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ABSTRACT: Ag nanoparticle arrays, located on the frantear surface of a Si solar cell, can provideative light-
trapping via the excitation of localised surfacagphons. We identify key parameters in engineerargiom Ag
nanoparticle arrays for optimum plasmonic lighppig. We demonstrate that there is an asymmetsgattering
behaviour between particles located on the frodt r@ar of a Si substrate, which we attribute téed#nces in the
driving field at the position of the nanoparticle8pplying the design considerations presentedrepert a relative
photocurrent increase of 27% over the light tragpépectral region for thin c-Si solar cells incagiing a rear-
located self-assembled Ag nanoparticle array, dotisiy the largest reported enhancement due tsnpdaic light

trapping for such cells.
enhancement to 33%.

Inclusion of a detachedrrreflector behind these particles increasesptiocurrent
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1 INTRODUCTION

Recent innovations in solar cell design favour thin
active regions which offer the advantages of inseda
carrier collection efficiency and reduced matedabts.
However, the trade off for these devices is thghth
trapping is necessary to avoid transmission losses
becoming significant. Traditional light-trapping
techniques, such as texturing, rely on geometopaics
to randomise light and employ feature sizes ofaiens
of microns textured in the cell surface. This éasgale
texturing can reduce the quality of the solar cell,
degrading performance, and is not easily achiewed f
thin cells or cells based on materials other than
crystalline Si (c-Si).

Scattering from sub-wavelength metal particles,
which can support localised surface plasmons, leas b
shown to provide light-trapping for different typed
solar cell, without compromising surface quality-gJL
Arrays of metal nanoparticles can be fabricated on
finished solar cells, separated from the semicotmtuc
surface by dielectric spacer layers which can itelu
passivation layers. Incident light excites locadis
surface plasmons resonances in the confined gepofetr
the metal particles, which strongly scatter ligidue to
the high optical density of the semiconducting taye
large fraction of the light is coupled into theiaetregion
of the cell over a broad angular range, effectively
trapping the light in the solar cell.

Nanoparticles located on the front, illuminated
surface of the solar cell have been shown to sggpre
absorption in Si photodiodes at certain wavelen{ihs
This has been attributed to destructive interfezenc
between incident and scattered light in the sutestend
can lead to an overall decrease in photocurrensdtar
cells with good blue response [2, 7]. Locating the
nanoparticles on the rear of the cell ensures shatt
wavelength light is absorbed before reaching thrdgbes
and avoids suppression at these wavelengths, Vamite
wavelength light transmitted at the rear surface is
scattered back into the cell at high angles angptd.
External quantum efficiency enhancements have been
reported for c-Si solar cells with rear located Ag
nanoparticles arrays, at wavelengths where light is

weakly absorbed in Si [4].

The scattering cross-section and the coupling
efficiency (defined as the fraction of light scatig by the
particles that is scattered into the cell) of the
nanoparticles is sensitively dependent on the local
dielectric environment and the geometry and mdtefia
the nanopatrticles [8]. For effective light-trappithese
parameters must be chosen to achieve maximum
nanoparticle scattering cross-section and coupling
efficiency [9]. In particular, strong dipolar staing
resonances are required in the wavelength regiceravh
transmission losses become prevalent for the smhr
under consideration.

In this paper we discuss key parameters in
engineering self-assembled Ag nanoparticle arrays f
optimum plasmonic light-trapping and demonstratat th
tunable light trapping can be achieved using |sedli
surface plasmons in Ag nanoparticles on the fradtthe
rear of thin Si solar cells. We identify, expermtedly
and by numerical calculation, that asymmetry in the
scattering behaviour exists between nanopartioestéd
on the front and rear of a Si substrate. Usingnple
analytical model we establish a clear relationship
between the scattering cross-section and the drifihd
at the nanoparticle. We present results for optseH-
assembled Ag nanoparticles on thin c-Si solar cefs
relative photocurrent increase of 27% is reportegt the
light trapping spectral region, constituting thegkst
reported enhancement due to plasmonic light trapfzin
such cells. Inclusion of a detached rear refleberind
these particles increases the photocurrent enhameam
33%.

2 DESIGN CONSIDERATIONS

In our approach Ag nanoparticles are fabricated by
simple a self-assembly method that is relativelgagh
and compatible with the fabrication of large aredas
cells. Thin Ag layers are deposited by thermal
evaporation followed by a 50 minute anneal in N
atmosphere at 230°C. The Ag films coalesce under
surface tension to produce isolated metal “islands”



These nanoparticles have a “flattened” hemisphlerica
shape which has been shown to couple well with the
substrate [9]. Increasing the thickness of th&aihAg
film deposited results in larger average particiereters
and broader size distributions. Nanoparticle size
factor in determining the strength and wavelengtige
of the nanoparticle scattering resonance. As Hrége
size increases, parasitic absorption decreasesttand
contribution of scattering increases.  However thees
particle size is increased further multipole resmeacan
be excited, which do not couple well with the sténst,
compared to dipolar resonances. Thus the particle
diameter should be chosen to ensure a strong dipola
scattering resonance.

