-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 s hereby incorporated by
reference. FIELD OF THE | NVENTI ON The present invention relates to a
photovol taic device and in particular, o a io thin filmphotovoltaic

devi ce made of ferroelectric material.” BACKGROUND OF THE | NVENTI ON

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

is electricity under illumfrthiem PhdTEVHL (]-@“éctglggm onal photovoltaic

device has a sem conductor p-n junction and a pair of electrodes. Upon
exposure to light, the sem conductor p-n junction converts the optical
energy into electrical energy output via the el ectrodes. 20 Photovoltaic

devi ces of theTRRsIkhIGh chimetehefitalUSPiovididrl Fatent Adicatioh hamber
vol tage bel ow a coupl e of volts, due to the fundanental |imtation of the
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ferroel ec ed spont aneous el ectric polarization have
been %heﬁét Ye é&rgf)?é% ‘ééﬂgr sb%%e the 1970's. Exanples of ferroelectric

phot ovol tai c 25 materials are the bulk ferroelectric ceramc and single
crystal materials. This type of devices is capable of producing a voltage

of sever afifIu SR THCINVENPRORUSe bul k ferroel ectric ceram c and single
crystal materials are difficult to be integrated into mcro systens, such

as mcro el ectronechani cal systens -2- (MEMS), researchers have expanded

their efforts II'R "8 (?ntcmvérﬁ{ nor%ka%é 'ﬂ? %Ié]ﬂyftﬁorir{a'lé gBvick B3R it BeriRt & ok o

1 shows a convehtiFORar ferfoel rre
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 photovoltaic effect. To obtain a higher photovolitage,
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 |ayer 14 through top and bottom el ectrodes 15 and
13, to pole the ferroelectric layer 14."The ferroelectric polarization 17
is therefore aligned perpendicular to the ferroelectric I|ayer 14. Wen
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conplicated and at higher cost. The overall volune of the photovoltaic
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applications, particularly involving nechani cal novenment, such as MEMS,
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provi di ng hrgher ot ov ages |ncreas ng the ness of the
ferroel ecpmmtovbbzyw beWnemoar@dsmﬂt@hIe&ecﬁtmd@opl i cati ons such as MEMS or
the Iike. -3- SUMVARY OF | NVENTI ON Enbodi nrents of the present invention
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, ferroetectric thin film photovoltaic devices, much like the
semiconductor photovoltaic device, are limited to producing a photovoltage of
below one volt. In many applications, particularly involving mechanical movement,
such as MEMS, this low-level of voitage 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 tai ¢ 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 _gonverting light into electricity to
generate photovoltaic outputs. By applying an io electric field over the
first and second el ectrodes, the thin filmlayer is polarized in a

di recti onsgRMUARYOF INVIENTPIONE Main pl ane of the substrate, ie, parallel
with the surface plane of the 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 el Embddd:heNtstaf tgerpeess&ré i nticot previdea thimtilnpphetovﬁheicfi rst and
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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 buik 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
exposure to light, the thin film layer converts light energy into an photovoltaic

30  output.



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 5 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 gbout parallel to the main plane of
the substrate. Wth these and ot her advantages 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 follow ng
detail ed description of the invention, the appended clains and to the

drawi ngs attac r.ai I - 'PW%§ e and
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invention. ;5- Fig, 3B|s a to iew of Fig. 3A. Figs. 4A, 4B and 4C are
top vi emgoéhe@%'ﬁg%@"\ﬁ)ﬁ%ecsﬁbc&%% according to a s further enbodi nent 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

is

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 photovolfaic 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 is ferroelectric thin film

phot ovol tai c device according to one qp%gdinent of the present invention.
Fig. 7B is a graph show ng the photovoltYage 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 %'bfééﬁglagﬁéyé%}’%?m%f | m photovoltaic device according to

one enbodi nent I'on. 25 -6- Fig. 9 is a graph show ng
t he photovol tage response of a ferroelectric thin filmphotovoltaic device
under different poling electric fields according to one enbodi nent of the

present invention. 5 Fig. 10 is a graph show ng the tyansi ent photovol t age
response of a Figsr #defB@ndi4C e OB ViewsHA \é\ﬂ)%l‘%ﬁ’a{t]%‘c ICAHAENIAP £ er ent

l'i ght fi npﬁ%ie})é i %ghp&f&@ﬁ{@gﬁ%{m@eﬁmdi ment of the present invention.

