-1 THIN FI LM PHOTOVOLTAI C DEVI CE This application clains benefit of US
Provi si onal Patent Application nunber 60/664,652 filed on March 22, 2005,
entitled "Photovoltaic Device", which is 5 hereby incorporated by
reference. FIELD OF THE I NVENTI ON The present invention relates to a
photovol taic device and in particular, toa io thin filmphotovoltaic

devi ce made of ferroelectric material ™ TBACKGROUND OF THE | NVENTI ON

Phot ovol tai ¢ devices are used in several industrial applications to produce

1s electricity under ill yg ' 2_{ tg};ﬁd C i onal photovoltaic
devi ce has a sem conduct %'B‘aﬂlﬁﬂﬁ @ h TIQCDIQEYIF(S# el ectrodes. Upon
exposure to light, the sem conductor p-n junction converts the opti cal
energy into electrical energy output via the el ectrodes. 20 Photovoltaic

devices of th K m%e(y I
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ferroele tric materia {%’s F‘{} al i ned spont aneous el ectric polarization have
been 5t hd'&5eiRy ECPRpralady,retpranc ce the 1970's. Exanples of ferroelectric
photovol taic 25 materials are the bulk ferroelectric ceramc and single
crystal materi als. This type of devices is capable of producing a voltage
of severq&l F ENVENTRORRUSE bul k ferroelectric ceramc and single
crystal erlas are dI]NfICU to be integrated into mcro systens, such
as mcro eI ect ronechani cal systems -2 (IVEIVB) researchers have expanded

their efforts_to focus, on ferroelectric since the 1990's. Fig.
1 shows a conJ[é‘rﬂ PrEREnt ingentipg ?ﬁ?ﬁeﬁéoﬁﬁ*ﬂp PY@'Fﬁ'C 48vic8 andn particular, to a

10 thin film photovoltaic device made of ferroelectric material.
BACKGROUND OF THE INVENTION

Photovoltaic devices are used in several industrial applications to produce
15  electricity under illumination of light. A conventional photovoltaic device has a
semiconductor p-n junction and a pair of electrodes. Upon exposure to light, the
semiconductor p-n junction converts the optical energy into electrical energy
output via the electrodes.

20 Photovoltaic devices of the above kind, however, may only produce a
photovoltaic voltage below a couple of volts, due to the fundamental limitation of
the semiconductor photovo!taic‘ effect. To obtain a higher photovoltage,
ferroelectric materials with aligned spontaneous electric polarization have been

. the subject of research since the 1970’s. Examples of ferroelectric photovoltaic

25  materials are the bulk ferroelectric ceramic and single crystal materials. This type

of devices is capable of producing a voltage of several hundred volts.

Because bulk ferroelectric ceramic and single crystal materials are difficult

to be integrated into micro systems, such as micro electromechanical systems




phot ovol tai c device. The device is conprised of a substrate 10, a bottom

el ectrode 13 forned on substrate 10 via internmediate layers 11 and 12, a
ferroelectric layer s 14 forned on bottom el ectrode 13 and one or nore top
el ectrodes 15 fornmed on ferroelectric layer 14. An electric field is
applied to ferroelectric layer 14 through top and bottom el ectrodes 15 and
13, to pole the ferroelectric |layer 142Fhe ferroelectric polarization 17
is therefore aligned perpendicular to the ferroelectric I|ayer 14. Wen

exposed t i.ght 16, the photovol t age device generates a 10 photovol t age
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seek to provide a ferroelectric thin film photovoltaic device capable of 25
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provide a thin filmphotovoltaic device and a nethod of formng a thin
fil mphotovoltaic device. According to one

The photovoltage generated by this type of device is very low, typically only
below one volt. To increase photovoltage, the thickness of the ferroelectric layer
14 may be increased. The consequence of increasing the thickness of the
15  ferroelectric layer is that, the fabrication of the device becomes more complicated
and at higher cost. The overall volume of the photovoltaic device also increases, -
which are not desirable characteristics in micro systems or micro devices, such as
MEMS.

20 As such, ferroelectric thin film photovoltaic devices, much like the
semiconductor photovoltaic device, are limited to producing a photovoltage of
below one volt. In many applications, parﬁcularly involving mechanical movement,
such as MEMS, this low-level of voltage may be insufficient. Researchers,
therefore, seek to provide a ferroelectric thin film photovoltaic device capable of

25 providing higher photovoltages, without increasing the thickness of the

ferroelectric layer, which are suitable for applications such as MEMS or the like.




5 aspect, a thin filmphotovoltaic device is provided. The thin film

phot ovol taic device includes a substrate having a main surface plane, a
thin filmlayer fornmed on the main surface plane of the substrate, and
first and second el ectrodes forned on one side of the thin filmlayer. The
thin filmlayer serves the purpose of converting light into electricity to
generate photovoltaic outputs. By apphytnig an io electric field over the
first and second el ectrodes, the thin filmlayer is polarized in a

directio I e main plane of the substrate, ie, parallel

W th the%gwlggga%?éﬂmﬁpﬂ thin filmlayer. An electric polarization is
therefore formed in the thin filmlayer between the first and second

el ectrodes. Upon exposure to light, the thin filmlayer converts |ight

energy into elmbauwér}tsto@trg@ﬁﬁés%trﬁn%nﬂaﬁb%«%é é'tﬁln%!moj?\él pgcfirst and

second el ectrodes therefore collect the photovoltaic The term
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t he present 1 nven rovi des a eV| aV|ng a

substrat er;orwertmg‘ilght Imstoleigﬁnci‘tpfdme‘ratd ﬂﬂmteudﬂ@ut autputs. aBs} dppiyghg and second
electrodeéfor i n contact th the thin filmlayer. The thin  filmlayer
i's pditar i Feericiield ayerdoefst ?ﬂm%md elgclodes. ﬁhwanéﬂraﬁawés palwsieedd.  Upon

exposur e 4 QirbétH abéth%ér&l'lél tb ‘tﬁéﬂa{a?ﬁ{ BlarfeB4RE sEibbirgtdt mﬁb%?élhél Wihanan
photovol taic 30 output. -4 Accor to a further aspec e present
i nvent i orsysfasei plage af thet ﬁmuiflh)m layer. An electric poianzatlon is therefore formed in
the thin film layer between the first and second electrodes. Upon exposure to
light, the thin film layer converts light energy into electricity to generate
15  photovoltaic outputs. The first and second electrodes therefore collect the

photovoltaic outputs.

The term “thin film” or “thin film layer” is referred to in the context to define
the characteristics of the light-electricity conversion component of the photovoltaic
20  device, to distinguish from the bulk material such as bulk ferroelectric ceramic
used in conventional devices. According to embodiments of the present invention,
the thickness of the thin film layer is below about 10 micrometers. Most typically,
the thickness of the thin film layer is below about 5 micrometers.

