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This work examines the effect of copper nanoparticles (Cu NPs) on the photocurrent efficiency of
silicon photovoltaic (Si PV) devices. An optimized synthesis of stable Cu NPs is reported together
with a procedure for their immobilization on the Si PV surface. A comprehensive analysis of the
photocurrent and power dependence of the Cu NPs surface coverage and size is presented.

A decrease in photoconversion was observed for wavelengths shorter than ~ 500 nm, due to the
Cu interband absorption. In the low surface coverage limit, where the level of aggregation was
found to be low, the surface plasmon resonance absorption dominates leading to a modest effect
on the photocurrent response. As the number of aggregates increased with the surface coverage,

the photocurrent efficiency also increased, and a maximum enhancement power conversion of
16% was found for a 54 & 6 NPs per um?> PV cell. This enhancement was attributed to SPR light
scattering and trapping into the Si PV device. Higher surface coverage yielded numerous
aggregates which acted as a bulk coating and caused a decrease in both photocurrent and power

measurements.

Introduction

Photovoltaic (PV) devices are bound to play a major role in
addressing our future energy needs.! However, the current
generation of PVs still suffers from shortcomings that affect
their viability as an economic alternative energy solution.? The
main commercially relevant types of PVs are silicon (Si)-based,
and they are classified as first and second generation cells.” The
first generation cells are fabricated on approximately 300 pm
thick monocrystalline or multicrystalline Si wafers. The second
generation cells are constructed using 1 to 3 pum Si film
deposited over a variety of materials, such as plastic, glass or
metals. Second generation cells offer obvious advantages in
terms of material costs.

Light losses in Si PVs, due to surface reflectivity, poor
absorption or scattering processes, are considered one of the
issues that need to be overcome. Improved light absorption
and trapping in first generation Si PVs are achieved by surface
texturing.® This procedure is available for thick solar cells that
can afford ~5-10 pm of Si removal in order to yield a
structured surface.® Texturing promotes light trapping through
internal scatterings which enhances the light endurance in the
device. This strategy is not as convenient for second generation,
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thin film, Si PVs. In that case, texturing by generating surface
irregularities results in increased electron-hole (e ~h™) pair
recombination, which is a loss mechanism that correlates with
the increased surface area.* Anti-reflection (AR) coating is
also implemented in PVs to improve light absorption.’

Alternative strategies concerning the light trapping and
absorption on both first and second generation Si PVs are
an active area in solar cell research. Plasmonic integration with
solar cells corresponds to one of the most promising ap-
proaches to address the light absorption and trapping issues.®
Plasmonic structures are metallic nanomaterials that support
surface plasmon resonances (SPR), which are collective
oscillations of the conducting electrons in those subwavelength
structures. Incident light that matches the SPR energy is
strongly scattered and absorbed, and the magnitude of the
extinction (the term “‘extinction” means the combination of
these two processes: scattering + absorption) depends on the
geometric characteristics of the structure, such as size and
shape of the metallic nanoparticles (NPs).” These are features
that can be tuned by the appropriate fabrication procedure.
The plasmonic properties are well-known to improve spectro-
scopic properties for species adsorbed on metallic surfaces,
such as in the surface-enhanced Raman scattering (SERS)
effect.”8

The application of plasmonics to improve photocurrent
response in PV devices is currently a very active research
area.”!" Stuart and Hall pioneered this field by employing
~100 A thick Au, Ag and Cu (metals that support SPR in the
visible range) annealed islands, over a thin silicon-on-insulator
(SOI) device.”!* The presence of the metallic nanoparticles
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was correlated to an increase of the photocurrent response,
which was associated with the SPR of the nanostructures.
Polman and Catchpole demonstrated that, under SPR condi-
tions, a silver nanoparticle (Ag NP) placed at a Si—air interface
will scatter light preferentially into the higher refractive index
material.!® The fraction of the scattered light into the material
depends on the nanoparticle shape (spheres, hemisphere,
cylinder and dipole were studied).* The importance of the
distance between the metallic nanoparticle and the Si substrate
was also discussed.*® Schaadt et al. reported a slight improve-
ment on the photocurrent response of a Si wafer-based device
at approximately 900 nm due to the presence of gold nano-
particles (Au NPs), deposited as a drop of colloidal suspension
at the surface. A 2-fold improvement in the photocurrent was
further observed at wavelengths that matched the SPR for
50 and 80 nm diameter Au NPs.'*!> Catchpole et al. reported
a 7-fold enhancement at 1200 nm on photocurrent response
of a wafer-based solar cell (first generation PV) containing
annealed Ag NPs (10 to 18 nm diameters) and 16-fold
enhancement for a thin-film SOI device.'® Although the
photocurrent response curves showed enhancements in the
low energy region, in some cases an increase was also observed
at the SPR region for both Au NPs and Ag NPs in the
visible range.