Fig. I1 is a gra OW ng ovol tage response speed of a 10
ferroelectric thin film photovoltaic device according to one enbodi nent of
the present invention. Fig. 12 is a m croscopi c photograph show ng
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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 photovoitaic 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 photoveltage 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- DETAI LED 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 fil @4 ayer, ; I i i 24
formed on a sug?gt' rga{gg gi%Bﬁ Isﬁiser| ﬁ]leg?tzml&g?ﬁeérb? %%thg%bgﬁgeggb%%ﬁ@q or med
on subst rfiitrepBotopoitaic devicehadeodiffeieoh poling electril fedds accordimatd omen | ayer
24. Interne%igte Hg¥%és 21, 22 %gg.ZS are not all electrically conductive.
One or nof@PREIMENGH 1Be PEETBHEVSIRIOLr ¢ situated on the top surface of
ferroelectric thin filmlayer 24. One of each pair of electrodes 25 is
situated apart io fromanother on the top surface of the ferroelectric thin

filmlayer 24. An electric field 28 is applied between each pair of
el ect riodes 25, Figo 19d$ ardraeh shewing theelrargientphatayoitaae iespapee oba. The
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to the feansekbeehioelimayest tRé.précsstridiagtidro thi s enbodi ment, when a beam of
is ultraviolet (W) light 26 illum nates the 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

the thickness £pf 14heal@apRehBeiid fhd S¥Gbvoladdicipbhbapbengyel tai ¢ device

according to e i ment present invention therefore overcones
t he lioni tferiostedttiathin dit photovaltaie géndceaotomsig ionene agwadisenbot the

t hi ckness-de epdent .nature of the conventi onal
present ihvention.

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 &
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 ferroelectric thin filmlayer is
polarized in a direction parallel to the nain surface plane 20a of

subst 1 at epgaipel JEERIPRIGNIGE THE PREFERREEFENBODAMBRTER! 1 0l ect 1 C

thin filmlayer. 'S avoi requirenment of formng a top el ectrode
covering the ferroel ectric thin fllmlayer as required in the conventional
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layer. Thing, RPMVERS4L e feB@EMBHIQ polarization 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 in the 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 according to another enbodi nent of the
present invention. In this enmbodinent, a ferroelectric thin film layer 34
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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

26 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
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 ment of a thin film photovoltaic device and its
fabrication nmethod. In the present eanylnent a ferroelectric thin film
| ayer 44 is forned on a substrate (not Shown). Two pairs of el ectrodes of
general ly el ongate shaped, are deposited parallel to each other, on
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46a, 46b, 46c¢ d, respectively. Each pair of se ﬂb 30 45a and 46a,
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showngin Fig. 4B. New electrical circuit 42 are then fornmed to connect the

tail of one segnent. s of the first el ectrode 45, t 45
to the head of Athid Tl FHE‘EHYO“%%S%'H??W?%@C%@é%t eti‘gcqr?ggét %b qqrg}nm *

exanpl e sguUrBRtH&E8RvamBgEE R $hétebnfiguration 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 48, 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 paralie! 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, 45¢ and 46c¢, 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 ment, generates a photovol tage 4% between first and second

el ectrodes 45 and 46, which is the sum 8f t he phot ovol tages generated by
each of the |nd|V|duaI photovoltaic units 41 a, 41 b, 41c and 41d. The 15

