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Dye-sensitized solar cells (DSSCs) have attracted extensive
attention due to their low fabrication cost and relatively high a
efficiency. In a DSSC, a porous electrode made of a wide-band
gap semiconductor with long electron diffusion length is needed
for supporting dye molecules and transporting photoinjected
electrons. Previous research has been limited to simple binary
oxides, including TiQ! ZnO2 SnQ,® Nb,Os,* and InOs.° In
contrast, the application of multication oxides has been rarely Pt A
explored. To our best knowledge, the only reported ternary oxides 20 30 40 50 60
are SrTiQ% and some doped binary oxides such astand Zf+- 20 (degree)
doped Ce@’

In comparison with simple binary oxides, multication oxides have
more freedom to tune the materials’ chemical and physical
properties by altering the compositions. As an example,ZimgD;
ternary compounds have been investigated as new n-type transparent
conducting oxide (TCO) materiafsBy varying the relative Zn/In
ratio, the band gap energy, the work function, and the electric Figure 1. Cha_r'actgrizations'ofzinc stannate nano_partic_les: (a) XRD pattern;

N ; . (b) low-magnification TEM image; (c) electron diffraction pattern; and (d)
re§|suwty of the ternary Oxm_jes can be readlly_tuned. _The terna_ry high-resolution TEM image (distance between adjacent planes is 2.6 A,
oxides also show dramatically reduced acid etching rate in corresponding ta-spacing of (311) planes).
comparison with ZnO. Considering the availability of a wide range
of multication oxides and their tunable properties, it is, therefore, Table 1. Dye Adsorption and the |~V Characteristics (under 1
. . . . . S . . sun AM 1.5 illumination) for Cells Sensitized with Various Times
interesting to investigate their applications in DSSC. Potentially,
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new materials with better performance than anatase QId be _ roughness ke Vor fil efﬁcﬂiency
found. This strategy is similar to the search of new TCO materials, "™ factor (mATcm’) V) factor (%)
which, historically, also started with simple binary oxide materials 2h ggg g? 8-22 g-gg g;
an_d thgen have been gradually expanded to many multicomponent 1day 315 91 063 0.65 37
OX'des-_ o o o 3 days 338 8.8 0.63 0.64 3.6

In this communication, we report the promising application of 7 days 304 9.0 0.63 0.65 3.7
Zn,SnQ, nanoparticles in DSSC. 28nQ, is a TCO material with
a band gap of 3.6 eV and electron mobility of-106 cn? V=* further confirmed by the selected-area electron diffraction pattern

s 19 For the application in DSSC, it is desirable to control the (Figure 1c) and high-resolution TEM (Figure 1d).

particle size in the range of tens of nanometers to ensure high  The stability of ZnSnQ, nanoparticles in an acidic dye solution

surface area for dye adsorption. The controlled synthesis 8f Zn is examined. The solar cell dye used in this investigationiss

SnQ; nanoparticles is achieved by decomposing a mixture of zinc bis(isothiocyanato)bis(2;dipyridyl-4,4 -dicarboxylato)ruthenium-

and tintert-butylamine complexes under hydrothermal conditions. (I1) bis-tetrabutylammonium (also referred to as N719 or [RuL

In a typical synthesis, 0.525 g of zinc chloride (98%, Aldrich) and (NCS))). Five Zn,SnQ, DSSCs with the same thickness4.3um)

0.675 g of tin(IV) chloride pentahydrate (98%, Aldrich) were stirred were prepared with different sensitization times (Table 1). The dye

in 50 mL of water/ethylene glycol (1:1 volume ratio) mixed solvent. adsorption (expressed as roughness factor, which is defined as the

Then 25 mL of 1.3 Mtert-butylamine (99%, Acros Organics) total surface area per unit substrate area) first increases quickly

aqueous solution was added dropwise to the stirred solution. After with the sensitization time in the initial 2 & h and then becomes

stirring for several minutes, the obtained slurry was transferred to saturated after 1 day. Under 1 sun AM 1.5 illumination, the short-

a 125 mL autoclave (Parr Instrument) and heated statically at 175 circuit current densityJs) also increases with the sensitization time

°C overnight. The precipitates from the autoclave were washed initially and then becomes saturated. The open-circuit voltsigg (

several times with water to remove the left amine. and fill factor are stable with various sensitization times. These
The obtained product was characterized with X-ray diffraction results suggest that Z8BnQ, is stable against the acidic dye

