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Nanostructured Titania- Polymer Photovoltaic Devices Made Using
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We fabricated ordered bulk heterojunction photovoltaic (PV) cells using a per uoropolyether (PFPE)
elastomeric mold to control the donoacceptor interfacial morphology within devices. Anatase titania
nanostructures with postlike features ranging from 30 to 100 nm in height and 30 to 65 nm in spacing
were fabricated using the Pattern Replication In Nonwetting Templates (PRINT) process. The
nanostructured devices showed a 2-fold improvement in both short-circuit cudgntaid power
conversion ef®ciency (PCE) relative to reference bilags.cAdditionally, the titania was functionalized
with Z907 dye to increase both the short-circuit currelgd) @nd open-circuit voltagevt). As a result
we observed a device ef®cienéy) of 0.6%, the highest recorded ef®ciency value so far fomgminted
titaniaa P3HT device.
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Conjugated polymers are promising photovoltaic materials
because they are strong light absorbers and solution pro-
cessable and can be deposited onto “exible substrates at lo r‘.
cost. To date, the most ef®cient polymeric solar cell utilizes
a disordered bulk heterojunction (Figure 1a) in which the
conjugated polymer is mixed with an electron acceptor.

Figure 1. Device architectures of conjugated polymer-based photovoltaic

_Du”ng processing, th_e mIXt_ure automatically phase ségsira cells: (a) disordered bulk heterojunction and (b) orderdil beterojunction.
into nanoscale domains with a length scale on the order of adopted from ref 11.

the exciton diffusion length, maximizing the exciton colle
tion ef®ciency. Unfortunately, when we use different maler Ordered bulk heterojunctions (Figure 1b) made by ®Iling
systems, the phase separation distance might change. Théhorganic nanostructures with organic semiconductors have
morphology of the blend depends critically on numerous distinct advantages over their disordered counterpacsuse
processing variables, such as the side chain length of thethe morphology can be precisely controlféd°Metal oxide
polymer, weight ratio of materials, choice of solvents, (TiO,, ZnO, etc.) templates can be fabricated with continuous
molecular weight, regioregularity, and annealing condgf"> pathways or pores on the scale of the exciton diffusion fengt
Even when we have a phase separation length scale on thén the organic semiconductor. Consequently, the device
order of the exciton diffusion length, each phase in thedgen possesses the ideal morphology for maximizing charge
may contain dead ends, which could hamper the chargecollection ef®ciency regardless of the polymer used.
collection ef®ciency.

