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We report on copper nanoparticles produced by laser ablation, in acetone and methanol, from a Cu target using a
1064 nm nanosecond pulsed laser. The morphology, size, structure and chemical composition of the nano-
particles are investigated as a function of the solvent employed. Different analyses confirm the metallic nature of
the nanoparticles, without amorphous carbon or copper oxides shells. Then, the nanoparticles are embedded
between two transparent electrodes, aluminium-doped zinc oxide (AZO) and zirconium-doped indium oxide
(IZrO) as top and bottom layers, respectively. The Glass/IZrOpo/Cu nanoparticles/AZOyp structures are syn-
thesized and optimized as plasmonic and conductive structure for photovoltaic applications. Optical properties
show a strong dependence on the thermal annealing at 200 °C and type of copper nanoparticles embedded in
transparent electrodes. The transparent electrode with the lowest Egyp, limits the Eg,p, to the whole structure. The
best structure shows a mean value of transmittance in the visible-NIR range of ~79% with an Egy, of 3.43 eV and,
moreover, it shows diffused transmittance between 2.5 and 6% in VIS-NIR range and a sheet resistance of 79
Q/sq. The performances of the best structure are tested measuring the internal quantum efficiency of a tandem
solar cell, getting values as high as 89%.

1. Introduction advancements in manufacturing processes, economies of scale and im-

provements in solar cell efficiency, there has been an impressive

In recent years, scientific and civil society along with many organi-
zations have pushed for an environmentally sustainable energy transi-
tion supported by the development of clean and renewable sources
[1-5]. Among these, photovoltaic (PV) technology represents a strategic
and well-established choice, offering the potential to directly convert
sun-light into electricity. The relevance of the solar cell technology lies
in the ability to provide a renewable, sustainable, eco-friendly energy
solution that can contribute to reduce greenhouse gas emissions and to
contrast the climate changes. A Key factor that has contributed to the
widespread adoption of PV technology is the considerable reduction in
the cost of the PV modules. In the last decade, thanks to the

decrease, of about 82%, in the global cost of photovoltaic energy pro-
duction, making it competitive with conventional energy sources [1].
Key process to increase the solar cell efficiency involves the absorption
of light, which generates electron-hole pairs leading to the electrical
current production in external circuits. Enhancing the efficiency of light
absorption, also known as light harvesting, is of fundamental impor-
tance to improve overall solar cells performance. Conventionally,
textured surfaces have been employed to reduce the light reflection and
to increase the path length of light within the absorber layer, by intro-
ducing random or inverted pyramid structures [6-10]: the sun-light
scatters over a wide angular range increasing its path length inside the
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absorber material. While this approach has shown some success, on the
other hand it presents issues and limitations [6], therefore researchers
have actively been exploring alternative approaches. The advent of
nanoscience and nanotechnology in the 21st century, has revolutionized
various scientific disciplines such as photonics, optoelectronics, bio-
sensors, and also the field of photovoltaics has benefitted significantly
[6,11-14]. Particularly, metal nanostructures have gained significant
attention due to their unique physical-chemical properties, which arise
from their small dimensions and large surface to volume ratio. One of
the most notable properties of metal nanostructures, among many
others, is the surface plasmon resonance (SPR). SPR phenomenon takes
place when the size of the nanostructures becomes smaller, or compa-
rable, than the wavelength )\ of incident light. The free electrons in the
metal, in this condition, collectively oscillate in resonance as response to
the electromagnetic radiation, leading to the formation of SPR. When
SPR becomes localized at the surface of the nanostructures, it is referred
to as localized surface plasmon resonance (LSPR) [15-17]. When the
incoming sun-light hits the nanostructures, it couples with the localized
surface plasmons, leading to strong absorption and/or scattering of sun-
light. The increased interaction with sunlight significantly enlarges the
optical path length inside the PV absorber material, resulting in higher
efficiency of sunlight-to-electricity conversion. Therefore, harnessing
LSPR opens up a new route to enhance light harvesting performance of
solar cells. To fully take advantage of a metal nanostructure in solar
cells, several factors need to be considered such the type of metal, the
shape and size, the spacing between the nanostructures and the dielec-
tric properties of themselves and surrounding medium. These factors
influence the intensity and wavelength position of the LSPR, therefore
their optimization is critical to achieve the desired light harvesting
performance of solar cell.

The optical response of single and a system of nanoparticles has been
studied with several analytic or semi analytic methods as a function of
the nanoparticle diameter d: e.g. quasistatic approximation (d <« 2, 10 <
d < 100 nm), Mie-theory (d < 10 nm or d > 100 nm) [17]. For a sphere
of volume V and dielectric function ¢, in the quasi-static limit, the
extinction cross section is given by the sum of absorption and scattering
Cross section: Gextinction = GAbsorption + OScattering [15,17].

To date, gold and silver noble metals have been extensively studied
and used for their excellent plasmonic properties, but they come with a
drawback of high cost limiting large-scale production and commercial-
ization. As an interesting alternative, copper has emerged as a promising
candidate due to its earth-abundant nature and significantly low cost,
$0.008/g for Cu vs to $0.74/g for Ag and $61.66/g for Au [18-20].
Despite its potential, copper has faced challenges related to rapid oxi-
dization and other drawbacks, leading to a weak and broad LSPR
response at about 590 nm. Researchers have proposed various tech-
niques and technological solutions in order to overcome this limitation.
Some of these solutions are the use of different Cu nanostructure shapes,
such as Cu nanocube [20], Cu half-shell [21] and nanotriangle shapes
[22]. Moreover, methods like solid-state dewetting, nanosphere lithog-
raphy, e-beam lithography, and laser ablation, or wet processes have
been explored to achieve a more intense and narrow LSPR peak [20-30].
Furthermore, non-aqueous solvents such as ethanol, glycol, and acetone
have been proposed to prevent copper oxidation in the preparation
processes of nanostructures by laser ablation [28-30]. Alternatively, the
inclusion of copper nanostructures into different matrices has been
proposed [31-35]. Among the matrices, aluminum-doped zinc oxide
(AZO) and Zirconium- doped Indium Oxide have proven to be excellent
embedding materials, with compatibility for solar cell manufacturing
and indium-free (or very low indium content) alternative for transparent
electrodes or buffer layers [34-37].

