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Abstract

The substrate sheet resistance effect in a large area dye-sensitized solar cell (DSC) device is still
the main factor responsible for low energy conversion efficiencies. In this work, current collectors
made of metal lines were applied by magnetron sputtering on a transparent conducting glass
substrate. The introduction of these metal lines enabled a decrease in the sheet resistance from
7.26 Q-0 to 2.52 Q-o%, by depositing an optimized 1.0 um tungsten thick layer on the top of 1.5
um thick molybdenum lines. These Mo/W lines withstanded long-term stability when in contact
with iodide/triiodide redox couple. Large area dye-sensitized solar cells with 36 cm? of active
area were assembled and the power conversion efficiency increased from 0.54 % to 1.62 % when
ten metal lines were applied in both electrodes. As a final design, Mo/W lines were only applied
onto the counter-electrode and protected with an indium-tin oxide layer; the resulting device
showed a power conversion efficiency of 3.43 %, compared with the reference efficiency of 2.38

%.
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1. Introduction

Dye-sensitized solar cells (DSCs) have attracted significant industrial interest in the last decades
for the conversion of solar light into electricity, specially due to its simple manufacture process
and low cost [1]. A DSC consists of two electrodes, the photoelectrode (PE) that is composed by
a dye-sensitized mesoporous TiO; film, and the counter-electrode (CE) that is made of a platinum
catalyst thin layer; between them there is an electrolyte, typically containing the iodide/triiodide
(I713) redox couple in a liquid solution [2]. While the highest certified power conversion
efficiency (PCE) is 11.9 % for a cell of 1.005 cm? it was reported recently a lab size DSC with
14.3 % [3]. At larger-scale, the record PCE value of 10.7 % was reached for a mini-module of 7
cells connected in series with a total area of 26.55 cm? and a PCE of 8.8 % for a sub-module of
398.8 cm? with 26 serial cells, both by Sharp [4]. This power conversion efficiency difference
between lab and industrial scale is a major limitation for all photovoltaic technologies and in

particular for DSCs.

When large area glass substrates are used, typically coated with a transparent thin layer of fluorine
doped tin oxide (FTO), the effect of ohmic resistance increases. As the active area of DSC
increases, the short circuit current (Jsc) and the fill factor (FF) decreases, leading to a drop in
conversion efficiency [5, 6]. Electrochemical impedance spectroscopy studies and other dynamic
characterization techniques revealed changes in the charge transport and recombination as the
photoelectrode area increases. After injection into the semiconductor layer electrons face an
increased transport resistance, which favors electron recombination with redox ions (Is) present
in the electrolyte [7, 8]. Therefore, when large area DSCs are prepared, the charge collection

efficiency becomes more significant when compared with smaller single cells.

Moreover, the ohmic resistance in a DSC substrate also depends on the cell geometry and it should
be optimized to obtain high fill factors. Always, bearing in mind a simple cell design, to ensure

the aesthetic aspect of the produced modules. Many solutions have been proposed to compel



special attention to cells configuration and materials performance, namely, the use of large size
submodules composed of multiple small area cells. However, due to the high number of small
cells the aperture ratio (ratio between active and total area) is quite low [9]. Decreasing the internal
ohmic resistance of a large area substrate in a DSC and maintaining the recombination rate
independent of the area is crucial to guarantee high photovoltaic performance [10], but also very
desirable for building integrated applications, enabling simpler architectures and for lower

production costs [9].

The most obvious way for reducing the internal ohmic resistance of a DSC is by introducing
current collectors such as metal colleting grids, in analogy with conventional photovoltaic cells.
Though, for DSC applications, the selection of the current collector materials should be carefully
studied due to the highly corrosive nature of I/I5” redox couple and the ability of occurring charge
recombination in the metal grids/electrolyte interface (dark current), responsible for a reduced
cell photocurrent [10]. Materials like nickel, titanium, silver, aluminum and stainless steel have
been studied on large area DSCs, but in most of cases a protection layer made of a resin or a glass-
ceramic is needed, albeit leading to complex and expensive manufacturing processes [9-15].
Recently, Jihuai et al. prepared a PEDOT-Pt/Ti counter-electrode, where PEDOT-Pt was
electrodeposited over a Ti-mesh. The photoelectrode consisted in a 100 cm? Ti foil substrate. The

prepared devices showed higher energy conversion efficiencies for large cells (PCE = 6.69 %).

