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Improving the optical transmittance and electrical conductivity in transparent conductors (TC) has been a critical issue for decades due to their numerous applications. In this paper, we suggest an approach to produce
extremely conductive TC material from electroplated Ni microfiber networks (NiMFs) in order to achieve highly
efficient and aesthetically superior thin-film solar cells and modules. The high cross-sectional aspect ratio of
NiMFs significantly enhanced their electrical conductivity and optical transmittance simultaneously. The TC
structure employing NiMFs was a successful substitute for conventional patterned grids in Cu(In,Ga)Se2 thin-film
solar cells because it reduced the series resistance, which is especially advantageous for large-area cells. The
NiMF-induced transmittance loss was compensated for by the formation of a light diffusion layer on the NiMF.
We propose that the excellent performance of NiMF TC materials enables the elimination or significant reduction
of the grids in thin-film solar cells and modules.

1. Introduction
Transparent conductors (TCs) have been widely used as electrodes
in either light-absorbing or light-emitting devices such as thin-film solar
cells, displays, sensors, and e-paper [1]. Various approaches are being
used to simultaneously achieve a high optical transmittance and electrical conductivity using transparent conducting oxides (TCOs), ultrathin metals, or nano-scale conducting materials such as silver nanowires (AgNWs), graphene, and carbon nanotubes [2–14]. Highly efficient Cu(In,Ga)Se2 (CIGS) thin-film solar cells usually include TCO thin
films, which typically include impurity doped-zinc oxide (ZnO) or indium tin oxide (ITO), as a TC electrode [15,16]. The TCO used in CIGS
thin-film solar cells must have high transmittance and low resistance in
order to improve light absorption and carrier transport efficiency, respectively. Because of their large sheet resistance (Rsh, tens of Ω-sq−1),
it is difficult for generated electrons to travel long distances through
only the TCO films; therefore, CIGS thin-film solar cell and module
manufacturers usually employ a monolithic integration process to

reduce the travel length of electrons [17]. However, this process is
challenging to apply to flexible substrates because the metallic foils
require high-quality insulation layers and the structuring processes do
not fit well with roll-to-roll processing [18,19]. Thus, front grids including busbar and finger patterns are generally used in commercial
flexible CIGS photovoltaics [20–22]. A multi-busbar metal grid is also
used in highly efficient crystalline silicon solar modules [23]. Millimeters-wide metal grids are typically used to achieve a high electrical
conductance. These wide grid patterns inevitably block light and are
obtrusive, making them unsuitable for applications involving building
integrated photovoltaic and portable devices. Because the geometries of
grid patterns (width, length, and gap) and cell dimensions are typically
optimized considering the Rsh of the TC material in order to minimize
the area of the fraction of the grid [24,25], the resistance of the TC
should be significantly reduced to lessen (or remove) the area of the
fraction of the grid. Metal fibers can be a viable alternative for
achieving a very high cross-sectional aspect ratio compared to film-type
metal grids, which enable a high aperture ratio and low resistance.
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adhesive tape (Scotch® Magic™ Tape, 3 M, USA). Since the adhesive
tape is highly transparent and hazy, it is referred to as a transparent
diffusive layer (TDL). To fabricate the CIGS solar cells, the CIGS absorber film was co-evaporated using our baseline process on Mo-coated
SLG substrates, as reported elsewhere [33–37]. The CIGS layers were
coated with an environmentally friendly ZnS buffer layer using a chemical bath deposition method, avoiding CdS-containing materials,
which include highly toxic Cd. Highly resistive i-ZnO and highly conductive ITO thin films were deposited via rf sputtering in the same
chamber.
The morphology of the fabricated NiMFs was observed using scanning electron microscopy (SEM, SU8230, Hitachi, Japan). The total and
diffusive transmittances were determined using a UV-VIS spectrophotometer with an integrating sphere (Lambda 1050, PerkinElmer,
USA). The Rsh values were obtained using a four-point probe measuring
system (CMT-SERIES, Chang Min Co., Ltd., Korea). The current density–voltage (J–V) characteristic of the CIGS solar cells was measured
using an I–V source meter (Keithley 2400, Tektronix, USA) under an Air
Mass 1.5 global (AM 1.5 g) spectrum of 1000 W m−2 irradiance at room
temperature. Before the J–V measurement, the solar cell areas were
defined by mechanical scribing with electrical isolation. The external
quantum efficiency (EQE) was measured via a spectrally resolved
monochromatic light with a 12-W halogen lamp (Newport, USA). The
solar cells were light-soaked under white light for 1 h before the J–V
and EQE measurements [38].