25 According to another aspect, the present invention provides a thin film
photovoltaic device having a substrate, a thin film layer formed on the substrate,
and first and second electrodes formed in contact with the thin film layer. The thin
film layer is polarized in a direction parallel to a main plane of the substrate. Upon

~ exposture to light, the thin film Iayer converts light energy into an photovoltaic
30 output. T




formng a thin film photovoltaic device. According to the nmethod, a thin
filmlayer 1is formed on a substrate. Thereafter, a first electrode and a
second el ectrode are s fornmed on one side of the thin filmlayer. By
applying an electric field over the first and second el ectrodes, the thin
filmlayer is polarized in a direction about parallel to the main plane of
the substrate. Wth these and other advhmtages and features of the
invention that will 1o become hereinafter apparent, the nature of the
invention may be nore clearly understood by reference to the foll ow ng
detail ed description of the invention, the appended clains and to the
drawi ngs attached herein., BRI EF DESCRI PTI ON OF THE DRAW NGS 15 These and

ot her aspects 2P R4 EbeppsPeE, farresent wyeniqropraxides aymethird ef | bed i n
detail w f : CREREDY ' Tl [ S is a
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f er r oel eds forgnechon af substrake.gTheweafteraa irst stectmdei ambh secend efectrode are

phot ovol tai c _devi ce agcor.di ng .t one enbodi nent of the present invention.
D5 r g, Fanfied 2 SRBHShe it s ever, B poWiR a6 it PUsrahe e of
phot ovol taiEsaicElcatsdésithe tﬁiﬁ_ﬂlrﬁﬂé‘*éﬁ_‘:. pBIERREU TR AldifklctibA 2bBUES Sle]
invention. -5 Fig. 3Bis a top viewof Fig. 3A Figs. 4A, 4B and 4C are top
vi ews of tathasanglang of hesubstrateording to a 5 further enbodi ment of the
present invention. Figs. 5A, 5B and 5C are top views of a photovoltaic
device according to a further enbodi mrent of the present invention.

With these and other advantages and features of the invention that will
10 become hereinafter apparent, the nature of the invention may be more clearly
understood by reference to the following detailed description of the invention, the
appended claims and to the drawings attached herein.

BRIEF DESCRIPTION OF THE DRAWINGS

15

These and other aspects and advantages of the present invention will be

described in detail with reference to the accompanying drawings, in which:

Fig. 1 is a cross-sectional view of a conventional photovoltaic device based
20  on a ferroelectric thin film. '

Fig. 2A is a cross-sectional view of a photovoltaic device according to one

embodiment of the present invention.
25 Fig. 2B is a top view of Fig. 2A.

Fig. 3A is a cross-sectional view of a photovoltaic device according to
another embodiment of the present invention.




10 Fig. 6 is a mcroscopic photograph show ng el ectrodes forned on a
ferroelectric thin filmof a photovoltaic device according to one

enbodi ment of the present invention. Fig. 7A is a graph show ng the
transi ent photovol tage response of a 15 ferroelectric thin film

phot ovol tai ¢ devi ce according to one enbodi nent of the present invention.
Fig. 7B is a graph showi ng the photovelXage magnitude of a ferroelectric
thin filmphotovoltaic device as a function of UV power according to one 20
enbodi nent of the present invention. Fig. 8 is a graph show ng the
dependence of the photovoltage output polarity on the electric poling
direction of a ferroelectric thin filmphotovoltaic device according to
one enbodi nentFigs 3B ffeafer yieut of MigeBfi on. 25 -6 Fig. 9 is a graph show ng

t he photovol tage response of a ferroelectric thin film photovoltaic device
under different poling electric fields according to one enbodi nent of the
present invention. s Fig. 10 is a graph show ng the transient photovoltage
response of a FigerdheiRandidC bid fopfviéws phatphotdvaliaic device according tdid f er ent
light intensit ccording to another enbodi nent of the present invention.
Fig. $1 ifgﬂgebgﬁ'gﬁgm?mc%dh?Héeﬁﬁ%ﬂ’&}(ﬁﬂt@ﬁge response speed of a io
ferroelectric thin film photovoltaic device according to one enbodi nent of
the present invention. Fig. 12 is a m croscopi c photograph show ng

el ectrodes forned on a ferroelectric thin filmof a photovoltaic device
accordi ng to drigs.rhdil apdtbGsra tlop vigws of aghetovaltaimdedee according to a

further embodiment of the present invention.

10 Fig. 6 is a microscopic photograph showing electrodes formed on a
ferroelectric thin film of a photovoltaic device according to one embodiment of the
present invention.

Fig. 7A is a graph showing the transient photovoltage response of a
15  ferroelectric thin film photovoltaic device according to one embodiment of the

present invention.

Fig. 7B is a graph showing the photovoltage magnitude of a ferroelectric
thin film photovoltaic device as a function of UV power according to one

20 embodiment of the present invention.

Fig. 8 is a graph showing the dependence of the photovoltage output
polarity on the electric poling direction of a ferroelectric thin film photovoltaic
device according to one embodiment of the present invention.

25




Fig. 13 is a mcroscopi c photograph show ng el ectrodes forned on a
ferroelectric thin filmof a photovoltaic device according to anot her
enbodi mrent of the present invention. 20 Fig. 14 is a graph showi ng the
phot ovol t age response of a ferroelectric thin film photovoltaic device
havi ng el ectrodes forned as shown in Fig. 12. -7 DETAILED DESCRI PTI ON OF
THE PREFERRED EMBODI MENTS As shown in—figs. 2A and 2B, a thin film

phot ovol tai ¢ device according to one enbodi nent of the present invention
has a thin filmlayer, for exanple a 5 ferroelectric thip filmlayer 24
formed on a s gtgi-/ﬁ 8 gﬁpoh F'ﬂ?‘ﬂmﬂégﬁﬂ’@t‘?%% regponsgoferegleritic Hinf or ned
on substr } h ! o : ri qay hkm | ayer
24. Inteﬂﬁgﬂygggﬂwgﬁgggﬁg%}ﬁggpgﬁgﬁggﬂgﬂggﬁg%&gﬁP%gFg¥%PF%Q?ﬁigh%onductive.
One or nerebpdiment of the praseotibweptiomr e situated on the top surface of
ferroelectric thin filmlayer 24. One of each pair of electrodes 25 is
situated apart to from another on the top surface of the ferroelectric thin
filmlayer 24. An electric field 28 is applied between each pair of

el ect sodes 25,Figo10® aigrash Shewingthe tlpsidrt photdVoRadé ré8donserofd. The
ferroelectric polarization 27 is therefore aligned rn the direction

par al | el fegoglagticthinfilnaphoipvaliaic ztryicss urdastiffeneat baht inteasite aeeorgigdp! el

to the f e 4 Ed) o this enbodi nent, when a beam of
is ul tra\eﬁ%ﬁﬁ%'e%h%awgﬁ?ﬁﬁe Pf%ﬁhﬁ;}teg@obhe top surface of ferroelectric

| ayer 24, a photovoltaic signal 29 is generated between each pair of

el ectrodes 25. The el ectrodes may be separated by a di stance greater than

t he thickness _of ,the ferroelectric | r. Athin filmphotovoltaic device
according to Jﬁgoai fﬁeﬁtgf%ﬁﬁ SRowing tﬁ?é’z%’fﬁ"qltﬁ%ﬁ%%ﬂﬁetﬁ%do‘?f@ over cones t he
L m tat | qRrbBRIctiEEIN filth PhbliRoltie e 4@fding 6 SRerAbSdiRfert B the

t hi ckness-dependent nature of the conventiona
present invention.

Fig. 12 is a microscopic photograph showing electrodes formed on a
ferroelectric thin film of a photovoltaic device according to one embodiment of the

15  present invention.

