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TITANIUM DIOXIDE FILMS FOR PHOTOVOLTAIC CELLS 

Backmund Of The Invention 

The present invention relates to improved photovoltaic cells utilizing 

S titanium dioxide powders consisting of porous particles, ranging in si7.e from 0.1 
to 10 microns (I0-6 meter), which possess rdativeiy high bulk density combined . . 
with hip surface area. 

Photovoltaic "cells are devices which convert~ photon energy directly 

into electrical ~.and are MfDD'!only used today in small electronic devices 

10 such as calculators and watches. These cells are manufactured in a variety of 

confi~ons, but generally comprise a layered structure on a subs1rate. 
ConventiOJIBlly, a 1ranSparellt electrically conductive material (known as an 
"electrode") is first deposited on a substrate, onto whiCh is deposited a 
semiconductor material, followed by one or more.layers of semiconductor and/or 

15 insulatol' material and/or conductive material. 1be last :tbnctional layer opposite 
the substrate mUst be a second electrode, i.e., transparent electrically ~ductive 
inaterial. In use, radiant photon eneigy shines on the sur&ce of the photovoltaic. 
cell causing electrons-to move bctlwen "the electrOdes on the cell. The mWement 
of cledrons creates an electrical p~ dift'erence an~ therefore, the generation 

20 of an. electric current. 
Tmmium dioxide :films are notable for their semiconductive properties and, 

as such, are uaeibl as the semiconcluctive components of photovoltaic cells. 
However, conventional titanium dioxide has little absorbance of light in the 
visible region and often needs to be combined With or coated with a 

25 photosensitive material, such as a dye or chromophore, which absorbs. light in the 
wavelengths emitted by the Sun. . 

BP 407 182 discloses amultilayered photovoltaic cell in which nanometer­
si7.ed titanium dioxide, prepared from colloidal solution, is utili7.ed as a 
semiconductive layer. While some level of conveision is reported for the titanium 

30 dioxide alone, it is disclQSed th.at niobium doped titanium dioxide gave superior 
:results and it is suggested that dyes~ titanium dioxide and/or doped 

titani~ dioxide is the optimum choice. Given the recogni7.ed absorbance 
deficiencies of titanium dioxide, much work has .been devoted to the study of 
photovoltaic cell configurations ~.dyestuff additives to improve the absorbency 

35 of titanium dioxide in the visible range. For example, WO 91/16719 discloses 
doping the titanium dioxide with a divalent _or trivalent metal to ~e the 
absorbency. U.S. 5,350,644 discloses a, further variation on utilizing doped 

titanium dioxide wherein a multiplicity of layers of titanium dioxide are formed 
on the substrate of the photovoltaic cell with the requirement that a dopant be 
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appli~d to the outermost titanium dioxide layer and further that a p~toseDSitizer 
be additionally appli~ to.the dopant-containing titanium dioxide layer~ U.S. · 
S,441,827 describes photovoltaic cells using titaniwn dioxide as the . 
semic~ductive mat~, wherein the ·c~llolmd.particles maJcinl up the titanium 

5 dioxide layer have. a cll!lnleter w~ch iS 'sinauer 't1uDl the diffiision length of the 

minority charge calrl~ •. Slich a restnctiolt l-equires thatthe diameter be less than 

about 100 or 200 D1U10111eters (l ~meter) and particles in the Size range of 

15 nanometers Were ~und to be. the optimal ske for photo~oltaic application. 
See, e.g •• Oratzel et al.~ ;;.A low-~St, hish em~=cy solal- cellbUed on dye-

10 sensitized colloidal ~iOi films", NATURE~ Volmne 3S3, ~ages 737-738 
(October 24, .1991). 

The colloidally prepared titaDluni ~oxide ut1uvd in the art to date has 
some well~recogiUzed disadvantB&es due to the ·-veey small partichi a& For 
example, this nanoParticie titani~ dioxide is Very difficult to handle due to the 

15 Jow bUlk density anchends to bec:ome easny mbome l'CQUhing special safety 
precautions in handling. When Stored as·c6u~idal solutioD, the shelf life is short. 