To achieve effective light-trapping for thin Silao
cells the nanoparticle scattering resonance shocéuir
at wavelengths where light is weakly absorbed éSh
The wavelength at which resonance occligg)(can be
tuned to longer wavelengths by increasing the gffec
dielectric constant of the surrounding environmefrthe
particle due to the depolarising effect of the efitiic
medium. This can be achieved by changing theatfe
index of the underlying dielectric spacer layerpt] by
bringing the particle closer to the optically dense
semiconductor material, using thinner spacer layers
between the solar cell surface and the nanopasticle

3 ASSYMETRY IN SCATTERING BEHAVIOUR

Figure 1 shows external quantum efficiency (EQE)
enhancements derived from photocurrent measurements
on 100 um thick bifacial crystalline silicon solar cells
with self-assembled Ag nanoparticles, of average
diameter ~130 nm, on one surface of the cell. ddiks
have different dielectric spacer layer geometrigith

SiO, (Rl = 1.5) and Ti@ (Rl = 2.5) as the uppermost
layer.
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Figure 1: External quantum efficiency enhancements due
to the presence of silver nanoparticles on,la@d SiQ
spacer layers. Results are shown for illuminatiomfthe
front (solid lines) and the rear (broken lines).

Measurements were made with nanoparticles on tme fr
and the rear of each cell and enhancement is etéclias
the EQE with nanoparticles normalised to the EQE
without nanoparticles. The high refractive index
dielectrics red-shift the scattering resonances thaf

nanoparticles to wavelengths at which transmission
losses become prevalent. For particles fabricate@io,
spacer layers, EQE is more than doubled at a wagttie

of 1100 nm, whether particles are illuminated frime
front or the rear, demonstrating the benefits afrtg A,

to wavelengths where light-trapping is needed [4].

It is also clear from Fig. 1 that there are défeces in
the efficiency of the light trapping provided by
nanoparticles located on the front and the rear.
Suppression at shorter wavelengths below resonzarce
be observed in all cases for front located nanapest
which is not seen for rear located nanoparticles as
expected. However, we observe additional asymnietry
the light-trapping provided as front located nantipkes
perform better above wavelengths of 920 nm, where
transmission losses exceed 10% for these Si ¢eils||
dielectric spacer layer geometries shown. Figusbdws
that this effect is dependent on the dielectricngety
and is more pronounced in the Si&se.

To investigate the difference in scattering bebawi
between front and rear located nanoparticles, we us
FDTD simulations to calculate the scattering cross-
section (Qca), and the coupling efficiency {9, defined
as the fraction of scattered light scattered irfte Si
substrate, of a 100 nm diameter, 50 nm tall Ag ,disk
separated from a semi-infinite Si substrate by,Si@acer
layers of 5, 10 and 40 nm [10]. These two quatitive
a good measure of the effectiveness of the ligigpting
provided by the nanoparticle [9]. Although
experimentally nanoparticles of roughly hemisphadric
shape are observed, we chose a symmetrical diglesha
for our investigation to exclude possible effectsloape
asymmetry.
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Figure 2: Calculated scattering cross sectionfand
coupling efficiency (Eys inset) of a disk shaped
nanoparticle on the front (crosses) and rear @sjcdf a
Si substrate for different spacer layer thicknesgeés 10
and 40 nm.

Figure 2 shows the calculated.Qand, inset, kns The
normalised scattering cross-section at resonance,
QscalMsp), is Observed to shift to longer wavelengths as
the SiQ layers become thinner. This is due to the
increasing overlap of the particle near-field vitle high-
index Si substrate; the effective dielectric constf the
local dielectric environment increases as the spager
thickness reduces red-shiftiirg,. The increased overlap



of the near-field with the substrate also causes th
coupling efficiency to increase as the layers bexom
thinner. The inset shows that,f converges to values
as high as 90% for the thinnest layers at longer
wavelengths, in agreement with previous work ork-dis
shaped nanoparticles placed close to the sub§djate

Figure 2 shows that the magnitude of. Q)
depends on the particle locatiorzor particles on the
front QucafAsp) = 6.3 for the 40 nm spacer layer, reducing
t0 QscaAsp) = 2.2 for the thinner spacer layers of 5 and
10 nm. Conversely, for particles on the regfQsp) =
3.8 for the thinnest spacer layer of 5 nm and reduo a
value of 1.7 for the thicker 40 nm case. No sigaiit
difference in ks is observed between simulations of
front and rear located nanoparticles. From thesalts it
is clear that for a given spacer layer thicknessstrength
of the scattering cross-section, and hence thet-ligh
trapping provided by the nanoparticles, is dependen
the location of the nanoparticles.

We attribute these differences in scattering cross
section magnitude to differences in the intensitythe
electric field driving the localised surface plasmo
resonance[10].

4  OPTIMISING SELF-ASSEMBLED AG
NANOPARTICLE ARRAYS FOR LIGHT-TRAPPING

Applying the design principles discussed previously
we present results for optimal self-assembled Ag
nanoparticles, providing light-trapping for thinS¢-solar
cells [11].

