336

Chemistry Letters Vol.35, No.3 (2006)

Electron Transport in Nanocrystalline TiO, Films Sensitized
with [NBuy]z[cis-Ru(Hdcbpy),(NCS),] (N719; [NBuy]* = Tetrabutyl Ammonium Cation;
H,dcbpy = 4,4'-Dicarboxy-2,2'-bipyridine) and [NBuy];[Ru(Htcterpy)(NCS)s]
(B-dye; Hstcterpy = 4,4’ ,4”-Tricarboxy-2,2':6’,2” -terpyridine)

Koji Miyamoto,! Masatoshi Yanagida,*> Kazuhiro Sayama,” Hideki Sugihara,? and Yoshimoto Abe'
'Faculty of Science and Technology, Tokyo University of Science, 2641 Yamazaki, Noda 278-8510
2Energy Technology Research Institute, National Institute of Advanced Industrial Science and Technology,
1-1-1 Higashi, AIST-Tsukuba Central 5, Tsukuba 305-8565

(Received December 28, 2005; CL-051579; E-mail: m.yanagida@aist.go.jp)

We compared electron transport in nanocrystalline TiO,
films sensitized with [NBuy],[cis-Ru(Hdcbpy),(NCS),] (N719;
[NBuy]™ = tetrabutylammonium cation; H,dcbpy = 4,4'-di-
carboxy-2,2'-bipyridine) and with [NBuy],[Ru(Htcterpy)-
(NCS);] (B-dye; Hsjtcterpy = 4,4’,4”-tricarboxy-2,2":6",2"-
terpyridine). The electron diffusion coefficient (D) and the elec-
tron lifetime (7) of the N719-sensitized TiO, were comparable
to those of B-dye-sensitized TiO,, although the open circuit pho-
tovoltage (V,.) of the solar cells based on N719-sensitized TiO,
was ca. 60 mV larger than that of the solar cells based on B-dye-
sensitized TiO,. We concluded that the energy of the conduction
band edge (E,) of TiO, sensitized with N719 was ca. 50 mV
more negative than that of TiO, sensitized with B-dye.

Dye-sensitized solar cells (DSSCs) based on nanocrystalline
TiO, sensitized with N719 or B-dye exhibit solar conversion
efficiencies of about 10%. B-dye cells have large short-circuit
photocurrent densities (Jy), because the dye absorbs over a wide
range of wavelength. The open circuit photovoltage (Vi) of
B-dye cells is smaller than that of N719 cells.!2 In this letter,
we report on the influence of electron transport processes in
N719- and B-dye-sensitized TiO, on the photovoltaic perform-
ance of DSSCs.

TiO, nanoparticles were prepared as described previously.?
A nanoporous TiO, photoelectrode (area, 0.25 cm?; thickness
(d), 3 um) was prepared by a screen-printing technique. After an-
nealing at 450 °C, the TiO, thin films were immersed in ethanol-
ic dye solution at a concentration of 0.2mM and then kept at
25 °C for at least 16 h. Solar cells were assembled with the pho-
toelectrode placed on the platinum counter electrode. The two
electrodes were separated by a thermal adhesive film and sealed
by heating of the film. The electrolyte solution, which consisted
of 0.5M 4-tert-butylpyridine (tBP), 0.6 M (1,2-dimethyl-3-pro-
pyDimidazolium iodide, 0.05 M I,, and 0.1 M Lil in acetonitrile,
was introduced between the Pt electrode and the photoelectrode.
The photovoltaic performance of the solar cells was measured
with a source meter and an AM 1.5G solar simulator (100
mWcm~2). The intensity-modulated photocurrent spectra
(IMPS) at short circuit and the intensity-modulated photovoltage
spectra (IMVS) at open circuit were measured with an impe-
dance analyzer under irradiation with modulated laser light
(532 nm) and bias light (Xe lamp).>’

Figure 1 shows the typical current—voltage curve obtained
for N719 cells and B-dye cells. The J, and V,. values for
N719 cells were higher than those for B-dye cells. The maxi-
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Figure 1. Photocurrent density—voltage curves of N719 (---)
and B-dye (—) cells under AM 1.5 irradiation (100 mW cm™2).
The onset of the dark current densities of the N719 cell (- --) and

the B-dye cell (—) are also shown. (Inset) IPCE spectra of the
N719 (---) and the B-dye (—) cells.

mum incident photon-to-current conversion efficiency (IPCE)
of B-dye cells was 40% less than that of N719 cells (Figure 1
inset).

