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Accepted ooth xx 201x A new approach for developing solid-state dye-sensitised solar cells (DSSCs) on Glass/ITO and plastic
substrates (PEN/ITO) is presented in this manuscript. A two steps electrodeposition technique has been
employed to realize the ZnO photoelectrodes. First a ZnO thin film is deposited on ITO substrate and
subsequently on this buffer layer ZnO nanowires of 650 nm long are grown. The different nanostructured
electrodes are crystallized and show a transparency close to 80% in the visible spectral range. The

electrodes are then sensitized with a new purely organic dye, whose synthesis is presented here, which
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reveals a wide absorption spectrum and high molar extinction coefficient. Finally, the sensitized
electrodes were employed for the fabrication of liquid and solid-state DSSCs, using respectively a liquid
iodine/iodide electrolyte and the Spiro-OMeTAD hole transporter. These devices represent the first
solid-state DSSCs fabricated with electrodeposited zinc oxide nanowires. Their power conversion
efficiency are still limited, respectively 0.18% and 0.03% under standard AM 1.5G sunlight (100 mW
cm™?), nevertheless these results prove the interest of this low-temperature deposition method for the
realization of nanostructured electrodes on rigid and flexible substrates, and open new perspectives for

the development of solid state DSSCs on plastic substrates.

1. Introduction

Dye-Sensitized Solar Cells (DSSCs) appeared in the last decades as
a promising technology for energy conversion due to their
convenient and low cost fabrication process, and their relatively high
efficiency.'” Compared to other solar cells technologies, DSSCs
present many advantages: they can be fabricated by simple screen
printing methods and do not have to undergo costly purification
steps or doping treatments, besides they usually employ low toxicity
materials.* DSSCs are photo-electrochemical devices which combine
a wide band gap semiconducting nanostructured oxide film, such as
Titanium dioxide (TiO,) or Zinc oxide (ZnO) as photoelectrode and
organic complexes or metal-free dyes as sensitizers.'"® The
photoelectric conversion efficiency of DSSCs based on TiO, photo-
anodes has reached values as high as 12.3% under simulated air
mass 1.5 global sunlight.® Despite of the fact that the champion cells
are fabricated using nanostructures made of TiO,, other binary metal
oxide have been successfully used as photo-electrodes in DSSCs
such as Sn0O,,” Nb,0s,* and In,0,’ and among them ZnO appears as
alternative material for the fabrication of high efficiency DSSCs.
Indeed, using ZnO nanoparticles, power conversion efficiencies up
to 7.5% have been obtained. "

ZnO is a wide band gap semiconducting material (3.37 eV) with
a conduction band edge very close to that of TiO, (ca -4.4 eV). This
material possesses a good stability and it exhibits electron mobility
in the bulk 2 - 3 orders of magnitude higher than that of TiO,."
However devices based on ZnO usually show significantly smaller
open-circuit voltages mainly because charge recombination
processes are slightly accelerated in this material compared to
TiO,.'> Nevertheless, ZnO is still very attractive due to the
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possibility to be prepared in a large diversity of nanostructures such
as nanoparticles,”’4 nanosheets,® nanowires,'®!” or tetrapods.18 In
addition, different synthetic routes can be employed to fabricate ZnO
electrodes and one can cite hydrothermal  synthesis,'
electrochemical deposition,?® spray pyrolysis,?' polyol hydrolysis®
and chemical vapor deposition.” Unfortunately most of these
techniques require post-deposition annealing steps and consequently
they are not compatible with the fabrication of DSSCs on flexible
substrates. Due to this reason the literature concerning the
fabrication of flexible dye-sensitized solar cells with ZnO is really
scarce.”® In this paper, we report on the preparation of ZnO
nanowire-based photoelectrodes by electrochemical deposition on
rigid and flexible substrates. The potentiality of these ZnO electrodes
for the fabrication of DSSCs is also investigated. The
electrodeposition method was chosen because it is a low-cost,
environmentally friendly process that is scalable on large-area
substrates. Moreover, by this technique, various nanostructures can
be deposited and used without any annealing treatment, which is
very interesting for the preparation of photoelectrodes onto plastic
substrates.

For improving the electrical performances of DSSCs, another
strategy consists to design new sensitizers showing improved optical
and electrical properties. In order to replace the classical ruthenium
complexes which usually show quite low molar extinction
coefficients,” the research towards dye antenna, inorganic dyes,
energy relay dyes, or metal free sensitizers has become very popular.
In this work, we also report on the synthesis and characterisation of a
new purely organic dye with a high molar extinction coefficient and
a wide absorption. The ZnO nanowire-based photoelectrodes
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developed in the first part of this work have been combined with this
new metal-free organic sensitizer. Using this approach DSSCs
employing a iodine based liquid electrolyte or a solid-state hole
transporting material have been fabricated and evaluated.

