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Tandem Dye-sensitized Solar Cell Based on Metal Mesh
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Abstract: A newly structured tandem dye-sensitized solar cell (tfandem DSC) based on stainless mesh was introduced,

in which the electrode constituted a first TiO, film on TCO and a second TiO, film on stainless mesh. Negative inter-

action between different dyes in this structure is less than that by normal method of cocktail-dyes dipping. The appli-

cation of stainless mesh here reduces the loss of incident light, solves the problem of electronic connection between

two different TiO, films, as well as improves electron transport and collection. This tandem cell achieved a power

conversion efficiency of 1.96% with short circuit current density of 8.4mA/cm’. Compared with normal mono-layer

DSC with similar cell thickness, efficiency was improved about 62% by this tandem structure. Electrochemical im-

pedance spectroscope (EIS) was used to analyze the electron transport in tandem DSC, and an equivalent circuit for

tandem DSC was also proposed here. Meanwhile, the increased cell thickness and electron recombination on the sur-

face of the stainless mesh have obvious influence on the photovoltaic performance.
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With the increasing concern on the issue of energy and
global environment, especially on the low-carbon econ-
omy, dye-sensitized solar cell with a present highest effi-
ciency up to 12%!"
is drawing attentions from the whole world.

During the past decade, there have been various kinds
of investigations to achieve high energy conversion effi-
ciency. Among the wide-ranging new concepts and meth-
ods, tandem could be taken into consideration as a practi-
cable mean to improve Jg, thereby increasing the effi-

, as the third generation of solar cell,

ciency 7, in the spirit of boarding the total range of spec-
tral response by the application of two different but com-
plementary dyes. However, accompany with its prosperity,
tandem DSC is confronted with some challenges. Firstly,
maintaining a maximum transparency which would ensure
higher light absorption rate requires as few pieces of elec-
trodes as possible. The common two-pieces structure of
tandem DSC™ posed a strict requirement on the transpar-
ency of TCO, which would increased the cost of DSC.
Secondly, common method of simply dipping TiO,-coated
substrate in one dye solution then another (DSC-cocktail)
often bring a loss to Js., due to negative interaction be-
tween different dyes™. Thirdly, there are few reports on
convenient and separate staining of respective dyes on a
two-TiO,-layers in one-piece structure. The problem left

here is how to handle the bad connection between the two
separate TiO, layers, which would impact the electrons
transfer in TiO, layers, thus reduce the collection rate of
excited electrons. Though the compressing method'® could
be a potential way to solve connective problem, it is still

Mysed

not practical in tandem DSC. Meanwhile, Fan et al
conductive mesh to fabricate DSC. However, there are few
reports on tandem DSCs based on metal mesh. Only
Kenshiro Uzaki et al®® reported a tandem DSC consisting
of floating electrode. However, their tandem DSC was still
a series and two-pieces-like structure, thus facing the
above mentioned first challenge of light harvesting.

In this paper, a new tandem construction based on metal
mesh was put forward. We compared the performance of
tandem cell with single cells, and further studied the fac-
tors that may mainly impact the performance of tandem
DSC.

1 Experimental

A porous TiO, film onto a fluorine-doped tin oxide
(FTO) glass substrate was prepared using reported
method®. FTO glass was purchased from Dalian Hepta-
Chroma SolarTech Co., Ltd.. TiO, paste was supplied by
Institute of Plasma Physics, Chinese Academy of Sciences.
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Stainless mesh was purchased from Anping Anxin Wire
Mesh Co., Ltd., with line size of about 30 um, thickness of
86 um, and porosity less than 2%. The thickness of the
TiO, film on FTO glass substrate was about 8 um. The
areas of TiO, film on FTO and on stainless mesh were
both 0.5 cmx0.5 cm. The two parts of TiO, films were
totally overlapped when in tandem structure. A plati-
num-coated FTO glass was used as the counter electrode.
A dye solution [N719] was prepared in 1:1 acetonitrile and
tert-butyl alcohol solvents. A dye solution (0.2mmol/L) of
Ruthenium 620-1H3TBA[N749] was prepared in 1:1
acetonitrile and tert-butyl alcohol solvents. The electrode
was immersed in the dye solution for 12h to adsorb the
dye onto the TiO, surface. 0.1 mol/L Lil, 0.08 mol/L I,,
0.5 mol/L 4-tert-butyl pyridine, and 0.6 mol/L 2-dimethyl-3-
propylimidazolium iodide in acetonitrile constitute the
electrolyte used here. The current-voltage characteristics
were measured using the previously reported method™
with a solar simulator (AM1.5, 100mW/cm® SAN-EI
XES-15185). The electrochemical impedance spectra were
measured with an impedance analyzer. EIS spectra were
recorded over a frequency range of 10°—~10°Hz. The ap-
plied bias voltages were set at the open-circuit voltages
(Voc) of the DSCs respectively.