This is due to the aggfeption of naa pktickl Which FeciPitates out of the 
sol~on. .. · · ' · ' ; '' · · . 

This invention provides for an improved ~oltaic cell utilizing a · 

•. · 20 highly porous, .high bulk densitY titanium dioxide in tbe Si2-.e ~ Jarlertban 
those disclosed in the ll1't. The Use of ~O: porous Ti~ Paiuctes allows for safe 
and easy handling ~fthepartfcle8,~··a1s~:~ thehigk.J>hotovoltaic efnciency 
of nanometer-sized fi~~ a cotnbinationOt& best of both~. 

. Known sol~n based~·~ produee titBmum oxide powders tend to 
. . . . ..... ' .. ,· . . 

25 . be inefficient With re1pect "to pouD~ of prOduct per reactor volume, washing of 
the precipiiated products to reduce~ to an accept8bt~Jevel~ and filtration 
time. The. i>resent in~on imployes.uPon' all of these ddldencies of the prior 

art to provide proc~~with ~ ~bmie efficiency to :aclueve more product 
per ~r volume~ The present Ui~ezlti~n • piovicle~ ~cesses that require .. 

30 less Water uid less ~ to wash. the prod\l(}ts tri acceptable ionic conductance 
levels. 

Brief neSmiption Of The Dr&!rinc· 
Figure 1 is a SC:bC=matic iil~tion of a typical dye-sensitized TI02 

35 photovoltaic cell in cros•sectio~ 
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Summarv Of Th~;it~entiop .,gJ;';<· 

The present invention provides an improved photovoltaic cell, comprising 

a bottom electrically conductive layer, at least one semiconductor layer and a top 

electrically conductive layer, wherein the at least one semiconductor layer consists 

S essentially of titanium dioxide particles, said particles having a size of O~ 1 to 

10 

10 microns and being aggregates of crystallites less than 100 x 10·9 meters in size. 

The titanium dioxide utilized in this invention has an open pore structure 

wherein the average pore volume is at least 0.005 cc/g for any 0.5 x 1 ()-9 meter 

pore diameter size increment within~ pore size range of~ to 10 x 10-9 meter. 

Detailed Description Of The lnyention 

The photovoltaic cells which can benefit ftom the improvement of this 

invention include all known thin layer cells such as the Schottky diode type, i.e., 

metal-semiconductor (MS) junction cells, metal-insulator-semico~uctor (MIS) 

15 junction cells, semi~-insulator~semiconductor (SIS) junction cells, and 

heterojunction and homojundion eells. Proeesses for the manufacture of these 

cells are widely known and ~ descnoed, for cX8mple, in U.S. 5,482,570, the 

disclosure of which is incmporated herein by reference. 

The semiconductor lay~ in accor~ce with this invention can be 

20 deposited by a conventional thick.film screen printing technique. For example, 

thick film pastes are prepared by mixing the milled TiC>i with a ethyl 

cellulose/beta tetpeniol poi:Ymer solution. A. Hoover Muller is used to compound · 

the Ti~/polymer into the·visco\Js paste used for screen printing. The substrates 

are patterned by using 360 m~ stainless steel screens with bottom emulsions 

2S ranging from 5.8 x lo-6 meter to 3.8. x io-s meter in thickness. All pmts are 

printed using a lab scale band printer. The prints are dried at 12S°C for 

1 o minutes then sintered at 459°C fi?r 1 hr. 
The titanium dioxide particles having th~ set of characteristics required by 

this invention can be.prepared in accordance with the disclosure of copending, 

30 commonly assigned application number 08/927 ,448, filed September 11, 1997. 