(XRD, Rigaku) and transmission electron microscopy (TEM, Tecnai molecules. Otherwise, a fast increase in dye adsorption and a large

TF-20). XRD pattern (Figure 1a) confirms that the product is pure decrease in the short-circuit current density should be observed due

Zn,SnQ, with the cubic inverse-spinel crystal structure. The average to the formation of aggregates as the case of ZhtThe stability

crystal size calculated is around 20 nm. Low-magnification TEM of Zn,SnQ, in an acidic dye solution is consistent with the previous

(Figure 1b) shows that most obtained nanoparticles have a size inreport that ZaSnQ, films can resist the acid etchafit.

the range of 1660 nm. This is desirable to provide high surface The performance of Zi$nQ, DSSCs with various film thick-

area for DSSC application. The crystallinity of nanoparticles was nesses was measured and compared with-B&3ed DSSCs using
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Figure 2. (a) |-V curve of a ZaSnQy cell with 5.6 um film thickness.
Dependence of cell performance on film thickness: (b) roughness factor;
(c) short-circuit current density; (d) open-circuit voltage; (e) fill factor; and
(f) overall light-to-electricity efficiency. All cells were under 1 sun AM
1.5 illumination.

P25 nanoparticles (Degussa; average sizZb nm). All films made
from Zn,SnQ, were transparent, while films made from P25 were

translucent. For a fair comparison, all P25 films were prepared under

similar conditions as ZsnQ; films without the treatment of TiGl
(see Supporting Information for the details of solar cell fabrication
and measurement). The dye sensitization time was 1 day for all
cells. Comparisons in dye adsorption, short-circuit current density,
open-circuit voltage, fill factor, and overall light-to-electricity
efficiency are shown in Figure 2.

Figure 2a shows a typicét-V curve for the ZaSnQ, cell. Figure
2b shows the dependence of roughness factor on film thickness
At 10 um, the roughness factor for a ZnQ, film is around 820,
which is about twice the amount of dye adsorbed on a P25 film
(roughness factor= 440). The high roughness factor for a,Zn
SnQ, film shows that ZeSnQ, can adsorb dye efficiently. The short-
circuit current density for Zs8nQ, cells increases initially from
2.8 to 4.3um, then becomes saturated from 4.3 to #rB, and
finally drops down after 7.5um (Figure 2c). In comparison, the
current density for P25 cells increases with thickness upgm9
This shows that the electron diffusion length for,&nQ, films is
shorter than that for P25 films. For thin films<{6 um), the
photocurrent density for a Z28nQ, cell is higher than that for a

P25 cell of the same film thickness. However, considering the much

higher dye loading on a Z8nQ, film, the electron injection and/
or transport must be poorer in a BnQ, film than in a P25 film.
The open-circuit voltage for a P25 cell is slightly higher than that

of a ZnSnQ, cell with the same thickness (Figure 2d), while the
fill factor has the opposite relationship (Figure 2e). The overall
light-to-electricity efficiency follows the same trend as the photo-
current density for both Z$nQ, and P25 cells (Figure 2f). For
thin films (=~6 um), the efficiency for a ZgEnQ, cell is higher
than that for a P25 cell. The highest energy conversion efficiency
that we have achieved from a Z8nQ cell is 3.8% with 5.6um

film thickness.

The efficiency of 3.8% at 1 sun for a Z8nQ, cell is close to
the highest efficiency reported for ZnO fabricated under similar
conditions (4.1%9) and much higher than that reported for SnO
(1.29%). Zn,SnQ, cells have also overcome the stability problem
associated with ZnO against acidic dyes. In this sense, the ternary
oxide (ZnSnQ,) is more attractive than its simple binary compo-
nents (ZnO and Sr¥pas the electrode material for DSSC.

In summary, we have successfully synthesizedSa®, nano-
particles with desirable particle size from a hydrothermal process.
We have demonstrated that the performance ofSAQ), cells is
comparable to that of Tigcells in thin films. Because of its large
band gap energy (3.6 eV), #&nQ, cells could have better
photostability against UV light than Tigzells. Currently, the main
limitation for ZnR,SnQ, cells is the short electron diffusion length
as indicated in the trend als. with increased film thickness.
Detailed studies of electron transport dynamics in aSoQ,
nanoparticle film and explorations of other multication oxides are
under investigation.
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Supporting Information Available: Procedure to fabricate and test
ZnpSnQ, and P25 cells. This material is available free of charge via
the Internet at http://pubs.acs.org.
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