2. Experimental section

2.1. Synthesis of ZnO electrodes

The ZnO electrochemical deposition was carried out in a standard
three-electrode electrochemical cell with a volume of 200 mL where
a platinum wire was used as a counter electrode and a Saturated
Calomel Electrode (SCE) as reference electrode. Two different
working electrodes were employed: Glass/In,03.SnO, (Glass/ITO)
and PolyEthylene Naphthalate/In,0;.SnO, (PEN/ITO). The sheet
resistances of the Glass/ITO and PEN/ITO substrates are 12 Q/sq
and 15 Q/sq, respectively. The active surface area of the working
electrode was fixed at 0.7 cm® The ZnO thin films (buffer layers)
and ZnO nanowires were deposited at a constant potential (E = -1.0
V vs SCE). ZnO buffer layer electrodeposition on Glass/ITO
substrate was performed from an electrolyte containing 5 mmol.L™
ZnCl, and 0.1 mol.L"' KCI, whereas for the electrodeposition on
flexible (PEN/ITO) substrates the electrolyte composition was:
[ZnCl,] = 3.75 mmol.L™! and [KCI] = 0.1 mol.L"". ZnO nanowires
were electrodeposited on both types of substrates from an electrolyte
with equal composition: 0.5 mmol.L™" ZnCl, and 0.1 mol.L™" KCI.
The used chemicals were purchased from Fluka (ZnCl,, 97.0% and
KCl, 99.5%), were of analytical reagent grade, and were used
without further purification. For all experiments the electrolytes
were saturated by intensive molecular oxygen bubbling for 1 hour
prior ZnO electrodeposition and maintained at low pressure during
the process. The buffer layers were deposited at 60°C and ZnO
nanowires at 80°C. The layer thickness is controlled by passed
charge density (Q) and ZnO thin films were deposited with 0.6
C.cm? and 0.4 C.cm? for Glass/ITO and PEN/ITO, respectively.
ZnO nanowires were deposited with Q = 10 C.cm™ when Glass/ITO
working electrode was used and 2 C.com for the flexible PEN/ITO
substrate.

2.2. Characterization techniques

The surface morphology of the thin films was studied by Scanning
Electron Microscopy (SEM), Zeiss ULTRA 55. X-ray diffraction
data were recorded on a Panalytical X’Pert MPD X-ray
diffractometer using the Co K, radiation 1.7889 A wavelength. The
absorption spectra of ZnO photoelectrodes were measured between
300 - 900 nm at room temperature The transmittance is measured in
the visible spectral wave range at room temperature with a Perkin
Elmer Lambda 35 spectrometer. Current density-voltage (J-V)
characteristics were recorded in air using a Keithley 2400 source-
measure unit under simulated solar emission (Atlas Solarconstant
575PV). The spectral mismatch between the emission of the solar
simulator and the global AM 1.5 G solar spectrum (ASTM G173-03)
was corrected using a mismatch factor and the solar simulator
irradiance was adjusted accordingly using a certified silicon
reference cell in order to achieve an equivalent AM 1.5 G irradiance
of one sun (100 mW.cm™) on the test cells.

UV-vis absorption spectra were recorded in solution on a Perkin-
Elmer Lambda 2 spectrometer (wavelength range: 180 - 820 nm;
resolution: 2 nm) and were confirmed during the SEC analyses using
a diode array UV-VIS spectrometer. The fluorescence spectra were
recorded on a HITACHI F4500 spectrophotometer. Electrochemical
studies of the dye were carried out in a one compartment, three-
electrode electrochemical cell equipped with a flat platinum working
electrode (7 mm?), a Pt wire counter electrode, and a Ag wire

2| J. Name., 2013, 00, 1-3

pseudo-reference electrode, whose potential was checked using the
Fc/Fc” couple as an internal standard. The electrolyte consisted of
0.1 mol.L" tetrabutylammonium hexafluorophosphate (Bu,NPF)
solution in acetonitrile. The experiments were carried out in a glove
box filled with argon.

2.3. Synthesis of PK1 Organic Dye.

Reagents and chemicals were purchased from Aldrich, Acros or TCI
and used as received, except for THF which was distilled over
sodium-benzophenone prior to use. Thin layer chromatography was
performed on silica gel-coated aluminium plates with a particle size
of 2 - 25 um and a pore size of 60 A. Merck 60 (70 - 230 mesh)
silica was used for flash chromatography. All synthesised products
were identified by 'H and '*C NMR spectroscopy, as well as by
elemental analysis or HRMS. NMR spectra were recorded in
chloroform-d, containing tetramethylsilane (TMS) as internal
standard, on a Bruker AC200 spectrometer. Elemental analyses (C,
H, N, and S) were carried out by CRMPO at the university of
Rennes 1 (France).