Fig. 13 is a microscopic photograph showing electrodes formed on a
ferroelectric thin film of a photovoltaic device according to another embodiment of

the present invention.
20

Fig. 14 is a graph showing the photovoltage response of a ferroelectric thin
film photovoltaic device having electrodes formed as shown in Fig. 12.




ferroelectric thin filmphotovoltaic devices. Athin film:photovoltaic
device according to enbodi nents of the present invention allows for
generation of higher photovoltage w thout increasing the thickness of the
ferroelectric layer. 25 Furthernore, as both el ectrodes are situated on one
side of the ferroelectric thin filmlayer 24, when external electric field
Is applied to the electrodes, the ferrfoelectric thin filmlayer is
polarized in a direction parallel to the nain surface plane 20a of

substr at rall h rf f th ferroelectric
thin fil ﬁ?égbﬁyﬁééﬁﬁ@ @eTh%RE§%$%ﬁ5m|MT$op el ectrode
covering the ferroelectric thin filmlayer, as required in the conventi onal
phot ovol tai ¢ devices. In the present enbodinment, the ferroelectric thin
filmlayer -8 Afshown phbigsv@Ataxidc2les thie film phopmadtdicddevéos hgcdrdingitght |

all ow ng for re. efficient optical .energy abs i on.. Direct exposure of
t he ferrooé]ee%'fquﬁiln‘l’ Q(ﬂ? _“P%Pr‘? '%eggoniﬁ%%@&ﬁ%&y(%cjpf SEB&Rr ation. s
The preseairogefiy tARMIM RybHRE Sfimadl¥AY aiRdase 20, IRRImeliite Riyepd ppdes are
formed after the formation of the ferroelectric thin filmon the substrate.

This pr R4 ded 23 rgaxhedermed enisubistraten?0 prier teetherfoanatian etfemoeldgatic maki ng

t he el ect X e .t h ectr S ed no e de froma noble
nmet al nattéfrﬁld@ﬁ.' Ia(?@%‘l‘bﬁﬁ%ﬁ‘ﬁe %38{%%[’ %g?ﬁ’ 25&“? r?oigﬁ\%eﬁri'%arlulgl devices in
order to comglustive.tee bi gloré @aire i @ledttdidesi2s &l sliuatéton e Y surefpe éfed for
processi nf%gt he ferroelectric thin film |Instead, the el ectrodes according

to embodi'REREIECHIC thKEllp} BYeR24i Rnmet eacihagir peeleskipdes €8 is pwated @Passt
ol oty oaq K offtERbEeEe dihe RifedButb iR ARSI AR Bete | 1oy
it all owndiedd @8tis applied betweenf emcrepaipof tleetrode® 25] epalfrizdthe fermeddotiid ri ¢
Layer. Ththﬁa 1’ﬁ|[n0i\é\'y¢(5:=|§a 54.t tf‘ﬁefféﬁ’ggl%g}r}copoIarization 27 is therefore aligned in the
direction parallel to a main surface plane 20a of substrate 20, and hence parallel
to the ferroelectric layer 24. According to this embodiment, when a beam of
15  ultraviolet (UV) light 26 illuminates the top surface of ferroelectric layer 24, a

photovoltaic signal 29 is generated between each pair of electrodes 25.

The electrodes may be separated by a distance greater than the thickness
of the ferroelectric layer. A thin film photovoltaic device according to embodiment
20  of the present invention therefore overcomes the limitation that restricts the
photovoltage increase due to the thickness-dependent nature of the conventional
ferroelectric thin film photovoltaic devices. A thin film photovoltaic device
according to embodiments of the present invention allows for generation of higher
photovoltage without increasing the thickness of the ferroelectric layer.
25
Furthermore, as both electrodes are situated on one side of the
ferroelectric thin film layer 24, when external electric field is applied to the
electrodes, the ferroelectric thin film layer is polarized in a direction parallel to the
main surface plane 20a of substrate 20, and hence parallel to the surface of the
30 ferroelectric thin film layer. This avoids the requirement of forming a top electrode
covering the ferroelectric thin film layer, as required inthe conventional

photovoltaic devices. In the present embodiment, the ferroelectric thin film layer




fabricate the electrodes in varieties of circuit patterns and
configurations, which nmay further increase the photovoltage generated. For
exanpl e, electrodes may be formed for connection in parallel and/or

series, in a way which is nmuch nore 20 conveni ent than in conventi onal
devices. This is discussed in further detail below Figs. 3A and 3B show a
thin fil mphotovol taic device accordindto another enbodinent of the
present invention In this enbodi nent, a ferroelectric thin film layer 34

I s coated rat 30 via |nt rned e.layers 31, 32 and.,33. A pair
25 of - of RidPe BLEIIBHAE dayins Snobrd dEpL el hartialning o BpBE SER R 1 bt 11 m
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plurality of fingers. Each finger of one electrode I1s positioned in a
space bet%@mcaajpa@moltaga@@ngramm he other electrode. Electrodes wth
fingers disposed in this manner are referred to thereafter as
interdigitally disposed, or interdigital electrodes. 30 An electric field

38 issappl i ed Tied prsent B@bodRrhénta$ f@tiestdRantagtoustiv tin! el ssctrddt® are
ferroelectric thin filmlayer 34. Ferroelectric polarization 37 is
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are electrically conductive.

15 Another advantage of this embodiment is that, it allows electrodes to be
formed on the same side of the ferroelectric layer. This provides the freedom to.
fabricate the electrodes in varieties of circuit patterns and configurations, which
may further increase the photovoltage generated. For example, electrodes may:
be formed for connection in parallel and/or series, in a way which is much more |

20 convenient than in conventional devices. This is discussed in further detail below.

Figs. 3A and 3B show a thin film photovoltaic device according to another
embodiment of the present invention. In this embodiment, a ferroelectric thin film
layer 34 is coated on a substrate 30 via intermediate layers 31, 32 and 33. A pair

25  of electrodes 35 is formed on the top surface of ferroelectric thin film layer 34.
The pair of electrodes 35 is comb-shaped, each having a plurality of fingers. Each
finger of one electrode is positioned in a space between adjacent fingers of the
other electrode. Electrodes with fingers disposed in this manner are referred to
thereafter as interdigitally disposed, or interdigital electrodes.

30

+An-electric field 38 is applied between-the:pair of electrodes 35, to polarize ... sz

the ferroelectric thin film layer 34. Ferroelectric polarization 37 is therefore



A thin filmphotovoltaic device fornmed according to the present enbodi nent
shares the advantages of the configuration shown in Fig. 2 and further, it
has the ability to generate a large electric current. 15 Figs. 4A, 4B and
4C show anot her enbodi nent of a thin filmphotovoltaic device and its
fabrication nmethod. In the present enbodinent, a ferroelectric thin film
| ayer 44 is forned on a substrate (not%hown). Two pairs of el ectrodes of
general |y el ongate shaped, are deposited parallel to each other, on
ferroelectric ,thin film4a first pair of electrodes 45 and 46 is now

taken as %ﬁve&fgﬁﬁ@ @Hﬂnez’dnftn%?%?e’pﬂﬂ& ayeidbetwaenadiagentdingpi of he i s
appl i ed %Ime&ﬂrﬁ@?ﬁlvﬂ‘flaﬁ afd E%ﬁééfgi‘ﬁsa 6? ctﬁﬁﬁ)ﬁ’gll g tﬁé"nﬁ"’élh%gr}fé ¥ ¢ or ed

ferroelectric thi ayer 4 rroel ectric arlzat i on
in the feplaneB8atofisubstiate 30 land hgrege maraﬂeldortue lrgirqetedﬂmblarﬂlmhay@a% of
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film Isayeguc%s 2% VY fight Wﬁuﬁﬁdt@@ ke idp ﬁjﬁdaerbffﬂehable%ﬁﬁﬂag}ér 343 éa?!har i zed,

el ectrodes 45 and 46 "are divided into two or nore segnents. For the
pur pose dthateyalti¢ beit ganerates amf@tovodialcsastgmsl tAmthe prir ebelectipdehas is