Fig. 1. Schematic of processes of NiMF fabrication and transfer onto CIGS thinfilm photovoltaic device. The NiMF is prepared by sequential processes: PAN
electrospinning, Pt seeding, and Ni electroplating, and then transferred onto
photovoltaic devices of ITO/i-ZnO/ZnS/CIGS/Mo/SLG structure.

3. Results and discussion

Although nano-scale metal fibers or wires have been extensively studied, their low cross-sectional area and large surface area limit the
further improvement of their resistivity and chemical stability, respectively [26–29]. Therefore, micro-scale fibers made from corrosionresistant material can provide a good alternative for conventional nanostructured networks. Although highly transparent and conductive
metal fibers have been demonstrated in previous reports [30–32], there
are few studies on their application of front contacts in thin-film solar
cells. In this study, we fabricated extremely conductive Ni microfiber
networks (NiMFs) and applied them to CIGS solar cells in order to
improve their performance and eliminate patterned grids. The performance gains of bare NiMF and NiMF-employed CIGS photovoltaic devices are discussed. We found that NiMFs have great potential to replace conventional patterned metal grids.

The optical transmittance and Rsh of the NiMFs with electroplating
times of tEP = 20 s, 25 s, and 30 s were measured. Fig. 2(a) indicates
that the diameters d of the NiMFs with the increasing tEP values were
3.68 μm, 4.88 μm, and 5.84 μm, respectively, exhibiting linear dependency on tEP with a growth rate of 0.19 μm/s. The interconnections
were well fused because the micro-scale-thick Ni grew from the surface
of the thin 250-nm-diameter PAN NFs, which was believed to minimize
the electrical conductivity loss. The NiMFs were randomly distributed
on the ITO film surface, as shown in Fig. 2(a).
As shown in Fig. 2(b), all NiMFs exhibited transmittances over 93%
in the wide wavelength range from 300 nm to 1100 nm. Inevitably, the
thinner NiMFs (shorter tEP) exhibited a higher transmittance. The
transmittance at a 500-nm-wavelength (T550) of the NiMFs with a tEP of
20 s, 25 s, and 30 s was 97.5%, 94.8%, and 93.1%, respectively. The Rsh
of the same NiMFs was 2.35 Ω sq−1, 1.61 Ω sq−1, and 0.91 Ω sq−1,
respectively. These significantly low Rsh values are attributed to the
large volume and high cross-sectional aspect ratio (height-to-width) of
the NiMFs compared with those of TC materials of other dimensions
such as thin films and nanostructures. The diameter-dependent Rsh was
simulated to estimate the d value required to achieve the desired Rsh
values, as shown in Fig. 2(c). For a simpler calculation than that in the
percolation theory [39], the NiMFs were assumed to be a two-dimensional rectangular network, as illustrated in the inset of Fig. 2(c). The
Rsh as a function of d, according to Kirchhoff's rules, with N × N fibers,
is given by