All these results are promising indicators of the potential
of plasmonics as a tool for improving solar cell efficiency.
However, the availability and cost of Au and Ag, the most
explored metallic materials so far in plasmonic PV research,
are generally identified as possible drawbacks to the wide-
spread implementation of the plasmonic approach. On the
other hand, Cu is a plasmonic material that is more abundant
and less expensive than Ag and Au, and might constitute a
potential alternative for the commercialization of the plasmonic
technology. Cu nanostructures have lagged behind Au and Ag
in terms of plasmonic applications due to its low chemical
stability and less efficient SPR. Although nanostructured Cu
islands deposited on Si devices showed the best enhanced
photocurrent response (maximized at 800 nm), compared to
Au and Ag islands.’

The goal of this work is to report a comprehensive investi-
gation on the effect of Cu NPs on the efficiency of solar cell
devices. Wafer-based, first generation, silicon solar cells were
used because they are widely available and have good photo-
current response. In that case, however, their p—n junction is
buried deep in the device and they do not benefit from any field
localization effects.'® The results are then interpreted in terms
of scattering efficiency and light trapping into the devices.
The approach consisted of wet chemistry deposition of Cu
NPs through a self-assembly layer of 3-aminopropyltri-
methoxysilane (APTMS). This is a relatively simple and low
cost procedure that might be promising to future plasmonic
PV applications.

Experimental section

Equipment and materials

Copper(11) nitrate trihydrate (Cu(NOj3),-3H,O, 98% purity),
sodium citrate dihydrate (CsHsO;Na-2H,0, purity > 99%),

sodium borohydride (NaBHy, purity > 96%), sodium hydroxide
(NaOH, purity > 98%) and 3-aminopropyltrimethoxysilane
(APTMS, 97% purity) were purchased from Sigma-Aldrich
and used without further purification.

Si PV samples (2 x 2 cm?) constituted of approximately
200 4+ 20 pm thick multicrystaline Si, boron-positively doped,
with rear aluminium contacts and Al front fingers contacts
(resistances measured with 2 probes 1 cm apart were between
25 and 57 Q). They were provided by Yangzhou Huaer Solar-PV
Technology Co., Ltd.

A Newport lamp (Xe, Hg, Hg(Xe) arc, 50-500 W, model
67005) and an AM 1.5 filter were employed as a light source in
order to emulate solar radiation. The samples photocurrent
and power efficiency were measured employing a Cary Techtron
Sirospec monochromator (0.5 pum grating, range between
380 and 850 nm, and 10 nm resolution), a 510 nm Kodak
cutoff filter was employed for irradiation above 600 nm, a
PerkinElmer chopper model 650 at 500 Hz connected to an
EG&G Signal Recovery lock-in amplifier model 7265 DSP and
a Princeton Applied Research (PAR) potentiostat/galvanostat
model 173. The data were acquired using a customized program
written using Labview 8.1 software. External Quantum
Efficiency measurements (EQE) were obtained from a QEX7
Solar Cell Spectral Response (PV Measurements Inc.) at Day4
Energy Inc (www.day4energy.com). A 8G017 photodiode and
integrating sphere coupled to QEX7 were employed in reflectance
spectra acquisition (setup customized for Day4 Energy). Scanning
electron microscopy (SEM) images were acquired on a Hitachi
S-4800 scanning microscope, an accelerating voltage and a
current of 1 kV and 10 pA respectively. UV-VIS measurements
were acquired using a Varian Cary 50 Scan UV-visible
spectrophotometer.

