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Laser processing of nanocrystalline TiO  , films for dye-sensitized
solar cells
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Pulsed-laser deposition and laser direct-write have been applied to deposit3@mnse thick and

porous nanocrystalline TiQnc-TiO,, 5—20um thick) layers incorporated in dye-sensitized solar
cells. Laser direct-write is a laser-induced forward transfer technique that enables the fabrication of
conformal structures containing metals, ceramics, polymers, and composites on rigid and flexible
substrates without the use of masks or additional patterning steps. A pulsed U\3BSemm) was

used to forward transfer a suspension of 7{®25 nanopowder onto a F-doped SnEbated glass
substrate. In this letter we demonstrate the use of laser transfer techniques to produce porous nc-
TiO, films required for dye-sensitized solar cells. The dye solar cells fabricated with the laser
processed Ti@ layers on glass showed a power conversion efficiency~@f3% under an
illumination of 10 mW/cm. © 2004 American Institute of Physidg®Ol: 10.1063/1.1772870

Over the last decade, dye-sensitized solar cells based @f the nc-TiQ films, a dense Ti@film (~30 nm thick was
mesoporous, nanocrystalline Titnhc-TiO,) films have been deposited onto the FTO-coated glass substrates using pulsed
extensively studied as possible alternatives to silicon-basel@ser deposition. This dense Ti@m was grown at 450 °C
solar cells due to their high power conversion efficienciesn 50 mTorr of oxygen with a laser fluence of 2 JFeasing
(~ 10%) and expected low materials and manufacturinga KrF excimer laset\=248 nm.** The purpose of this
costs'™ In general, the nc-TiQfilms have been produced dense TiQ layer was to serve as an electrically isolating
via colloidal synthesis of Ti@nanoparticles and subsequent barrier between the FTO and the dye sensitized nc;TiO
deposition of the TiQ colloidal slurry onto substrates by layer in order to minimize short circuit losses in the cell. The
blading** or screen prlntlné There have also been some
efforts to produce the nc-TiXilms using spray pyrolys@ o !
electrochemical depositich,gas phase depositién,and Biess
sputtering? However, these processes lack effective control :
of the TiO, film thickness (especially at film thicknesses '
>10 um) and they require additional patterning steps.

An alternative approach to address these difficulties with
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TiO, barrier by PLD
the production of high surface area nc-%ifdms is to use a - FTO

laser direct-write (LDW) techniquel.O LDW is a laser-

induced forward transfer process that enables the fabrication @)
of metal oxide(such as nc-Ti¢) conformal thin-film struc-

tures on rigid and flexible substrates without the use of hv
masks or additional patterning steps. In addition, this laser
processing technique can be combined viitlsitu laser an-
nealing of the films in order to improve the electrical prop-
erties of the active Ti@layers in dye-sensitized solar cells,
without damaging substrates with low glass transition tem-
peratures such as plastics. Recently, we have successfully
demonstrated the utility of the LDW technique in producing
high surface area, hydrous ruthenium oxide ultracapacitors,
and alkaline and Li-ion microbatteriés!? In this letter, we
report on fully operational dye-sensitized solar cells contain-
ing nc-TiG, films deposited by laser direct-write.

The general structure of a dye-sensitized solar cell used
for this work is shown schematically in Fig.(d@. Dye-
sensitized solar cells based on nc-Ji@dms were fabricated
on F-doped Sn®(FTO) coated glass(2.5 cmx 2.5 cm;

14 O /0; Hartford Glass Co. USA Prior to the deposition

Glass

FIG. 1. () A schematic diagram showing a cross section of the dye-
sensitized solar cell prepared for this work. Dashed lines represent the holes
dAuthor to whom correspondence should be addressed; electronic mailised to add the electrolyte to the cell. SEM micrographs shoginghe

hskim@ccs.nrl.navy.mil. Also at: SFA, Inc. cross section andc) the surface of a 12¢m-thick mesoporous nc-TiO
PCurrent address: Department of Mechanical and Aerospace Engineeringgyer transferred by LDW on TigFTO coated glass. The film was sintered
Princeton University, Princeton, New Jersey 08544. at 450 °C for 30 min.
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nc-TiO, films were deposited from a colloidal Ti(pasté
onto the dense Ti©layer using the LDW technique.