In our previous works [34,35], we focused on Solid-State Dewetting
(dry method) and laser ablation of copper solid target in acetone,
methanol or IPA (wet method) to produce copper nanoparticles (Cu NPs)
which, in turn, were embedded between two layers of transparent and
conductive oxides (TCOs) of AZO (aluminum-doped zinc oxide), IZrO
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(Zirconium-doped Indium oxide) with all combinations of AZO and IZrO
as top and bottom layers. In particular, the position of the SPR peaks,
related to wet Cu NPs, were at 610 nm, 580 nm and 578 nm for acetone,
IPA and methanol respectively [34,35]; and these TCOs were selected,
for the motivations previously mentioned. Among the dry physical
methods, solid-state dewetting (SSD) offers cost effective, time efficient
solutions and is fully compatible with the industrial manufacturing lines
of solar cells, especially for thin film photovoltaics. Wet physical
methods like laser ablation of solid target in liquid medium (LAL) offer
advantages such as simplicity of operation, environmentally friendly
technique, operating under ambient conditions in water or organic lig-
uids and a limited equipment requirement. The most expensive elements
of the LAL setup are the laser system and the target material employed.
In LAL process a laser beam is focused, by optical lens, on the surface of a
solid target, immersed in a solvent, which absorbing the laser radiation,
and under suitable condition, leads to the nucleation and growth of
metal particles. Then, the nanoparticles are released into the sur-
rounding solvent, hence, forming a nanoparticle colloidal suspension
[38]. Different key factors determine the resulting morphology of
nanostructures such as laser wavelength, pulse duration, laser fluence,
repetition rate and the liquid environment where the ablation was
executed.

The goal of these works was the fabrication of a structure TCOpq/Cu
NPs /TCOyop to achieve a plasmonic and conductive structure (PCS) for
photovoltaic applications. This was done by comparing the involved
methods of Cu NPs synthesis and all produced structures. We studied the
evolution and modification of the electro-optical properties of PCS as a
function of the type, dimension and shape of Cu NPs (by wet or dry
method), the thickness of both TCOs and copper (for SSD method) and
the dependence on the sequence of the top and bottom TCOs deposited.
The PCSs showing the best electro-optical performances, were made of
Glass substrate/IZrOpott/ Wet Cu NPs/AZOyop.

In this work, based on previously researches, Cu nanoparticles are
produced by wet Laser ablation in liquid of Cu target, using a 1064 nm
nanosecond pulsed laser in acetone and methanol. The morphology,
size, structure and chemical composition of the NPs are investigated as a
function of the used liquid environment by means of Scanning Electron
Microscopy (SEM), High Resolution Transmission Electron Microscopy
(HR-TEM), Energy Dispersive X-Ray (EDX) and Electron Energy Loss
Spectroscopy (EELS) in Scanning Transmission Electron Microscopy
(STEM) configuration, X-ray Diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS). These different analyses confirm the metallic nature
of Cu NPs produced by LAL process. Then, the produced Cu nano-
particles were embedded in a mix of transparent electrodes with AZO
and IZrO as top and bottom layers, respectively. The Glass/IZrOpq/ wet
Cu NPs/AZOy, structures were synthesized and further optimized with
the aim to create a plasmonic and conductive structure for photovoltaic
applications.

Wet PCS by a thermal annealing at 200 °C for 30 min in N3 atmo-
sphere can achieve sheet resistance of about 79 Q/sq. Optical properties
such as energy band gap (Egap), absorbance, direct and diffused trans-
mittance, and specular and total reflectance are investigated in
250-1100 nm wavelength range.

They show a strong dependence on the thermal annealing and type of
wet Cu NPs embedded in transparent electrodes. The transparent elec-
trode with the lowest Egyp limits the Eg,, to whole PCS. The Best PCS,
made with Cu NPs produced in acetone, showed a mean value of
transmittance in Vis-NIR range of ~ 79 %, an Egap of 3.43 eV and,
moreover, a diffused transmittance, between to 2.5-6% in VIS-NIR
range. Finally, the performances of our best PCS are tested measuring
values as high as 89 % for the Internal Quantum Efficiency of a tandem
Si solar cell (a-Si:H/c-Si) where our best PCS was deposited on top.

2. Experimental section and methods

RF magnetron sputtering was employed to deposit AZO thin film on
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Corning glass 2947, the following deposition parameters were used:
power density of 2.16 W/cm? on ceramic AZO target (2 wt% Al;O3, 98
wt% ZnO), distance between target and substrate of 7 cm, room tem-
perature deposition and argon atmosphere with a working pressure of
5.7 103 mbar. The deposition time was set at 5 min in order to achieve a
thickness of about 85 nm.

I1ZrO thin film was obtained by RF and DC magnetron co-sputtering
technique, employing a Zirconium target (Zr — 99.99% purity) and
Iny03 target (99.99 % purity). The parameters of the co-sputtering
deposition were: power density of 8.86 W/cm? for In,O3 (in RF
mode), power density of 11.22 W/cm? for Zirconium (in DC mode),
room temperature deposition and argon atmosphere with a working
pressure of 1.6 10~2 mbar. The deposition time was set at 60 min in
order to achieve a thickness of about 65 nm. The co-sputtering deposi-
tion was performed in a sputter-up configuration along with a rotating
sample holder.

The copper nanoparticles (Cu NPs) were produced by means of
pulsed laser ablation of a Cu metal target (1.0 mm thick, 99.99 purity)
immersed in 8 ml of acetone or methanol solvent. Nd:YAG laser (Spectra
Physics, Santa Clara, CA, USA) was employed for the laser ablation using
the following parameters: A = 1064 nm, 10 Hz frequency, 10 ns pulse,
mean output power of 5 W and 8 min ablation time. A laser spot of 2 mm
was focused with a 100 mm focal length lens on the copper target placed
at the bottom of a teflon vessel filled with acetone or methanol. The Cu
nanoparticles were transferred from the colloidal suspension onto the
surface of bottom TCO by drop-casting method.

Thermal annealing on PCS alone and Tandem a-Si:H/c-Si solar cells
with PCS on top was carried out by means of a tubular oven made by
Carbolite Gero in a satured Ny atmosphere (in order to avoid sponta-
neous oxidation) at 200 °C for 30 min.