4,7-bis(4-octylthiophen-2-yl)benzo|c][1,2,5]thiadiazole (1). In a
two necks flask under argon, 2150 mg (6.97 mmol, 2.2 eq) of 5,5-
dimethyl-2-(4-octylthien-2-yl)[1,3,2]dioxaborinane and 937 mg
(3.18 mmol, 1 eq) of dibromo-benzo[c][1,2,5]thiadiazole were
dissolved in a mixture of 50 mL of THF, 10 mL of water and 15 mL
of toluene. The mixture was stirred under argon for 20 minutes and
then 1500 mg (6.45 mmol, 2.4 eq) of K,CO; and 185 mg (5% molar)
of Pd(PPh3), were added. The solution was stirred 14 hours at 75°C.
The reaction mixture was then poured on water (100 mL), and
extracted with 2 x 100 mL of diethyl ether. The organic phase was
washed with 2 x 100 mL of NaCl saturated aqueous solution and
dried over Na,SO,. After evaporation of the solvent, the crude
product was purified by silica gel column chromatography with
hexane/ CH,Cl, (4:1 v/v) as eluent to afford, compound 1 as an
orange powder (1300 mg, 77,5%). '"H NMR (200 MHz, CDCl,, §):
7.97 (s, 2H), 7.82 (s, 2H), 7.05 (s, 2H), 2.70 (t, 4H), 1.71 (m, 4H),
1.30 (m, 20H), 0.90 (t, 6H). All other analytical data were similar to
those reported in reference [26]

4,7-bis(5-bromo-4-octylthiophen-2-yl)benzo|c|[1,2,5]thiadiazole
(2). In a two necks flask under argon, 2000 mg (3.83 mmol, 1 eq) of
(1) were dissolved in 50 mL of CHCl;. Then, a solution of 177.9 mg
(1.00 mmol, 2.2 eq) of N-bromosuccinimide previously dissolved in
50 mL of CHCI; was added drop wise at room temperature over 30
minutes. The mixture was stirred during 24 hours. The solution was
poured in HCI 1 mol.L"' aqueous solution then extracted with 2 x
100 mL of diethyl ether. Organic phase was washed with 2 x 100 mL
of NaCl saturated aqueous solution and dried over Na,SO,. After
evaporation of the solvent, the crude product was purified by silica
gel column chromatography with hexane as eluent to afford,
compound 1 as a red powder (2.60 g, 99%). 'H NMR (200 MHz,
CDCls, 8): 7,77 (s, 2H), 7,75 (s, 2H), 2,64 (t, 4H, J = 7,2 Hz), 1,73-
1,59 (m, 4H), 1,43-1,26 (m, 20H), 0,88 (t, 6H, J = 6,5Hz). All other
analytical data were similar to those reported in reference [26]

4,7-bis(3-octyl-2,2'-bithiophen-5-yl)benzo[c][1,2,5] thiadiazole

(3). A mixture of 4,7-bis(5-bromo-4-octylthiophen-2-yl)benzo[c]
[1,2,5]thiadiazole (1) (217 mg, 0.32 mmol), 5,5-dimethyl-2-
(thiophen-2-yl)-1,3,2-dioxaborinane (1.49 g, 0.76 mmol), and
Pd(PPh;), (15 mg, 4% molar), K;PO, ( 155 mg, 0.76 mmol)
dissolved in 30 mL of DMF was refluxed overnight. The mixture
was then allowed to cool to room temperature before addition of 1
mol.L™" HCI and extracted with diethyl ether. The organic layer was
dried over Na,SO, and the solvent was evaporated. The crude
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product was purified by silica gel column chromatography with
hexane/chloroform (4:1 v/v) as eluent to afford 4,7-bis(3-octyl-2,2'-
bithiophen-5-yl)benzo[c][1,2,5]thiadiazole (3) as red powder. (50
mg, 23 %). '"HNMR (200 MHz, CDCl, 8): 7.99 (s, 2H), 7.83 (s,
2H), 7.36 (dd, J; = 5 Hz, J, = 1.2 Hz, 2H;), 7.25 (dd, J; = 3.6 Hz, J,
= 1.2 Hz, 2H; Ar H), 7.13 (dd, J; =5.2 Hz, J, = 3.6 Hz, 2H; Ar H),
2.85 (t, J= 7.2 Hz, 4H; CH,), 1.83-1.55 (m, 4H; CH,), 1.47-1.21 (m,
20H; CH,), 0.88 (t, 6H, J = 6.6 Hz; CH;). *C NMR (200 MHz,
CDCls, (8): 152.49, 140.48, 136.86, 136.01, 132.31, 130.54, 127.48,
126.01, 125.54, 125.39, 31.88, 30.66, 29.62, 29.44, 29.29, 22.68,
14.14. Elemental analysis for C33H44N,Ss (Calc.): C, 66.23; H, 6.44;
N, 4.07; S, 23.27; Found: C, 65.53 ; H, 6.64; N, 3.88; S, 22.12