present f I i ved 398 9838HRMII/N.
Accordin i\%?f@h%oglﬁn@nwgg@{s %[Bhﬁ@h%@@ﬁ%@ 5B’ an% 5C, Ia
phot ovol tFéngC4lew ce has one or nore pairs of |nterd| gi taI el ectrodes 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

filmlayer 54. Ng\ﬁrété’éhéﬁltcﬁl‘&utﬂfﬁ F'd hahifemn&d td Eonh&utiRE téiﬂoﬁchﬁe seqment

ferroelectric layer 5 et ween adj acent fingers of the pair of ectrodes
55, whi chofahe findti ejaetcbdﬂ 4D gfon ediampde segmpat 4ba o the helaei aihe adimcent t he
ferroelectric |

conpri si ng4H ntarf{f%? SEEORNG Undg‘?(ﬁfo&et%é fgpt%@er)ﬁ Z%g%e%e'&t ecgé@%gh plﬁbaﬁew “

shown i n 28 kisg.to A dCave Wc@écﬁb?ﬁe&r@éﬂﬁ@él AR £ Bimilafinigingrhe
ferroelectric thin filmlayer I's polarized, the7pa|r of electrodes 55
gﬁmﬂ%f dLare

is divi deﬂcwﬁmgmmcbwdn@molgé 2 47y A © vt Vaic units

51 a, n e ently, i ndi vidual photovoltaic units 51 a, 51
b and 51 % 5?3(5%%%@@0&33@ by new circuit 52 in a manner simlar to that

showng n Fig. 4C. | ndivi dual photovoltaic units 51 a, 51 b and 51 c are
now connected in series. on Xposure to. a hot ovol t aj c
devi ce confi gu¥Ben &é%?léﬁerfﬁ Wy “SHE(T]@F§§€WP)’-QL@L“°@H8E%FP@NF oLt
phot ovol t 298 diRg td e hRAANt RSN LR ABYGEFhSVERSge 49 between first
and second electrodes 45 and 46, which is the sum of the photovoitages
generated by each of the individual photovoltaic units 41a, 41b, 41c and 41d. The

15  present embodiment therefore allows for a high photovoltage generation.

According to a further embodiment, as shown in Figs. 5A, 6B 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 paraliel 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 51c¢. 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, 51 b and 51c. 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 cogqqq;ed in parallel. A high

phot ovol t age and an i nproved photovoltaic power can therefore be obtained
by the present enbodinment. To illustrate a method of formng a thin film

phot ovol t g | [ ' ' ' j on,
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|l ayer, a 0.45 pmthick silicon oxide 31. The 'second internediate |ayer, a
0. 21 pm tindiddualpigctid cairghugaratas by pash pad dfrmdiagant dngess thet aegyer 31, by
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i nt er medi girethélelony B olthmdi 1y @ prebenBermbabimaed zirconia (YSZ) buffer

| ayer 33 of 200 nmthick, is fornmed on Si3N4 |ayer 32 by solution

deposition. To prepare the YSZ thin film Zr- propoxide is dissolved in

acetic acid t ' eyt ion.. Jheczi [ Al SaRe j 4y trium
oxi de by addi %8@%%@/?8?%%%85@95?%@95 ﬁg‘ig y@ﬁgtﬂéﬁ) ilt%&t%e s%?dggtr?@H%The
YSZ preecugsibodiodnttofdhei sredepbiiveationthe hizvRic3dbwmayreFig323Awn2iS3Bnid ti pl e

FT1 m | ayetS@HEs ShpEiR Rah Ry ROt ABS B PLICI R =i roonate |
titanate conposition, Pbos7Lao.03(Zro.52Ti0.48)B+x at.% W3 (x =0 -.1)
(PLWZT). Preferably, the value of x is selected between 0.2 and 0.5. 30
Ferroel ectri ¢ Alunfacetpniishedr 4-3achimydibmetiepad (EWD)byientated mingle-cexsitalt i on
met hod. 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 um-thick silicon oxide 31. The second intermediate
“layer, a 0.21 pm-thick layer of SisN4 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 SisN, layer 32 by solution depaosition. 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 SizsNg4 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 g71.80.03(Zr0 52 Tio.48)O3+x at.% WOz (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 chem cals 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 13 noe) is used as the solvent.