Morphological characterization was performed by Scanning Electron
Microscopy (SEM), employing a Supra35 Field Emission — SEM by Zeiss
(Oberkochen, Germany). The analyses were performed with an accel-
eration voltage of 3 kV, 3 mm working distance, in-lens detector with a
standard aperture size of 30 um.

The suspension containing the ablated Cu NPs in liquids (acetone or
methanol) were sonicated for 10 min and drop-casted on Au C-lacey
TEM grid. The morphology was investigated by using a 200 keV Jeol
JEM 2010F microscope. More detailed structural analyses were per-
formed via Scanning Transmission Electron Microscopy (STEM) in High
Angle Annular Dark field (HAADF-STEM) mode by using a Jeol ARM
200F microscope (at 200 keV) equipped with a probe aberration
corrector. Compositional analyses were performed by employing Elec-
tron Energy Loss Spectroscopy (EELS) and Energy Dispersive X-Ray
(EDX) analyses in spectrum imaging (SI) mode. This allows to correlate
the spatial information with the chemical composition in one single
pixel. EELS and EDX spectra were, respectively, integrated in a region
including the individual nanoparticles to obtain a spectrum carrying not
only information of the chemical elements composing the sample, but
also their spatial distribution.

Surface chemical composition of Cu nanoparticles produced in
acetone or methanol were studied by X-ray Photoelectron Spectroscopy
(XPS). For the analysis, the nanoparticles were supported on a Si sub-
strate by drop-casting the respective suspensions.Measurements were
carried out by PHI 5000 VersaProbe II equipped with a monochromatic
Al Ka X-ray source of 1486.6 eV. The base pressure of the analysis
chamber was in the range of 10~1° mbar. Peak fitting of Cu2p and C1's
was done by 20% Lorentzian — 80 % Gaussian and 100% Gaussian
components, respectively, after linear background subtraction. The
binding energy scale was calibrated on the C 1 s peak at 285.0 eV.
Samples were prepared by drop casting of pl of colloidal suspension on
silicon substrate and letting it dry on a hot plate.

X-Ray Diffraction (XRD) measurements were performed using a
Smartlab Rigaku diffractometer working in Bragg-Brentano mode and
equipped with a rotating anode of Cu Ka radiation operating at 45 kV
and 200 mA. Bragg-Brentano patterns were acquired with a resolution
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step of 0.02°. Samples were prepared by drop casting of a large amount
of colloidal suspension (less than 1 ml) on a Corning glass substrate.

The surface roughness of film was observed by Atomic Force Mi-
croscopy (AFM-Bruker-Innova microscope - Billerica, MA, USA). The
AFM images were analyzed by using the SPMLABANALYSES V7.00
software to extract values for the RMS (Root Mean Square) of the films
surface.

The sheet resistance (Rg,) of all structures was measured at room
temperature by a four-point collinear probe method using a Keithley
4200 semiconductor characterization system. Moreover, Ry, Hall
mobility y,, and carrier concentration n, were measured by a 4-point
probe in the Van der Pauw configuration, at room temperature, by a
Hall Effect Measurements System HL5500PC.

The optical properties of direct transmittance (Tg;), specular
reflectance (Rspec) and absorbance (Abs) spectra of samples were
measured by means of a Varian Cary 500 double-beam scanning UV-vis-
NIR spectrophotometer in the range 250-1100 nm. The specular
reflectance was measured in specular geometry at 20° (using a silicon-
calibrated sample as reference), the direct transmission spectra was
normalized to 100% baseline obtained using an empty sample holder.
The direct transmittance (Tg;), diffused transmittance (Tgif), total
Reflectance (Ri¢ = specular reflectance + diffused reflectance) were
measured using a UV/Vis-NIR spectrometer Perkin Elmer Lambda 1050
+ equipped with an integrating sphere. All the optical data included the
glass substrate’s contribution.

2.1. Wet PCS preparation

The TCOpor/Cu NPs/TCOyop structures (PCSs) in wet configuration,
Fig. 1a), were produced in four sequential steps. The first step (1st step)
was the deposition, by sputtering, of the bottom IZrO thin film on the
glass substrate, then the deposition of the Cu NPs (2nd step) on bottom
1ZrO layer and the deposition of the top AZO layer (3rd step) in order to
cover and protect the Cu NPs.

The deposition of Cu NPs onto IZrO was preceded by an ultrasonic
dispersion process, on the colloidal suspension, in order to avoid the
agglomeration of Cu NPs. An aliquot of 100 pl of suspension was poured
onto the IZrO bottom layer. Acetone or methanol were evaporated by
means of hot plate at 100 °C for 15 min. This step involved the glass
substrate/IZrOpq/ Cu NPs stack. After the evaporation of the solvent,
the top AZO layer was deposited. Finally (4th), the structure glass sub-
strate/IZrOpotr/Cu NPs/AZOy,p was subjected to a thermal annealing @
200 °C, in Ny atmosphere, for 30 min. For reference also a double stack
Glass/1ZrOport/AZOyop were produced, as deposited (as dep.) and after
the same thermal treatment carried out on PCS. The only difference
between the PCS and the double stack was in the presence and absence
of Cu NPs respectively, the other deposition and manufacturing pa-
rameters were the same.

2.2. PCS on solar cell & EQE/IQE characterization

The PCS (or double stack) was deposited on tandem solar cell made
by: a-Si(p™):H/a-Si(i):H/c-Si(n)/a-Si(i):H/a-Si(n"):H/Aluminum film.
The performance of solar cell with PCS or double stack, as deposited or
after the thermal annealing, were tested by external quantum efficiency
(EQE) measurements with Bentham - PVE300 Photovoltaic EQE and IQE
solution. The system was also equipped with an integrated sphere to
measure the total reflectance in order to convert the EQE to internal
quantum efficiency (IQE). The processes and deposition parameters of
PCS and double stack on solar cell were the same of “Wet PCS prepa-
ration” but the deposition sequence of transparent electrodes was
inverted because of PCS was on front of solar cell, Fig. 1a) and b). The
sun-light after has passed through the glass hits the PCS deposited on the
tandem junction. The PCS or double stack was deposited on a-Si(p™):H.
The EQE measurement was performed to illuminate the front side of
solar cell (20 x 20 mmz) under a constant irradiance of 1000 W/m? with
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Sun-light

Fig. 1. a) lllustration of AZO and IZrO transparent electrodes with Cu NPs (in acetone or methanol) used to fabricate the wet PCS, the latter is in contact to tandem Si

solar cell. b) SEM image of PCS deposited on tandem Si solar cell.