Tea - ao. ntgttioRafl ARpbeod e PRA VBl St SRR e iR Dardl: i 1875,
45b and 46tal phbtocun@nd 6atput honaeibciode dpydmsauhdlssyaétlwwétimwé augentni t s
41 a, 41b,, 41c,and 41 d, having the individual ferroelectric -10

pol ar i zat9idhaugeneratas! bﬁ?@C%ﬁBOWYQHﬁ'ﬁ%d al ong the sane direction, as
shown,in Fig. 4B. New electrical circuit 42 are then fornmed to connect the
tail of one segnent 5 of the first electrode 45, for exanple segnent 45a,

to the head ofA this filrdjplooéonolimémdevice tdridueacoecding te tiee presgat fbotimertxanpl e
segment 4@1ares ﬁ?enecrj]\tlasntages oP the configuration shown in Fig. 2 and further, it has the

ability to generate a large electric current.

15 Figs. 4A, 4B and 4C show another embodiment of a thin film photovoltaic
device and its fabrication method. In the present embodiment, a ferroelectric thin
film layer 44 is formed on a substrate (not shown). Two pairs of electrodes of
generally elongate shaped, are deposited parallel to each other, on ferroelectric
thin film 44. The first pair of electrodes 45 and 46 is now taken as an example for

20  further illustration. An electric field 48 is applied between the pair of electrodes 45
and 486, to polarize the ferroelectric thin film layer 44. Ferroelectric polarization 47
is formed in the ferroelectric thin film layer 44 accordingly, between the pair of
electrodes 45 and 46, which are aligned along a direction parallel to the main
plane of the substrate, and hence parallel to the ferroelectric thin film layer 44.

25

After the ferroelectric thin film layer 44 is polarized, electrodes 45 and 46
are divided into two or more segments. For the purpose of illustration only, Fig.
4B shows that the each.of the electrodes 45 and 46 is divided into four segments
45a, 45b, 45¢, 45d and 46a, 46b, 46¢, 46d, respectively. Each pair of segments

30  45a and 46a, 45b and 46b, 45c and 46¢, 45d and 46d forms individual

+ photovoltaic units 41a; 41b, 41¢ and:41d, having the individual ferroelectric«. .-




46¢c, 45c to 46d are connected by new electrical circuit 42 in a simlar
manner. Accordi ngly, individual polarizations 47a, 47b, 47c and 47d are
connected in series, as shown in Fig. 4C. 10 Upon exposure to WV |light
(not shown), a photovoltaic device configured according to the present
enbodi nent, generates a photovol tage 49 between first and second

el ectrodes 45 and 46, which is the sumlBf—the photovoltages generated by
each of the individual photovoltaic units 41a 41b, 41c and 41d. The 15
pr esent enqodlnent therefore allows for a high photovol tage generati on.

Accor di ngPRlarizatioan 4 a4 7dnidaiandit/d a@r@%@m thepgae dirgeticn, 2mshown iy

phot ovol tpigc ?ew ce has one or nore pairs of interdigital electrodes 55
formed o erroelectriclayer 54. An electric field 58 is applied
between the pair of electrodes 20 55, to polarize the ferroelectric thin

filmlayer 54. Ferroelectric | arization 5 d i.n.the
flarroel gct ric N%‘Q’e‘%‘eﬁﬂ%'&d'{%léﬁ% ééﬁﬂtforfm g’r%mmec@ﬂ% t5dliof o segmenty odes

55, Whi chofahe fiddti 8@ %'Gl’o@e%ﬁﬁeit f,égweﬁf a%3 ab the th& of e 3%]%08 t the

ferroelectric |ayer 54. Under a exposure, the photovoltaic device
conpri si r@gm@tmflthe seeond elecioget4d, feit @cample@gﬁ&mdﬁbec&@inemts%bdbl el as

shown in can ener an en ho urrent. After the

Forroel achi doite Hod iR REDERRDY Bey HERSE e A2 hwiatiainebdes 55
i s di vi deflcdditiimglyVndivid0ar solaeLHtRIMs A A0 470! A7¢ BAY Wrduat dhabeialihal ¢ units
51 a, 51b and g Subsequently, individual photovoltaic units 51 a, 51b

and 51c ﬁ@'@@aﬁéBQWﬁéﬁtFéﬂdds} new circuit 52 in a manner sinmilar to that
shown jn Fig. 4C. Individual photovoltaic units 51 a, 51b and 51c are now
connected in series. Upon exposure to a W/ light, a photovoltaic device

confi gured accdpon egpdsurehe W&gmhof $hownhedpistovoltn devdte Soafigliredovol t age
59. The total R??voltae %ducedlsth

accordihg to the present embodiment, generates a photovoltage 49 between flrst

and second electrodes 45 and 46, which is the sum of the photovoltages

generated by each of the individual photovoltaic units 41a, 41b, 41¢ and 41d. The

15  present embodiment therefore allows for a high photovoltage generation.

According to a further embodiment, as shown in Figs. 5A, 5B and 5C, a
photovoltaic device has one or more pairs of interdigital electrodes 55 formed on a
ferroelectric layer 54. An electric field 58 is applied between the pair of electrodes

20 55, to polarize the ferroelectric thin film layer 54. Ferroelectric polarization 57 is
formed in the ferroelectric layer 54 between adjacent fingers of the pair of
electrodes 55, which are aligned along a direction parallel to the surface of the
ferroelectric layer 54. Under a UV light exposure, the photovoltaic device
comprising the multiple interdigital electrodes 55 connected in parallel as shown in

25 Fig. 5A can generate an enhanced photocurrent.

After the ferroelectric thin film layer 54 is polarized, the pair of electrodes
55 is divided into two or more segments to form individual photovoltaic units 51a,
51b and 51¢. Subsequently, individual photovoltaic units 51a, 51b and 51c are
30 reconnected by new circuit 52 in a manner similar to that shown in Fig. 4C.
Individual photovoltaic units 51a, 51b and 51c¢ are now connected in series. Upon

exposure to a UV light, a photovoltaic device configured according to the present




sum of the photovoltages generated by each individual photovoltaic unit 51
a, 51b and 51 c. Again, a high photovoltage can be obtained by the present
enbodiment. I n addition, the total electric current generated by the
device, is the sumof the 5 individual electric current generated by each
pair of adjacent fingers that are connected in parallel. A high

phot ovol t age and an i nproved phot ovoltaflc power can therefore be obtained
by the present enbodinment. To illustrate a method of formng a thin film
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deposition. To prepare the YSZ thin film Zr- propoxide is dissolved in

acetic acid tq ogtaln .2 Msolution. The zirconia is doped with yttrium
oxi de by addi ngP EUﬁHPfe»@mth%ﬁf farming a thisxiimyrhciewoltaic fiﬁ\élcegéwdi 0 The
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spi n-coati ng process ermal anneal| ng rroe ric thin
filml ayeuseshas an@xammelaiﬁnmmmlmd tsunepribed nimdefaildiblbwad  zi rconat e
titanate conposition, Pbo:g7La0.03(Zro.52Ti 0.48)0Stx at.% W3 (x = 0 -.1)
(PLWZT). Preferably, the value of x is selected between 0.2 and 0.5. 30

