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Abstract

Nanostructured Ti@ films have been deposited onto conducting glass and on flexible conducting plastic substrates using a com-
pression technique. Dye-sensitized solar cells prepared from Degussa P2poliQer, red dye (Ru(dcbpy(SCN)) or black dye
(Ru(tcterpy)(SCN) and an electrolyte containing Lil ang in 3-methoxypropionitrile were tested using standard photoelectrochemical
techniques. The average overall efficiency of small open cells sensitized with the red dye on plastic substrates was 4.5%3100 W m
a direct comparison, red and black dye gave about the same efficiencies. For both dyes, additeaytlmitdlpyridine to the electrolyte
resulted in a decreased IPCE response in the whole spectral range, with a specific decrease in the red region, which is attributed to a shift
in the conduction band edge of the nanostructurec T&82002 Elsevier Science B.V. All rights reserved.

Keywords:Nanostructured; Ti@ Dye-sensitization; Solar cell; Press

1. Introduction Under low light intensity illumination, however, DSCs
perform well and can compete with solid state solar cells
We have recently introduced a new method for the prepa- in terms of efficiency[5]. For many smaller niche applica-
ration of nanostructured TiOfilms at room temperature  tions such as consumer electronics a lifetime of 5 years is
[1,2]. This method involves the compression of a Ti@w- sufficient. This can be achieved using D6k Only if the
der film at pressures exceeding 200 kg@mThe resulting  production costs of DSCs are significantly lower than that
films are porous and mechanically stable, even without heatof their solid state equivalents, large scale introduction of
treatment. Compressed nanostructuredzTilns on con-  DSCs can be foreseen. Production methods such as repeated
ducting plastic and glass substrates have been tested for usgcreen-printing and firing steps appear to be too costly and
in dye-sensitized solar cells. Efficiencies of 4-5% were ob- time consuming. The recently developed press method on
tained under simulated solar light illuminati¢h,2]. the other hand, is very quick. The pressure needs to be ap-
Many groups have studied dye-sensitized solar cells p||ed for On|y a very short period of t|me\(1 S) and can
(DSCS) since the introduction of efficient nanostructured even be app“ed using a roller mill in a continuous produc-

TiO2 films by O’Regan and Gratz¢8]. The current record  tion line [2]. As firing steps are omitted, flexible polymer
efficiency for dye-sensitized solar cells stands at 10.4% sybstrates can be used.

(AM 1.5G, 1000 W nt?), for a small cell sensitized with This paper presents an update of the current state of the
the ‘black’ dye Ru(tcterpy)(SCN)[4]. Efficiencies of about  DSCs prepared by the compression method. First, recent
half this value are found for cells which are made in larger results of DSCs on flexible substrates are discussed, then
series using techniques such as screen-printing, which usehe performance DSCs with the red dye Ru(dch(SEN)

the red dye Ru(dcbpyISCN) as sensitizer. This lower and the black dye Ru(tcterpy)(SCNill be compared,
efficiency and problems associated with sealing and stabil- and finally a more general discussion on the possibilities of

ity make that, with the current state of technology, DSCs improvement in solar cell efficiencies of DSCs is presented.
cannot compete with solid state solar cells on the market of

large scale energy production.
2. Experimental

* Co-Corresponding authors. Tek:46-18-471-3642;

fax: +46-18-508542. TiO2 powder (Degussa P25) was added to ethanol to
E-mail addressesanders.hagfeldt@fki.uu.se, gerrit.boschloo@fki.uuse @ concentration of 20wt.%, followed by stirring. The re-
(G. Boschloo). sulting suspension was applied onto a substrate by doctor
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blading using scotch tape as frame and spacer. Two types of -1.6
substrate were used: TEC 8 conducting glass, supplied by ]
Hartford Glass (F-doped Sp(sheet resistance &square) 144
and ITO-60 conducting plastic, supplied by IST (ITO on A .2_3
poly(ethylene terephthalate), §isquare). After evapora- ]
tion of the ethanol, the substrate with the attached powder o -1.0
film was put between two planar steel press plates and pres- 5
sure was applied by using a hydraulic press (600 kgem T 081
for glass substrates and 1500 kgdmfor plastic sub- = 0 6_3
strates). Dye adsorption took place in a 0.5 mM solution of T
cis-bis(isothiocyanato)-bis(2Ripyridyl-4,4 dicarboxylato) 0.4
ruthenium (II) bis-tetrabutylammonium (purchased from So-
laronix S.A., Switzerland) in ethanol. The counter electrode -0.2
consisted of a thermally platinized conducting glass, or pla- 0.0 ]
tinized SnQ powder pressed on a conducting plastic. The 00 01 02 03 04 05 06 07

electrolyte was Lil andd (Aldrich) in 3-methoxypropioni- V/V
trile (Fluka). 4tert-Butylpyridine or 1-methylbenzimidazole
(both Aldrich) were used as additives to the electrolyte. The Fi?l' 1 IVlt(:)fg)axctezrist_ics I(’ftt"(‘j’o p'als.tiﬁtR‘;(SCb@Iﬁ?Nl)fl;sensngdsT\;"?_r.l