4,7-bis(5'-bromo-3-octyl-2,2'-bithiophen-5-yl)benzo|c][1,2,5]
thiadiazole 4). 4,7-bis(3-octyl-2,2'-bithiophen-5-yl)-
benzo[c][1,2,5]thiadiazole (3) (267 mg, 0.39 mmol) was dissolved in
10 mL of chloroform. N-bromosuccinimide (145 mg, 0.81 mmol)
dissolved in 10 mL of chloroform was then added dropwise at room
temperature. After stirring for overnight at room temperature, the
resulting mixture was poured into 20 mL of water, and then
extracted with dichloromethane. After solvent removal, the crude
product was purified by silica gel column chromatography with
cyclohexane as eluent to afford the expected product as violet
powder. (312 mg, 95 %). '"H NMR (200 MHz, CDCls, 3): 7.95 (s,
2H), 7.81 (s, 2H), 7.05 (d, J = 3.8 Hz, 2H), 6.97 (d, J =3.8 Hz, 2H;
Ar H), 2.79 (t, J= 7.8 Hz, 4H; CH,), 1.78-1.64 (m, 4H; CH,), 1.21
(m, 20H; CH,), 0.89 (t, 6H, J = 6.6 Hz; CH;). Elemental analysis for
C3gH4,BrN,Ss (Cale): C, 53.89; H, 5.00; N, 3.31; S, 18.93. Found:
C, 53.67; H, 5.08; N, 3.29; S, 18.92.

4-(5’-(7-(5’-bromo-3-octyl-[2,2’-bithiophen]-5-
yl)benzo[c][1,2,5]thiadiazol-4-yl)-3’-octyl-[2,2’-bithiophen]-5-yl)-
N,N’-diphenylaniline (5). A mixture of (4) (0.59 mmol, 1 eq), 245
mg (3 eq) of K,CO5 and 35 mg (5% molar) of Pd(PPh;), dissolved in
30 mL of THF and 5 mL of water was degassed under stirring and
flushed with argon. Then the mixture was heated at 60°C during 30
minutes and 190 mg (0.53 mmol, 09eq) of 4-
(diphenylamino)phenylboronic acid solubilised in 20 mL of THF
were added. The reaction mixture was refluxed for 14 hours at 75°C.
After usual work up and extraction with diethyl ether, the organic
phas was washed with 2 x 100 mL saturated aqueous NaCl solution.
The organic layer was dried over Na,SO, and the solvent was
evaporated. The crude product was purified by silica gel column
chromatography with hexane/CHCl;: 8 /2 to afford the expected
product (244 mg, 41%). '"H NMR (200 MHz, CDCls, 8): 7.99 (s,
1H), 7.95 (s, 1H), 7.82 (s, 2H), 7.50 (d, J= 8.7 Hz, 2H), 7.30 (d, J =
8.1 Hz, 2H) , 7.28 (s, 1H) , 7.26-7.04 (m, 11H), 6.98 (d, J= 3.9 Hz,
2H), 2.88 (t, J = 7.8 Hz, 2H), 2.80 (t, J = 7.8 Hz, 2H), 1.80-1.60 (m,
4H), 1.50-1.20 (m, 20H), 0.95-0.75 (m, 6H). *C NMR (200 MHz,
CDCl;, (8): 152.8, 147.8, 147.8, 144.5, 141.3, 140.7, 138.0, 137.8,
136.9, 135.0, 133.2, 131.6, 131.2, 130.7, 130.0, 129.7, 128.4, 127.2,
126.8, 126.5, 126.0, 125.7, 125.4, 125.4, 125.0, 124.0, 123.6, 123.0,
112.5,32.3,31.0, 30.1, 30.0, 29.9, 29.7, 23.1, 14.6 (2CHj;).

4-(5’-(7-(5’-(4-(diphenylamino)phenyl)-3-octyl-[2,2’-bithiophen]-
5-y)benzol[c][1,2,5]thia- diazol-4-yl) -3’-octyl-[2,2’-bithiophen]-
5-yl)benzaldehyde (6). A mixture of (5) 240 mg (0.237 mmol, 1
eq), and 53,4 mg (0.356 mmol, 1,5 eq) of 4-formylphenylboronic
acid and de 98 mg (3 eq) of K,CO; were dissolved 2.5 mL of water
and 25 mL of distilled THF. Then the mixture was heated at 60°C
during 30 minutes and 13.7 mg (5% molar) of Pd(PPh;), were
added. The mixture was stirred at 75°C during 14 hours. After usual
work up and extraction with diethyl ether, the organic phase was
washed with 2 x 100 mL saturated aqueous NaCl solution. The
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organic layer was dried over Na,SO, and the solvent was
evaporated. The crude product was purified by silica gel column
chromatography with cyclohexane/CH,Cl,: 6/4to afford the
expected product (240 mg, 97%). 'H NMR (200 MHz, CDCl,, §):
9,84 (s, 1H), 7,86-7,65 (m, 6H) 7,37 (m, 4H), 7,35-6,91 (m, 16H),
2,72 (m, 4H), 1,63 (m, 4H), 1,48-1,21 (m, 20H), 0,77(t, 6H). *C
NMR (200 MHz, CDCls, 3): 191.2 (C=0), 152.3, 147.3, 147.2,
144.0, 141.8, 140.9, 140.2, 139.6, 137.8, 137.3, 136.3, 134.8, 1344,
132.7, 131.7, 130.7, 130.5, 130.4, 130.4, 129.2, 127.8, 126.8, 126.7,
126.3, 125.4, 125.4, 125.4, 125.1, 124.8, 124.4, 123.4, 123.0, 122.4,
118.5,31.8, 30.4, 30.4, 29.5, 29.3, 29.2, 22.6, 14.0 (CHj3).