Within this work, two metals are investigated as current collectors for large area DSCs: tungsten
and molybdenum. These two materials exhibit high resistance against electrolyte corrosion over
a long time, suitable work functions to create an ohmic contact with TiO, photoelectrode and
good sheet resistance values [2, 16, 17]. The current collectors in the form of metal lines were
prepared using different combinations of molybdenum and tungsten. First, the materials
morphology was studied and characterized aiming the optimization of the deposition procedures
and then the prepared conductive lines were applied on complete large area DSC devices for

photovoltaic performance assessment.



2. Experimental

2.1 Preparation of current collectors

The current collectors were deposited directly on top of 8 x 8.5 cm? transparent conductive oxide
(TCO) coated-glass, 2.2 mm thick and sheet resistance of 7 Q-o?, from Solaronix®, as shown in
Fig. 1. The glass substrates were first washed as described elsewhere [18]. Then a metal mask

was placed on top of the TCO glass substrate with the help of a double sided Kapton® tape.
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Fig. 1 Left: Current collectors design deposited on top of a TCO glass substrate (not drawn in scale). Right:
Top view optical microscopy image of a current collector.

The deposition of molybdenum and tungsten was made by magnetron sputtering (QPrep400 from
Mantis Deposition®), a type of physical vapor deposition (PVD). This method consists in
bombarding the target (Mo or W, respectively) with energetic argon ions and subsequent ejection
of neutral metal atoms species that condense as a growing film on the substrate. For the
depositions, the following conditions were used: 10 Pa of base pressure; 20 sccm of argon flow,
where the argon pressure was controlled by the throttle valve; a bias potential of -50 V applied to
the substrate; and a substrate rotation speed of 6 rpm. A quartz crystal monitor (QCM) was used
to measure the thickness of the conductive lines during depositions. The sample holder had a
capacity for 9 glass substrates. The deposited metal line properties were optimized changing by

the argon pressure (Par) and substrate temperature (Tsubstrate)-



The electrical resistance of the lines (Riine) Was measured using a two-point probe technique with
test probes placed ~7 cm apart, being averaged on 10 sampling values. For each sample, 10 lines
were deposited with a length of 77 mm and a width of 0.6 mm, spaced 6 mm from each other.
Sheet resistance measurements were performed using a four-point probe technique, following the

Van der Pauw method, always for the same analyzed area.

A binocular stereo optical microscope (OPTIKA lItaly) and scanning electron microscope (FEI
Quanta FE-SEM) were used to characterize the morphology of conductive lines. X-ray diffraction
(Bruker AXS D8 Discover) was employed to analyze the crystalline structure of the conductive
lines. Inductively coupled plasma mass spectrometry (ICP-MS Thermo Scientific)
characterization was performed to assess the corrosion of the lines when exposed to the redox

electrolyte solution.

2.2 Large area DSC device assembly

For large area DSC photovoltaic performance assessment, two-sized devices were prepared with
6 x 6 cm? and 2 x 2 cm? of active area; the cell assembly procedure was the same for both sizes.
The photoelectrodes were prepared as described elsewhere [18]. Briefly, the glass substrates were
treated with a 40 mM TiCl, aqueous solution at 70 °C for 30 minutes followed by three cycles of
screen printing of TiO; paste (Ti-Nanoxide T/SP from Solaronix®), alternating with drying at
100 °C for 10 minutes. The samples were then sintered at 500 °C for 30 minutes and the final
photoelectrode thickness was 12 um. The counter-electrode glass substrates were drilled with four
holes with 1 mm diameter each and the platinum paste (Platisol T/SP from Solaronix®) was then
screen printed and sintered at 450 °C for 15 minutes. Both electrodes were sandwiched and sealed
with thermoplastic sealant with 60 um thick (Surlyn® from Solaronix®) in a hotpress at 175 °C
for 15 seconds; the final interdistance between the two glass substrates was ~30 um. Dye
adsorption in the porous TiO, photoelectrode was enabled by recirculation the dye solution (1
mM of N719 from Solaronix® in ethanol) for 14 hours using a peristaltic pump (Ismatec®