2. Experimental procedures
The NiMFs were fabricated through the following steps, as shown in
Fig. 1. First, an 8 wt% polyacrylonitrile (PAN, Mw = 150 kDa, SigmaAldrich, USA) solution with N,N-dimethylformamide (DMF, 99.8%,
Sigma-Aldrich, USA) as the solvent was electrospun onto a flat collector
for 2 s; the flow rate of the solution was maintained at 200 μL h−1 using
a needle (25 gauge, EFD, USA) and syringe pump (Legato 100, KD
Scientific, USA). The voltage for electrospinning was maintained at 5 kV
using a DC high-voltage supply (EL20P2, Glassman High Voltage, USA).
Subsequently, the electrospun PAN nanofibers (PAN NFs) with diameters of ~250 nm were transferred to a square copper frame with
dimensions of 3 cm × 2 cm. Pt seeds were sputtered onto the PAN NFs
for electroplating, then Ni was electroplated onto the seeded PAN NFs
at a voltage of 6 V for different electroplating times (tEP = 20 s, 25 s,
and 30 s). The electroplating time is related to the diameter of the
NiMFs. The NiMFs were washed with distilled water and fully dried
under N2 for a few minutes. Finally, the fabricated NiMF networks were
detached from the frame and transferred onto a solar cell structure of
ITO/i-ZnO/ZnS/CIGS/Mo/soda-lime glass (SLG). The solar cell samples
used in this work were prepared in the identical batch at each process
step. In order to improve the contact between the NiMFs and the ITO
surface, the NiMFs were covered with 56-μm-thick commercial
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where Rfiber is the resistance of the unit length of a fiber, ρ is the resistivity of Ni, and Leff is the effective length of a unit fiber (network
pitch) [40]. N/(N+1) is close to unity for large N values in these NiMFs.
Rsh significantly decreased with diameter inversely proportional to d2,
while it had a linear dependency on Leff. The Leff values of the NiMFs
were calculated to be 190 μm using the following equation,
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Fig. 2. (a) SEM images and (b) transmission
spectra of NiMFs prepared with different
electroplating times (tEP). Rsh values are
also shown. (c) Measured (solid circle) and
simulated
(dashed
line,
assuming
Leff = 190 μm) Rsh values as a function of
the diameter d of the NiMFs. Measured
(solid diamond) and calculated (solid line)
Haacke's FOMs with n = 20 as a function of
the diameter d of NiMFs are also plotted.
The red, blue, and green symbols indicate
the tEP of 20, 25, and 30 s, respectively. The
inset schematically indicates that the randomly distributed NiMFs were assumed to
be a two-dimensional rectangular network.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this article.)

assuming the light was totally blocked by the NiMF, where AF is the
area fraction of the NiMF over a unit area. The measured Rsh for each d
value was higher than the calculated values because some of the NiMFs
were cut or not totally connected to each other. Moreover, the deposited Ni was likely to be polycrystalline, which may induce electron
reflection at the grain boundaries, resulting in an increased Ni resistivity [41,42]. Haacke's figure of merit (FOM) was also determined as
a function of d using the equation T550n/Rsh, where n = 20, assuming
the TC applications required a transmission greater than 95% [43]. The
highest FOM value was obtained at a d value of 8.6 μm which was
comparable to the diameters of the fabricated NiMFs. The T55020/Rsh
values, obtained using the measured T550 and Rsh, were in accordance
with the calculated curve.
The NiMF samples were transferred onto an ITO/i-ZnO structure
used as a window layer in CIGS solar cells. The optical and electrical
properties of the different structures, TDL/NiMF-20s or NiMF-30s/ITO/
i-ZnO/SLG and ITO/i-ZnO/SLG, were investigated and evaluated to
determine their performances as TC materials using various FOMs.
Although the addition of TDL/NiMF layers reduced the total transmittance of the whole wavelength range, the diffusive transmittance dramatically improved from 1% (without TDL/NiMF) to 50% (with TDL/
NiMF), as shown in Fig. 3(a). The Rsh rapidly decreased with the application of NiMFs to ITO/i-ZnO. The NiMF-20s- and NiMF-30s-incorporated samples exhibited Rsh values of 1.34 Ω sq−1 and 0.262 Ω
sq−1, respectively, as shown in Table 1. When fabricating the control
solar cell sample using the ITO/i-ZnO structure, the patterned grid is
formed on top of the solar cell.
In general, there is a trade-off between the transmittance and Rsh in
TC materials, which is described by the following equation:
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1
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[44],