AM1.5G spectrum and with a sample temperature maintained at 25 °C.
The wavelength was varied from 300 to 1100 nm with a step of 5 nm. A
c-Si reference solar cell was used for the calibration of the EQE detection
system.

3. Results and discussions
3.1. Morphological, structural, compositional and size characterizations

SEM and HR-TEM analysis were performed to obtain morphological,
size distribution and structural informations on Cu NPs produced in
acetone and methanol.

Fig. 2a) and figure S1 a), show Cu NPs produced in Acetone at
different magnifications. As we can see a lot of NPs were widely
distributed on the substrate, some NPs had size close to SEM resolution
and, in particular, in high magnification image they showed a spherical
shape. A detailed inspection revealed both large nanoparticles and small
nanoparticles, like in acetone, where some of the larger ones were the
agglomeration of two or more particles with a non-perfect spherical
shape.

Size distribution analysis on Cu nanoparticles was performed via
ImageJ software [39], setting a brightness threshold and using the
automated algorithm of the software that counted about 1000 nano-
particles: that was done thanks to the clear contrast between the nano-
particles and the substrate. Another threshold was set on the dimension,
because particles smaller than 15 nm (radius) were barely visible. A
check to verify the accuracy of the algorithm result was done by
observing and measuring one by one the Cu nanoparticles that appeared
visible. The nanoparticles distribution of Cu NPs in acetone, Fig. 2b),
showed a log-normal trend, in agreement with the literature on Pulsed
Laser Ablation in Liquid -based NPs Production [38]:

(/%)
exp( » > (€8}

where x. is the median of the distribution and w is the scale
parameter related to the distribution width. The peak value (the

flo) =

xwy 2w

distribution mode) is given by x, = exp(’"(’“)""2 ), while the mean value
is given by x,, = exp(!x)w'/2)

defined as.

o = In(w) = /(m(n(x;) — In(x.))?* ) /S ;. The distribution is
J( )/

not symmetric, so these two parameters will be reported from now on
instead of mean and standard deviation. The distribution is the statis-
tical result of the multiplicative product of many independent random
positive variables, and so f(x) goes to zero with the radius x [40]. For
these nanoparticles, the statistical analysis showed a large amount of
small particles and few bigger ones. The fitted distribution curve reports
X. = 16 nm and w = 0.2 with the most representative value x, = 15 nm.

For Cu nanoparticles produced in methanol, size distribution anal-
ysis, once again, follows a log-normal distribution: the fitted distribution
curve reported x, = 47 nm, w = 0.67, and the most representative value
is x, = 31 nm. More detailed morphological and structural information
on Cu nanoparticles, not accessible by SEM, were obtained by TEM
analysis. The method used for analyzing the size distribution of the
nanoparticles was the same described previously, and applied to TEM
images of Cu nanoparticles made in acetone and methanol. High reso-
lution TEM also provides information on the crystallinity of the
nanoparticles.

Fig. 2¢) and figure S1 b) show TEM images, at different magnifica-
tions, of the Cu nanoparticles in acetone, while Fig. 2d) reports the size
distribution with the Log-Normal fit curve. As a result, the values of the
two fit parameters and the most representative value of the nano-
particles radius are: x; = 2.9 nm, w = 0.5 and x, = 2.7 nm.

Fig. 2g) and figure S1 d) show TEM micrographs of the Cu nano-
particles in Methanol, while Fig. 2h) reports on the size distribution with
the log-normal fit curve. As a result, the values of the two fit parameters
and the most representative value of the nanoparticles radius are: x, =
2.1 nm, w = 0.6 and x;, = 1.7 nm. These results have also been supported
by means of a Monte Carlo approach, for the evaluation of nanoparticles
size distribution from an optical analysis [41].

Therefore, TEM images and relative size distributions, for both Cu
NPs in Acetone and Methanol, allowed to observe the existence of Cu

. A geometric standard deviation can be
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Cu NPs in acetone
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Fig. 2. SEM, a), and TEM, b), images of the Cu nanoparticles produced in acetone and their relative size distribution with a Log-Normal fit b),d). SEM, e), and TEM,
g), images of the Cu nanoparticles produced in methanol and their relative size distribution with a Log-Normal fit f),h).
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nanoparticles ten times smaller than those observed via SEM.

In addition, a very important information can be obtained from this
detailed TEM analysis, see Fig. 2¢) and Fig. 2g): Cu nanoparticles do not
present amorphous carbon or copper oxides shells (further analysis, as
shown below, confirm this assertion) and present crystalline structures,
as pointed out by the clearly resolved crystalline planes. Some of them
present defects in their structure such as twin dislocations, a clear sign of
the strongly out-of-equilibrium process that took place during laser
ablation.

XPS analysis was carried out to investigate the chemical composition
and the electronic structure of surface of the copper nanoparticles.
Figure S2 a)-b) show the survey spectra in the range 0-1200 eV of
binding energy of Cu NPs produced in acetone and methanol, respec-
tively. Both spectra show the signals of Cu, O and C. Moreover, weak
signals of Si can be observed in the spectrum of the Cu NPs produced in
methanol, due to the substrate. Fig. 3 shows the Cu 2p3/2 and C 1 s
spectral regions of Cu NPs produced in acetone (a,b) and methanol (c,d),
respectively. Both Cu 2p spectra can be deconvoluted by two compo-
nents centered at 933.5 eV and 935.5 eV that can be assigned to Cu(II)
species coordinate by R-COO~ and R-COO™/OH™ specie via oxygen
bonds, respectively [42,43]. Noteworthy, the peak of the sample ob-
tained in acetone shows a greater intensity of the component at binding
energy of 935.5 eV (35%) compared to that of sample obtained in
methanol (28%).