Cu NPs synthesis

Cu NPs were synthesized in aqueous solution based on a method
previously reported by Sanchez-Cortéz!” with modifications that
improved the yield of the synthesis and the stability of the Cu
NPs. The reaction atmosphere was controlled using high pressure
nitrogen flow. The Cu NPs synthesis consisted of adding freshly
prepared 1667 pL of 1.0 x 1072 mol L™! copper(u) nitrate to
20 mL of 5.6 x 107 mol L™! sodium citrate dihydrate aqueous
solution in an Erlenmeyer at room temperature under intense
stirring. This solution was purged with nitrogen for 30 minutes,
in order to remove dissolved gases and saturate the solution with
nitrogen, followed by the addition of 10 mL of an aqueous
solution containing 2.0 x 107> mol L™ sodium hydroxide and
2.0 x 1072 mol L™! sodium borohydride. The Cu NPs synthesis
was performed under a nitrogen atmosphere and monitored by
UV-VIS spectroscopy.

Cu NPs immobilization on Si PV samples

The Cu NPs immobilization (Scheme 1) was preceded by the
adsorption of APTMS on the surface of the Si PVs. Cleaned
and dried Si PV samples were placed vertically into 1%
APTMS ethanolic solution for 30 minutes at room temperature.
The procedure allowed efficient chemisorption of APTMS and
did not lead to significant changes in the electric properties of
the PVs.!® After the APTMS adsorption procedure, the samples

This journal is © the Owner Societies 2012

Phys. Chem. Chem. Phys., 2012, 14,15722-15728 | 15723


http://dx.doi.org/10.1039/c2cp43475j

Downloaded by UNIVERSIDAD SAO PAULO on 18/04/2013 18:21:55.
Published on 10 October 2012 on http://pubs.rsc.org | doi:10.1039/C2CP43475J

View Article Online

NH,
.Sig
969  NH,NH, NH, NH,
H;C CH3CH3 > > Ri A >
Anhydrous ~.L S Ls St Si,
OH OH 00'6 OH 1mLCuNPs y' g’ ¢l 0H
o~ ethanol suspension  _L___I__
Si Si Si
Scheme 1 Representation of the APTMS self-assembly layer formation

and Cu NPs immobilization on Si PVs.

were abundantly rinsed with anhydrous ethanol and water,
dried under nitrogen flux and kept in an oven at 100 °C for
20 minutes to remove traces of solvent.

1 mL of the Cu NPs suspension was deposited on the
surface of the APTMS modified Si PVs. The PV samples were
kept in contact with the Cu NPs suspension for a pre-determined
time (10, 15, 30, 45, 60 and 90 minutes), rinsed with deionized
water and dried with a stream of nitrogen. The size of the Cu
NPs and surface coverage on the PV devices were analysed by
SEM right after the photocurrent and power measurements.

Results and discussion

Cu NPs synthesis and stability

The Cu NPs synthesis under a nitrogen environment yielded a
stable brown suspension characterized by a SPR peak at
approximately 569 nm (Fig. 1(A)). Cu NPs fabricated in an
oxidative environment (in the absence of the nitrogen flux)
yielded a dark-green suspension, presenting a red shift in the
SPR band to 590 nm and an additional broad extinction at
750 nm (dashed line, Fig. 1(A)). The 750 nm band is characteristic
of the exciton absorption of copper(i) oxide (Cu,0)."” The
observed ~20 nm red-shift in the SPR band can be assigned to
the presence of a Cu,O layer that affects the dielectric properties
surrounding the metallic Cu core (Cu@Cu,0)."°2! The NPs
prepared in an oxidative environment were unstable, and were
completely precipitated after a short period of time (~3 hours).