Ecoline). The photoelectrode was then rinsed with ethanol, dried with nitrogen and the electrolyte



(lodolyte Z-150 from Solaronix®) filled through the aforementioned holes, which were
subsequently closed with Surlyn® and glasses slides. Finally, silver paste (RS Components) was
applied onto the electrical contacts. Half-cells devices of 2 x 2 cm? were also prepared to

characterize the counter-electrode, as described elsewhere [19].
2.3 Device characterization

I-V characteristics were obtained using an electrochemical station (Autolab, PGSTAT302N). The
cells were front illuminated using a solar simulator (Newport, USA) calibrated using a single
crystal Si photodiode (Newport, USA); 1-sun incident radiation was used, equivalent to 1000
W-m. Electrochemical impedance spectroscopy (EIS) measurements were performed in the dark
within a frequency range from 100 kHz to 0.05 Hz, with an AC modulation of 10 mV; commercial

software ZView® (Scribner Associates Inc.) was used.

3. Results and discussion

3.1 Mo/W lines deposition

Deposition of tungsten films and their characterization have been extensively reported in the
literature. The properties of the film strongly depend on the deposition process as well as on the
purity [20-23]. The tungsten deposition parameters were optimized to maximize the adhesion of
W lines to the TCO layer and to minimize Riine. It was observed that the operating conditions that
mostly affect the lines properties were Tsustrae aNd Par during the deposition. Table 1 shows

different operating conditions tested for the deposition of W lines.

Table 1 Operating conditions of tungsten deposition with the correspondent thickness (dLine) and electrical
resistance of the line (RLine).

Sample/# Tsubstrae / °C~ Par/Pa  diine/ pm  Ruine / Observations
#S1 RT 0.3 0.2 15.0 No delamination
#S2 RT 0.3 0.4 13.8 Lines delamination
#S3 RT 0.9 0.5 12.1 No delamination
#S4 200 0.9 1.1 8.3 No delamination
4S5 250 0.9 15 6.8 No delamination, onset of the

Kapton tape carbonization
#S6 300 0.9 ——— e No line formation, mask detached
RT — Room temperature (never exceeding 50 °C during deposition)




As expected, increasing the thickness of the tungsten lines favors the decrease of Riine, hOwever
the film adhesion (delamination) is affected mainly due to residual stress formed during the
deposition. Delamination was minimized increasing the Par from 0.3t0 0.9 Pa, which makes the
residual stress to change from compressive to tensile [24]. Moreover, increasing the substrate
temperature allows growing thicker films without delamination since higher temperature induces
a residual stress relaxation and concomitant decrease in Riine. However, this temperature increase
was limited by the thermal decomposition of the Kapton® tape at ca. 250 °C. From Table 1, the
operating conditions of sample #S5 gives the lowest Riin. and the best adhesion to the TCO glass
substrate, respectively 6.8 Q of Riin and 1.5 um thick. Since thicker tungsten lines are difficult
to obtain, it was assessed a different metal line configuration aiming to decrease further the
electrical resistance; a bilayer configuration of molybdenum and tungsten (deposited using the

optimized parameters in Table 1) was then tested — Table 2.

Table 2 Combinations of molybdenum (Mo) and tungsten (W) materials and the correspondent electrical
resistance (RLine).