(3)

where σDC is the dc conductivity, σOpt is the optical conductivity, and Z0
is the impedance of free space [44]. σDC/σOpt, known as the conductivity ratio, is often used as a FOM to evaluate TC material systems.
The T550 as a function of Rsh for ITO/i-ZnO, NiMF, and TDL/NiMF/ITO/
i-ZnO is plotted in Fig. 3(b). The dashed curves were obtained by
considering various previously reported σDC/σOpt values. The σDC/σOpt
of the NiMF-employed structures exceeded that of other TC materials,
such as ITOs, AgNWs, patterned metals, and SWNTs [4,44–47]. The
bare NiMFs exhibited an σDC/σOpt value of ~5000. The TDL/NiMF/ITO/
i-ZnO samples exhibited significantly higher σDC/σOpt values than ITO/
i-ZnO, because of the significant improvement in Rsh. In the TDL/NiMF/
ITO/i-ZnO structures, the NiMF-30s exhibited a much higher σDC/σOpt
than the NiMF-20s because of the reduced Rsh with little loss in transmittance. However, the σDC/σOpt ratio only describes free carrier effects,
making it unsuitable for use at wavelengths below the plasma wavelength [4].
To evaluate the potential applications for CIGS solar cells, other
FOMs were calculated using the solar-weighted transmission (WT).
Although T550 is widely used for estimating the degree of optical
transmission in TC materials, the wavelength-dependent solar irradiance should be considered for evaluating solar cell performance. The
WT was obtained using
2

WT ( ) =

1

IAM 1.5 ( ) T ( ) d
2
1

IAM1.5 ( ) d

,

(4)

Fig. 3. Characteristics of three TC structures of ITO/i-ZnO, TDL/NiMF-20s/ITO/i-ZnO, and TDL/NiMF-30s/ITO/i-ZnO. (a) Total and diffusive transmittances as a
function of wavelength. (b) T550 and Rsh values of various structures. Dashed lines indicate representative σDC/σOpt values from this work and other studies: ITO,
AgNW, metal, and SWNT [4,44–47]. (c) Comparison of different FOMs of σDC/σOpt, ΦJ, and ΦH, normalized by that of ITO/i-ZnO structure. The corresponding WT
and Rsh are also shown.
3

Solar Energy Materials and Solar Cells 200 (2019) 109998

D.-H. Cho, et al.

Table 1
Measured sheet resistance (Rsh), solar-weighted transmission (WT), and transmittance at a 500-nm-wavelength (T550) of ITO/i-ZnO, TDL/NiMF-20s/ITO/i-ZnO, and
TDL/NiMF-30s/ITO/i-ZnO structures. The corresponding three FOMs: conductivity ratio (σDC/σOpt), Jain's (ΦJ), and Haacke's (ΦH), and calculated Jloss induced by
the TC materials are also listed.
Material

Rsh (Ω sq−1)

WT

T550 (%)

σDC/σOpt (T550)

ΦJ (WT, Ω−1)

ΦH (WT, 10−3Ω−1)

Jloss (mA cm−2)

ITO/i-ZnO
TDL/NiMF-20s/ITO/i-ZnO
TDL/NiMF-30s/ITO/i-ZnO

29.7
1.34
0.262

88.86
80.47
79.24

84.87
79.67
78.36

74
1169
5548

0.285
3.43
16.4

10.33
84.96
372.5

4.49 (+grid: 5.92)
8.19
8.75

where the IAM1.5(λ) is the wavelength-dependent AM 1.5G solar flux
and T(λ) is the wavelength-dependent transmittance of the TC material.
The λ1 and λ2 values were set as 300 nm and 1200 nm, respectively, to
cover the wavelength range of the spectral response of our CIGS solar
cell [48]. The TDL/NiMF-20s and TDL/NiMF-30s materials resulted in
transmittance reductions of about 8.4% and 9.6%, respectively, compared to the bare ITO/i-ZnO. The two different FOM definitions of the
various TC structures, proposed by Haacke (ΦH) [43] and Jain et al.
(ΦJ) [49], were also calculated using the WT as follows:
H