2-cyano-3-(4-(5’-(7-(5’-(4-(diphenylamino) phenyl)-3-octyl-[2,2°-
bithiophen]-5-yl)benzo[c]  [1,2,5]thiadiazol-4-yl)-3’-octyl-[2,2’-
bithiophen]-5-yl)phenyl)acrylic acid : PK1. In a two necks flask,
210 mg (0.20 mmol) of (6) and 26 mg (0.30 mmol, 1.5 eq) of
cyanoacrylic acid were dissolved in 30 mL of CH;CN under argon.
Few drops of pyridine were added and the reaction mixture was
refluxed during 2 hours. Then the acetonitrile was evaporated under
vacuum and the crude product was dissolved in chloroform. The
solution was washed with HCI 2 mol.L™" aqueous solution and then
with water. The organic layer was dried over Na,SO, and the
solvent was evaporated. The crude product was purified by silica gel
column chromatography with THF/MeOH: 9/1to afford the
expected product as a dark purple powder (78%). '"H NMR (200
MHz, CDCl;, 8) 7,97 (d, 2H), 7,84 (s, 2H), 7,49 (dt, 2H), 7,31-7,17
(m, 7H), 7,12-6,97 (m, 9H), 2,82 (m, 4H), 1,70 (m, 4H), 1,48-1,21
(m, 20H), 0,86 (t, 6H). H MRS [M-H]-(CHgN4O,S5)
1101.33981, m/z calculated 1101.33981, m/z found: 1101.34040.

2.4. Fabrication of Dye-Sensitized Solar Cells

ZnO electrodes are immersed in diluted solution of
PK1/chenodeoxycholic acid = 1/10 (0.2 mmolL™" of PK1 in a
CH;Cl/ethanol = 1/1 solution). The dye-sensitized ZnO electrodes
are then rinsed and infiltrated by a commercial liquid electrolyte
from Dyesol (EL HSE) or by the molecular hole conductor 2,2°,7,7’-
tetrakis(N,N-dip-methoxypheny-amine)-9,9’-spirobifluorene (spiro-
OMeTAD, Merck KGaA) from spin-coating, using conventional
procedures reported elsewhere [30d]. Gold top electrodes were
finally evaporated under vacuum (10°° mbar) using shadow masks
that define two active areas per substrates (0.18 cm’ each).

3. Results and discussion

3.1. Preparation and characterisation of the ZnO

photoelectrodes

In this work ZnO was deposited using the molecular oxygen
reduction method pioneered by Lincot and co-workers.”” The
electrochemical molecular oxygen reduction leads to the generation
of hydroxide ions (OH’), which with Zn>* ions present in the
electrolyte form the unstable zinc hydroxide, and owing to the
supersaturation and the chemical precipitation, ZnO is obtained in
the vicinity of the electrode. ZnO photoelectrodes used for the
fabrication of DSSCs were prepared by a two-steps process. In the
first step a compact ZnO thin film is deposited onto the conducting
ITO layer of the working electrode. In the second step ZnO
nanowires are electrochemically grown on the buffer layer formed in
the first step. The deposition conditions allowing the formation of
dense buffer layer were optimized for each type of substrate. It has
been found that for the deposition of continuous defect free ZnO thin
films the optimal bath temperature should be 60°C for both used
substrates, whereas ZnCl, precursor concentration in the electrolyte
should be different. For example, the buffer layer onto Glass/ITO
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substrate is deposited from a solution containing higher ZnCl,
concentration (5 mmol.L™") than that used for the flexible (PEN/ITO)
substrate (3.75 mmol.L™"). The surface morphology of the deposited
buffer layers is smooth (Fig. 1a and b) and from the SEM images it
was estimated that the layer thickness is about 150 nm. One can
observe that the ZnO buffer layer deposited on the Glass/ITO
substrate looks denser than that grown on the flexible PEN/ITO
substrate.

Fig. 1 SEM images of the electrodeposited ZnO buffer layer on: a)
Glass/ITO and b) PEN/ITO. ZnO nanowires electrodeposited: ¢) on
buffer layer from (a) and d) on buffer layer from (b). The insets in
(c) and (d) are top view of these images with 200 nm scale bar

In the second step ZnO nanowires have been grown on the ZnO
thin films. In order to obtain ZnO in nanowire form it is necessary to
lower the Zn?" concentration in the electrolyte and to increase the
bath temperature to 80°C.?® The evolution of the mean values of the
diameter and length of the nanowires is known to depend strongly on
the KCI concentration.”®® For the fabrication of DSSCs based on
liquid electrolytes long ZnO nanowires would be of interest since
they demonstrate large surface area.”’ However, in this work, the
length of the nanowires was voluntarily limited to about 650 nm in
order to insure later a good infiltration of the hole conductor (spiro-
OMeTAD) into the ZnO matrix during the fabrication of the solid-
state DSSCs. We have found that a charge density of 10 C cm™ was
needed to grow nanowires of 650 nm on Glass/ITO substrate. In
contrary, for the flexible substrate (PEN/ITO), a much lower charge
density (2 C.cm™) was needed to obtain nanowires with the same
length. This result could be due to different buffer layer conductivity
and density. From the SEM images depicted in Fig. 1c and 1d one
can see that the electrodeposited nanowire arrays are very dense on
both substrates and their diameter is between 60 and 150 nm.