Sample / # Materials combinations/ um  RLine / Observations
1#1.5Mo 1.5 um Mo 4.9 Good adhesion, no delamination
2#1.0W 1.0 umW 8.3 Poor adhesion, no delamination
3#1.5W 1.5 pymWwW 6.8 Poor adhesion, some delamination
4#1.5Mol.0W 1.5 pm Mo + 1.0 pm W 4.2 Good adhesion, no delamination
5#1.5Mo01.3W 1.5pm Mo + 1.3 pym W 3.6 Good adhesion, some delamination

Comparing single molybdenum and tungsten lines with the same thickness, samples 1#1.5Mo and
3#1.5W, molybdenum gives lower electrical resistance and better adhesion. However, as-prepared
molybdenum and tungsten lines were submitted to dipping tests in the electrolyte solution over a
month to evaluate their corrosion resistance. Molybdenum lines were completely dissolved,
contrary to what has been reported before [16, 17]. On the other hand, tungsten lines showed
excellent corrosion resistance to the electrolyte. Combining the two materials in a layered metal
line, where tungsten coats molybdenum, thicker and then more conductive metal lines can be
obtained and corrosion resistant. Even though sample 5#1.5Mo01.3W presents the lowest Ryine,

the adhesion to the substrate was better for sample 4#1.5Mo01.0W. Since the thickness of tungsten



was lower; this limits the quality of the adhesion and consequently of the current collector. Both
4#1.5M01.0W and 5#1.5M01.3W samples exhibit the lowest Riire and for that reason these

samples were applied in substrates of 36 cm? active area - Section 3.3.

3.2 Mo/W lines characterization

After optimizing the current collectors deposition in terms of adhesion and electrical resistance,
the combined Mo/W lines were further characterized. For that, TCO glass substrates with
dimensions of 8 x 8.5 cm? were prepared with 10 conductive lines. Sheet resistance (Ro)
measurements, i.e. the electrical resistance of the TCO glass substrate with coated metal lines,

were performed using Four-point probe measurements following the VVan der Pauw method was
used, where RL was measured in the perpendicular direction of the lines and R= in the parallel
direction [25] — Table 3. For bare TCO glass substrate (without conductive lines), Rt and R=
values are similar showing no preferential direction for the electron flow. When 10 lines with 1.0
um of tungsten were added to the TCO glass substrate, R= decreases from 1.95 Q to 0.32 Q,
whereas RL increases from 1.29 Q to 2.18 Q; as expected, the electron flow became preferential
in the parallel direction of the lines. Combined Mo/W lines present an even lower R= (0.02 Q)

and a highest RL(2.52 Q), resulting in the lowest sheet resistance obtained, Ro = 2.52 Q-o. The
sheet resistance stability of the combined Mo/W lines to a thermal treatment at 500 °C during 30
min was assessed; this treatment simulates the TiO, photoelectrode sintering process. This test

showed that the sheet resistance after the heat treatment remains almost unchanged (2.67 Q-o™?).

Table 3 Four-point probe measurements of different conductive lines on 8 x 8.5 cm? TCO glass substrates. RL

was measured in perpendicular direction to the lines, whereas R= was measured in parallel direction to the lines.

Sample / # RL/Q R=/Q Ry/Qro?
Bare TCO 1.29 1.95 7.26
2#1.0W 2.18 0.32 4.38
4#1.5Mo01.0W 2.52 0.02 2.52



4#1.5Mo1.0W oxidized at 500 °C 2.48 0.04 2.67

Fig. 2 illustrates the electron pathways when an electrical field is applied across the substrates.
For a bare TCO glass substrate electron transport is only carried through the film — Fig. 2A.
Adding conductive lines, a new electric pathway emerges: electrons converge to the conductive
lines from the sides, as shown by the four-point probe measurements — Fig. 2B-C. The top surface
area of the conductive metal lines can be conductive — Fig. 2B — or non-conductive — Fig. 2C,
as it happens after annealing the substrate and metal oxide is formed. However, since the top
metal surface area is small compared to the whole substrate area, there are no significant
differences between these two cases when inserted in a DSC device, the electrical transport in

TCO should remain.
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Fig. 2 Schematic representation of charge pathways in A: bare TCO glass substrate; B: TCO glass substrate
with Mo/W lines; C: TCO glass substrate with an oxide layer formed on the top of the Mo/W lines after heat
treatment.