The time evolution of the synthesis of Cu NPs suspension
was monitored by UV-VIS spectroscopy (Fig. 1(A) and (B)).
The SPR peak intensity at 569 nm in the extinction spectra
increased with the reaction time (Fig. 1(A)). A shoulder at
360 nm, indicated in Fig. 1(A), developed after 90 minutes of
reaction and it is attributed to an interband transition in
nanocrystalline Cu,0.%° The Cu,O band-to-band transition
(~360 nm) is evident only at the end of the process. The
presence of this band was confirmed by a proper baseline
treatment following spectral deconvolution, as presented in
Fig. S1 (ESIY). The increasing extinction background from
500 nm towards the blue is attributed to the metallic Cu
interband transition.*

Although CuO is the most stable form of bulk copper
oxides, earlier studies indicated that nanoscale Cu,O is also
relatively stable and does not convert to CuO. A few nano-
meters of Cu,O were shown to act as a barrier that slows the
oxygen diffusion into Cu NPs.?® The integrity of our Cu NPs
was maintained in air for approximately 5 hours after the
synthesis, suggesting that the particles were a core@shell
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Fig. 1 (A) Extinction (absorption + scattering) spectra of Cu NPs
under slightly positive nitrogen pressure as a function of the indicated
reaction time (dashed line: 90 minute reaction performed without
nitrogen flux); (B) extinction at 569 nm as a function of the reaction
time for the reactions under a stream of nitrogen. (1 mm cuvette path
length, aqueous solution, nitrogen saturated).

structure.'®?* The NPs can be stable for days if the suspension
is maintained under nitrogen.

The intensity of the 569 nm SPR band is plotted against the
reaction time in Fig. 1(B). The intensity of the SPR band
increased during the first 90 minutes of reaction (Fig. 1(B))
indicating an increase in the amount of Cu NPs in suspension
within that time frame. Cu NPs immobilization onto the Si
PVs was performed using suspensions prepared after 90 minutes
of reaction (plateau in Fig. 1(B)). This ensured that the concen-
tration of Cu NPs was similar in all experiments.

SEM images are shown in Fig. 2 for four different Si PV
surfaces containing immobilized Cu NPs. The immobilized Cu
NPs presented low polydispersity, but a degree of agglomeration
in some cases. Nine Si PV samples with distinct surface coverage
were analysed, revealing an average Cu NPs diameter around
21.2 + 4.9 nm. The size distributions, also shown in Fig. 2, were
used to correlate the surface coverage and the presence of Cu
NPs aggregates to the photogenerated current and power in each
of the solar cells.

Short-circuit current density and external quantum efficiency
measurements

Reflectance spectra from a Si PV surface before and after the
Cu NPs immobilization (surface coverage of 14 & 4 NPs per um?)
is presented in Fig. 3(A). The amount of reflected light decreased
for all wavelengths after the Cu NPs immobilization. The larger
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Fig. 2 SEM images of the Si solar cells after Cu NPs immobilization.
Surface coverage: (A) 48 £ 17;(B) 52 £ 11;(C) 81 £ 17; and (D) 135 +
32 NPs per pm?. The distribution size histograms are shown as inset in
each image.

decrease in reflectivity due to the Cu NPs modification
occurred at wavelengths below 400 nm, and is corroborant
with the UV-VIS spectra in Fig. 1(A). The increased extinction
below 400 nm has been assigned to the interband transition
of metallic Cu and to the band-to-band transition from the
nanocrystalline Cu,O. The effect of the Cu NPs on the Si PV
reflectance for wavelengths longer than 400 nm is attributed to

(A) —>—no Cu NPs
\ —e— with Cu NPs 14 NPs/uym’

Reflectance (%)
w
o
o
~
7

25- o
-.:0:.?.:.:.:‘. o

SSA

20 -

300 400 500 600 700 800 900 1000
wavelength (nm)

124 3 400 600 800 1000

Alnm
164 surface coverage (NPs / /sz)
o 5+/-1
e 14 +/-4
-20-| o 39 +/10

300 400 500 600 700 800 900 1000
wavelength (nm)

Fig. 3 (A) Reflectance spectra from a Si PV sample before and after
Cu NPs immobilization. The Si PV surface was first modified with
APTMS, as described in the text; (B) Relative External Quantum
Efficiency variation (AEQE,, calculated according to eqn (1)) at
different wavelengths for three distinct surface coverages, as indicated
in the figure (the figure inset presents a zoomed view for a range of
wavelengths). The error bars were calculated from measurements
obtained at different regions of the Si PVs.

the preferential scattering and trapping into the solar cells. The
plasmonic characteristics of the cell in the visible range were
emphasized by calculating the difference spectrum showed in
Fig. S2 (ESIY).