Figure 2 shows D and T values determined by measuring
IMPS at short circuit and IMVS at open circuit, respectively.
Jsc was linearly related to the bias light intensity, so J,. was used
to represent the light intensity and the electron density (n) in
TiO,. Figure 2 also shows that the electron diffusion coefficient
(D) increased and the electron lifetime (7) decreased as the bias
light intensity was increased. When the trap sites at deeper ener-
gies were filled under higher bias light intensities, the diffusion
of trapped and detrapped electrons became faster.’ The T value
decreased when the bias light intensity increased because charge
recombination is second order in n.> Figure 2 shows that there
were no differences in the electron transport properties, such
as D and 7, between N719 cells and B-dye cells.

At short circuit, the diffusion length (L = VDt x 10*) was
calculated to be 54 um at J,. = 1 mA cm™2, and this L value was
much longer than d (3 um). When L > d, J. is given by eq 1:}

Jie (1) = gPLHE(1)APCE(A) (1)

where ¢ is the quantity of charge on the electron (C), A is the
wavelength (nm), & is the incident light intensity (photons
5! cmfz), APCE is the absorbed photon-to-current conversion
efficiency, and LHE is the light-harvesting efficiency, given by
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Figure 2. (a) Electron diffusion coefficient (D) vs. short-circuit
photocurrent (Jg) for an N719 cell (OJ) and a B-dye cell (W), and
electron lifetime (T) vs. J,. for a N719 cell (A) and a B-dye cell
(A). Jg values varied with bias light intensity. (b) Plots of Vi,
vs. J T for an N719 cell (O) and a B-dye cell (®).

LHE(A) = 1-102T190) \where & and T are the molar absorp-
tion coefficient (M~'cm™!) and the amount of dye absorbed on
TiO, (mole cm™?2), respectively. The LHE values for N719 and
B-dye cells were 0.70 at 520 nm and 0.41 at 600 nm, respective-
ly. The APCE value is given by eq 2:3

Minj

1
=\ e

where 1);,; is the electron injection yield from the dye to TiO,.
The APCE values of N719 and B-dye cells were 75% at
520 nm and 70% at 600 nm, respectively. Because the L value
for B-dye cells was the same as that for N719 cells, the 1;,; value
for B-dye cells was also comparable to that for N719 cells. This
fact means that Jy. depended mainly on LHE and on the wave-
length range of absorption. For thin films (d = 3 um), the J,. val-
ue of N719 cells was higher than that of B-dye cells, because of
the large difference in the LHE values of the two types of cells.
For thicker films (LHE = 1), the Jy. value of B-dye cells was
larger than that of N719 cells (data not shown), because of the
difference in the absorption wavelength range.
The relationship between V. and T is given by eq 3:3

kITm  (10J4T kTm =~ (10J4T

Voe=—1n +1)~—1In 3)
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where k is Boltzmann’s constant (JK~!), T is absolute tempera-

APCE(1) = 2
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ture (K), m is the ideal factor, and ng is the electron density
(cm™?) in the dark. The T values in TiO, sensitized with B-
dye were close to the values for N719 (Figure 2), although the
Voo value for B-dye cells was 60 mV smaller than that for
N719 cells. Plots of Js. T vs. V. for B-dye and N719 cells are
shown in Figure 2. The slope of the curve for B-dye cells was
comparable to that for N719 cells. However, the intercept for
N719 cells was ca. 50 mV larger than that for B-dye cells. The
onset of dark current density for B-dye cells shifted to a value
that was 40 mV more positive than the value for N719 cells
(Figure 1). According to eq 3, these results show that the g value
for TiO, sensitized with B-dye was larger than that for TiO, sen-
sitized with N719. The value of ny is given by Eq 4:°

N Ecb - Eredox 4
nog = Ne exp( T ) 4
where N, is the density of states in the conduction band (cm™),
and Eeqox is the redox potential of /37 /I~. Assuming that N,
does not depend on which dye was used, the energy of the con-
duction band edge (E.,) for B-dye cells shifted to a value ca.
50 mV more positive than the energy for N719 cells. We propose
two possible explanations for the difference between the E, val-
ues for B-dye sensitized TiO, and N719 sensitized TiO,. One
explanation is the degree of the interaction between the additives
and TiO,. Additives such as tBP, Li™, and NBus™ in the electro-
lyte cause a shift in the E, value.>!? These additive effects may
vary with the structure of the dye on TiO,. The other possible
explanation is the interaction between the dye and TiO,. The
E., value may depend on the electric charge and polarity
of the dye. Distinguishing between these two possibilities will
require further investigation.
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