The morphology of the conductive lines was analysed by scanning electron microscopy (SEM) -
Fig. 3. A SEM image of the Mo/W line cross-section is presented, Fig. 3A, revealing a good
adhesion between the TCO glass substrate. Also, the morphology shows a compact structure,
crucial to obtain low electrical resistance [26]. Fig. 3B shows the top view of the as-deposited
Mo/W lines. The morphology of the metal lines is affected mainly by two reasons: the TCO glass

substrate roughness and the shadow effect caused by the mask used. Looking closely to the cross



section image (Fig. 3A), a laminar slanted grain structure is apparent, which should result from
the angle of incidence. Top view micrograph of the Mo/W lines after a heat treatment at 500 °C

during 30 minutes, Fig. 3C, shows larger crystals suggesting the presence of tungsten oxide.
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Fig. 3 SEM micrographs for deposited Mo/W lines on TCO glass substrate: A: cross-section; B: top view for as-
deposited; C: top view after heat treatment at 500 °C during 30 minutes.

The chemical composition of the thermally treated tungsten lines was compared with untreated
lines using X-ray diffraction. Fig. 4 shows the diffraction patterns for tungsten with no heat
treatment (black line), revealing a a-W phase with a body-centered cubic structure and presenting
characteristic diffraction peaks from the (110), (200) and (211) reflection planes. After heat
treatment, it is possible to see emerging peaks that can be attributed to monoclinic tungsten
trioxide (WOs3) phase. The analysis of the characteristic diffraction peaks suggests the presence
of two characteristic triplets, consisting in (002), (020) and (200) reflections between 22.1-24.6°,
and (022), (-202) and (202) reflections between 31.9-34.9°. However, tungsten metal continues

to be the main fraction of the sample.
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Fig. 4 X-ray diffraction patterns of tungsten lines deposited on top of a TCO glass substrate (black line) and
after a heat treatment at 500 °C during 30 minutes (red line). Inset figure shows a zoom to distinguish monoclinic-
WOs characteristic peaks

ICP-MS measurements were performed to analyse metal corrosion in the redox electrolyte (I7/13).
The stability in the presence of the electrolyte of a sample with a 1.0 um thick tungsten line
(Sample 2#1.0W) and a sample with composite Mo/W lines (Sample 4#1.5Mo1.0W) was assessed,;
molybdenum lines proved to be unstable in the presence of the electrolyte — see section 3.1. Table
4 shows the concentration of dissolved metals after 7 and 37 days of dipping time. Tungsten lines
did not corrode even after 37 days; ICP-MS measurements showed values of dissolved tungsten
in the electrolyte below the detection limit of the equipment. Concerning the sample with a Mo/W
ling, the ICP-MS measurements showed a concentration of 0.6 mg-L* of dissolved molybdenum
after 7 days, maintaining the same value after 37 days. This provides evidence that the tungsten
protective layer has a significant ability to protect the underlying molybdenum layer from

corrosion.
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Table 4 — ICP-MS analysis of 1/15” redox electrolyte after dipping of conductive lines during 7 and 37 days.

Sample Element After 7 days/ mg-L*  After 37 days/ mg-L*
2#1.0W W <0.2 <0.2
4#1.5Mo1.0W Mo 0.6 0.6

3.3 Large area DSC characterization

A series of DSC devices were prepared incorporating the developed conductive lines in both

substrate sides and characterized in terms of photovoltaic performance - Fig. 5 and Table 5.
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Fig. 5 I-V characteristics for small (SR) and large (LR) DSC reference cells without conductive lines and
DSC devices with different combinations of Mo/W lines.

Table 5 I-V parameters for small (SR) and large (LR) DSC reference cells without conductive lines and DSC
devices with different combinations Mo/W lines.