The shake up bands between 940 and 945 eV, assigned to open 3d°
shell, confirm the presence of Cu(Il) specie. Interesting, the corre-
sponding C 1 s spectra confirm the assignments done. In particular, the C
1S spectra can be deconvoluted by four components centered at 285.2,
286, 287.3 289.1 eV (acetone) assigned to C*-C/C*-H, R-C*H,-OH, R
(C*=0)-R, R-(C*0)O functional groups, respectively, and 285.6, 287
and 289 eV (methanol) assigned to R-C*Hy-OH, R(C*0O)-R’, R-(C*=0)O~
[42,43]. All these groups are likely present in a shell that envelops and
coordinates the Cu NPs and can be ascribed to an unconventional
rearrangement and a partial polymerization of the solvents molecules
occurring under laser irradiation. The component at 285 eV is absent in
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the spectrum of methanol, this finding may reflect the different chemical
structure between acetone and methanol.

Further investigations by XRD, EELS and EDX in STEM configuration
were carried out in order to support this result.

More details about the structural properties of the Cu nanoparticles
were obtained XRD technique.

Fig. 4a) and Fig. 4b) show the XRD diffraction patterns of Cu NPs
produced in acetone and methanol respectively, with reference values
(and their relative intensities) for metallic copper.

As evident in the XRD pattern, the experimental peaks of Cu NPs fit
very well with reference peaks; in particular, for both XRD patterns,
there are three strong peaks at ~ 43.30°, 50.43° and 74.13°. These last
ones coincide with the significant peaks associated to the crystalline
planes of metallic fcc Cu, identified by Miller indices (111), (200) and
(220), respectively [44].

In addition, reference peaks of Cu oxides [45,46], i.e. CuO and Cuy0
(not reported), are compared with experimental peaks and none of the
reference peaks coincide with those present in both XRD patterns.
Therefore, some apparent (less intense) peaks in both XRD patterns are
considered background noise. The results obtained from XRD mea-
surements confirm the previous hypothesis on the metallic nature of
nanoparticles with no others impurities observed.

Further chemical and compositional analyses were carried out on Cu
NPs. In particular, Electron Energy Loss Spectroscopy (EELS) analysis
was employed for Cu NPs in acetone, Fig. 5, and Energy Dispersive X-ray
(EDX) analysis for Cu NPs in Methanol, Fig. 6.

EELS spectrum, Fig. 5b), and its high-loss region, inset in Fig. 5b),
present different edges related to carbon, oxygen and copper. Carbon
signal is due to acetone and carbon lacey (support of the sample), the
large amount of carbon in the sample, Fig. 5c¢), is related to acetone that
reacts with carbon lacey incorporating it. Copper (green) is exclusively
present within the nanoparticles, according to Fig. 5¢)-d).

Oxygen (red), due to solvent, shows a random distribution in the
sample, therefore we can state it is not inside the nanoparticles as
oxidizing element but only in the solvent surrounding Cu nanoparticles,

5x10° =
aw
b) C 1S acetone peak sum
4x10°
3x10° C-C,CH
R-C*H,OH
| R-(C*=0)-R'

2x10 [R(C*00)],Cu
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Fig. 3. XPS spectra of: a) Cu 2p3,2 and b) C 1S of the Cu NPs prepared in acetone; ¢) Cu 2p3,, and d) C 1S of Cu NPs prepared in methanol, with references.
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Fig. 4. XRD pattern of Cu nanoparticles in acetone (a) and in methanol (b) solvents deposited on Corning Glass. The reference data for metallic Cu (red lines) is
reported with their relative Miller indices. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. (a) STEM image of Cu NP in Acetone. (b) EELS spectrum of the selected region in (a). Insert: High-loss region showing O and Cu peaks. (c) C (yellow) and Cu

(green) map and (d) O and Cu EELS map from the selected region in a). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 6. (a) STEM Z-contrast image of Cu cNanoparticles in Methanol. (b) EDX spectrum acquired in correspondence of the selected region. (c) Scanning Transmission
Electron Microscopy in High Angle Annular Dark field image. EDX chemical maps of Cu (d), Oxygen (e) and Carbon (f), respectively.
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Fig. 5d). Fluorine signal relates to a contaminant from the solvent or
vessel used for the laser ablation process. Regarding Cu NPs in Methanol,
Fig. 6 show EDX analysis (STEM configuration) with chemical maps.

Fig. 6a)-c) show a STEM Z-contrast and HAADF-STEM image of a
selected region, where different Cu nanoparticles are investigated with
the corresponding EDX spectrum, Fig. 6b). The EDX spectrum shows an
intense copper peak with respect to C and O, although some impurities,
like Mg and Si, are detected too. Looking at the chemical maps in Fig. 6
d), e) and f), copper (green) is only present within the nanoparticles,
while carbon (blue) and oxygen (red) are distributed uniformly outside
the NPs, in the carbon lacey of TEM grid. Interestingly, the NP on top is
highly brilliant because it is composed by Cu, without any spurious
contribution of oxygen and carbon. The combined maps of Cu-O and C-
O reported in figure S3 a)-b) put clearly in evidence the absence of C and
O contribution in the Cu NP. In conclusion, these analysis highlight that
the nanoparticles are made of metallic copper, without any shell, and
they overlapping in the oxidized C lacey film.

3.2. Electro-optical properties of Glass/IZrOposom/Wet Cu NPs/AZOyp

In our previous works, as mentioned before, we studied the evolution
and modification of the PCS electro-optical properties as a function of
the type, dimension and shape of Cu NPs created by wet or dry method,
the thickness both TCOs and copper (only for SSD method) and the
dependence on the sequence of the top and bottom TCOs deposited
[34,35]. Based on these researches, here, with the aim of further
improve the PCS, we focused only on “wet” Cu NPs produced in acetone
and methanol and in a PCS based on IZrO and AZO layer as bottom and
top transparent electrodes respectively. Comparing the effects on
electro-optical properties of wet Cu produced in acetone e methanol
inside the same outer transparent electrodes, one more time, observed
that wet Cu NPs produced in acetone showed best electro-optical per-
formance than Cu NPs in methanol (see figure S4), especially after a
thermal treatment of 200 °C, 30 min, in saturated Ny atmosphere. For
this reason why we focus on and show the electro-optical of PCS made of
Glass substrate/IZrOpo/ Wet Cu NPs Acetone/AZOyp.