Typically, the appropria~ titanium· dioxide particles can be made by: 

(1) preparing an acidic titanium salt solution, typically aqueous, of at 
. . . . 

least one titanium salt of from about 1 ()OJ{, to about 50% total 

titanium salt; 

35 (2) precipitating the titanium dioxide particles by adding the acidic 

titanium.salt solution to an aqueous basic solution containing at 

least 20% base while maintaining the temperature at from about 

20°C to about 9~°C, after rapid initial heating of reaction and 

dilution, until a pH of from about 2 to about 4 is reached. 
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To hnprove photovoltaic efficieney and allow for the use of thick film 

techniques in $8111Pl~=·prepar8tion, the agglomerate and particle size of the samples 

prepared by the above procedures is often reduced by milling. The precipitated 

and dried oxide is' first crushed to a -SO mesh. size using a mortar and pestle. The 
s o~de is ca1cined' •: 5oooc for 1 hr anehdded to a #00 ~bber lined ball mill l/2 

full of high denshY io mm mm~ lsopmpyl·alcohol is used as the grinding 

solvent, this is ~to the mill contaming the attedia and sample until the liquid 

level covers the n.iediatsample in the Dlill. Typically 200 cc's is required for 
milling. The mill ls than rolled at a speed of 180 rpiD. for a total of 18 hours. The 

10 resulting slurry is dried on a hot plate over IOw heat for 4 hours. Agglomerate size 
is reduced to a dSO,of .$-.7JL after mUJilag. . . . 

If it is de~ to dope the titanium. dioxide particles with some other 

metal, one may d~ ~o by the folio~ steps: 
(1) ~an ~us salt solution of a titanium metal salt and an 

15 . aciueous salt solution of a dop8Jit metal salt, 

(2), adding a major portion of the aqileous salt soltition to an aqtieous 

b~ salutipn containing at least 20% base and maintaining the 

temperature at :froin aboUt S0°C to about 9S°C after rapid initial 

. ~eating of reaction and. dilution~ ~o yield a first mixture, 
20 (3) combining the remaiiling titaniuni metal saltsolution with the 

· dopant 111:etaJ salt 5olutfon to yield a second mixture, and 
(4) completing the preCipitation of the doped titanium dioxide 

.··. pirti~I~ by addin~ the Secc>m ·mixture to ~first mixture until a 
pH of from about 2 to &bout 4 is reached. 

25 For each, ~f the above process'es, the solid pardcwate titanimn dioxide is 

recovered by filtration, washed tO a washwater ionic conductance of about 

500 miaromhos (inicrosiemeiis) or less mid then dried and optionally calcined. 

Eum»•es . 
30 The basi~ confiption of a dye-sensitized no2 photovoltaic cell is 

shown inFigure''i, andc0mprises a sandwich-type structure IO.having afluorine­

doped tin.oxide~ (FTO) substrate 1, an~ layer coated with ~itizer dye 2; 

an electrolyte ioIUtion 3; mid a platiiium coated indiiim-tin oxide glass (ITO) 

substrate 4. Ty)>ically, in. constructing this structUre, Ti~ solution (or paste) is 

35 either doctor-knifed or screen prmted onto a tluorine-dop~d tin oxide glass (1) to 

form a thin-film of s~10 microns tbicbiess. This film is then sintered at -4S0°C. 

The ~-clye is deposited onto: then~ particles by simply soaking the 

film in an etluu1~1 solution C:O~ 3xlo-4 M cis-Di(tbiocyanato)-N,N-bis(2,2'-­
bipyridyl-4,41-dicarboxylic acid)-rutbeillum (ll)dihydrate dye. The dye-adsorbed 
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Ti02 film (2) is thel1;,cified and sandwiched with a Pt-coii;tBndium-tin oxide 

glass (4) to fonn the,photovoltaic celL The electrolyte solUtion (for example: 

O.S M Lithium iodide and 0.04M12 in 4:1 ethylene carbonatelacetonitrile) is then 

drawn into the cell. Sealing of the cell with adhesives completes the fabrication 

S process. 
The ITO or FTO conducting glass substrates are cleaned before use with a 

vapor degreaser containing chloroethene. The parts are held in the solvent va~r . 

for 20-24 hours. After removing from tlie degreaser, the parts are thermally 

cleaned by heating to 400°C and holding for I hr. 