2 Results and discussion

2.1 Structure of tandem cell and working
principle

Figure 1(a) demonstrated the new construction of tan-
dem DSC. A conductive and flexible mesh was introduced
into DSC's working electrode. The tandem cell's anode
constituted a normal first TiO, layer (stained with dye
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Fig. 1 Schematics (a) and working principle (b) of tandem cell

N719)on TCO, and a second TiO, layer(stained with dye
N749)on stainless mesh. The first TiO, layer on TCO was
closer to the source of illumination. The area of TiO, layer
on stainless mesh was totally overlapped with the first
TiO, layer on TCO, and another end of stainless mesh was
connected with TCO. A platinum-coated FTO glass was
used as the counter electrode here. Figure 1(b) showed the
flow of electron transport in the tandem cell. The excited
electrons on the first TiO, layer were collected by TCO;
while the excited electrons on the second TiO, layer
probably were collected by their attached stainless mesh
and transferred directly through the mesh to external cir-
cuit for the higher conductivity of stainless mesh than
TiO, layer. The advantages of this construction lie in that:
without part of light loss caused by semi-electrode, the
incident light can be given a better play. The stainless
mesh played a vital role here as a frame to support the
second TiO, layer, which conveniently separated staining
of two respective dyes on two separate TiO, layers, as well
as functioned as a better electron collector for the second
TiO, layer. It also resolved the above mentioned problems
of connection between the two TiO, layers, successfully
collecting the excited electrons on both the first and sec-
ond TiO, layer. The stainless mesh chosen here is due to
its advantages of low cost, low thickness, good tolerance
to high sintered temperatures, allowing the electrolyte
filled in the entire cell thus few problems for I/I;” redox
couple transportation in this device, as well as the capabil-
ity to realize flexible DSCs based on it.
2.2 Photovoltaic performance of tandem cell
Two single cells (Cell Sinl, Cell Sin2) were prepared as
reference cells for the Cell Tan. The electrode of Cell Sinl
was 8um-thick TiO, film on FTO, and that for Cell Sin2
was TiO, film on stainless mesh, while the electrode of
Cell Tan was 8um-thick TiO, film on FTO and a second
TiO, film on stainless mesh. The counter electrode and
electrolyte used in these cells were identical. Table 1 and
Figure 2 concluded the details of |-V performances and
structure of those cells. V., of Cell Tan was lower than that
of Cell Sinl, while much higher than V, of Cell Sin2. Due
to the parallel structure, the V. of this tandem DSC is lim-
ited by the V. value of Cell Sin2. Therefore, it was im-
portant to improve the V. of Cell Sin2, though 0.396 V
was comparable to the result of Fan et al'”). The J,. of Cell

Table 1 1-V performances of Cell Tan, Sinl and Sin2
Cell Ji/(mA-cm™?) V!V FF n
Sinl 8.388 0.725 0.539 3.28%
Sinl’ 5.457 0.706 0.313 1.21%
Sin2 3.090 0.396 0.329 0.40%
Tan 8.425 0.544 0.429 1.96%
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Fig. 2 Structure of different cells
(a) Sinl, 25pm spacer; (b) Sinl’, 120pm spacer; (¢) Sin2; (d) Tan

Tan was a little higher than that of Cell Sinl, but was

lower than the summation of J,. of Cell Sinl and Cell Sin2.