Fig. 7 shows the direct and diffused transmittance, total reflectance
and absorbance spectra of the double stack Glass/IZrOpq/AZOop, as
deposited (as dep.) and after a thermal treatment, as well as the PCS
Glass/IZrOpoy/Cu NPs in acetone/AZOyp, as dep. and after the thermal
treatment. The optical behaviours of the double stack as dep. and after
the annealing were fundamental as reference in order to compare and
understand the optical properties of wet PCS, both as dep. and after the
annealing.

As we can observe, the presence of Cu NPs between the transparent
electrodes improved the transmittance respect to the double stack: in
particular we can achieve a diffused transmittance between 3 and 9.5 %
in the range 350-1100 nm compared to the double stack exhibiting
values between about 1-2.5 %, as expected for this very thin system. The
higher values of light scattering were achieved in the visible range. At
the same time, the PCS showed higher direct transmission than the
double stack, thanks to the presence of Cu NPs. The thickness of trans-
parent electrodes (with the presence of Cu NPs) was optimized in order
to adjust the interference phenomena that occur at the interfaces, so as
to maximize the transmittance and minimize the reflectance [47]. After
a thermal annealing at 200 °C for 30 min, we observed that in the PCS
the direct transmittance improved, mainly in the visible and near UV,
while the diffused transmittance decreased down to values between 2.5
and 6 % in visible-NIR range. On the other hand, the double stack after
the annealing improved much from near UV to NIR, while the diffused
transmittance showed slight reduction in the visible-NIR range, down to
less than 1% in IR. After the thermal treatment the double stack and the
PCS achieved mean values of direct transmittance in the visible range
and visible- NIR range of < T>vy;s = 76.3 %, <T>vyis.nr = 78.2 % and <
T>vis = 78.0 %, <T>vyisnr = 79.2 %, respectively. See Table 1 for more
details on mean values of transmittances, in Vis and Vis-NIR range,
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Table 1

Comparison of sheet resistance, Rqy, energy band gap, Eg.p, mean value T in
Visible (400-800 nm), <T>v;s, and Vis-NIR (400-1100 nm), <T>vjs.Nir, Of
Glass/I1ZrOpott/AZOyop and Glass/IZrOpet/Cu NPs in acetone/AZOyp as depos-
ited and after the thermal annealing.

Samples R Egap <T>yis <T>visnir
[Q/Sq] (%) (%)
1ZrOpott/ AZOrop 236 3.38  65.4 68.5
1ZrOpott/AZOyp + 200 °C 83 3.57 763 78.2
I1ZrOpou/ Cu NPs /AZOp 253 3.39 747 76.9
1ZrOpor/ Ct NP$/AZO¢op + 79 3.43  78.0 79.2
200°C

before and after the thermal annealing.

The absorbance spectra of the double stack and PCS were very low in
the visible-NIR, and decreased after the thermal treatment. For the high
absorption in UV range, for both samples, before and after the thermal
treatment, is related to the energy band-gap (Egap) of the individual
layers. The shift and modification of the absorbance, as well as for the
Egap, are discussed in detail later.

Concerning the reflectance, the curves of as dep. samples showed a
complementary behavior with respect to their direct transmittance, a
maximum of Ry at minimum of Tgj and vice versa. The double stack
showed total reflection lower than 27% while PCS lower than 25%.

After the thermal treatment, the PCS showed the same reflectance
values in NIR range and a reduction from 700 nm to lower wavelength,
with the larger decrease in the UV range (values until to 7%). At the
same time, also a slight shift of the peak value (at ~ 24%) towards lower
wavelength was observed. The double stack after the annealing showed
a reduction in the whole wavelength range, with a big decrease in the
UV and NIR ranges and with reflectance values were lower than 23%.

Fig. 8 shows the Tauc plots of all samples, used to estimate their
optical band-gap, Egq. Since both AZO and IZrO are wide direct band-
gap transparent semiconductors, we used the Tauc’s law (2) for direct
transitions of electrons between valence band and conduction band of
the material. The law is founded on an energy-dependent absorption
coefficient a following the equation [48]:

(Ea)* = B(E — E) 2

The Eg,p value can be extrapolated by the intercept of the linear fit,
calculated in the linear portion of the plot, with the E axis. In this
equation, a is the absorption coefficient, E is the energy of photons, B is
the Tauc coefficient and Egq, the band-gap of the material.

The value of a in our samples was obtained by the following equation

5x10" T T T T T T T T T T T T
1 — GIass/IZrOm/AZOwp as dep.
4x10" 4 —Glass/IZr0,,,/JAZO,, + 200 °C
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2,8 3,0 3.2 34 36 38 4,0 4.2
Energy [eV]

Fig. 8. Tauc plots and calculated linear fits of Glass/IZrOp/AZOyop and Glass/
1Z1rOpot/Cu NPs in acetone/AZOyp, as deposited and after a thermal annealing.
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[49]:

pes — 1 n Ttass (1 — Rpcs)
dpcs

3

Tpcs

Where Tgiqss is the direct transmittance of the uncovered glass substrate,
while dpcs, Tpcs and Rpgs are the thickness, direct transmittance and
specular reflectance of the samples, respectively. As we observed in our
previous research [34-35], here we confirm the same trend for the as
deposited samples, that is the transparent electrode with the lowest Egap
imposes its energy band-gap to the whole structure. Indeed, both sam-
ples show the Eg,, value of AZO, see Table 1.