Eg{ L ggl ectric ARUFabéloRisRE 4-FEhTRYINBRPRATI (4 60)-BeafdtESh§Rlcry@habt i on
silicon wafer is selected as the substrate 30. Substrate 30 is oxidized by being
15 heated for 90 minutes at approximately 1000 °C. This heating process forms the
-~ first intermediate layer, a 0.45 pm-thick silicon oxide 31. The second intermediate
- layer, a 0.21 um-thick layer of SizN4 32; is deposited on silicon oxide layer 31, by
- a Low Pressure Chemical Vapor Deposition (LPCVD) process, at a temperature of
approximately 700 °C for about 45 minutes. Subsequently, the third intermediate
20 layer which is an yttria-stablized zirconia (YSZ) buffer layer 33 of 200 nm-thick, is
formed on SizNy4 layer 32 by solution deposition. To prepare the YSZ thin film, Zr-
- propoxide is dissolved in acetic acid to obtain a 0.2 M solution. The zirconia is :
doped with yttrium oxide by adding 8 mol.% yttrium nitrate hexahydrate in the
- solution. The YSZ precursor solution is deposited on the SisN,4 layer 32 by

25  multiple spin-coating process, followed by thermal annealing.

Ferroelectric thin film layer 34 is a Lanthanum- and tungsten-modified lead
zirconate titanate composition, Pbg.g7lag.03(Zry 52 Tip.48)O03+x at.% WO3 (x = 0 ~.1)
(PLWZT). Preferably, the value of x is selected between 0.2 and 0.5.

30  Ferroelectric thin film layer 34 may be deposited by a chemical solution method.

- The precursor chemicals used to prepare the:solution maybe lead acetate -

trihydrate, lanthanum acetate hexahydrate, tungsten ethoxide, zirconium




The: precursor chemcals used to prepare the solution nmaybe | ead acetate
trihydrate, |anthanum acetate hexahydrate, tungsten ethoxide, zirconium-12
acetyl acetonate, and titaniumisoproxide. To conpensate for |oss of |ead
during thermal annealing, an additional 10 nol.%lead is added to the
precursor solution. 2-nethoxyethanol (2-npe) is used as the solvent.

Pol yet hyl ene glycol with nolecular weight 400 (PEG 400) is used as an
additive in order to elimnate s cracking. For the preparation of the
precur sor solutlon | ead acetate and, | anthanum acetate are first dissolved

separ at el 8¢ tylacetppate, and fhiariumgjsopexide: Tasampessatedsr lasswaf lead doring These
two sol utthapga %e%%ﬁéeéw%%it%nﬁ? ?@%dl B oad'§ SRRk tﬁ%g) de? r S

stirri ng, stolchionetric anount Zlrcontum acet |'ace are added and
m xed for2-md1hoxyaﬂnancti l{2-rsaé Lis ivsadtasrthe sbhmnﬁpﬁotyethyiem glydoltwiéin cool s down
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anot her 30 m n. eSOU|on|sd| o0 0.4 Mby a itional
2-noe, flanthenem agetatiianefirst dlsschlwedsepanatelm ﬁtmoé atdrigs°0eﬁmr d40hoii de.

PEG 400 then add ut| 30 wt % of the. tal oxides.

The resuldiHenGRl aBUBa A TPEsS e boliSns hu Sl PR IDR o ur

Al the nmazspUbybiiding. TGingPstirfing "ReicHidAeStrie Bndlirt P grEobPspher e i nside a

gl ove box. The PLWZT solution is de osited onto the previously prepared 20
i

Ysz/ si 3ngastyipeeippatsoyrepddad axyd wlxﬁﬂ far@ kr uil ihe selution tyns demsparant 5000
rpm f.or ()(Q)(;lJ r YZE ut es,
foll &\%ed %8:' JE;i?%ﬁeat ?ﬁg’g??re&%{rﬁ t{ahﬁ)ggé(téﬂ% f %S%%@ %%é?e tgan y t hr ee
coating aycpbrepoxmlees ﬂlsm[veﬂl ihrBsmoaf 4te80°Q- fonalDinﬁig foumh@d by@oemg downaoneal ed
at 750 C for nal The final ferroelectrlcthlnfllr?layer 34
has a t hi"@RAk Qﬁra @s%aéqwe two solutions are mixed together and stirred for

another 30 min. The solution is diluted to 0.4 M by adding additional 2-moe,

followed by adding stoichiometric amount of tungsten ethoxide. PEG-400 was

15 then added into the solutions by 30 wt% of the metal oxides. The resultant stock
solutions are refluxed for 30 min at room temperature. All the manipulations are

performed under dry nitrogen atmosphere inside a glove box.

The PLWZT solution is deposited onto the previously prepared
20 YSZ/SiaN4/Si0/Si(100) wafer by a multiple spin-coating process, at 5000 rpm for
20 seconds. Each layer is pyrolyzed at 430 °C for 2 minutes, followed by a heat
treatment at 580 °C for 4 minutes after every three coating cycles. The final films
after 9-coating cycle process are annealed at 750 °C for 10 minutes in air. The
final ferroelectric thin film layer 34 has a thickness of about 0.5 pm.
25
Once the ferroelectric thin film layer 34 is formed, an Au layer is formed on
the ferroelectric layer 34 by a lift-off process. This process leads to the formation
of the electrode 35. During this process, a photoresist layer (not shown) is
deposited through a spin-coating process, followed by a photolithography process,
3¢ to form the negative pattern of the electrodes. Thereafter, an Au film of about 200
" "'nmis deposited to cover the whole wafer area by a sputtering process.” The
patterned photoresist, together with the Au layer of the portions overlapping the




25 Once the ferroelectric thin filmlayer 34 is forned, an Au | ayer is
formed on the ferroelectric layer 34 by a lift-off process. This process

| eads to the formation of the electrode 35. During this process, a

phot oresi st | ayer (not shown) is deposited through a spin-coating process,
fol | oned by a photolithography process, 30 to formthe negative pattern of
the el ectrodes. Thereafter, an Au fi I-rri%f— about 200 nmis deposited to
cover the vvhol e wafer area by a sputtering process. The patterned

hotoreS|st r h the Au | ayer of the portions rl.apping the -13
Femai ni nd SiRA0H SepEresish are demoued BY Bectans i NeooveiepBat (e 36 o
the desIde%@eunﬁt%mgmlt@ue?ﬁbh%a o@?e&&éle@@cfnggg;rh fd4£ PLWT |ayer 34.