The active nc-TiQ layers were deposited onto the
TiO,/FTO coated glass substrates by the LDW technique
following previously reported conditiort§~*2 Briefly, the
TiO, colloidal paste was cast as a uniform layer-e? um
thickness(using #4 wire coater, Garneonto a borosilicate
glass plate. The coated side of the borosilicate glaterred
to as the “ribbony was held on top of the substrate at a
distance of 10Qum. A frequency-tripled Nd—-YVQ laser
(A=355 nm was focused on the ribbon surface through the

|

Current density (mA/cm?)

back side of the glass plate to transfer the Jgaste to the K ]
TiO,/FTO coated glass substrate. The laser fluence was \ )
maintained at about 0.1 J/énfor a spot size of 25@m?. 6 . . . \+. | h
The overall thickness of the transferred nc-Jidyer was 0.2 0.0 0.2 04 06 0.8
controlled by the number of transfer passes conducted. The Voltage (V)

thickness and the mass of the nc-Jildyers monotonically

increase with the number of LDW passes. . FIG. 2. Current density vs voltagd—V) characteristics of dye-sensitized
The area of the |aser. tranSferreq nC'IlﬂrT_\S VYaS solar cells fabricated with different thicknesses of active nc,Ti@yers

0.25 cnt. The transferred films were first dried in air and deposited by LDW measured at 100 mW/AAM 1.5 simulated solar

then sintered in air at 450 °C for 30 min. The sintered filmsillumination). The active cell area of all samples is 0.25%cm

were impregnated by soaking in a 0.2 M aqueous solution of

TiCl, overnight(~210 h), washed with distilled water, and conduction while the hiah surface area structure maximizes
then sintered a second time at 450 °C for 30 min. Followin uction wh Igh su uctu ximiz

the second sintering step, Tidilms were dipped while still gthe number. density of dye molecules adsqrbed on the sgrface
warm (~100 °Q) into a 3X 107* M solution of a dye sensi- Qf the nc—.T|Q. Both prop_e_rues are essential for the fabrica-
tizer, cis-bis(isothiocyanatp  bis (2.2 -bipyridyl- tion o_f efficient dye-sensitized solar cells.

4.4 -dicarboxylatg-rutheniungll) (N3, Solaroniy in abso- Figure 2 shows the current dens{t) versus voltagéV)
lute ethanol for 15 h at room temperatir@he resultant characteristics for several dye sensitized solar cells contain-
dark purple specimens were rinsed with anhydrous ethandd Nc-TiO; layers of varying thickness. A summary of the
and dried in a dry nitrogen stream. A separate p|atinurn]—v characteristics and power conversion efficiencies of dif-
counter electrode was deposited by e-beam evaporation onferent nc-TiQ film thicknesses is given in Table I. In these

a FTO coated glass substrat2.5 cmx 2.5 cn) with a Ti cells, the short circuit current densifJso) rises from 6.8 to
(~30-nm-thick buffer layer. The thickness and surface re-10.1 mA/cn? as the nc-TiQ layer thickness is increased
sistance of the platinum electrode are 70 nm and(R.Bl,  from 5 to 15um. Conversely, the open circuit voltag¥,.)
respectively. The Pt-electrode and the dye-covered,TiOin these cells decreases from 0.71 to 0.58 V upon increasing
electrode were sealed together with a @%-thick Surlyn  nc-TiO, layer thickness from 5 to 2@m. The initial in-
(1702, Dupont spacer placed along each edge of the glasgrease inJ,, with nc-TiO, thickness can be related to the
substrate. The;l1™ redox electrolyte(~5 ul) was intro-  increased surface area of the Jifims and hence the con-
duced through one of two holes drilled through the Ptcomitant increase in the amount of adsorbed dye. The de-
counter electrode, shown schematically in Fig)land was  crease inV,, with nc-TiO, thickness is attributable to an
observed to thoroughly wet the dye-covered nc-Tin via  jncrease in the series resistanaad an increase in the inter-
capillary action. The photovoltaic properties of the fabricatediaqigl 10ss (e"/h* recombinatiop processes that become

cells were measured using a 150 W xenon arc lamp outfitteg, .o prominent at increased active layer thicknels@se

with AM 1.5 filters (Thermo Orie). Incident light intensities oo cts of these recombination loss processes are also mani-
at the sample were controlled using neutral density filters ansested in the decrease of the cell, from 10.1 to
. .

measured using a calibrated silicon photodiode detgtter
ternational Light Ino.