After the thermal annealing at 200 °C we observed a different
behaviour because of the Cu NPs between the two transparent elec-
trodes. If we examine the double stack after the annealing, the threshold
in the direct transmittance moves towards lower wavelength, which
means that the Eg,;, of sample increases, from 3.38 to 3.57 eV. The im-
provements in the transmission and the increase of Egq, are strictly
related to the annealing, because it promotes the doping of Al and Zr in
their metal oxides, the material crystallization and the reduction of the
crystalline defects [36,50-55]. Also the reduction of Ry, and absor-
bance, especially in the UV range, are connected to these effects, while
the presence of Cu NPs between the transparent electrodes modified the
evolution after the thermal annealing. In this case the annealing causes:
(i) a lower increase in the energy band-gap with respect to the double
stack, from 3.39 to 3.43 eV; (ii) a reduction in the diffused transmittance
in the whole wavelength range; (iii) a reduction in the total reflectance
and absorbance (especially in the UV range). On one hand, the im-
provements of the Eggp, the reduction in Ry, and absorbance are related
to annealing and its effects (doping, less defects and better crystallinity)
on the structure; on the other hand the small increase in the Egqp and the
reduction on Ty could be related to copper diffusion towards AZO and
IZrO. Although, the annealing was performed at low temperature and
for short time, copper diffusion inside the metal oxide, both AZO and
1ZrO, could bring copper impurities (mainly as acceptors) in ZnO or
Iny03 that lead to narrowing of the Egqp and, at the same time, a modi-
fication of Cu NPs, so decreasing the scattering of nanoparticles with
Tayfy. [36,56-61]. Subsequently, we show, although slight modifications
have occurred from an optical point of view, that this type of impurity
does not give any contribution or modification from an electrical point
of view, especially if we compare the behavior, in terms of sheet resis-
tance, of the composite film and the double film AZO/IZrO after
annealing.

Regarding the sheet resistance, Ry, (4), of all samples and single
layers [36] was measured at room temperature and reported in Table 1.

Ry = § )
1
. (5)
neey,

where d is the thickness of film, p resistivity of film, n,, e and p, are
electrons’s density, charge and mobility respectively.

The Ry, of the different structures, both with Cu NPs and without Cu
NPs, can be calculated considering the bottom IZrO and the top AZO thin
film as two resistors connected in parallel (6) [47]:

1 1 1

(6)

+
R, sytem R, von 120 Rsn, 1pazo

This is based on the consideration that Cu NPs, with various sizes,
randomly and uniformly distributed on bottom IZrO, do not constitute a
continuous or worm-like thin film, therefore they do not give a contri-
bution to electrical conduction. In any case, if effects like quantum
mechanical tunneling among Cu NPs and/or the thermionic electron
emission, in the bottom IZrO and top AZO thin films, might be take
place, they would be negligible compared to the conduction taking place
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in IZrO thin films.

This means that if we have two transparent electrodes with
remarkable difference in Ry, values, the Ry, of the structure mainly de-
pends on the transparent electrode with the lowest Rgp.

AZ0 layer, deposited by RF magnetron sputtering at room temper-
ature, showed a very high value of Ry, around 10° Q/sq [34]. This value
depends on different factors such as: film thickness, sputtering deposi-
tion parameters, deposition temperature, post-deposition annealing
temperature and Al doping. In particular, we observed that our AZO
showed a symmetric granular structure related to highly (002) textured
columnar polycrystalline film with a wurtzite structure [50].

On the contrary, IZrO layer deposited at room temperature showed
low sheet resistance of about 200-300 Q/sq. Similarly to AZO, 1ZrO
sheet resistance depends on several factors both during and after the
deposition itself. In particular, zirconium introduces donor levels above
the minimum of Inp,O3 conduction band that, at room temperature, can
be activated supplying electron with high mobility g. [51-55]. This
explains the low Ry, despite room temperature synthesis. If we consider
the double stack and PCS deposited at room temperature, as expected,
due to the great difference in Ry, values of transparent electrode, the
sheet resistance of both structures was controlled by IZrO layer with its
Ry, of about 250 Q/sq.

After the thermal annealing at 200 °C, we observed an improvement
by a factor 4, for both structures, as the sheet resistance goes down to 79
Q/sq. The reduction of one order of magnitude is related to the shallow
thermal annealing, at 200 °C for 30 min, which is too low to significantly
enhance the electrical performance of AZO, no more than 1.3 10* Q/sq
(AZO at 300 °C [34]), but it is enough to boost the IZrO electrical per-
formance. Concerning the last assertion, XRD measurements on IZrO
thin film, see figure S5, showed after an annealing at 200 °C a clear
transition from amourphous (deposited at room temperature) to crys-
talline phase. If compared to pristine crystalline In,O3 XRD diffraction
peaks [36], the relative peaks confirm the preferred orientation towards
the (222) plane of our IZrO, in agreement to the In,O3 bixbyite struc-
ture. Moreover, Van der Pauw measurements pointed out that the
improvement of the sheet resistance is motivated by increased electron
concentration and hall mobility, up to 2.49 10'° electrons/cm? and 31.5
em?/V s respectively.

The surface morphology of our best PCS made of “IZrObot/Cu NPs in
acetone/AZOyp 4 200 °C”, was investigated by atomic force microscopy
(AFM) as shown in figure S6. The composite film exhibits a surface
roughness values around 7 nm, in terms of Root Mean Square (RMS),
which was compatible with the roughness observed in the cross section
SEM image in Fig.1b.

In order to compare the electrical and optical performances, both
should be as large as possibile for photovoltaic applications, of our best
PCS with different transparent and conductive materials (as a function of
kind of material, the thickness, deposition conditions and other details)
used in solar cells or optoelectronic applications, we considered the
Haacke’s figure of merit. It was defined as FoMy = T10/R511 [47], where
Rsh and T are the sheet resistance and the total transmittance of the
corresponding transparent and conductive materials.

We calculated the FoMy value evaluating T in three different
conditions:

i) Total transmittance (Tgirect + Tdiffused) at 550 nm, Tro, 550 = 79.4
%;

ii) Mean value of total transmittance in Vis range, <Ttot>vis = 83.4
%;

iii) Mean value of total transmittance in Vis-NIR range, <TrTot>vis-NIR
= 84.2 %;

because the optimal conditions, especially for our application in
tandem solar cell, can be reached in wider wavelengths range than the
550 nm value typically used [47].

For these three conditions we obtained, respectively: FoMy 550 = 1.3
1072 Q71 FoMyyis = 2.1 1072 Q7}; FoMyyisnr = 2.3 1072 Q7L As
expected, due to our PCS was optimized to show higher total



S. Boscarino et al.

transmittance from visible to NIR range; with the same Ry, increasing
the mean value of transmittance the FoMy improves. Moreover, if we
merely add to the mean value of the total transmittance the contribution
loses in the glass substrate, a mean value of 8% from 400 to 1100 nm, see
figure S7, because in the literature, commonly, the FoMy value was
evaluated for free-standing films [47,62], we could achieve value of
FOMH’ Vis-NIR = 0.6 1072 Qil.