External quantum efficiency (EQE) measurements were
acquired for Si PVs before and after both APTMS self-
assembly and Cu NPs immobilization. The EQE curves after
APTMS assembly overlapped with the results obtained from
the bare Si PV, confirming that the presence of APTMS does
not significantly alter the electric properties of the solar
cells. EQE relative variations (AEQE,.)) were obtained for all
wavelengths covered, according to eqn (1) below:

EQE(, — EQE pryms % 100
EQEaprMs

EQEaptMms and EQE, are the EQE of the Si PVs before and
after the Cu NPs immobilization, respectively. Increases in the
photocurrent conversion efficiency between 2.0 and 3.5%, in
the 400 to 1000 nm wavelength range, were observed after the
Cu NPs immobilization for surface coverage of 14 + 4 and
39 4+ 10 NPs per um? (Fig. 3(B) inset). The Si PV sample with
surface coverage equals to 5 &+ 1 NPs per pm? showed no EQE
increase for all wavelengths (Fig. 3(B) inset). An intense
damping of the EQE is observed in Fig. 3(B) for all Si PV

AEQErcl = (1 )
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samples for wavelengths below 400 nm. This decrease can be
associated with the interband transition of metallic Cu, which
is evident in the reflectance spectrum of Fig. 3(A). The error
bars are associated with the spatial variations in the response
of the multicrystalline Si PVs. The EQE measurements were
performed in different regions of the PVs and averaged. The
average EQE signal shows a consistent increase for the solar
cells modified with Cu NPs.

EQE and short-circuit current density (Js.) are equivalent
measurements in the context of this work and they yield the
same information (see a justification for this statement in the
ESI+ file). Relative variations, defined in eqn (2), were also
evaluated for the Ji. for another set of samples comprising a
larger range of surface coverage (from 48 4 17 NPs per um? to
135 + 32 NPs per pm?).

AJsc o = Jsc Cu — Jsc APTMS % 100 (2)

Jsc APTMS

where Ji. aprms and Ji. ¢y are the J. before and after the Cu
NPs immobilization, respectively. The results for the relative
Jy variations are presented in Fig. 4.

The map in Fig. 4 presents a maximum increase of 2% for
the Ji in the visible range for Si PV samples with a surface
coverage from 48 to 52 Cu NPs per pm>. An increase in the
short-circuit photocurrent density of about 8 to 12% relative
to the photocurrent density obtained in the absence of the NPs
was recorded in the near infrared (750 nm) for the lower surface
coverage investigated. As the surface coverage increased beyond
52 Cu NPs per pm?, small and sporadic variations in the AJy e
were measured in the visible. The 94 NPs per pm?> sample was
an exception in this trend and presented increases of 4% in the
450 to 750 nm region. The 84 and 99 NPs per um? samples
showed about 4% J,. increase relative to the samples without
NPs in the near IR at approximately 800 nm.

The observed J,. increases in Fig. 4 did not match the
specific wavelengths related to the SPR band of the Cu NPs
in aqueous solution (569 nm). The maximum increase in
the Ji occurred in the near IR, in agreement to previous
reports.”!*1® The reflectance spectrum, Fig. 3(A), did not
show observable evidence of preferential SPR excitation at
569 nm; however, an extinction peak at 850 nm is observed in
the subtracted reflection spectra shown in Fig. S2 (ESIY).
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__99+/-21 { I
394 +/-8 (X2 o
3 o &9 .,
L 84 +/-5 6%
2%

581 +/-17
©

er
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(4 * 2%
-8%
‘ ry -16%
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> 54+/-6
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g 524411
€ 50 +/-13
()

48 +/-17

Irradiated wavelength (nm)

Fig. 4 Relative Jy. variation (AJy o - defined in eqn (2)) map as a
function of the surface coverage and irradiated wavelength.