10 Pt was deposited onto the indium-tin oxide glass by RF sputtering with a 

Denton Desk II sputtering unit 

The efficiency of the photovoltaic cell is determined by measuring their 

current-voltage curves under the ill~on of a 7SW xenon lamp. The overall 

efficiency of the photovoltaic cell, Tlglobal• is cal~atecl from the short-circuit 

lS photocurrent d~ty, ip, 'the open-circuit photovoltage, V 0et the fill factor of the 

cell, ~ and the intensity of the inCi~t light, I, using the following equation: 

1\iob8 = iph· V CXJ. ff / I 
Since the xenon lamp used is not a cah"brated solar lamp, the measured photovoltaic 

20 ~ciency does not correspond.to the actual conversion efficiency mder solar 

conditions. The measured values are used relatively for comparison purpose. 

E:gmplel 

This Example substantially foUows the procedure described by Oratzel et 

25 al., supra. Inside a glove box, 12.S mL titanium isopropoxide was placed in a 

small drppping :funnel. The iluulel was capped and removed from the glove.box 

and attached to a round t?ottc>m t1ask which contained a stirred solution of 75 mL 

0.1 M nitric acid in~ purity water •. The Ti material was slowly dripped irito the 

~tric acid solution under a nittogen b_lanket and with vigorous stirring. When 

30 everything was added, .the sohnion was heated and stirred at 80°C for >8 hours to 

give a clear solution. The solution was then filtered to remove dust and any 

particulates. 

The s0lution volume was adjusted to 70 mL with water and then 

autoclaved without shaking at.23S°C for 12 hours. The ~llcy white slurry was 

35 thoroughly mixed by ul1rasonication and then rotovapped to a final volume of 

35 mL at room temperature. This white slurry was used for screen printing of 

Ti~ films after the addition of 11 polyethyleneglycol (mol.wt. 14,000) as a 

viscosity enhalicer/binder prior to the~ deposition. 
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Deposite4.'till.ns on PTO weresilitered at450°C'!Qr 1 hour in flowing·air 

prior to dye imp~~on. J>bDtovoltaic ~e!J \ws co~ with these n~ 

using procedures ~ribed before .. Th~ efficiency waS measured to be 2.2% at a 

light intensity of 25 :"mw1cm2 from a xenon ~p. (BS8~85-101 ). This cell is 

S used as reference.·. ·• 
. . . EpPQlle 2 . 

1n this •. 1 rClatiVifv ... ~~~~c1e ·me ;~,...._ nn.. · · d 
. . .· . Pe, ·Y-:·~ ~.- .,-.. .. P~-1 .... "prepare 

using a conventi~rial chlolin.e ~mdion J>~cess were~ In the chlorine 

oxidation proceu,_purified TiG4 is-~~ i:n .Oi along Wi~ an additional gas 

10 such as CO which is used to ~e ~ ~tain·the.temperature of the reactants 

in the pre1iminarf ,s1age. Nucl~on in th~ reactor is·~ to promote the 

formation.ofpi~-pQdes.. This is~ b}rintroducing a small 

'amount of ~~ap()l' ,to the oxygC- ~r 1>Y the·:~mbustion of 

hydrocarbons. A~tionally, ~~am~ of SiCl.t ~ PCl3 8re added to the 

15 gas stream to~ to'nmltion of the rutn~~- B~ the growth rate is 

very rapid, the~ carryml tb,e'piginenf .are ·rapidlyec)oied to mimp;ia further 

growth. separaiioh ~f the plpent:dien fOllows ~th~ chlorine being 

compreued-1.~d.; a liq~ for'~'lise. The piginent is then washed 

to a neutral pH:Wbneheating with~~ remove mY adsorbed chlorine. 