J

=

=

WT10
[43],
Rsh
=

likely prolonged the optical path length in the CIGS absorber [51,52].
The TDL/NiMF-30s sample exhibited an improvement in the fill factor
(FF) because of the low Rsh compared to that of the TDL/NiMF-20s
sample, while the JSC of the TDL/NiMF-30s sample decreased because
of the lower transmittance. The JSC values calculated from the EQE of
the patterned grid, TDL/NiMF-20s, and TDL/NiMF-30s were
29.55 mA cm−2, 30.45 mA cm−2, and 28.48 mA cm−2, respectively,
which agreed well with the measured JSC values. The differentiated
EQE, dEQE/dλ, exhibited two peaks around wavelengths of 380 nm and
1030 nm (sharp edges in EQE), which indicate the energy band gaps
corresponding to the ITO/i-ZnO/ZnS and CIGS layer, respectively. This
means that the band gap property remained the same for the samples.
The band gap of the CIGS absorber was estimated to be 1.20 eV.
We investigated the area-dependent solar cell efficiency with NiMFs
with two different fiber thicknesses in order to examine the potential of
applying the NiMFs to larger-area solar cells. Cell areas of approximately 2.25 cm2, 1.5 cm2, 1.0 cm2, and 0.5 cm2 (shown in the inset of
Fig. 5) were sequentially obtained via mechanical scribing. Because the
cell areas were defined by manual mechanical scribing, the measured
cell areas slightly differed from the desired areas. There was a negligible decrease in the solar cell efficiency (~14.2%) of the NiMF-30s
sample with increasing cell area, whereas that of the NiMF-20s sample
decreased from 14.9% to 13.3%. The efficiency was largely affected by
the decline in the FF in the area, which was due to the increase in Rseries.
The Rseries of both NiMF-20s and NiMF-30s samples was ~0.9 Ω cm2
over an area of 0.5-cm2, while it was 2.95 Ω cm2 and 1.55 Ω cm2, respectively, over an area of 2.25 cm2. The Rseries values were calculated
by fitting the J-V curves using a two-diode model [53]. The JSC hardly
changed with the area, showing an average difference of 1.5 mA cm−2
between the NiMF-20s and NiMF-30s samples, because of the difference
in the transmittance of the fibers. The JSC values for the 0.5 cm2 area
were slightly lower than those for the larger areas because the area
fraction of the indium top contact increased for the smaller areas. Not
surprisingly, the Pmax value of the NiMF-20s became less than that of
the NiMF-30s. Among the causes that determine the Ploss, the degree of
the contribution of the TC materials and grids is expressed as

(5)

[Rsh ln(WT + R)]

1

[49],

(6)

where σ is the resistivity, α is the absorption coefficient, and R is the
reflectance (neglected in this work) of the TC materials. ΦH is the
thickness-dependent that yields film property, whereas the ΦJ is the
thickness-independent exhibiting the intrinsic material property. The
three different FOMs calculated, σDC/σOpt, ΦH, and ΦJ, are summarized
in Table 1. The normalized FOMs of each of the TC structures (the FOM
of the ITO/i-ZnO was 1) are plotted in Fig. 3(c). All the FOMs significantly increased after NiMFs were formed on the ITO/i-ZnO layers
because of the significant reduction in the Rsh value. The FOMs were
much higher than those of the high-quality ITO film and AgNWs [4].
The FOM of the NiMF-30s-employed sample was larger than that of the
NiMF-20s-employed sample because of the improvement in the Rsh
value with little loss in transmittance. For solar cell applications, the
loss in the short circuit current (Jloss) was calculated as follows, in order
to quantitatively estimate the effect of the transmittance loss, which
was induced by the NiMFs, on the photovoltaic performances.