The oxide layer in the vicinity of the Cu NPs is expected to
red-shift the SPR due the dielectric changes on the metal
surroundings relative to the aqueous environment. Notice that
the Cu NPs were exposed to air during the Si PV measure-
ments, which should lead to a thicker oxide layer than for the
NPs in the nitrogen-purged aqueous solution. This assumption
is corroborated by Pal et al. who investigated the dependence
of the size and oxide shell thickness on the Cu NPs SPR. It was
demonstrated that the SPR band suffers a decrease in intensity
that depended on the thickness of the oxide layer, together
with a red-shift in the SPR maxima.?! The red-shift of the Cu
NPs SPR to the near IR is an advantage, since it takes
the resonance away from the region of interband transition.
The presence of aggregates also red-shifts and broaden the
SPR band.

The intense Jy. damping at wavelengths below 500 nm to
samples with surface coverage between 52 and 135 NPs per
um? (Fig. 4) is again assigned to the Cu interband transition.

The effect of Cu NPs on the power efficiency of Si PVs

Power measurements (using white light from the Xe light
source coupled to the AM 1.5 filter) were performed for all
Si PV samples before and after Cu NPs immobilization (power
measurements before and after the self-assembly of APTMS
did not present any significant changes). Fig. 5(A) is an
example of a power curve obtained for a surface coverage of
54 4 6 NPs per pm>. The J-V and power curves for all samples
are available in Fig. S3 (ESIf). The power curves were
dependent on the surface coverage. The relative variation of
the maximum power, defined in eqn (3), extracted from each Si
PV cell investigated is presented in Fig. 5(B).

Powerc, — Poweraprms
X

APower = 100 (3)

Poweraprms
Powerc, and Powerprys are the maximum powers generated
by white light illumination, using a solar cell emulator, in the
presence and absence of copper nanoparticles, respectively.

The Cu NPs modified Si PV cells presented a power increase
from about 8.0% to 16.4% relatively to the power in the
absence of Cu NPs for certain surfaces coverage, in agreement
with the J,. enhancements presented in Fig. 4. It is important
to notice that the Jy. measurements were limited by the range
of the monochomator, which restricted the measurements
from 380 nm to 850 nm and, did not capture the effect of
higher wavelength photons. The maximum Js. improvement
for the Si PVs coated with Cu NPs ranging from 48 to 54 NPs
per um? (Fig. 4) shifted to the near infrared as the surface
coverage increased, and the enhancement in power (Fig. 5(B))
seems to follow the same trend. Hence, although the 54 NPs
per um? did not show apparent J,. improvement within the
analysed wavelength range, the increased power observed
under white light may be related to enhanced excitations in
the near IR.

A decrease in power is observed in Fig. 5(B) for surface
coverages larger than 54 NPs per pm?, in agreement to the Jg
data shown in Fig. 4. Although the Cu NPs presented a
relatively narrow size distribution, large NPs aggregates were
more evident for high surface coverages (Fig. 2(A)—~(D)). As
the amount of Cu NPs at the surface increases, and a large
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Fig. 5 (A) Si PV power curves (white light irradiated) before and

after Cu NPs immobilization; (B) relative power variation (APower,. —

defined in eqn (3)) for Si PV cells coated with Cu NPs at different

surface coverages.

number of aggregates are observed; the characteristics of the
coating shift towards bulk Cu. The metallization blocks
the surface and impedes the light from entering the solar cells.
The power decrease under high surface coverage can then be
assigned to the bulk characteristics of large sized Cu NPs
aggregates.

The effect of the copper oxidation on the stability of the cell
was investigated by recording the power generation of a Cu
NP coated PV device seven days after the NP deposition. The
results, presented in Fig. S4 (ESIY), showed less than 1.5% in
performance deterioration. This modest decrease in power
generation can be attributed to the presence of the copper
oxide layer that protected the core of the NPs against further
oxidation. In any case, it is suggested that a protective
transparent layer should be required in any attempt of practical
implementation of copper as a plasmonic material for Si PV
devices, as described in this work.