The last point is noteworthy because commonly the figure or merits
are calculated for free-standing films [47,62] whereas in the real
application a substrate, holder or encapsulation is required, e.g. super-
strate configuration or glass encapsulation.

Finally, if we compare our best FoMy with the FoM reported in
literature [37,62,63], we can conclude that our best PCS is competitive
with the transparent electrodes reported in literature. Especially, if it
takes into consideration that our PCS has got a total thickness of 150 nm,
easy preparation/production, no special processing/treatment are
requested but a slight and short thermal annealing at 200 °C for 30 min
and all optical data included the glass substrate’s contribution.

4. PCS in tandem solar cell: IQE characterization

Internal quantum efficiency (IQE) measurement is an effective
method to analyze solar cells’ behavior over a specific wavelength
range. It measures the number of photons that essentially enter in the
solar cell and the number of electrons generated and collected by the
external electrodes. Differently from the external quantum efficiency
(EQE), it does account for optical losses such asthe reflection. The
relation between EQE and IQE is [6,64]:

EQE(2) Electrons out
IQE (A) = =
OF (1) (1=R)  Absorbed photons

7

Fig. 9 displays the IQE of tandem solar cells with the double stack and
PCS as front electrodes, both as deposited and after thermal annealing.
Starting from the as deposited structures, we observed higher perfor-
mance for PCS compared to double stack, from ~ 530 nm to NIR range,
with IQE values ranging from 40% to 75% in Vis-NIR wavelength range.
The better performance of PCS, as compared to the double stack, can be
related to the higher values of Tgyec: and Tgyy, while the same perfor-
mances from 400 nm to UV range are related to the unchanged Egq, of
the structures and the parasitic absorption losses in solar cells.

On the other hand, these losses are lower in NIR range thanks to the
light scattering due to Cu NPs. Incident NIR photons penetrate in solar
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Fig. 9. Internal quantum efficiency of tandem solar cell (a-Si:H/c-Si) with the
double stack and the PCS as front electrodes, both as deposited and after a
thermal annealing at 200 °C for 30 min.
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cell with different depths compared to UV photons: in fact, UV with
shorter wavelengths (higher energy) are quickly absorbed in the first
layers of solar cell, i.e. PCS (especially if Eppoton > Egqp), depletion region
and p-type doped o-Si:H. Moreover, among optical losses, we have to
account for the reflected light that has been lost. After the thermal
annealing, the IQE of both samples showed great improvements: in
particular, solar cell with PCS showed IQE values from 52 to 89 % in Vis-
NIR wavelength ranges. These improvements are related to lower Rgp,
higher Tgiecc and lower Ry, Lower sheet resistance helps collecting more
photogenerated carriers. Moreover, the thermal annealing allows for
better electrical connection between PCS and the absorber layer. In
addition, the slight enhancement in Tgjre: and Egqy with the lower Ry,
especially in UV range, contributed to increase the IQE in UV-VIS range
and up to about 1010 nm. The higher Egq, determined the shift of the
absorption edge to lower wavelengths, enlarging the absorption window
of solar cell. Even though the double stack showed higher Egq, than PCS,
the parasitic absorption losses and the differences in absorbance, Tg;,
Ryot, led to the same absorption edge. Finally, if we observe the behavior
of Tgyy, before and after the thermal annealing, the reduction of values
from 9.5 to 3 % to 6-2.5% in Vis-NIR, and the otherimprovements,
produced a little enhancement from 950 nm to higher wavelengths; on
the other hand, it contributed to higher IQE values in the Vis-NIR range,
as compared to the annealed double stack.

5. Conclusions

Cu nanoparticles produced by Laser ablation in liquid of Cu target,
using a 1064 nm nanosecond pulsed laser in acetone and methanol, have
shown, thanks to different analyses such as XRD, XPS, HR-TEM, EELS
and EDX in STEM configuration, a metallic nature without amorphous
carbon or copper oxides shells. Cu NPs, both in acetone and methanol,
showed a spherical shape with two families of different size: smaller
than 10 nm and larger than 10 nm in diameter. In particular, Cu NPs in
acetone showed most representative radii of X, = 2.7 nm and x, = 15
nm, respectively, while Cu NPs in methanol showed most representative
radii of x, = 1.7 nm and x, = 31 nm. Moreover, the smaller nanoparticles
were more numerous than the larger ones.

Then, Cu nanoparticles produced in solvents were embedded be-
tween IZrOpottom and AZOy,p transparent electrodes with the configu-
ration Glass/IZrOpo/Cu NPs/AZOyqp. The electro-optical performance
of these structures showed a strong dependence on the thermal
annealing (200 °C, 30 min, Ny atmosphere) and type of copper nano-
particles embedded in transparent electrodes. The optimized structure
made of Glass/IZrOpor/Cu NPs in acetone/AZOy,, showed best electro-
optical performance as plasmonic and conductive structure for photo-
voltaic application: sheet resistance value of 79 Q/sq, Egqp of 3.43 eV,
with a transmittance mean value of ~ 79 % and diffused transmittance
between 2.5% and 6% in Vis-NIR range.

Finally, the performance of the optimized PCS was tested measuring
the internal quantum efficiency of a tandem solar cell (a-Si:H/c-Si),
where the PCS was deposited on the front of the solar cell, resulting in
quantu efficiencies as high as to 89%. In particular, the strength of this
result lies in obtaining these values in a not optimized solar cells system,
but a very simple architecture made of PCS, absorber layer and a metal
back contact.

Low cost and abundant natural metal resources, with their utilization
as metal nanostructures for enhancing solar cell performance, holds
tremendous potential for the advancements of photovoltaic technology.
Therefore, we believe that these results can contribute to the ongoing
research and development in this field, driving towards high-efficiency,
cost-effective, and eco-friendly solar cells that can accelerate the global
adoption of renewable energy for a more sustainable and green future
for the next generations to come.
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