. cells In nT< simulated sunlignt. e electrolyte was 0. I,
black dye Ru(HtCterpy_)(SCNé((CszkNH) (Sqlaromx 0.05M kL and 0.5M 1-methylbenzimidazole in 3-methoxypropionitrile.
S.A.) was converted to its monoprotonated vergi#jn and Symbols: experimental data, drawn line: fit according to the electric circuit
adsorbed from a 0.2 mM ethanolic solution. shown in the inset.

tion resistance can give some contribution. The parallel re-

3. Results and discussion sistance can be attributed to losses such as contacts between
the TiO,-covered electrode and the counter electrode.
3.1. Pressed films on flexible substrates Sealed modules on conducting ITO-PET were made using

Surlyn as a sealant. The initial results were promising: the

Pressed TiQ films on ITO-PET substrates were tested modules gave reasonable efficiencies and could be bent to a
in a sandwich configuration with a counterelectrode con- certain extent (for instance 46ver a length of 3 cm) without
sisting of platinized Sn@ on ITO-PET. The TiQ elec- loss of efficiency. The stability was poor however. One of the
trodes were sensitized with the red dye Ru(dcb{STN), reasons is permeability of the ITO-PET substrate to water
which can be considered as the standard sensitizer inand other small molecules. High concentrations of water
DSC-research. An average efficiency of 4.5% is found for are a problem in Ru(dcbpy((SCN) sensitized solar cells,
a series of samples-@0) under 100 W m? simulated sun- because of dye desorption and ligand exchange. Extended
light. 1-Methylbenzimidazole was used as an additive to the stability tests are currently under way.
electrolyte. Like 4tert-butylpyridine, this additive increases
the voltage output of the cell, but unliketdrt-butylpyridine 3.2. Comparison of red and black dye on compressed films
it does not seriously decrease the current. The IV charac-
teristics of two good plastic DSCs are showrFig. 1. The Fig. 2ashows the incident photon to current conversion
solar cell efficiency is about 5.5% for both cells, with an efficiency (IPCE) as a function of illumination wavelength
open circuit voltage of about 0.63V, short circuit current for pressed Ti@ films on conducting glass sensitized with
of 1.4mAcn 2 and a fill factor of about 0.6, se€Eable 1

The two cells were made under identical conditions. To get Table 1
more insight into the observed differences of these cells Characteristics and fitted parameters of the plastic dye-sensitized solar
the IV curves were fitted using a 1-diode model including 'S °Fi9- 1

resistive losses (drawn lines fig. 1): Cell A2 Cell B

mkT Iinj— 1 IR Efficiency (% 5.43 5.51
V=— In( mJIO - VI;FR >+ 1) —IRs, 1) Voc (V) Y0 0.62 0.63

p Isc (MAcm™2) 151 1.36

whereV is the voltagem the diode quality factod, the cur- Fill factor 0.58 0.64
rent, linj the injected electron currerl the exchange cur- :'(:‘J (ﬂf) clJ.;lgg(éoz.;)ooz) ;549320(2')0001)
rent, Rs the series resistance afy the parallel (or shunt) 192 (0:23) 208 (0:22)
resistance. The fitted parameters are listethinle 1 Lower Ro () 257 x 10* (5 x 107) 6.10x 10* (2.2 x 10%)
Rp and higherR; of cell A gives rise to the lower fill fac-  Rs () 235 (4) 142 (4)

tor observed er_th|5 cell. The series resistance is mainly ~ agndard deviations of fitted parameters are in parentheses. The active
due to the resistivity of the ITO substrates, but also soOlu- cell area is 0.32 ¢/



G. Boschloo et al./Journal of Photochemistry and Photobiology A: Chemistry 148 (2002) 11-15

0.40

IPCE

0.309 /
0207

0.10

0.00 4
400
(a)

600 700 800 900 1000

Wavelength/nm

500

IPCE

0.30
0209 §

0107

0.00-
400

'*'l'f"ﬁ""l"‘-
600 700 800
Wavelength/nm

500 900 1000

(b)

Fig. 2. (a) IPCE spectra of Rugdcbpyy(SCN)(TBA); (red dye, drawn
line) and Ru(Htcterpy)(SCNJTBA)3 (black dye, dotted line) sensitizers
on 12um thick pressed Ti@ film. Electrolyte was 1.0M Lil and 0.1M

12 in 3-methoxypropionitrile. Striped line: relative photon flux of sunlight
(AM 1.5G). (b) IPCE spectra of the same sensitized electrodes in elec-
trolyte containing additionally 0.5M #ert-butylpyridine. Thin lines are

the IPCE traces of (a) scaled down to match in the IPCE maxima of the
respective dyes.

two different dyes: the red dye Ru(dcbp{@CN) and the
black dye Ru(tcterpy)(SCN) The highest IPCE values (up
to 76%) are obtained for the red dye. The black dye on

the other hand, shows a much broader wavelength response.