Jloss =

q
hc

2

IAM1.5 ( )(1
1

T ( )) d ,

(7)

As a patterned metal grid was fabricated on the solar cells of the
ITO/i-ZnO window layer, the shading factor of the grid (3.3%) is also
considered. The additional Jloss induced by the TDL/NiMF-20s and
TDL/NiMF-30s structures was about 2.3 mA cm−2 and 2.8 mA cm−2,
respectively, compared with the grid/ITO/i-ZnO.
The different TC materials, patterned grid, TDL/NiMF-20s, and
TDL/NiMF-30s, were prepared on the ITO/i-ZnO/ZnS/CIGS/Mo/SLG
solar cell structures with dimensions of 25 mm × 25 mm, as shown in
Fig. 4(a). Every single solar cell was defined by mechanical scribing to
obtain a designated 0.5 cm2 illumination area [50]. The patterned grid
includes 100-μm-wide busbars and 25-μm-wide fingers that are visible
to the naked eye, although the NiMFs were non-obtrusive. The J-V
characteristics are displayed in Fig. 4(b). By applying TDL/NiMF-20s
instead of the patterned grid, the JSC was improved by ~1.76 mA cm−2,
which is contrary to the calculated Jloss value in Table 1. The quantum
efficiency was also improved for almost the entire wavelength region,
as shown in Fig. 4(c). The enhanced JSC was believed to be due to the
significantly improved diffusive transmission because of the TDL, which

S /2

Ploss =

I 2dR =
0

J 2b2y 2 Rsh dy
J 2bS 3
= Rsh
[54],
b
24

(8)

where J is the current density, and S, b, and y are factors related to the
grid dimensions [54]. This equation indicates that Ploss is directly proportional to Rsh when the grid dimensions are unchanged. Since the grid
dimensions (one round indium paste contact) were the same for each
area and NiMF thickness, the larger Ploss (smaller Pmax) of the NiMF-20s
samples can be explained by the larger Rsh.
4. Conclusions
NiMFs with a high cross-sectional aspect ratio were fabricated via a
facile and easily-scalable electroplating method. The NiMF greatly enhanced the electrical conductivity resulting in higher FOM values than
those of conventional TC materials. The randomly distributed
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Fig. 4. (a) Pictures of fabricated solar cell devices
terminated by the patterned grid (left, A), TDL/
NiMF-20s (center, B), and TDL/NiMF-30s (right, C)
onto ITO/i-ZnO/ZnS/CIGS/Mo/SLG structures. The
red dashed lines indicate a cell area of ~0.5 cm2 for
solar
cell
performance
measurements.
(b)
Corresponding J-V curves of A, B, and C samples and
their photovoltaic performances of efficiency (η),
open circuit voltage (VOC), short circuit current (JSC),
and fill factor (FF) (inset). The average parameter
values of the six individual cells in the patterned grid
sample (A) were indicated in brackets. (c) EQEs and
differentiated spectra of samples A, B, and C. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Photovoltaic performance parameters of solar
cells including NiMF-20s (red circle) and NiMF-30s
(green diamond) depending on the designated cell
area. The solar cell regions defined by mechanical
scribing in each area are displayed in the inset with
red dashed lines. (For interpretation of the references
to colour in this figure legend, the reader is referred
to the Web version of this article.)

conducting NiMFs significantly increased the number of pathways for
carrier collection. Gridless CIGS thin-film solar cells exhibiting high
photovoltaic performances were obtained by combining the NiMF with
a light diffusive layer and a TCO thin film. The fiber thickness was
controlled to obtain a better trade-off between the transmittance and
Rsh. Thicker NiMF suppressed the degradation of the FF for larger solar
cell areas because of the low resistance, while the thinner NiMF improved the transmittance, subsequently boosting the JSC. The highly
transparent and conductive NiMF can be a good substitute for patterned
film grids to achieve the fabrication of efficient and aesthetically superior solar cells and modules. We expect that TCOs can be potentially
replaced by NiMFs by further engineering.
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