transparent electrode transparent electrode

Titania is an attractive material for ordered bulk hetero-
junction photovoltaic cells for many reasons: it is abundant
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accept electrons from almost all organic semiconductors, discrete objects at fractions of a millimeter length scAfeer
and its surface can be easily functionalized with organic gelation of liquid sol gel precursors, the PDMS molds were
molecules that facilitate exciton dissociation and charge removed and the patterned structures were annealed at high
transfer'® Also, titania is well studied by the dye-sensitized temperature. While features as small as 30 nm have been
solar cell community**° reported, the process is limited by deformations such as
The ideal titania nanostructure in an ordered heterojoncti  feature coalescence, sagging, and swelling of the elasiobme
should be approximately 2600 nm thick and consist of PDMS mold. Another approach toward sub-100 nm pattern
an ordered array of titania posts or pores with 20 nm replication in titania employs polymethylmethacrylat®(RA)
spacing (approximately twice the polymer exciton diffusion molds with a PDMS backing layer for added “exibilify.
lengtht®), as illustrated in Figure 1b' With this geometry, ~ The high compression modulus of PMMA prevents mold
every exciton formed in the donor material is able to reach deformation and allows for higher resolution patterning.
the interface and be split into two distinct charge carriers. However, in this method, mold retrieval requires the wet
The channels should also be straight and perpendicularetching of the master template followed by dissolving the
to the substrate so that both charge carriers have a direcimold away from the inorganic pattern. The nonreusable
pathway to their respective electrode. Previously, titania nature of the master and mold make this method unsuitable
nanostructures have been made using a variety of techpiquesor manufacturing.
including doctor blade spreading of titania pastespray The use of per uoropolyether (PFPE) elastomers as a
pyrolysis of titanium alkoxide$® and evaporation-induced reusable molding material for soft lithography has been
self-assembly of titania solution precursors with an am- reported by Rolland et &**PFPE elastomers as a molding
phiphilic block copolymer as a structure-directing agefit: material are unique over their silicone-based countespart
However, these methods do not produce straight channelsfour distinctive ways: (i) the very low surface energy of
that reach the back electrode. Instead, the pores are tortuou®FPEs enables the selective ®lling of nanoscale cavities in
and the polymer chain packing is disrupted, decreasing holethe mold with almost any organic liquid; (ii) unlike silices,
mobility and thus reducing device performarté&?Previous ~ “uoropolymers are resistant to swelling in common organic
results using photovoltaic cells fabricated by in®ltrating solvents, making them useful for patterning a wide range of
P3HT into mesoporous titania networks have shown that the organic and inorganic features; (iii) the chemical inertness
polymer morphology within the porous network hinders of the PFPE molds allows the resultant array of features to
charge transport to the electrodé®Recently, in an attempt  be easily separated from the mold; and (iv) the modulus of
to fabricate straight Ti@ pathways, anatase-phase 7iO the elastomer can be tuned by precursor molecular weight,
nanorods were employed in a blend for use in conjunction allowing for patterning of a wide variety of sobels into
with P3HT as a polymertitania device®* One technique  sub-100 nm features. This process, referred to as PRINT
for optimizing the nanostructured morphology is nanoimipri ~ (Pattern Replication In Nonwetting Templates) and shown
lithography?>*2’a promising method due to its high through- in Figure 2, shows great potential for controlling device
put capability to produce nanoscale features over a lagge ar  architecture in ordered bulk heterojunction solar cefighis
Whitesides et af®**° used polydimethylsiloxane (PDMS) paper, we present the use of PRINT for patterning anatase
molds to pattern selgel-derived inorganic oxides into TiO, on a sub-100 nm length scale. The ordered bulk
continuous membranes with nanoscale features and intoheterojunction devices, made by in®Itrating titania nano-
structures with poly-3-hexylthiophene (P3HT), show a o
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Figure 2. lllustration of the PRINT process: (a) Si master template; (b) mold release from master template; (c) molding a liquid precursor; (d) pattern
transfer to substrate at elevated temperature and pressure; () mold release from replica ®Im.

Figure 3.3 £ 3 i m atomic force microscope images of the (a) silicon master fabricated via nanosphere lithography and the (b) 1 kDa PFPE elastomer mold
of the master template height) 150 nm for both images.

of polystyrene nanospheres on a silicon wafer, a monolayerwas capable of selectively ®lling the nanoscale cavities in
of nanospheres was readily deposited over the entire surfac the master. Subsequent photochemical cross-linkingtessul
These nanospheres are not robust enough to be used directlin a high-®delity mold of the nanoscale features of the NSL
as an etch mask for reactive ion etching (RIE); therefore, a master template, as shown in Figure 3.

5 nm Cr Iayer was deposited on top of t.he nanosphere  Feature Replication in Anatase Titania.When fabricat-
monolayer using electron-beam evaporation. The nano-ing titania nanostructures for photovoltaic applicatidgheas
spheres were then dissolved by sonication in toluene at 60necessary to employ two layers of titania on top of the
°C. This process leaves beh!nd islands of_Cr that are Used_uorine—doped tin oxide (FTO) electrode. The ®rst layer was
as an etch mask for nanopillars. The height of the ®nal 3 5t thin ®Im foundation of anatase titania upon which the
features in silicon |$_d|rectly pr_oportlonal to the time of the . anostructured layer was fabricated. The ®rst thin ®Im of
RIE (aII_other conditions remaining constgnt). The featurgs titania provided a pinhole-free layer that prevents device
we obtained were randomly oriented postlike structurek wit shorting as a result of direct pathways between the top and

the highest aspect_ ratio structures having a maximgm he.ightthe bottom electrodes. This was especially important if the
of 140 nm and a diameter of 20 nm. The random orientation second (patterned) titania layer had any small cracks or

was due to the large variance in nanosphere diameters . . . .
. . . . .~ .~ “pinholes. Different sol formulations were utilized for ttveo
(average of 20 nm), which resulted in various sized intéabti . . . .