Pol yet hyl ene glycol with nolecular wei'ght 400 (PEG 400) is used as an
additive in order to elimnate 5 cracking. For the preparation of the

precur sor ' a hbg'ﬂH sol ved
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to room tﬁf@i&&dﬁém&gh{ @o@(ﬁeea&@é)%s\teéaeés,aﬁ aaamem orcféméewm&e s

di ssolved in 2 80C'for 10 'mn fol by cooling down to room
t enperzat u«:rack'ﬁk}eEer ﬁtmpmpmm:mwﬁmemfecmser aobzlednt iegdta@etatamdst | rred for

th 30 Th | ut d dt |
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The resultant stock solutions are refluxed for 30 min at roomtenperature.
Al l the neessslbystiong. aperingstirponstpicniemetriy gmeunt ebarcoiyBspher e i nside a
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rpmfar  20d seaooosis doaghtd pert tarsp@utuby et sdpata @dset, tRamiunut es,

followed by a heat treatnment at 580 C for 4 mnutes af t er eve thr e
coati ng c@@pwoxﬂ%ﬁfdfﬁ%ﬂlvw in&-meg ?E@O& €¥atq W@@M@dﬁbﬁ%@? ﬁheal ed

at 750 C fd¥im iEmBLRiiRe vhgsglarbov@h@o JoItRIns| S RRKaGbEE et Bha simlemfbayer 34
has a thlc ness
another 30 min. The solutlon 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 wit% 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/SisN4/Si02/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 & 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 ym.
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,
30 to form the negative pattern of the electrodes. Thereafter, an Au film of about 200
nm is 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,
foll owed by a photolithography process,, 0 to formthe negative pattern of
the el ectrodes. Thereafter, an Au film'6f about 200 nmis deposited to
cover the whole wafer area by a sputtering process. The patterned

phot or esi §lyaih ﬁ}ﬁf)ré@igthaﬁeh%n'ﬁ‘}{/éda%)ﬁéc@()néh%agﬂ@tthg%?e(ﬁ?‘(ﬁfé ?@B?P‘% the
-13- renmining photoresist, are renoved by acetoné€, [eaving the electrode

35 of thedeslexsi inéetdigitaépditgintai topadt fermetactiopPLBfZT Gyeo8kect ri ¢ PLWZT | ayer
34. During the preparation of the Au layer, a Ti layer (not shown) of about

20 5 nmmay be used to enhance the adhesion of Au el ectrode 35 on the

ferroelectric ; <CAQS I § TP hAREhon)an dbat,epdi gi t al
Au el ectrode 68%%&%%‘%@5%{%&%% YS%/%%?TNM S?Hgf?gi (100) nv)vaf er according

t o t hes abowemaytieodsadstostrhancerthetasihigisipreof Aip efectiontpl It P ihefertasedriect r ode
formationP @@gf%%;c field 38 of about 150 kV/cmis applied between

el ectrode b rgﬁd 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 tAdniceosoopicrhotoaram of an inierdigital Agueledrede B formethes and
propertie 0 t &l J r o i i of
Phe pr eseht N3 S SNSRI 0BT Haf o iERE (o S BOANT e Fomedr R, 2
mer cury XEigod | anp. The light intensity dependence of photovoltage
transi ent response 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, resuiting 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 famp.