Also shown in the same figure is the spectral distribution of

the photons in the AM 1.5 G solar spectrum. Due to the better

overlap with the solar spectrum, the calculated AM 1.5G

(1000 W n12) short-circuit current is higher for the black

than for the red dye at 13.2 and 12.3 mAcrespectively.
The addition of 0.5M 4ert-butylpyridine to the elec-

trolyte led to a significant decrease in the IPCE, Bige 2h

The integrated AM 1.5 G short circuit current decreased by

22 and 33% for the red and black dye, respectively. The

IPCE does not decrease proportionally over the whole spec-

13

tral range, as can be seen by comparing the IPCE spectra
in the presence of fert-butylpyridine with those without
the additive. For ease of comparison, the IPCE spectra of
Fig. 2aare also plotted in b, where they are scaled to match
the maximum values. It is obvious that the decrease in
IPCE is stronger on the red side of the spectra after addition
of 4-tert-butylpyridine. A possible explanation is that the
additive, which is an organic base, causes some additional
deprotonation of the dyes, which is known to result in a blue
shifted absorption spectrufd,7]. However, no significant
changes in the absorption spectra of the adsorbed dyes on
TiO, were observed. We therefore believe that the blue shift
in the IPCE spectra is due to a negative shift in the conduc-
tion band edge energy of T¥OAs will be discussed later,
a decreased injection efficiency for red light excitation can
then be expected. By decreasing the number of adsorbed
protons at the TiQ@ surface or by adsorbing at the surface
itself, 4tert-butylpyridine can cause such a shift. It is well
known that the addition of 4ert-butylpyridine to the redox
electrolyte of DSCs leads to an improved photovolti&je
Under low-intensity monochromatic illumination the open
circuit voltage increased in our experiment from 0.40 to
0.50V for the red dye (530nm light, 0.77 mWc#),
and from 0.28 to 0.43V for the black dye (600nm,
0.72mW cnt?).

The IV-characteristics were recorded under white light
illumination for 40 samples of pressed T®ensitized with
the red or the black dye. No significant improvement in
the solar cell efficiency was found by using the black dye,
because of the low voltage in absence aéa-butylpyridine
and the low photocurrent in the presence of this additive.

3.3. Improvement of DSC performance

An energy scheme of the Ru(dcbp{§CN)-sensitized
TiO» solar cell is shown irFig. 3. The electrolyte is as-
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Fig. 3. Energy scheme of a Ru(dchp{8CN)-sensitized TiQ solar cell.
Electrolyte: 0.5M Lil and 0.05M4 in acetonitrile.
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sumed to be 0.5M Lil and 0.05Mlin acetonitrile. The pends on the concentration of conduction band electrons,
standard potential for the reactiog™1+ 2e~ = 3l is and will be close to the conduction band edge under open
+0.017 V vs. SCE in acetonitril®]. The redox potential of  circuit conditions. Hence, the maximutfy; is estimated to
the electrolyte is calculated to bBeD.01V vs. SCE. The po-  be 0.75V, in good agreement with the results of the best
sition of the conduction band edge of nanostructured, TIiO DSCg[4,8]. An increase in th¥y. is possible by heightening
(anatase) was estimated from the data presented by Redthe conduction band edge energy level. This can be done by
mond and Fitzmauricgl0]. It is noted, however, that they  (base) additives to the electrolyte or by replacing lidons
used bare Ti@electrodes, that is without any adsorbed dye. with other cations such as NaTBA™, etc., which have less
Adsorption of the dye will probably affect the position of affinity for the TiO, surface. Alternatively, Ti@ can be re-
the conduction band edge. There is to our knowledge no placed by NbOs, SrTiOs, etc., which have a higher conduc-
data available on the shift of the conduction band edge upontion band position. A problem with both these approaches
dye adsorption. There is, however, some indirect evidence.is that the injection of electrons in the red part of the spec-
Nazeeruddin et a[7] showed that the degree of protonation trum will decrease due to less energetic overlap EgeJd).
of Ru(dcbpy}(SCN), affects both the short-circuit current  On the other hand, the energy of the redox electrolyte can
and the open-circuit voltage in nanostructured Ji€dlar be brought down to increase thig.. Unfortunately, to date
cells. This is possibly due to shifts in the conduction band no promising alternatives for the J13~ system have been
edge of TiQ due to protonation of the surface. identified. The T /I3~ couple provides rapid regeneration