. _layers in order to obtain a crack-free thin ®m in the ®rst
holes between nanospheres where the Cr mask was deposite ayer and prevent volume reduction and feature degradation
Any Cr remaining on top of the nanopillars was removed . yth b q1 9
using a standard piranha etch. While the feature shape and" "€ s.econ ayer. _
distribution across the wafer varied for each sample, this In this process, a thin ®Im of sdl as the compact
method was effective in generating nanoscale patternsscro underlayer was deposited onto uorine-doped tin oxide
a large area. (FTO) electrode by spin casting. The samples were then oven

In order to obtain an elastomer mold of the NSL master dried and calcined at 45. Subsequently, liquid s@was
template, a liquid PFPE precursor comprised of 1 kDa PFPE drop cast onto the sample and a PFPE mold was pressed
(R¢ -functionalized dimethacrylate) and 2,2-diethoxyac- down onto the substrate and held at constant pressure. The
etophenone was poured over the nanopatterned mastesample was heated to 11T to facilitate the sol gel
template. Due to its very low surface energy, the liquid PFPE transition via solvent removal, a process that was aided by
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Figure 4. SEM image of (a) NSL silicon master template with 3-min RIE and (b) anatase titania nanostructure replicated using PRINT from the silicon
master. Scale bars are 100 nm.

Figure 5. Schematic diagram showing the cross section of a photovoltaic device where the titalyimer interface has been patterned using the PRINT
technique.

the high permeability of the molP. The low-surface energy  helped improve thelsc and Voc for both reference and
PFPE mold was then peeled off the FTO substrate, leavingnanostructured devices. We attributed this enhancement to
an embossed xerogel ®Im. Calcination of the xerogel phasean improvement in exciton splitting at the interface. The
at 450°C led to formation of anatase titania features (see carboxylic acid groups covalently bound to the titania acef
Supporting Information). Scanning electron microscopy promoted rapid forward electron transfer, while the long
images of the silicon master template from NSL and resultant insulating alky! side chains suppressed charge reconibinat
titania nanostructure are shown in Figure 4. and promoted wetting of the titania surface by the P3R{: 3638
Device Fabrication and Solar Cell Performance.As When comparing devices that received the same interfacial
previously described, we employec_i two layers of titania on treatments, nanostructuring of the titania increasedhbe-s
top of the FTO electrode to fabricate the nanostructure. circuit current gsg) by 2-fold while maintaining the open

Reference cells were also fabricated with two layers afiita circuit voltage Yoc) relative to the “at ®Im reference devices.

to ensure a comparable reference cell for the nanostructure, . . . .
. : . L As indicated in Table 1, upon nanostructuring, the of
devices. In this case, a thin ®Im of titania was spun cast

; . the unmodi®ed devices increased from 0.58 to 1.11 mA/
from sol1 and calcined at 450C. A second ®Im of titania e, while for interface-modi®ed devices the: increased
was deposited by ®rst drop casting 8abn the substrate ¢ ' 0.83 to 1.73 mA/ci This doubli 7 dwell
and then placing a “at PFPE membrane on top of the sol, oM -69 10 L.75 MA/C IS doubling Olsc agreed we

The substrate was held at elevated pressure and temperaturfé{'th smple calculations based on Increasing th? titaGie/P )
for several hours, followed by PFPE membrane removal andlnterfamal area for a hexagonal array of titania posts with
450°C calcination of the sample dimensions of radius 10 nm, height 100 nm, and periodicity