20 · The fin&i~ in.the Process iS to reduce particle and agglomerate size by 

media mill~ the·~ p~ The~ TI~ Juuran avmge (dSO}particle 

size of 410 nm•ht Bnatase form. ,. . . . . . 

A photo~ltalc cell~ .e:oimucted with thes~ TI~ using procedures 

described a~:: The efficiency~--~ to be o:o4% at a light intensity of 

25 2S mW/cm2 fro~ 'a xenon ~p. This 0xample demonsttates that conventional 

large TICh ~d~ (that~ non-poroUs) are not ~ve for photovoltaic 

application. . ; ' . 

. · Epm»Je3 
a. Preparation ~f"cut" TiCLJ solutbt ·. ' . 

30 As a~ itep it~· necessary to' mm an acPicous.titanium tetracliioride 

solution by car¥illy reactiiig pure Tiet. with deioliized (DI) water. A significant 

number of ~ons must be taken so as to accom)>lish this reaction safely, due 

to the~ Z.ture of handling TiC4 Ind the 8trona·.ex0thermic reaction that 

occurs when if~ea.in contact water~ Diluting TiCl4'wi~ water results in the 

35 formation ~f tifmiuln oxic;hlo~ but for the plirposes of these discussions the 

aqueous TiC4° solution .will be referi-ed to as ~cut" TiCl4. . 

.. · The dil~on of1iC4 with DJ.Water was ·cai'ried out in a 4-neck ·3 liter 

round bottom. gl~ flask. A gfeased gws rod with a Teflon® coated paddle was . 

inserted into the middle neck and~ to a lab mOtor. A greased condenser 
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was inserted into a Sldd:neck and fttted with a rubber s~iat the top through 

which a syringe was inserted to provide a nitrogen gas purge during the reaction 

so as to keep air moisture in the glass tlaslc to a minimum. A Teflon® taped 

dropping funnel, with a side arm, was inserted into a third neck, which would later 

be charged with TiC4 solution and used t() feed that solution into the DI water 

contained in the glass t1aslc. A greased thennOmeter was inserted into the small 

side neck of the flask so that the temperature during the reaction could be 

monitored. 
The.glass flask was secured by c~ps to a pole and lowered about 

halfway into a plastic bucket containing iCe and water. 1000 grams of chilled DI 

water was charged to the glass flask. Agitation of'the water and a nitrogen gas 

purge were both started. The one liter glass bottle eontaining 99.9% TiC4 

solution, obtained from Aldrich Chemical Company Inc. (cat. #20,856-6), had 

been chilled on ice for about 30 miDutes before opening so as to m;n;mie the 

fuming. When the chilled ·bottle was (,pened. the Tic4 solution was poured into 

the dropping :funnel with~ aid of a glass funnel. Approximately 4SO grams of 

TiC4 solution was added and the drOpping funnel was then loosely capped by 

inserting a rubber septum. The septum was not used to seal the funnel opening 

but only close it up and allow the incoming nitrogen gas purge a place to escape. 

The dropping funnel was then opened and the Tic4·solution was ~ly 8dded to 

the chilled water in the glass ~while maintaining agitation; The rate of 

addition was varied so as to maintain a liquid temperature in the flask between 10 

and 40°~. As expecte~ strong fuming in the flask from the TiC4 and water 

reaction resulted in a thick cloud of vapor, however, this fuming was contained 

mainly in the flask as the chilled water condenser functioned properly and only a 

trace amount of vapor was veiiting from the loosely fitted rubber septum at the top 

of the dropping funnel. 