The light intensity dependence of photovoltage 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 photovoitage 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 %_nVVch Fig. 7B al so indicates that
the photovoltage increase rate is hlgher when 30 the light intensity is

| ower. This is apparent when the |light density is below 0.25 mNcn2. Wen

the 1 ghtpl‘l&b%ﬁédeamoﬁea%léor‘é?e %%g%éga%eb Qvéltéqg ﬁ(é%mt&@@ of dfout 4.4 V

phot ovol t'age i ncrease rate 1s reduced. A oto magni t ude of about
4.4 V i sisdittaineddinded erlight Intgmﬂltwnft@mﬁt‘lyS ofWabolit 1.5 mWcnR. The
polarity of the output photovoltage is determ ned by the direction of the
5 ferroelectric polarization, and hence the electric field applied to pole

the ferroel ecthggoldiityof iHé‘&utﬁM?ﬁhot@\/g}taée R &SteRthmednsy Pleatiritbhadehe

transi ent responses corresponding to the two opposite ‘polarities for the
sanme test fesmgbtairic phamizatien, rafei kenad thet ¢leatrici flakd bapked tosp@elted i n opposite

changed bECF Gt A Sah It e Pragnis Ui BSbRRade o Eh it pBiet age
nmagni t udecdpedp &'I@ﬁ*ig% td the Mo%ﬁfosﬂbqﬁ!éﬂlt%éﬁoﬂﬁb bsmapeki &thple, whehari ze the

ferroelectric thin filmlayer. Another feature of the photovol tage devi ce
havi ng anfarmeée@fl@ﬂnlalﬂlr@|I@(ﬁrrf$>aéiedmtqpmsntarc@r@pﬂ@m%cFh@@éOf@a@e palapibat it

gener at es | o

devi ces. ‘I}flat&g F%gﬁéh"g%ié ?l}@luli ﬁ%&o@%gﬂ%%vo aggqﬁéag ﬁ‘—ﬁ% éidgﬂ rat Q(ijgy a
PLWZT; ¢t hi thatt itth@phbtmmmgbé aiagnitade ¢ higheh ifenhigihec tleatitc figldps appldabta 25 pm
under different i ntensiti The PLWZT thin filmis polarized by an
electric P‘P@F‘éeéh‘e% tralggtosth ‘ﬂf'ﬁ'ﬁd?b‘?fol tage of 7Vis 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

magnitude generated by a PLWZT thin film photovoltaic device with an electrode

gap of about 25 pm, 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?. 1t 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
pm 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 SiO,, SisN;, YSZ and PLWZT layers are basically the same. To



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 tq the two different directions of the
poling electric field. Fig. 11 also dendbnstrates that photovol tage devices
exhibit symretric performance in opposing photovoltage polarities when

applylng [ own in
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above. I M@afblrmkjdm a shettgnmpar lahogmaphyrawes dftafff ploee$s.O2, Si 3N4, YSZ and

PLWZT | ayers are basically the sane. To -15- prepare the electrodes in a
different configuration, a pair of Au electrodes 45 and 46 is forned by a

sputtering, a Wﬁé}Pﬂﬁ@R&Hm@%@ e fbike®bb sﬂb%ﬂﬁﬂﬁg"ﬂ)@%rﬁéle@krﬁﬁﬁél@@#s are
formed as shown in Fig. 4A, an electric field about 150 kV/cmis
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Thereafter, another photoresist layer is dep05| ted by a spin-coating
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and 4@a, digtfollchged bﬂr@th efchiry tmaformofpammmon $h¢ 45 cdetbolales4Fbamchd646b,