Summary of the effect of Cu NPs on the efficiency of Si PVs

The extinction from plasmonic structures (absorption and
scattering of light) is both wavelength and size-dependent.
The SPR extinction is dominated by absorption in small particles,
while scattering effects are favoured in large aggregates. Fig. 3(B)
and 4 highlight the dependence of the plasmonic effect on the PV
efficiency with the irradiated wavelength.

Cu interband transition occurs at wavelengths shorter
than 500 nm. This strong absorption restricts the amount of
radiation that reaches the PVs’ interior (Fig. 6(A)) and leads to

(A)

High energy—_>
radiation

Cu NPs light
absorption

e'/h*pair |

Al
(B)

Medium /low energy—»'
radiation y

Cu NPs light
scattering

e’/h*pair

Scattered ——/
radiation

Fig. 6 Si PV representations: (A) the presence of Cu NPs enables
the increase of light absorption at the surface; and (B) Cu NPs
induce light scattering into the device at specific irradiated
wavelengths.

decreased efficiency at shorter wavelengths for all PV devices
coated with Cu NPs. A similar effect has been reported in the
literature for small metallic NPs at the SPR. At low surface
coverages, with the occurrence of only few aggregates, most of
the Cu NPs were dispersed and there was low intensification
of the AEQE,¢¢ (Fig. 3(B)). In this case, absorption dominates
the SPR, restricting the light to access the active layer of the
device.

SPR red-shift, broaden and higher orders multipole excitation
modes are observed in aggregated structures.”® The red-shift of
SPR due to aggregation and oxide layer growth on Cu NPs
might be beneficial because it moves the plasmonic effect away
from the Cu interband transition. At longer wavelengths, when
scattering dominates the NPs’ extinction (larger NP aggregates),
PV light trapping is favoured through internal reflections
(illustrated in Fig. 6(B)). The internal scattering increases the
probability of e —h™ formation at the p-n junction. Surface
coverages ranging from ~48 to 54 NPs per pm? presented
a degree of agglomeration (Fig. 2(A) and (B)) which were
correlated to enhancements in photocurrent and power (Fig. 4
and 5(B)). This enhanced efficiency can be attributed to plasmonic
scattering of light into the PV devices.'!

However, at higher surface coverage (~81 and
135 NPs per pm?), the high number of aggregates (Fig. 2(C)
and (D)) acted as a surface blocking coating. This “‘bulk effect”
(metallization) decreased the PV photocurrent and power
(Fig. 4 and 5(B)).

Conclusions

Cu NPs synthesized under nitrogen flux were stable and
characterized by a SPR peak at 569 nm. The presence of a
thin oxide layer was evident by an absorbance peak at 360 nm.
The NPs are then better described as Cu@Cu,O and the
position of the SPR band is dependent on the thickness of
the copper oxide film.
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The immobilization of Cu NPs on the surface of Si PV cells
demonstrated to be an easy, simple and low cost procedure,
and led to improvements in both short-circuit current density
and power. The Si PV samples with a Cu NPs surface coverage
ranging from 48 to 52 NPs per pm? triggered J,. improvements
of approximately 2% in the visible range and 8 to 12%
improvements in the near IR relative to the photocurrent
obtained in the absence of the NPs. A maximum of 16%
increase in the power generated by the Si PV cells under white
light illumination was also observed in the same surface
coverage range. J,. and EQE damping were observed for
wavelengths below 400 nm and they were assigned to the
metallic Cu interband transition. This effect was more important
for high NPs surface coverage. A power decrease under white
light illumination at high surface coverages was also observed,
and assigned to the presence of large aggregates at the Si PV
surface.

Although the use of Cu NPs in plasmonics PV has not been
widespread due to the Cu poor chemical stability and losses
due to the absorption at high energies (Cu interband transi-
tion), the improvement in power reported here indicated that
Cu NPs might be promising plasmonic material that can play
an important role in commercial PVs.
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