Twice during this reaction, additional nc4 solution was charged to the 

dropping funnel so that a total of 1107 grams was added. After the nc4 addition 

was complete, 108 grams of DI water was used to rinse clown the side walls of the 

glass reaction vessel. The total amount of DI water added was 1108 grams. The 

clear yellow solution of "cut'' nc1.i had an obselved weight of 2171 gramS 
(~reti.cal weight= 2215 ~). The ~e of 44 grams is attributed 

mainly to an HCl:water vapor loss during the course of the reaction. The 

theoretical concentration_ ofTICl4 in. the ."cut" TIC4 solutiOn, assuming no mass 

loss, is 500At. The actual concen~on of the solution was checked by oven drying 

and then ashing a small sample of the solution in a vented furnace at 600°C for 

15 minutes. The observed concentration ofTiC4 was 47.5% based on moles of . 

nai obtained from the ashing experiment 
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b. Porous TiC>i particles from ·the NaOH_ ro11te 
Seventy-fiye grams of 50% aqiieous NaOH Was charged to a 400 ml 

beaker and ~fl'C~ with a T~ftpn® -cl paddle that was attached to a lab motor. 
5 A dropping flmnel\VBS charg¢ with i ois grams of a "cut" TiC4 solution made 

. ·' .· : ·. '· ,. ,· 

in accordance with the above pr()Cedure and having a nominal TiCl4 concentration 

of 40%. The "cut" TIC4 solution~ ~lmvly 8ddecl to the aqueous NaOH 
solution taking approximately 20 mm• to complete the addition. The final pH 
of the sbmy was 3 ~d the-um temperature obseived during the reaction 

10 was between 70 amt 90°C •.. ne sl~ WEIS traD.srmed: to" a Buchner tunnel (11 cm 

in diameter) with filter P8Per and 'Washed \\iitb approximateJy 3 liters of DI water 

down to an ionic.co~ Of20 lnicromhos. The total wash time was s hours. 

The bulk •. as~-b m.ercttt¥·m~on data was 0.40 glee 
. and the B.E.T. surtace area~ 404-m,2/g. Using nitrogen intrusion data, the 

15 calculated BJH.Jatiw desorptiop. S11r&ce·area ofj;(sm between 

.· 1.1 x 10-9. meters (17 lnastroms> ~ 3.09x1079 meters(3,000 angstroins) was 

519 m2/g .and the BJH CWDUlati"VcS desorption pore vol-e of pores between that 

. same range was 0.69 cc/g. .. no Cl'y~powder ~was identified as 100% 

anatase having a· ceys~te me C,j4;3 ~ 
1

10-~:meters based on X-i'ay line 

20 bmadeniiag of tlltt (101) ~ ·The paidde sir.e distribution parameters, dlf;, d50, 

and d84 were1.(),,~.o. and 12.s.mierons.rc:sp,ecnvely~ 

. . ' . . 
c. Porous Ti02 p~~ ftom.the Nlf40lJ g,ute . 

A .400 ml beakei: ~charged With 142 grams ofNff.iOH (28-30%), which 

25 was chilled using an ice batli, and stiried • a Teflon® coated padclle stir 

attached to a stirring motor. A peristaltic pump was usCd to delivery 195 grams of 

TiCl4:DI Water (40/60 wt.%) at a, rate of 15 cc's/min tO the rapidly stining 

NJtaOH. . .. . .·· 
The end pH of the precipifation wa8 3 8nct the maximum temperature 

30 observed during, the-reaction was between 6o-6S°C. 

The vis~µs sl~ was tittered ·using a glass fi.itted funnel and washed 

with 10.liters of DI wa.-to a ionic co~uctance of7 ~cromhos. The washed 
and filtered oxide was dried at 125°C. 

The ~ density as measured fi'om mercmy intrusion data was 0.64 glee 

35 and intnmion volume was 1.03 glee. The B.E.T. surf8ce aiea was 394 m2/g and 

the crystalline·p~er _phase was identified.as 100%. anatase. 
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d. Milling of the potliti Ti~ particles Nii~!}::'. 
The precipitated and dried oxide fi:om Example 3b or .3c is first crushed to 

a -50 mesh size using a mortar and pestle. The oxide is calcmed at S00°C for 1 hr 

and added to a #00 rubber lined ball mill 112 ibll of high density .10 mm YTZ 

S media. Isopropyl alcohol is used as the grinding solvent, this is added to the mill 

containing the media and sample until the liquid level covers the media/sample in 

the mill, typically 200 cc. The mill is than rolled at a speed of 180 rpm for a total 

of 18 hours. The resulting slurry is dried on a hot plate over low heat for 4 hours. 