The reversible R@cbpy2(SCN)2T/Ru(dcbpy}(SCN)- of the oxidized dye combined with very low dark currents
potential has been well studied for the dye dissolved in var- (slow reaction of electrons in Tixand the back contact with
ious solventd8,11]. The precise potential of the adsorbed 137).
dye may, however, be different. In absence of reliable data As discussed above, it will be difficult to increase the
for dye adsorbed at Ti§) the solution value for the fully  voltage output of DSCs significantly without sacrificing the
protonated Ru(dcbpySCN), dye was used ifig. 3. Ther- photocurrent. Improvement of the photocurrent is probably
mal fluctuations in the interactions with surrounding solvent a more promising way to increase the efficiency of DSCs.
molecules and fluctuations in the internal vibrations and ro- There are several ways to achieve this. First, the thickness of
tations in the dye give rise to a Gaussian distribution of the the TiO; films can be increased, so that more dye is adsorbed
HOMO energies. The average HOMO level is lower in en- and more light is absorbed. This has the disadvantage that
ergy than the reversible oxidation energy, the difference be- the voltage will go down due to the increase in the dark cur-
ing the reorganization energy For a comparable ruthenium  rent, which is proportional to the surface area. Furthermore,
complex, Rubpy)32t, A has been determined to be 0.56 eV transport problems, both for redox species in the electrolyte
in aqueous solutiofil2]. Taking into account a correction and electrons in the nanostructured film may be encountered.
for the solvent acetonitrile and the fact that the dye is bound A better approach is to optimize the light absorption char-
onto a semiconductdf3], A is estimated to be 0.35eV for  acteristics of the DSC by adding light-scattering particles
Ru(dcbpy}(SCN), bound to TiQ. to the TiQ film, adding a light-scattering film on top of the

The energy of the injecting state of the dye is obtained TiO> film, or by using a reflecting counterelectrode. Second,
by adding the energy of the absorbed photon to the HOMO a dye with a broader absorption spectrum can be used, for
distribution. This is valid, as it has been determined that instance the black dye Ru(tcterpy)(SGNThe black dye
most of the electron injection occurs on a femtosecond time has a more positive oxidation energy (closer to that of the
scale[14,15] before relaxation to the lowest excited state redox couple), so that the injection into Ti@s still good,
and solvent reorganization takes place. Itis clear fFogn 3 even with (near-infra)red excitation. Disadvantages of the
that there is a good overlap between the energy levels of theblack dye are the low extinction coefficient and the lower
excited Ru(dcbpy(SCN) dye and the conduction band of coverage, so that thicker films are needed to absorb sufficient
TiO2, when the dye is excited in the absorption maximum light, which makes it more difficult to make high efficiency
(538 nm). The figure suggests that when the dye is excitedcells.
with 636 nm light (1.95eV), only half of the excited state The photocurrent of compressed films of }i€ensitized
levels would overlap with the conduction band and would be by Ru(dcbpy}(SCN), are quite good, but can certainly
able to inject. FronFig. 2ait can be seen that the IPCE of be improved. The integrated AM 1.5G (1000 W)
the red dye is still about 0.55 at this wavelength, suggesting photocurrent density of the IPCE spectrum Hig. 2ais
that the relative energies of the TiGonduction band andthe  12.3mAcnT2. Using the same approach, a photocurrent
Ru(dcbpy)(SCN), dye are not entirely accurate Fig. 3 density of 16.6 mA cm? has been calculated for optimized
The suggestion of a decreased injection efficiency in the red TiO> films with the same dye (which gave 18.2 mAttm
part of the IPCE spectrum, due to poor overlap of excited under simulated sunlighf3]. The lower photocurrent found
state and conduction band levels, seems to be valid. here may be caused by the low purity of the Ti@owder

The open circuit voltageMyc) is given by the difference  (Degussa P25), which is known to contain some(=%
between the redox potential and the Fermi level in the,TiO (100 ppm). The IPCE found in this study (76% in the max-
The position of the Fermi level in nhanostructured Tie- imum at 530 nm) is, however, better than the IPCE maxima
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of 50-65% for Ru(dcbpy)SCN)y-sensitized P25 films that  decrease in the red region, attributed to an increase in the
have been prepared in the conventional way (grinding of conduction band edge energy of the 7iO

the powder/paste followed by spreading and firing at tem-

peratures exceeding 40Q) [16,17] Taking into account

that reflection losses are about 10%, a maximum IPCE Acknowledgements
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[8]. The IPCE-values were consistently higher in the whole
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