Figures 1b) and Xc) show the cross-sectional and sur- TABLE I. Photovoltaic characteristics of dye-sensitized solar cells with dif-
face SEM micrographs of a typical nc-TiQayer deposited ferent thickness of the light-harvesting active Jilayers. The cell size is
by LDW. It is clear from Fig. b) (cross sectionthat the 025 c_n?. All curves were collected at 100 mW/érof AM 1.5 simulated
bottom |ayer is the glass substrate, the second Iewb'rte solar illumination.V,. is defined as the voltage at which the photocurrent

. . — . becomes zero)y is defined as the photocurrent at zero voltage, the fill
colon is the FTO film (~400 nm), and the top layer is the factor (ff) is calculated from the equation ff3,,,X Vina / (JscX Voo, and

TiO, film (~12 um thick) prepared with eight LDW passes. the power conversion efficiency) is calculated from the equation
Since the LDW passes are conducted as a wet process, BQ0O (JyauX Vinad ! Piny WhereP,, is the power of the incident light.

interfacial gaps are formed in the transferred nc-Tl2-
tween sequential deposition passes. Figui® &hows that Thickness of nc-TiQ layer Voc Jsc ff 7
the TiO, film is composed of interconnected spherical- (nm) V) (mA/cn) (%)
shaped particles with an average grain size~&0 nm. It

: e 5 0.71 6.8 070 34
can also be seen that the particles are distributed homoge- 10 0.68 87 068 40
neously with a high degree of porosity consistent with a high 15 0.64 101 065 43

surface area structure. This three-dimensional network of in- 20

terconnected Ti® nanoparticles provides efficient electron
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070 — 2 50 100 150 200 . P, curve decreases, suggesting that the diffusior;, Of lis
too slow to efficiently regenerate the oxidized dye molecules
065} 1% < resulting in a decrease in the photocurrent. This effect
30 00 158 coupled with possible ohmic losses in the TCO support leads
> 0 {10 E to the observed decrease in the fill factor at higher light in-
055k 15 5 tensities(>100 mW/cn?). These loss processes have the ef-
m fect of modulating the power conversion efficiencies of the
0.50 = 0 cells with varyingP;,. The power conversion efficiendy;)
08— ' ' ' —° of the 15um-thick nc-TiO, device ranges from 4.3% at
o7l 10-100 mW/crd to 3.1% at intensities approaching
14 200 mW/cnt (see Fig. 3.
£ 06 < In summary, a laser direct-write technique has been ap-
{3 F plied to deposit mesoporous, nanocrystalline Jifdms
05 which were incorporated as active layers in dye-sensitized
04 ‘ , . , , ) solar cells. The light power conversion efficieney4.3% at
0 50 100 150 200 1 sun of the cells fabricated using this new approach is
Light intensity (mwW/cm®) comparable to those reported earlier for analogous cells fab-

_ _ _ ricated with commercial Ti@powders(P25 using standard
FIG. 3. Photovoltaic propertie6/,., Js, ff, and ») as a function of the . §,6,16 h f devi fabricati ith h
incident light power of the AM1.5 illumination source for a dye-sensitized techniques: T_ e ease ol device 1a ”C‘_"‘tlon without the
solar cell fabricated using a laser processed, Titn (~15 um). need for patternlng and excellent Iayer thickness control af-
forded by the LDW technique makes it a very attractive
method for the development of conformal dye-sensitized so-

9.3 mA/cnt upon increasing the active nc-TiQayer thick- ; =
lar cells on flexible and rigid substrates.

ness from 15 to 2@um.
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