During the preparation of the Au layer not shown) of about 20
5 nm nmay be used to enhance the adhesion of Au electrode 35 on the

ferroelectric er SCO hot of I n di gi tal
Au el ectrode q%ao Rag ’%Lﬁiﬁ%%@ 'gﬁzy%? c@f’f‘%ﬁﬁw Lﬂn@o“igbordi ng
to the ahpWenspbdeded o %hﬁ%cé the A@h&dien Bf AURIECHFRIES 5 bhTRe Bérrddlgcipect r ode
formation, electric field 38 of about 150 kV/cmis applied between

el ectrodéjléé@glé‘ﬂér%d 35b to pole the ferroelectric thin filmlayer 34,
resulting in a ferroelectric polarization 37 which is aligned in a 15
direction parallel to the main surface plane 30a of substrate 30, and hence

paral l el to tAemitrescosicgtiotdgraphion ahiihterdigig@rABélectrbae Boribanhearee and

properti hatovol t ai ¢ devi ces fornmed according to enbodi nent of
the pr es?A&‘Rfﬁégglf%w@@a’%&%vg@ffaéacmrég\g tohe @bpve imethadisshewn iy a

nmer cyky @g@n | anp. The light intensity dependence of photovoltage
transi ent Fesponse of a

Upon completion of the electrode formation, electric field 38 of about 150
kV/cm is applied between electrode pads 35a and 35b to pole the ferroelectric thin
film layer 34, resulting in a ferroelectric polarization 37 which is aligned in a
15 direction parallel to the main surface plane 30a of substrate 30, and hence parallel
- to the ferroelectric thin film layer 34.

The performance and properties of the photovoltaic devices formed
according to embodiment of the present invention are investigated under UV

20 illumination using a mercury xenon lamp.

The light intensity dependence of photovoitage transient response of a
photovoltaic device with a 10 um electrode gap is shown in Fig. 7A, and the
photovoltage values under 5 minutes of illumination is shown in Fig. 7B. As

25  shown, the photovoltaic response is increased with the increase of the light
intensity, and the photovoltage almost saturates in 90 second illumination at a
light density above 1 mW/cm?

Fig. 7B also indicates that the photovoltage increase rate is higher when
30  the light intensity is lower. This is apparent when the light density is below 0.25
mW/cm?. When the light intensity is above approximately 0:5:mW/cm?, the




photovol taic device with a 10 pmelectrode gap is shown in Fig. 7A, and the
phot ovol t age val ues under 5 mnutes of illumnation is shown in Fig. 7B. As
25 shown, the photovoltaic response is increased with the increase of the
light intensity, and the photovoltage al nost saturates in 90 second
illumnation at a |ight density above 1 mWcn2 Fig. 7B al so indicates that
t he photovoltage increase rate is highéf-when 30 the light intensity is
| ower. This is apparent when the light density is below 0.25 nWcnR2. Wen
ty i s above approxi nWcn2, the -14 vol t age

the light .int ity ly 0.5: ) hot
| nor ease IRIEVGIRGeAHEaES THETAGOOAY dd@HARNATegR AN AT isGiar about ¢4 Vs
obt i ned \yasefingd \neBt a EhERRNC] BB SlmyEpeer2. The pol arity of the

out put photovoltage 1's déeterm ne the direction of the s ferroelectric
pol ari zation, and hence the electric field applied to pole the

ferroelectric thin fi.lm er. Fiq. .8 esent s, the photovoltage transient
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sanpl ¢, Wapbeldctid SehREAtdr: ahlli Herlde! the | cd@fic fiSldRipiddith poRPER! t e
directions. Therefore, the polarity of the photovoltaic output may be
changed Wageglestia thin il laygr.f Fig. & presgntsdhe ipbatovioliaga dransient perronses t age

magni t ude. | i rogdf | r ri.c field is appli 0 ej_garizethe
ferroel ec(fdrrlFecs’E’to ﬂlgﬁlgftloltPr]gth?/g)er?)oiﬁ%?’ﬁ’Em'f%&ﬂ)ﬁ*g 5% ﬁegst Sﬁ%b"i%}’*ﬁ) e device
havi ng arnferotkctigihtrafing|:set ipsled W b&g@sit@diﬁ@dﬁoﬁbemﬁe@d@r@,&he potarftpat it
generates a hi %her phot ovol t age t han at is generated by conventional
devi ces. Hithe rlgtavelaic auirul may beehanssdhasedactheralinotielt Gign8shows by a
PLWZT .t hi i tai ' ; PIET ; t 25 pm
nder i 112 iePiRGYtERle Malnfiile SHthoR; ENAMGRISAHE kiR gy 20, P2
el ectri c polafize tife fehoeledtricthifilphtdyarol t age of 7V is the result under a
light intensity of 1.50 nWcnR. It is believed that the photovol tage can
Another feature of the photovoltage device having an interdigital electrode
with a larger electrode gap, is that it generates a higher photovoltage than what
15  generated by conventional devices. Fig. 10 shows the improved photovoltage
: mégnitude generated by a PLWZT thin film photovoltaic device with an electrode
gap of about 25 um, under different light intensities. The PLWZT thin film is
- polarized by an electric field of 150 kV/cm. A photovoltage of 7V is the result
under a light intensity of 1.50 mW/cm?. It is believed that the photovoltage can

20  increase with a higher light intensity and / or a higher poling electric field

In another test sample, in which the PLWZT thin film is approximately 0.72
hum thick, a shorter response time of about 10 seconds is demonstrated. Fig. 11
- shows the photovoltage transient response with opposing polarities corresponding
25 to the two different directions of the poling electric field. Fig. 11 also demonstrates
that photovoltage devices exhibit symmetric performance in opposing
photovoltage polarities when applying the present embodiment.

The thin film photovoltaic device shown in Figs. 4A, 4B and 4C may be
30 formed based on the same method detailed above. In particular, the preparation
*. process:of the Si0O,, SisNs, YSZ and PLWZT layers are basically the same. . To.. .iii e




20 increase with a higher light intensity and / or a higher poling electric
field In another test sanple, in which the PLWZT thin filmis approxi mately
0.72 pmthick, a shorter response tinme of about 10 seconds is
denonstrated. Fig. 11 shows the photovoltage transient response with
opposing polarities corresponding 25 to the two different directions of the
poling electric field. Fig. 11 also def®nstrates that photovol tage devices
exhibit symretric performance in opposing photovoltage polarities when
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hence par Il m 44,
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45¢ and 46c, and 46 orns in [taic units a, 41b,
41c and 4iance dmdlngghelwlrf@‘releﬁrmsr%:apdl4ﬁrmma$egme:aﬁsu‘gﬁme45hl 45g 45t sane

di rection sh | fter 1 n phot or esj st ,form ng

the op en|4{5€2%%tm#69hgé€agﬁgh (ﬂalro segmen?g?z\lléa gné Il%a, b an 46?) 4[5
and 46¢, 45d and 46d) forms individual photovoltaic units 41a, 41b, 41c and 41d,
having the ferroelectric polarization aligned along the same direction, as shown in

15 - Fig. 4B.

After removing the photoresist forming the openings between the pairs of
electrodes, a further photoresist layer is deposited onto the divided electrodes by
a spin-coating process, followed by a third photolithography process to form the
20  negative pattern of connection circuits 42. A further Au film is deposited
subsequently. The prior patterned photoresist, together with the Au layer covering
the photoresist are removed, thereby forming connection circuit 42 which
connects segments 45a, 45b, 45¢, 45d and 46a, 46b, 46¢, 46d in serial, as shown
in Fig. 4C.
25
It should be appreciated that photovoltaic devices shown in Fig. 5C may
also be prepared in process similar to that illustrated above.