The XRD patterns of ZnO thin films and nanowires are shown in
Fig. 2. All diffraction peaks can be indexed from ZnO wurtzite
structure (JCPDS card No. 36-1451) and PEN substrate, and peaks
corresponding to ITO are not observed. The higher intensity of 002
peak (for both thin film and thin film with nanowires) confirms the
preferential growth along the c-axis of the ZnO nanostructures.

4| J. Name., 2013, 00, 1-3
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Fig. 2 XRD patterns of: (a) ZnO 2D layer and (b) ZnO 2D layer and

ZnO nanowires deposited on PEN/ITO substrates. The indexed
peaks correspond to ZnO wurtzite phase and PEN

The as-prepared ZnO 2D layer and nanowires are nearly 85%
transparent in the visible spectral wave range, similar to the bare
Glass/ITO and PEN/ITO substrate (Fig. 3).
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Fig. 3 Transmission spectra of: (a) PEN/ITO bare substrate; (b) ZnO
2D layer and (c) ZnO 2D layer and nanowires

3.2. Preparation and characterization of the organic dye

Sensitizing dyes are crucial elements in DSSCs. Despite of the fact
that most of the high performances DSSCs have been fabricated
using ruthenium-based complexes that show broad absorption
spectra,”’ these dyes unfortunately have low molar extinction
coefficients (< 25000 mol”.cm™).** The use of highly absorbing
dyes presenting higher molar extinction was reported to be
compatible with thinner porous electrodes.>® One possible strategy to
obtain organic dyes with improved optical properties is to combine
electron-withdrawing groups with electron releasing groups. The
absorption spectra of these materials better match the solar emission
spectrum mainly because an intra-molecular charge transfer (ICT)
process between electron donor and electron acceptor segments
occurs, giving rise to strong absorption bands especially in the
visible region. For this reason, we decided to design and synthesize a
new organic dye based on benzothiadiazole and thiophene units,
hoping that the combination of these building blocks would lead to a
molecule showing a wide absorption spectrum and a high molar
extinction coefficient. The synthetic strategy that has been developed
to access to PK1 dye is depicted in Scheme 1.

This journal is © The Royal Society of Chemistry 2012
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Starting from 2,5-dibromobenzothiadiazole and 5,5-dimethyl-2-
(4-octylthien-2-y1)[1,3,2]dioxaborinane,*' the symmetric compound
(1) was obtained by Palladium-catalysed cross-coupling reaction
according to Suzuki conditions. This compound was then converted
to dibrominated derivative (2) by bromination with NBS. It should
be pointed out that this reaction should be carried out at 0°C in order
to avoid the formation of tris-brominated side products that are
produced at higher temperature.

From this compound, a second Suzuki coupling reaction
involving two equivalent of  5,5-dimethyl-2-(thien-2-
yD[1,3,2]dioxaborinane afforded the symmetric molecule (3) which
was subsequently dibrominated using the same conditions as
previously described. Electron donor triarylamine moiety was
attached on one side of this pi-conjugated bridge via Suzuki coupling
reaction to give compound (5) followed by the attachment of the
phenyl-carbonyl unit under the same conditions. In the last step, the
precursor (6) was then converted to the corresponding sensitizer
PK1 by Knoevenagel condensation using cyanoacetic acid. This
reaction was carried out through refluxing acetonitrile in the
presence of pyridine.

The electronic and optical properties of the new dye were
investigated by UV-Visible spectroscopy and cyclic voltammetry
(Fig. 4). The benzothiadiazole-containing dyes usually show two
absorption peaks caused by the presence of this additional
chromophores.*® The first peak is located at the frontier between the
UV and the visible parts of the spectrum located at A = 387 nm with

= 36700 mol'.cm™, corresponds to the m—m* transition of the
different m-conjugated aromatic rings being in conjugation. The
longer wavelength band, i.e. the one observed in the visible part of
the spectrum and located at A = 536 nm with &€ = 36400 mol'.cm™,

This journal is © The Royal Society of Chemistry 2013

can be ascribed to an ICT that occurs between the electron rich
oligo(thiophene) segments and the central benzothiadiazole core.
Interestingly the absorption edge of this new dye is close to 700 nm
in solution.
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Fig. 4 UV-Visible absorption spectrum of PK1 in chloroform
solution (107 mol.L'")

¢ (x10° Mol.cm™)