After making nanostructured titania samples, a 100 nm ©f 60 nm. Though the increase in photocurrent can be
thick P3HT layer was spun cast on top of the ®m and attributed solely to the increase in interfacial area, it is
in®ltrated around the features by heating the sample to 185Mportant to recognize that PRINT allows for straight, parr
°C for 8 min in a nitrogen environment. According to Pores to be fabricated which can lead to improved device
previous studies by Coakley et'@??the annealing prose ~ Performance. For example, charge mobility in the polymer
dure should be suf®cient to in®ltrate P3HT to the bottom of Phase can be enhanced due to chain alignment in the
the pores. Figure 5is a schematic representation of thealevi nanoscale channels of the nanostructure titania, whictdvou
stack for a nanostructure device. result in an increaseds; and ®Il factor (FFiz

Figure 6 shows thd- V curves of the nanostructured
titania devices along with the “at reference devices. We (36) Bartholomew, G. P.; Heeger, A.AdV. Funct. Mater 2005 15, 677+

observed that incorporation of the interface modi®er, Z907, __ ©82. _
(37) Schmidt-Mende, L.; Kroeze, J. E.; Durrant, J. R.; Nazééin, M. K_;
Gratzel, M.Nano Lett.2005 5, 1315+1320.
(35) Brinker, C. JThe Physics and Chemistry of Sol-Gel Processirgy (38) Wang, P.; Zakeeruddin, S. M.; Moser, J. E.; NazeeryddinK.;
ed.; Academic Press:San Diego, CA, 1990. Sekiguchi, T.; Gratzel, MNat. Mater.2003 2, 498+498.
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Figure 6. Current voltage (- V) curves of four titania/P3HT systems: “at titania/100 nm P3HT (reference device), “at titania with a surface modi®ed with
Z907/100 nm P3HT (reference device), nanostructured titania/100 nm P3HT, and nanostructured titania with surface modi®ed with Z907/100 nm P3HT

Table 1. Photovoltaic Device Performance of Flat Titania/P3HT Experimental Section
Devices and PRINT-Fabricated Nanostructured Devices for Z-907
Dye-Functionalized and Nonfunctionalized Devices All chemicals were purchased from Aldrich except the Z90&,dy
Jse ef®ciency which was purchased from Solaronix SA. All chemicals weredus
(mA/lem?) Voo (V)  F.F. (%) as received except poly-3-hexylthiophene (P3HT), which was
“at titiania/P3HT 0.58 0.58 0.55 0.19 puri®ed by Soxhlet extraction using hexane and then chloroform.
nanostructured 1.11 0.58 0.51 0.33 The synthesis of per uoropolyether dimethacrylate (PFPE DMA)
_ Titania/P3HT has been reported previous§The photoinitiator used to cure the
a;é'ﬁfp'a + 2907/ 0.83 064 058 031 PFPE DMA was 2,2-diethoxyacetophenone (DEAP). Metal axide
nanostructured titania 1.73 0.65 0.55 0.61 were characterized with an X-ray diffractometer (XRD, Rigaku)
Z907/P3HT using Cu KR radiation. XRD data can be found in the Supporting

Information. SEM micrographs were obtained with either tattii
S-4700 instrument or a FEI Helios 600 NanoLab Dual Beam
System.

We reported on the use of nanosphere lithography to make Nanosphere Lithography (NSL) Master Template Fabrica-
silicon master templates and the PRINT process to replicatetion. A monolayer of polystyrene nanospheres (diametef 2865
the master template structures into anatase titania. Wenm, concentration 4.1 g/100 mL, purchased from Interfacial
fabricated ordered bulk heterojunction solar cells with Dynamics Corp.) was deposited on a silicon wafer by ®rst diluting
nanostructured titania and P3HT. Compared to a “at refer- the original solution of nanospheres 2-fold and then spin casting at
ence bilayer device, the short-circuit current was doubled 2000 'PM- A 5 nm layer of Cr was evaporated on the nanosphere

) - L . monolayer using electron-beam evaporation. The sphenesthen
upon nanostructuring while the open-circuit voltage remadi