Fig. 12 shows an electrode pattern of a PLWZT photovoltaic device
30 fabricated according to an embodiment of the present invention, In this
-~ embodiment, the top electrodes:comprise 30 pairs of interdigital electrodes that
are connected in series, as illustrated in Fig. 5C. The electrode gap in each of the




el ectrodes, a further photoresist |ayer is deposited onto the divided

el ectrodes by a spin-coating process, followed by a third photolithography
process to formthe 20 negative pattern of connection circuits 42. A
further Au filmis deposited subsequently. The prior patterned photoresist,
together with the Au | ayer covering the photoresist are renoved, thereby
form ng connection circuit 42 which -cbfnrects segnents 45a, 45b, 45c, 45d
and 46a, 46b, 46c, 46d in serial, as shown in Fig. 4C 25 It should be
appreci ated that photovoltaic deV|ces shown in Fig
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in series illustrated in FI% 5C. The eI ectrode gap in each of the -16

i nterdi glﬁaéfi?‘ﬂl%gﬁ‘%@é%al'@rgﬁ)phﬁ pragent-ag illustratachifidnefiner fabri cat ed

el ectgode pattern of a photovoltaic device according to a further
enbodi ment. The electrode pattern in Fig.13 conprises 30 pairs of
interdigital d?igmter’o@lpsaskah&t tr@rmeasmmadcm’&ﬂovmtagpaﬁahé photovoljeicateaiae a | ar ge

phot ocurrent, a in ure 14 ents t he neasured
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phot ovol tiifowiitafc’ ddViksS cORTpRis F%fr@ oﬁﬁﬁérﬁfd:tal 8#&%&8&8& b@hﬁe&@é{ lig e
conprising 18 pairs of int erd| gital electrodes connected in series and

wi th an iseciesanedwvith ent:m@eesgaplemtroﬂﬁ gap ofd?phon, aydictagdtage dsdagge as 10

46.5 ¥ | rat ed. ALt hough embodi nents of the present invention have
been L0 | u"éf ?Sﬂg emonstrated.

Although embodiments of the present invention have been illustrated in
conjunction with the accompanying drawings and described in the foregoing
detailed description, it should be appreciated that the invention is not limited to the

15  embodiments disclosed, and is capable of numerous rearrangements,
modifications, alternatives and substitutions without departing from the spirit of the
invention as set forth and recited by the following claims.




conjunction with the acconpanying drawi ngs and described in the foregoing
detail ed description, it should be appreciated that the invention is not
limted to the is enbodi nents disclosed, and is capabl e of numerous
rearrangenents, nodifications, alternatives and substitutions w thout
departing fromthe spirit of the invention as set forth and recited by the
following clains. -17 CLAIMS 1. A thi-n1TiH m phot ovol tai ¢ devi ce,
conprising: a substrate having a nain surface plane; 5 a thin filmlayer
formed on_the main surface plane of the substrate, wherein the thin film
| ayer is ClAMBvert | ght into electricity to generate photovoltaic
outputs; first and second el ectrodes forned on one side of the thin film
| ayer; and io an electric polarization formed in the thin filmlayer

bet ween the fiA thinéild phetmwoitdicededte, adesrismerei n the first and second

el ectrodes are to c ailiect t he hot,ovo aic outputs. 15 2. The device as

recited in clai nff4 @tteeh':‘f'}’"i’gl PANBUTACRIRIAYRr is electrically pol arized
in a direction ahqkh ﬂ%riéi/érefbr %ﬁﬁn%u‘ﬂéﬂe%ﬁné’bﬁ SLﬁ)strEF@ device as

recited in claim1 i1ncluding fjura set of first and second

el ectrodes each setwhfa'elnigeathlnﬁim layelualtomhaelttghi iohn elsbtricity o t he

i ndi vidual 20 polarlzat S &V electrically connected in series. 4. The
device as recited i9f 8(% W'P (R PUP Pk% first and second el ectrodes are

el ongat e in shapfirshafldRatehd @ledt®deadbrraéd eh.ondhgae ohtHdirt ﬁlrrmay@ﬂd second
el ectrodes conpri se nfdl ngers which are interdigitally disposed w't
10 an electric polarization formed in the thin film layer between the first and
second electrodes;
wherein the first and second electrodes are to collect the photovoltaic
outputs.

15 2. The device as recited in claim 1, wherein the thin film layer is electrically

polarized in a direction about parallel with the main surface plane.

3. The device as recited in claim 1 including a plurality set of first and second
electrodes each set having an individual polarization, wherein the individual

20 polarizations are electrically connected in series.

4. The device as recited in claim 1, wherein the first and second electrodes
are elongate in shape and parallel to each other, wherein the first and
second electrodes comprise fingers which are interdigitally disposed with

25 respect to each other.

5, The device as recited in claim 1, wherein the thin film layer has a first side
for receiving light and a second side to contact the substrate, wherein the
first and second electrodes are formed on the first side.
30
- 6.« The device as recited in claim 1, wherein the thin film layer is a ferroelectric:- =0

thin film layer.




25 respect to each other. 5, The device as recited in claim1l, wherein the
thin filmlayer has a first side for receiving light and a second side to
contact the substrate, wherein the first and second el ectrodes are forned
on the first side. 30 The device as recited in claim1l, wherein the thin
filmlayer is a ferroelectric thin f|In1Iayer -18 7. The device as
recited in claim2, wherein the thln'f|$n1layer Is a ferroelectric thin
filmlayer, and the ferroelectric thin filmlayer is electrically polarized
in a direction about parallel to the main plane of the substrate by
applying an s electric field. 8. The device as recited in claim7, mherein

the ferrogl ectyiedéicd a%'rb@'tédih‘\%lalﬁﬁﬁ wﬁemtrﬁd‘é filn RlyeV@3a @&P@é‘e&

| ant hanum zi rconate titanate (P Vi ce as recited In cI aim
8, wherei n t hdhinditgoiayer, enditbe femoeloviriadhinaiiar laysrsiateataaly-paidszeast i

o, whet bi 1 xi & Bt A SRR Rothe b Bang S RS KBS TR0 Pl o

7, fusther comgmdtrcfigldat | east one internediate |ayer forned between the
substrate and the ferroelectric thin filmlayer. 20 12. The device as
recited in claim1ll, wherein the at |least one internediate |ayer includes

one or nmye ofy @e@vuc%é’}‘écnﬁ élglﬁ?mwpé?é[n Iﬁgge(?ﬁ)\éll?cqing |ﬁ?ﬁht|$3%n(lﬁ s¢laim

7, wherein the Terroé &RYTC ayer ness mor e
than 10 micr oreet@mposition of WO3-doped lead lanthanum zirconate titanate (PLWZT).

10 9. The device as recited in claim 8, wherein the composition is

Pbg.g7lag.03(Zro.52Tio.48)03+xWO3 at% (PLWZT), wherein x is between 0 and
1.

10.  The device as recited in claim 8, wherein x is between 0.2 and 0.5.
15
11.  The device as recited in claim 7, further comprising at least one
intermediate layer formed between the substrate and the ferroelectric thin
film layer.

20 12. The device as recited in claim 11, wherein the at least one intermediate

layer includes one or more of SiO,, SisN4, YSZ layers.

13.  The device as recited in claim 7, wherein the ferroelectric thin film layer has

a thickness of not more than 10 micrometers.