From the cyclic voltammetry measurements (see ESI), HOMO
and LUMO energy levels were estimated. The experimental value
for the HOMO energy level was -5.00 eV whereas the LUMO
energy level was found lying at -3.25 eV. It is therefore clear that the
LUMO energy of the sensitizer is appropriate for efficient electron
injection in the conduction band of various oxides such as ZnO or
TiO,. LUMO and HOMO level electron-density distributions of the
dye were investigated using B3LYP (see ESI). We found that the
combination of benzothiadiazole with bithiophene units, not only
guarantee a good electronic conjugation, but it also ensures enough
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distance between the HOMO and LUMO to avoid charge
recombination between TiO, conduction band electrons and the
oxidized dyes.*

3.3. Device fabrication and characterization

After the electrochemical deposition of ZnO nanowires, chemical
synthesis and the complete physico-chemical characterization of the
new dye, we pursued our study by testing the applicability of these
materials for photovoltaic energy conversion. Solid-state cells were
prepared according to a modified procedure compared to a procedure
fully described in previous reports.** The ZnO nanowires were
photosensitized by a solution containing the PK1 organic dye (0.02
mol.L™") and chenodeoxycholic acid (0.2 mol.L™"). After 14 hours in
the solution, we observed the coloration of the ZnO layer. The SEM
investigation of the nanowires confirmed that no etching
phenomenon or other alteration of the substrate by the organic dye
was provoked during the photosensitization. This result is very
important because ZnO electrodes due to the its amphoteric nature
can present a poor chemical stability in the presence of acidic dyes
and etching processes have been reported with ruthenium-based
dye.*>*% A similar result has been reported with the indoline dye
D149 and ZnO commercial powder.'? After the grafting of the
compound, we have measured the absorption spectra of the
sensitized ZnO photoelectrodes (Fig. 5). A strong absorption band
attributed to ZnO is seen between 300 - 400 nm in the UV domain.
In the case of ZnO nanowires tainted with PK1, an additional large
absorption band corresponding to the contribution of the dye appears
in the visible region between 400 - 700 nm.

1.0 ooy

o

o
T

_o

-

\

the ZnO-dye with the hole transporting material in order to ensure
efficient hole transfer and hopping to the top gold anode.

(b)

(a) &

Fig. 6 (a) Top view of the device fabricated on flexible substrate, (b)
cross-sectional SEM image of a full device. The cell architecture
comprises from the bottom to the top: ITO/ZnO 2D layer/ZnO
nanowires/PK1/spiro-OMeTAD/Au top electrode

One can observe that the spiro-OMeTAD penetrates between the
nanowires and reaches the bottom buffer layer. It can also be seen
that an overlayer of about 250 nm thickness is formed over the
nanowire array, preventing a direct contact of the evaporated gold
top electrode with the nanowires.

Three different DSSCs based on ZnO nanowires and PK1 were
fabricated. Sample 01 (SCO01) and Sample 02 (SC02) were prepared
with ZnO nanowires deposited on Glass/ITO and filled with liquid
electrolyte (I'/I;7 in acetonitrile) and spiro-OMeTAD as hole
conductor, respectively. Sample 03 (SC03) is a flexible solid DSSC,
where a PEN/ITO/ZnO photoelectrode and spiro-OMeTAD are used.
The performances were evaluated by recording J-V curves under
normalized illumination (Fig. 7). Table 1 summarizes the results and
presents the different key photovoltaic parameters: short-circuit
current density (Jsc), open-circuit voltage (Voc), fill factor (FF) and
power conversion efficiency (PCE).
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Fig. 5 Optical absorption spectra of bare ZnO nanowires (©) and
photosensitized ZnO nanowires with PK1 (e)

In the next step the photosensitized ZnO nanowire array was
filled using solid electrolyte using spiro-OMeTAD. After deposition
by spin-coating of the spiro-OMeTAD, the overlayer thickness, and
the depth of penetration between the nanowires were accurately
evaluated from the cross-sectional SEM images, as depicted in Fig.
6. Indeed, the proper device operation requires an intimate contact of

3.0
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< —4— Solar Cell 02
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2
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c
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0.0 ) ! . . .
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Fig. 7 Current-voltage characteristics of DSSC devices.

Measurements are performed under 100 mW.cm 2, AM 1.5G

simulated solar spectrum

Table 1 Photovoltaic parameters under simulated solar emission (100 mW.cm™, AM 1.5 G) of the different devices investigated in this work
as a function of substrate, electrolyte, charge density (Q) and ZnO nanowires length (NW length): short-circuit current density (Jsc); open-
circuit voltage (Voc); fill factor (FF); power conversion efficiency (PCE). (a) Reference®, (b) reference’’