Device Activearea/cm? Voc/V Jsc/mA-em? FF g5/ %

SR cell 0.196 0.73 10.03 0.65 5.02

LR cell 36.0 0.70 3.05 0.25 054
4#1.5M01.0W 32.4 0.65 4.45 049 1.42
5#1.5M01.3W 32.4 0.66 6.19 039 162
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Two DSC reference cells were considered: a small circular (SR cell) of 0.196 cm? and a large one
with 6 x 6 cm? without conductive lines (LR cell); when Mo/W lines are applied the active area
decreases from 36 cm? to 32.4 cm? due to the shadow caused by the lines. As expected, it was
observed a significant difference on the power conversion efficiency between the two cells.
Concerning the devices incorporating Mo/W lines, with 4#1.5Mo01.0W and 5#1.5Mo01.3W
devices, it was observed a power conversion efficiency enhancement from 0.54 % (LR cell) to
1.42 % (4#1.5Mo01.0W) and further increased to 1.62 % (5#1.5Mo01.3W); the photovoltaic
performance enhancement occurred mainly due to Jsc and FF improvement. The current density

increases approximately proportionally to the sheet resistance decrease.

The effect of conductive lines on each electrode (photo and counter-electrodes) was studied for a
device with 2 x 2 cm? incorporating 4#1.5Mo1.0W metal lines. Fig. 6 shows that adding
conductive lines to the photoelectrode lowers the conversion efficiency from 2.38 % to 2.09 %.
Conversely, while adding the same lines to the counter-electrode enhances the conversion
efficiency to 2.52 %. Table 6 shows that the applied Mo/W lines to the photoelectrode decrease
both Jsc and Voc, whereas when these lines are applied to the counter-electrode Jsc increases and
Voc remains approximately constant. Furthermore, device 4#1.5Mo01.0W_ITO-CE with metal
lines covered with a thin layer of indium-tin oxide (ITO) in the counter-electrode is discussed

below.
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Fig. 6 1-V characteristics for a DSC with a 2x2 cm? design without lines (Reference cell) and the effect of adding
Mo/W lines on the photo and on the counter-electrode side.

Table 6 1-V parameters for a DSC with a 2x2 cm? design without lines (Reference cell) and the effect of adding
Mo/W lines on the photo and on the counter-electrode side.

H 2
Device Activearea/cm® o /v Jsc/mA-em? FE Z/(f
Reference cell 4.0 0.71 6.93 0.48 2.38
4#1.5Mo01.0W-PE 3.5 0.64 5.92 055 2.09
4#1.5Mo01.0W-CE 4.0 0.70 7.35 049 252
4#1.5Mol1.0W_ITO-CE 4.0 0.73 8.78 055 3.53

The electrochemical impedance spectra obtained in the dark at applied potentials between 0.2 V
and 0.7 V, with steps of 0.05 V, were fitted using a transmission line model and a simple circuit
model, depending on the potential range [27]. Fig. 7 presents the resistance parameters as a
function of the potential obtained from fitting the model to the Nyquist plot, where Rs is the series
resistance for the transport resistance of the TCO/lines, Ry is the charge-transfer resistance related
to recombination of electrons at TiOa/electrolyte interface and Ry is the electron transport

resistance in the mesoporous TiO; photoelectrode.
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Fig. 7 Fitted EIS parameters of the used electrical analogue circuit [27] as a function of applied potential for a
2 x 2 cm? DSC cell with metal lines at the PE, CE and CE protected with 1TO layer. A: series resistance (Rs) B:
recombination resistance (Rk) and C: transport resistance (Rw).

Compared with reference cell (ca. 7 Q), the series resistance decreases for all devices with Mo/W
lines, where the lowest value of 3.41 Q is obtained for 4#1.5Mol.0W_ITO-CE device. The
recombination resistance (Rk) for 4#1.5Mo01.0W-PE device is smaller than for the reference cell;
this is in agreement with the photovoltaic performance — Fig. 7. Moreover, this same device has
a lower transport resistance (Rw), indicating that using conductive lines benefits the electron
transport in the photoelectrode side. For the latter device, the electron recombination effect
overcomes the electron transport resistance decrease induced by the Mo/W lines. The electron
recombination increase should be related to the electrolyte reduction at the metal lines [28, 29].
On the other hand, 4#1.5Mo1.0W-CE device displays R« and Ry, values in line with the reference

cell.