25
14.  The device as recited in claim 1, wherein the substrate is a single crystal
silicon substrate.
156.  The device as recited in claim 7, further comprising a plurality set of
30 electrodes formed on one side of the thin film layer, wherein the plurality

set of electrodes form:a corresponding plurality of photovoltaic units.




25 14. The device as recited in claiml, wherein the substrate is a single
crystal silicon substrate. 15. The device as recited in claim?7, further
conprising a plurality set of 30 el ectrodes forned on one side of the thin
filmlayer, wherein the plurality set of electrodes forma correspondi ng
plurality of photovoltaic units. -19 16. The device as recited in claim15,
wherein the plurality of photovoltaic #®its are electrically connected in
series. 17. The device as recited in claim15, wherein the plurality of

phot ovol taj ¢ it S are electrically connected in parallel. 10 15 18. A

Ehin f i1 fbhot driedse aadesiad inGiaiph 18 Waereitha pluraiil o PRRipHetac NAIth

surface pl ane?ar@e‘ié’ﬂt JliychBnln%#'el'd ihcger;%g_ on the main surface plane of the
in the'thin fi

substrate, whereln mlayer is to convert light into
electricity to generate an photovoltaic output; first and second

el ectrodes, forged, in contac i1th the_thin filmlayer, rein .the.thin

i im | ayel’-+ o eceves 8P oSt bl Toovhawn kif ity ptoharafis Bt
about spar al | elark @lddt8cdIR dbridcicrC® gdraf@. of the substrate, and wherein the
first and second el ectrodes are to collect the photovoltaic output. 19.

The device as recited in claim18, wherein the first and second el ectrodes
20 are poy t1 oG THATRtARNl: 4408 SRHbRiRg! @l ong a direction about
a substrate having a main surface plane;
a thin film layer formed on the main surface plane of the substrate,
10 wherein the thin film layer is to convert light into electricity o
generate an photovoltaic output;
first and second electrodes formed in contact with the thin film layer,
wherein the thin film layer is electrically polarized to have an electric
polarization about parallel to the main surface plane of the substrate,
15 and
- wherein the first and second electrodes are to collect the photovoltaic

output.

19. The device as recited in claim 18, wherein the first and second electrodes
20 are positioned spaced apart from each other along a direction about

paralle] to the electric polarization.

20. The device as recited in claim 18 including a plurality set of first and second
electrodes each set having an individual polarization, wherein the individual

25 polarizations are electrically connected in series.

21.  The device as recited in claim 18, wherein the thin film layer is a
ferroelectric thin film.

30 22. A method of forming a thin film photovoltaic device, comprising:
- forming-a-thin film layer on a substrate, wherein-the thin film layeris to - -

convert light into electricity to generate photovoltaic outputs;




parallel to the electric polarization. 20. The device as recited in claim
18 including a plurality set of first and second el ectrodes each set
havi ng an i ndivi dual polarization, wherein the individual 25 polarizations
are electrically connected in series. 21. The device as recited in claim
18, wherein the thin filmlayer is a ferroelectric thin film so 22. A

nmet hod of forming a thin fil m photovot 28it device, conprising: forming a
thin filmlayer on a substrate, wherein the thin filmlayer is to convert

light into electiicity.t ner at hqgt ovol tai c ouf puts; -.2Q fqormng first
and second el ect fcg Eggﬁ?@ﬁg Sgcgggﬁeﬁﬁgiqsrﬁrhopg Isﬁfel éﬁé? ;th'”g'llmcfwrari zi ng
the thin filmlayergrgn a direction about parallel to a surface plane of

the thin filmlayer; 5 wherein the first and second el ectrodes are to
col l ect the phot Bolrigigdhedbindimdayamninzadirgetiormahang pasallel brasedface cl ai m

22, further conpri Isdel%g? Ogt%tﬂi'gglﬁi%%’grpf the first electrode and the second

el ectrode into at * connecting one segnent of the first

el ect sode with ondessiges firgtfandhcoddasstrelekcdread &olléd- thd photRiotar as
recited in claim23, wherein the first electrode and the is second

el ectrode are di vi f&8P@Bter the thin filmlayer is polarized. 20 25. The
nmethod as recited in claim?24, wherein the electric polarizations in the

23. The method as recited in claim 22, further comprising:
dividing each of the first electrode and the second electrode into at least
10 two segments;
connecting one segment of the first electrode with one segment of the
second electrode.

24.  The method as recited in claim 23, wherein the first electrode and the

15 second electrode are divided after the thin film layer is polarized.

25. The method as recited in claim 24, wherein the electric polarizations in the
thin film layer are connected in series by connecting the electrode
segments.

20

26.  The method as recited in claim 22, wherein the thin film layer has a first

side for receiving light and a second side to contact the substrate, wherein

the first and second electrodes are formed on the first side.

25 27. The method as recited in claim 22, wherein the first and second electrodes

are interdigitally disposed with respect to each other.

28. The method as recited in claim 22, wherein the thin film layeris a - -
ferroelectric thin film layer.
30
- :29z:#7The method as recited in claim 28, furthér comprising, after polarizing the 3 i -
ferroelectric thin film layer by an electric field applied through the first and




thin filmlayer are connected in series by connecting the el ectrode
segnents. 26. The nethod as recited in claim?22, wherein the thin film
| ayer has a first side for receiving light and a second side to contact
the substrate, wherein the first and second el ectrodes are fornmed on the
first side. 25 27. The nmethod as recited in claim?22, wherein the first and
second electrodes are interdigitally 2isposed with respect to each ot her.
28. The method as recited in claim22, wherein the thin filmlayer is a
ferroelectric th|n filmlayer. 30 29 <The method as reC|ted in claim28;
further conpriS§cApd %Qt@deaov&rma slgcirical cornaciender ¢allecting the i | m 1 ayer by
. an electr|C'h§H&# Idggthﬂ{ough the first and -21 second el ectrodes,
varying el ectri connec |on for collecting the photovoltaic outputs .
30. The nethod as recited in claim29, wherein the electric polarizations

inth el ic thin filml. d by gi vi di
the f1rstihnd QEERI 88T reinRE 2eptiaiet BegHenr’s PRRIABEB R |y -
connegting t rf@rréé%ﬁ-ratﬁ.rphn{ ﬁ@ef bfé&orﬁ#@&édi ﬁfigeﬁésttky H’Qﬁjurﬁﬁf@mﬁaﬁcﬁ the

second electrodes after the electric poling. 10 hod as recited
in claim 30, \ﬂe@oedreleat@dasnato ssemra@csﬂgmerntecandcﬁiéseqaeeﬂ)dcmmngnt 0

separate seg an etghig rQLcess.. . The ne as recited in claim
30, wherein Fﬁﬁé%ﬁ@ﬁ}%ﬁg? @gfg{%ﬁ@gfﬁp@e V‘ﬂ@‘ﬁh&é‘?@&ﬂ BWO‘T.‘%q |nfjhography
process fol | ovslgctiydeas afberthéidigbtEepelindg.i on 15 process and a lift-off
process.

10 31. The method as recited in claim 30, wherein the first and second electrodes

are divided into separate segments by an etching process.

32. The method as recited in claim 30, wherein the electrode segments are
connected by a photolithography process followed by a thin film deposition
15 process and a lift-off process.