Samples Substrate Electrolyte Q (C.em™) NW jopgn (pm)  Jse (mA.cm®) Ve (mV) FF (%) PCE (%)
SCO01 Glass/ITO Liquid electrolyte 10 0.65 1.78 606 25 0.27
SC02 Glass/ITO  Spiro-OMeTAD 10 0.65 2.74 200 35 0.18
SC03 PEN/ITO  Spiro-OMeTAD 2 0.65 0.92 120 29 0.03
Pauporté et al.”)  Glass/FTO Liquid electrolyte 14 3.00 2.52 530 37 0.49
Plank et al.®  Glass/FTO  Spiro-OMeTAD - 0.65 1.05 570 42 0.25
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The power conversion efficiency (PCE) of SCO1 is 0.27%
associated to a low FF and Jgc. The value of the open-circuit voltage
is in good agreement with the values reported previously for ZnO
solar cell.?’ The lower open-circuit voltage can be explained by the
charge recombination process that is slightly accelerated in ZnO
compared to TiO, electrodes in reverse bias conditions.'? Pauporté et
al. reported a PCE of 0.49% for a device combining electrodeposited
ZnO nanowires, organic dye (D149) and liquid electrolyte. The
lower performances of SCO1 could be related to the shorter
nanowires, 650 nm in our case compared to 3um for the cells
fabricated by Pauporte and co-workers.® The small length of
nanowires is responsible for a lower dye loading and the weaker
photon absorption. Therefore the Jgc and FF of SCO1 are lower than
those of Pauporté device. Nevertheless the Jsc value of SCO1 is
relatively large (Jgc = 1.78 mA.cm™) considering the short length of
the nanowires. Although the nanowires of SCO1 are 4.6 times shorter
than those reported in reference,”’ we only observe a 29% Jsc
decrease. This result can be attributed to better light harvesting
properties of the dye. The second device (SC02) was built with the
same type of photoelectrode than SCO1 but in this sample, spiro-
OMeTAD replaces the liquid electrolyte. An important literature
exists on TiO,-based solid-state DSSCs, but only few examples of
7nO solid-DSSCs are reported.’” For example, SC02 is the first solid
DSSC prepared with electrodeposited ZnO nanowires. The most
efficient ZnO nanowires solid DSSC has been obtained by Plank et
al. by sputter deposition process and hydrothermal growth method.”’
The device architecture is similar to the one employed to SCO02
(Glass/FTO/dense ZnO/ZnO nanowires/organic dye (D102) and
spiro-OMeTAD) and the length of the nanowires is similar to one
reported in our work (650 nm). The efficiency of our SCO02 is close
to the best value reported by Plank et al.,’” 0.18% versus 0.25%.
However the Jc value of SC02 is higher, 2.74 mA.cm™ compared to
1.05 mA.cm™. A better photon absorption by the organic dye can
explain the improvement of the J,. despite of a low FF. Based on
these promising preliminary results we consider that the density of
the blocking layer and the thickness of the spiro-OMeTAD over
layer should be optimized in order to improve further the device
efficiency. This work is actually in progress.

Finally, the third solar cell (SC03) which we have investigated in
this study is the first example of flexible solid-DSSC with an
electrodeposited ZnO photoelectrode. It is identical to those prepared
on Glass/ITO substrate and the parameters of the spin-coating of
spiro-OMeTAD are also the same. This new device has shown an
efficiency of 0.03%, a value which is lower than the PCE of SC02
(0.18%). This poor efficiency could be due to different reasons. One
possibility is that the ZnO buffer layer of SCO3 is less dense than the
buffer layer of SC02. Consequently the charge recombination
process induced by some direct contacts between the ITO electrode
and the hole transporter can be more important for SC03 than for
SC02. Indeed, we have found that the electrochemical deposition of
dense ZnO films on flexible substrate is more difficult than on
Glass/ITO. The PEN/ITO is more sensitive to the slightly elevated
temperature (60 and 80°C) of the electrochemical deposition than
Glass/ITO. We observed that longer deposition times lead to slightly
damage the ITO layer. That is why the deposition of ZnO nanowires
onto PEN/ITO substrate was limited to Q < 5 C.cm™. Larger passed
charge densities (up to 10 C.cm™®) were found to deteriorate the ITO
layer.

4. Conclusions

In summary, we have reported a new promising electrodeposited
ZnO nanowire photoelectrode for solid-state DSSCs. In parallel a
new organic dye, PK1, showing intense absorption accros the visible

This journal is © The Royal Society of Chemistry 2012
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range of the solar emission spectrum has been developed and
efficiently employed for the sensitization of ZnO nanowires. Despite
limited conversion efficiencies, we consider that electrochemically
deposited ZnO nanowires remain interesting for the fabrication of
new device architectures, especially on plastic substrates. Taking
into account that longer nanowires show larger specific surface to
attach the dyes, higher efficiencies could be expected which requires
the development of specific infiltration methods of the hole
transporting material into the nanostructured electrode. These
preliminary results demonstrate the possibility to realize original
structures on flexible substrates. Work is currently under progress to
validate the potential of PK1 dye for the sensitization of other metal
oxides such as TiO, or Zn,SnO, and further investigations are under
progress in order to optimize the different experimental parameters
in order to demonstrate efficient ZnO-based solid-state DSSC
processed at low temperature.
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