. . . . dissolved by sonication in heated toluene fer2lh. The exposed
the same. The nanostructured device with the Z907 intaifaci  jicon surface was etched using Nfeactive ion etching (RIE)

modi®cation led to a power conversion ef®@ciency of 0.6%. (20 sccm NF, 20 mTorr chamber pressure, 430 V bias voltage) in
This paper demonstrates the feasibility of fabricating nano- an AMT 8100 Plasma Etcher. RIE times of 3 and 4 min were used.
structured titania solar cells via PRINT, a potentially high- The nanopillar surface was cleaned using a-WZone treatment.
throughput soft lithography route that is amenable to a wide Any remaining Cr was removed using a standard piranha e@% (8
variety of materials and processing conditions. Additllyna  conc. sulfuric acid and 20% hydrogen peroxide, by volume). A
further improvement in PV device ef®ciency could result similar process using a block copolymer as the etching mask was
from using a master template with higher aspect ratios andeported elsewher&. o o

closer feature spacing and from in®ltrating nanostructures_ PFPE Mold and Membrane Fabrication. A liquid 1 kDa PFPE

with different materials such as low bandgap polymers. We DMA (R¢ -functlongllzed dimethacrylate) precursor solution con-
. . . taining 1 wt % 2,2-diethoxyacetophenone (DEAP) was pouxedl o
fabricated a master template with smaller feature sizes, a

hiaher d £ ord q lled f ' ~a NSL patterned master template or a piranha cleaned siafer.
Igher degree of order, and controlled feature aspect ratioStyg |iquig precursor was then cross-linked using UV photoirra-

using block copolymer lithography. However, new challenge gjation ¢ ) 365 nm) for 3 min under a constant nitrogen purge to
have been encountered when using these master templategrovide an elastomeric mold of the master template. Thg 6uited

for pattern replication in titania. Speci®cally, the height of PFPE DMA elastomeric mold or “at membrane was then released
the amorphous titania patterns does not match the originalfrom the respective silicon master or wafer.

master template. Characterization of the PFPE molds indi- Sol Gel SynthesisTo make titania sol, a 0.46 mL portion of
cates that they replicate the master template with a high titanium ethoxide was combined with 5.1 mL of 2-propanol. After
degree of ®delity. We suspect that the titania s@ll does several minutes of stirring, 0.18 mL of concentrated hydrochloric
not ®ll the PFPE mold or that it is damaged when the mold acid was added dropwise t9 the solution. The sol was sti_rred_ for
is pulled away. Reformulating the sogel may solve these 1 h and ®ltered through a 0.4& ®lter before use. To make titania
problems. Once these challenges have been overcome : : :

ordered BHJ photovoltaic devices with patterns closer¢o th (39) So;/(v_r:sgggng \T/:’P,v.l;l”g:b?kér'\]/lrﬁﬁfehr,e%.;'\/IHa?v'\}k'z\eArl,S%%q'\iﬁr{ pdide
ideal excitonic length scale will be fabricated and tested. Films 2006 513 289+294.

Conclusions
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sol 2, 9.0 mL of titanium butoxide was combined with 0.27 mL of

acetylacetone. After stirring for 15 min, 0.20 mL of 2-propanol
was added to the solution. A 0.075 mL portion of glacial acetic
acid was added dropwise to the stirrring solution. The sal stiared

for 1 h and ®ltered through a 0.45n ®lter before use.

Titania Nanostructure Fabrication. The glass/FTO substrates
(AFG Industries Inc., 10@ /square) were cleaned by ®rst scrubbing
with a dilute solution of Contrex AP detergent, rinsed withHRO,
followed by sequential sonication in acetone and isopropaiter
drying the substrates at 11Q in air and U\V* ozone cleaning them
for 15 min, a thin ®m of sol was deposited by spin casting the
sol at 2000 rpm. These samples were then oven dried afC10
for 12 h prior to being calcined at 45C for 30 min using a ramp
rate of 5

Williams et al.

Re ective top electrodes consisting of a 70 nm layer of Ag were
then thermally evaporated under vacuum (at greater thaf tber)

on top of the polymer ®Im. The use of shadow masks allowed us
to fabricate six 3-mrh ®nger-like devices per substrate. All
subsequent device testing experiments were done in a nitrogen
environment.
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