External quantum efficiency measurements were
performed on 22um thick, bifacial c-Si solar cells, with a
double dielectric structure of 10 nm of thermalhpwn
SiO, and 8 nm of low pressure chemical vapour
deposited SN, on both front and rear surfaces of the
cells.

Nanoparticles were fabricated on the rear of this ce
to avoid suppression at short wavelengths. Thisvaid
us to optimise the particles for light-trapping atal
incorporate a single layer anti-reflection coat{#RC)
to ensure low reflectance losses at the front sarfaEor
the ARC we used 82 nm of atmospheric pressure
chemical vapour deposited (APCVD) TiQleposited at
200°C, with a refractive index of 2.1 at a wavelangt
630 nm. The scattering resonance of the nanopesticl
was tuned to long wavelengths, near the band efi§é o
(1180 nm), by over-coating the particles with 89 am
APCVD TiO, (RI = 2.1). This ensured that the dielectric
spacer layers isolating the particles from the &ienkept
thin, keeping the particles close to the Si intefdao
ensure good coupling while maintaining electrical
passivation of the Si surface. A detached Aganiwas
incorporated behind the nanoparticles at the réahe
cells to provide multiple scattering opportunitfes light
that is not initially scattered by the nanopartdieto the
substrate.

The short circuit current density at each wavelengt
(JdA)) for a cell illuminated with the AM1.5g spectrum
is calculated from the experimentally measured EQE
multiplied by the number of photons at each wawgtien
and the charge of an electron. Since the nancfestare
located on the rear of the cells they only affewbrs
circuit current in the wavelength region where ligbt is
weakly absorbed. In order to quantify the effetctie

nanoparticles on ¢J) we define the light-trapping
spectral region, from the wavelength at which
transmission losses exceed 5% for @2 of Si, to the
absorption edge for single photon absorption i§7SD-
1180 nm).

Figure 4 shows J\) for optimised, rear located
nanoparticle arrays on the rear of thin c-Si salelts
with (crosses) and without (circles) a detachedr rea
reflector present, behind the nanopatrticles, atrélae of
the cell. For reference, we show the same cel witly
an ARC coating (dashed line) and with an ARC and the
detached mirror behind the cell (solid line).
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Figure 4: Short circuit current density{@\)), calculated
from experimentally measured external quantum
efficiency data for 22um, Si solar cells without (Ref,
dashed line) and with Ag nanoparticles on the (b,
dots). Data for the same cell with a detached rear
reflector is also shown, with (crosses) and withbiit
(solid line).

The cell with only a mirror present performs aslves
the cells with nanoparticles on the rear up to a
wavelength of 870 nm. This is due to the fact that
specular reflection from the mirror increases tteghp
length of light in Si to ~44um which absorbs 90% of the
incident light up to a wavelength of 870 nm. Beyoinid
wavelength the nanoparticle arrays (crosses and) dot
perform better than the cells with only a mirroegent
(bare line). By scattering light at high angles the
nanoparticles can trap a significant portion of tight
inside the Si by total internal reflection, leaditgy an
increase in the path length of light in the cetimpared
to cells with a mirror present. When a mirrorrisluded
behind the nanoparticles (crosses), light that @& n
initially scattered by the particles into the Sbstrate is
reflected back to provide multiple scattering
opportunities, increasing the photocurrent further.
Integrating J(A) over the wavelength range 750-1180
nm gives the totalsdin the light-trapping region,"Jsc.
The enhancement in photocurrent is calculated by
dividing the "4 for the nanoparticle sensitised cells by
the J"sc of cell with only an ARC. For a cell with an
ARC and an optimised random Ag nanopatrticle array on
the rear (dots) Jsc is enhanced by 27%; when a
detached Ag mirror is present behind the particles
(crosses) the"Jsc enhancement is increase to 33%.
Previous reported measurements from nanoparticle



enhanced, wafer based, c-Si solar cells have edilis
front-located nanoparticle arrays [1]. These phesi
provide anti-reflection as well as light-trappirand the
quoted enhancements of 19% are calculated in
comparison to planar Si cells with no ARC, over the
whole wavelength spectrum from 300-1200 nm. In our
experiment with rear-located nanoparticle arraysane
able to optimise the nanoparticle scattering fghth
trapping and incorporate a dielectric ARC, which ban
optimised independently. If we compare the anti-
reflection and light-trapping provided by our
experimental cell structures (incorporating theadeéed
mirror behind the cells) to a planar cell with n&R@®,
over the measured spectrum from 350-1200 nm, the
photocurrent enhancement is increased to 39%.

5 SUMMARY

We demonstrate tunable light trapping for solafscel
provided by self-assembled Ag nanoparticles orfrinat
and on the rear of Si solar cells. We show thartetlis an
asymmetry in the efficiency of the light-trapping
provided by front and rear located nanoparticldsctvis
dependent on spacer layer geometry, and which we
attribute to differences in the scattering crosstise
magnitude. We present the largest reported photera
enhancements due to plasmonic light trapping am ¢hi
Si solar cells. By optimising rear-located, seexabled
nanoparticle arrays for light trapping, and incogtimg a
dielectric ARC and a detached rear reflector, weeaghi
a 33% relative increase in photocurrent over tigétli
trapping spectral region.
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