Agglomerate size is reduced to a dSO of .S-. 7 µ after milling. 

10 
EJample4 

The Ti~ used in this cell was made as per Example 3c and milled 

according to 3d. Standard thick film techniques were used to prepare a viscous 

paste composed of 3 parts polymer solution (10% polymer solids by weight in 

15 beta terpiniol) to 1 part TiC>i. The paste was applied to FTO substrates by 

conventional screen printing techniques. The printed parts were dried at 125°C 

and sintered at 400°C for 1 hr. 

A phof:<>voltaic cell was constructed fi:om these sintered samples using 

procedures described previously. Tho efficiency was 3.S% at a light intensity of 

20 25 mW/cm.2fromaxenon. 

Enmple5 

This sample was prepared using the techniques described in Example 4. 

However the sintering temperature for the screen printed substrates was increased 

25 to SS0°C for 1 hr. 

A photovoltaic cell was constructed from these sintered samples using 

procedures described previously. The efficiency was 3.5% at a light intensity of 

25 mW/cm2 from a xenon lamp. 

30 E1gple 6 

The Ti~ used in this cell was made as per Example 3b and mill:ed 
according to 3d. The dried and milled TiC>i was first dispersed in isopropyl 

alcohol and allowed to settle for 1 hr. The large particles and agglomeiates 

{> 1 micron) were removed by classifying the dispersion. The particle size was 

3S measured using a Honoa LA-SOO particle size analyzer and found to have an 

average size of .S microns. 

Samples were next prepared using the procedure described in Example 4. 

These were screen printed two times (drying in between prints) to increase 
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thickness of the sintered film. The parts were sintered at 450°C for I hr an<i had 
an av~e fired thickness of 8.4 microns. 

A photovoltaic ceJI \\fas constructed ftom these sintered samples using 

procedures described previously. The efficiency was :3.3% at a light intensity of 

S 25 m W/cm2 from a xenon lamp. 

E:pge7 
This sainple was made from the claSsitied 11~ used in &ample 6. The 

otganiclinorganic ratio was r8ducecl from 3 parts to 2 ;Parts polymer solution to 

10 1 part Ti02• A single screen print was applied. The parts were sintered at 450°C 
for l hr and had;~ average fired thickiless.of 8.9 microns. 

A photovoltaic .cell was constructed &om theSe sintered samples using 
procedures described previoUSly. ·The· efficiency was 3.5%at a light intensity of 
2S mW/cm2 from a xenon lamp. 
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WHAT rs cLAIMEri is: ~ ' . . : 

1. A photovoltaic cell comprising, in order: 

a) a bottom layer comprising an electrically conductive material; 

b) at least one semicond~r layer; and · 

s c) a top layer comprising an electrically conductive material; 

------:---:----- d) wherein the at least one semiconductor layer consists essentially of 

111111111111111111111111111111 
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3. 
15 

titanium dioxide particles, said particles having a size of 0.1 to 
10 microns and being aggregates of crystallites having a size of 

less than 100 x 1 Q-9 meter. 

The photovoltaic cell of claim l, wherein the titanium dioxide particles 
comprise particles having an open pore structure wherein the average pore · 

volume is at least 0.005 cc/g for any OS x 10·9 meter pore diameter size 

increment within a pore size range of 2 to l 0 x l 0-9 meter. 

The photovoltaic cell of claim 1, wherein said bottom layer comprises 
fluorine-doped tin oxide glass. 

4. The photovoltaic cell of claim 1, wherein said top layer comprises 
platinum coated indium-tin oxide glass. 

This Sheet Has Been Repl~c~d 
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