles, the observed photocurrent response
behavior has been analyzed in detail previously7 in terms of
Mie scattering and the phase relationship between the wave
scattered by the nanoparticle and that transmitted directly
across the air-semiconductor interface. Specifically, the forward scattered light is dominated by a dipolar mode and
there can exist, in Mie scattering, a phase mismatch between
the dipolar scattered spherical wave front and the planar incident wave front. The phase mismatch can vary with wavelength and lead to wavelength regimes with either constructive or destructive interference. For metal nanoparticles, this
phase mismatch is amplified near the plasmon resonance and
is closely related to the polarizability of the particle, leading
to a reduction in photocurrent response at short wavelengths.
Dielectric nanoparticles display a much lower phase mismatch across the spectrum of interest, as well as lower losses
compared to the absorptive losses for metal nanoparticles
near the plasmon resonance wavelength. Because this phase
mismatch is very small for silica nanoparticles compared to
that for Au nanoparticles, the observation of photocurrent
enhancement, with silica nanoparticles, persists across the
entire range of wavelengths shown in Fig. 3共a兲. A higher
silica nanoparticle concentration can further increase the enhancement due to the larger number of scattering sites. Figure 3共a兲 compares the wavelength resolved enhancement for
two concentrations of silica nanoparticles, showing a slight
trade-off between the peak photocurrent enhancement and
the range of wavelengths over which the photocurrent is enhanced. Figure 3共b兲 shows the projected photocurrent enhancement ratios from numerical simulations for silica nanoparticle concentrations between 4 ⫻ 108 and 3 ⫻ 109 cm−3.
At wavelengths far from the Au surface plasmon polariton resonance, the phase shifts associated with scattering
from both Au and silica nanoparticles are minimal, and scattered irradiances calculated using classical Mie scattering
theory are comparable.9 For example, scattering in the forward direction at an incident wavelength of 700 nm yields a
scattered irradiance per unit incident irradiance of 1.5
⫻ 10−6 for a 150 nm diameter silica particle and 3.3⫻ 10−7
for a 100 nm diameter Au particle. This is reflected in the
comparable magnitudes of the enhancement in photocurrent
response for Au and silica nanoparticles, at similar concentrations, for wavelengths substantially longer than the Au
surface plasmon polariton wavelength.7 Finally, we note that
integration of the numerically simulated enhancement in
photocurrent response, weighted by the AM 1.5 solar irradiation spectrum, yields values in reasonable quantitative agreement with those observed experimentally. Specifically, experimentally observed enhancements of Isc peaked at 2.8%
using 100 nm diameter Au nanoparticles at 9.9⫻ 108 cm−2
and at 8.8% using 150 nm diameter silica nanoparticles at
1.9⫻ 109 cm−2. Numerical simulations at these concentrations predict Isc enhancements of 1.1% and 11.6% for
100 nm diameter Au and 150 nm diameter silica nanoparticles, respectively.
These concepts are readily extended beyond Si to other
photovoltaic materials. In general, nanoparticles act as a coupling device to scatter incident light both in the forward direction and laterally into thin film optical modes.11,12 While
our demonstrations reported here employ commercially

available crystalline Si solar cells, the universal nature of
Mie scattering with small particles implies that particles of a
wide range of materials can be engineered to increase the
optical transmission of light regardless of the underlying absorbing substrate. For Si solar cells, the resulting increase in
photocurrent is smaller than that achievable with conventional ARC technologies. However, our numerical simulations indicate that nanoparticle-based scattering for light
trapping may be beneficial for lower-index absorbers, such
as organic semiconductors, where traditional antireflection
technologies are difficult to apply. For example, the projected
short circuit current enhancement for silica nanoparticles on
an organic semiconductor poly-3-hexylthiophene substrate at
concentrations of 4 ⫻ 108 and 2 ⫻ 109 cm−2 are 1.87% and
7.86%, respectively. Furthermore, nonabsorbing particles,
such as silica, should scatter light more efficiently within the
AM1.5 spectrum both in the forward direction and into lateral waveguide modes in thin film organic photovoltaic cells
when compared with most metallic nanoparticles.
In summary, nanoparticle scattering experiments combined with numerical electromagnetic simulations have provided a greater understanding of the versatility and limitations of nanoparticle-based scattering for increasing
photovoltaic performance. Isc enhancements up to 2.8% and
8.8% were measured for crystalline Si photovoltaic devices
for Au and silica nanoparticle-based scattering, respectively.
Numerical simulations are able to predict the degree of enhancement and agree well with experimental results. While
optical absorption enhancement via nanoparticle based scattering is probably of limited benefit when compared to currently available ARC technologies for elemental and compound semiconductor substrates with large refractive
indexes, nanoparticle-based scattering may prove useful for
lower-index organic photovoltaics or other novel thin film
absorbers and detectors.
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