This behavior maybe due to the low complementary de-
gree between dye N719 and N749, or more dark current
caused by the increased thickness of the tandem structure.
Because charge carriers for the excited electrons on first
TiO, layer have to go through holes of mesh to reach the
counter electrode, as shown in Fig. 1(b). On the matter of
FF, even with a lower sheet resistance (Ry), due to
stainless mesh application, the increased Nernstian diffu-
sion resistance within electrolyte (R;) may result in the
increased total internal resistance of Cell Tan, thus a low
FF. The efficiency of Cell Tan was yet not higher com-
pared with Sinl, which may be caused by the thickness of
the tandem structure and the low efficiency achieved by
the second layer based on stainless mesh. Considering that
the increased thickness of cell due to tandem construction
would bring higher electrolyte diffusion resistance (R;), and
at the same time may bring more recombination, here Cell
Sinl’ (which had similar thickness with Cell Tan and same
structure as Cell Sinl) was applied to compare with Cell
Tan. Both J,. and efficiency of Cell Tan were higher than
that of Cell Sinl’, which verified the advantage of this tan-
dem structure. Compared with normal mono-layer DSC
(Sin1”) with similar cell thickness, efficiency was improved
about 62% by this tandem structure.

Figure 3(a) compares the photovoltaic performances of
Cell Tan, Cell Sinl and Cell Sin2. Figure 3(b) illustrates
the electrochemical impedance spectroscopy (EIS) of
these cells. From Bode phase plots which suggesting the
electron lifetime!'” listing from left to right, were Cell
Tan, Cell Sin2, Cell Sinl, respectively. The relation be-
tween electron lifetime and mid-frequency peak in EIS
was: 7,=1/27nfiq!""". Both Cell Tan and Cell Sin2 showed
longer electron lifetime than that of Cell Sinl. And Ry, cor-
responds to the sheet resistance of DSC, Cell Sin2 (13 Q)
and Cell Tan (16 Q), both containing stainless mesh, per-
formed smaller Ry, than Cell Sinl (33 Q) as shown in the
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Fig. 3 (a) I-V performances of Cell Tan, Sinl and Sin2; (b) EIS
and equivalent circuit for Cell Tan, Sinl and Sin2 in dark

inset of Fig. 3(b), which was consisitent with the smaller
resistance caused by stainless mesh, indicating a better
conductive property of stainless mesh applied in DSC.
Compared with the TiO, film on FTO glass substrate,
the TiO, film on stainless mesh bearded more cracks, as
shown in Fig.4, which may result in more negative re-
combination between the excited electrons and electrolyte.
It has been reported that the different thermal expansion
coefficients® of stainless mesh and the TiO, film were
actually responsible for the cracks. When the samples
were heated up, the thermal stress inside the TiO, film on

100 pm

Fig. 4 Metallographic image of TiO, films on stainless mesh
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stainless mesh increased. And if the thermal stress was not
reduced well and was concentrated in some position of the
film, it would suddenly release at the stress limitation and
broke the film. Metallographic microscope with mini
heating platform allowed us to observe the surface of TiO,
film and the formation of cracks during the whole sinter-
ing processes. Experiments results showed that a scheme
of a 30 min stop at 70°C with a later slower heating up at
the speed of 1°C/min, compared with the normal sintering
process, can reduce the size of cracks and weaken recom-
bination.

The low efficiency of tandem cell maybe caused partly
by recombination, therefore we compared performances of
Cell S1 (based on stainless mesh without surface treatment)
and Cell S2 (based on Al-deposited stainless mesh). Figure
5(a), (b) (c) show SEM of surface of stainless mesh and
Al-deposited stainless mesh. Cell S1 had higher efficiency
than Cell S2, as shown in Fig. 5(d), which can be explained
by the work function of Al(4.28 eV) and steel(4.5 eV). It
could be easier for electrons on Al-treated stainless
mesh transiting to the energy level of I/I;” in electro-
lyte, thus more recombination and less Ji. than Cell S1.
More efforts are necessary to weaken recombination
reaction, such as a dense TiO, isolation layer deposited
on the stainless mesh.
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Fig. 5 (a) SEM image of the surface of stainless mesh; (b), (c)
SEM images of Al-deposited stainless mesh; (d) |-V perform-
ances of Cell S1 and S2

3 Conclusions

The new structure of tandem dye-sensitized solar cell
put forward in this paper, supplied a potential solution to

some challenges of tandem DSC. The efficiency achieved
by this tandem construction is 1.96%, with a relative low
FF and Ji, which can be respectively explained by the
increased thickness of electrolyte and recombination.
More efforts are necessary to study effective surface
treatment for stainless mesh, in order to reduce recombi-
nation. In conclusion, this new tandem construction, with
its own advantages, could not only offer some sort of
enlightenment to tandem DSC design, but also can be de-
veloped for fabricating the flexible dye-sensitized solar
cells.
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