Since the use of collecting metal lines seems to increase the recombination rate, it was considered
the use of a protective layer of ITO applied on the counter-electrode over the metal lines. ITO
was selected since it is widely used on photovoltaic devices as DSCs due to its low sheet resistance
and high transmittance in the visible region [30, 31]. However, this material is sensitive to the
TiCl, solution used to prepare the blocking layer at the photoelectrode side, preventing its use in
the photoelectrode [32]. ITO layer was applied by magnetron sputtering up to a thickness of ca.
40 nm (4#1.5Mo01.0W_ITO-CE device). Sheet resistance measurements of this sample showed

2.63 Q-o?, a value similar to that obtained for the best samples listed in Table 3. The results in
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Fig. 7 and Table 6 indicates that the use of an ITO protective layer results in a substantial energy
conversion efficiency increase, from 2.38 % to 3.53 %. Since all parameters controlling the
efficiency and related to the photoelectrode are similar to device 4#1.5Mo1.0W-CE, the enhanced

photovoltaic performance should be assigned to the counter-electrode as discussed below.

Half-cells of 2 x 2 cm? were assembled in order to better understand the phenomena taking place
in the counter-electrode side. The influence of adding 4#1.5Mo1.0W metal lines to a TCO glass
substrate was analyzed. Also the effect of coating these lines with a ca. 40 nm thick ITO thin
protective layer was assessed. All these devices were coated with a catalytic platinum layer

sintered at 450 °C. Fig. 8 displays the Nyquist plots of the three half-cells at 0 V.
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Fig. 8 Half-cells assembled with counter-electrodes studied in this work. EIS spectra with Nyquist plots, for
different substrates applied on the counter-electrodes in large-area 2 x 2 cm? DSC devices. .

A simplified Randles electrical analogue was used to fit the experimental data as described

elsewhere [33]. When Mo/W lines were added to the TCO glass substrate, the series resistance
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(Rs) decreased from 6.1 Q to 2.2 Q but the charge-transfer resistance at the counter-electrode
(Rce) increased almost 8-fold, from 5.1 Q to 39.5 Q. Although Mo/W lines prejudices the counter-
electrode performance in Reg, the device photovoltaic performance was increased due to the lower
Rs. When adding the ITO protective layer Rs was further reduced to 1.3 Q and concomitantly Rce
decreased to values close to that of the reference device, hence justifying the increased

photovoltaic performance from the 4#1.5Mo01.0W_ITO-CE device.
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4. Conclusions

The present work studied the use of metal lines on TCO glass substrates for minimizing the sheet
resistance in large sized dye-sensitized solar cells. Though tungsten proved to be a promising
metal for serving as current collector in DSCs, due to its chemical stability and high electrical
conductivity, it proved to be quite difficult to sputter tungsten to the required line thickness. A
bilayer collecting lines structure comprising of a bottom molybdenum layer capped with tungsten
was optimised. The best performing design comprehends a 1.0 um layer of W that coats a 1.5 pm
layer of Mo. This design displays a good adhesion to the TCO layer and a lower sheet resistance.
When ten metal lines were applied to 36 cm? active area DSC, the sheet resistance decreased from
7Q-o! to 2.52 Q-o? and the power conversion efficiency increased from 0.54 % (reference
device) to 1.62 %. When these metal lines were applied to the photoelectrode the recombination
rate resistance increased substantially, resulting in low performing DSC devices. A new approach
was subsequently followed by coating the metal lines at the CE with a protective ITO layer; the
DSC devices prepared this way improved the energy conversion efficiency to 3.53 %, by far
overcoming the previous performances. Half-cells confirmed that the ITO protective layer shows

significantly lower charge-transfer resistance compared with the substrate with bare metal lines.
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