45¢ and 46c¢, 45d a for i,.ndi yi du phot ovol tai ¢_uni w A1b,
416 and. 41e1ce A ARGMGA of Flebases iE 456l 46 FISPEMets dada S ofiy R s ae
di recti omyn g6 Ne8M 4dk, 4bd, @&n‘&fmréié@jméﬁf@mlsagar{dwemwaﬁéu%b figg M ng
t he openi ngs between the pairs
and 46c¢, 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 463, 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 tq _photoresi st are renoved, thereby
form ng connection circuit 42 which connects segnents 45a, 45b, 45c, 45d
and 46a, 46b, 46c, 46d in serial, as shown in Fig. 4C. 25 It should be
appr eci atlﬁ%r& E}ﬁél QQ&H’Q % K¢ Hle%lo%e%iﬁh%‘@hb\ﬂr %n%thé@aﬁﬁcyateéle‘?ébtﬁﬁje
prepared | 0cedg STl ar 16 ustratea above. Fig. 12 shows an

el ectr Odépaﬂﬁirheif@ sHotevdttaiZ depbotaacotdiag to dduwitioer eaﬁﬁocﬂaamntcaﬁmblacmmen ng
to an enbodi nent of the present mvené}l on.
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46.5 .Y i 48PSt abasratdyt hough enbodi ments of the present invention have
been il lustrated in

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 15 enbodi nents di sclosed, 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
followng clains. -17- CLAIMS 1. A thinjifil m photovol taic device,
conprising: a substrate having a nmain surface plane; a thin filmlayer
formed on €hAIM® n surface plane of the substrate, wherein the thin film

| ayer is to convert light into electricity to generate photovoltaic
outputs; first and second el ectrodes forned on one side of the thin film

| ayer; and.an el @gh 6 pholoacitdatewdee, komprengn the thin filmlayer in a
direction about parallel to the nmain surface plane of the substrate
bet ween the firsta uheralebamee 2 BpEcirBees™Sherein the first and second

el ect rodes are (o, gl hiiek LS RICPHRLLA QL b or 12 suFlgclevi ce as

recited in claim1linc urality set o irst and second

el ectrodes each setwhesaii fig: thin filndiayerds & cqokalighamnicosicctubier ®i genelate

i ndi vidual polari z}a}i ons are electrically connected in series. 3. The
device as recited iUTLACLHRYErein the first and second el ectrodes are

el ongat e in shapesang REHd Gbctlo@eLREMObABe siMBBT B fhih TBmflhye&taind  second
el ectrodes conprise fingers which are interdigitally disposed wwth respect

to each other. 4. adectdepoledzaioniferiadad thathin ainmayer insetiesiction peout paralleli | m
layer has a first Sggiqﬁe Px{qglrsul;feagg blah&de ks A AN Ry SRGROH 8 L sdcBnf ONt ACt

t he substrate, wher
electrodes;

wherein the first and second electrodes are to collect the photovoltaic outputs.

2. 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

polarizations are electrically connected in series.

3. 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 clectrodes comprise fingers which are interdigitally disposed with

respect to each other.

4. 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.

5. The device as recited in claim 1, wherein the thin film layer is a ferroelectric

thin film layer.

6. The device as recited in claim 1, wherein the thin film layer is a ferroelectric
thin film layer, and the ferroelectric thin film layer is electrically polarized in
the direction about parallel to the main plane of the substrate by applying an

electric field.



first and second el ectrodes are forned on the first side. 5. The device as
recited in claiml1, wherein the thin filmlayer is a ferroelectric thin
filmlayer. 6. The device as recited in claiml1l, wherein the thin film

| ayer is a ferroelectric thin filmlayer, and the ferroelectric thin film
| ayer is electrically polarized in the direction about parallel to the
mai n pl ane of the substrate by applyingign electric field. -18- 7. The
device as recited in claim®6, wherein the ferroelectric thin filmlayer has
a conposition of W)3-doped | ead | ant hanum zirconate titanate (PLWZT). 8.

The device,as rgcited in_claim e

Pbo. 97Lao. 03( Zr %‘108 aﬁéﬁcl’ﬁqr%l% %ﬁ%\%feﬁvﬁ% 8e Cﬁhlgq}lglsl%%%rv}\%%n 0 and
1. 9. The devi c@ecca@pdsi@@htowvwdqbem IBaBlanthbue izitconaicstitaedteROWE T, and 0. 5.
10. The device as recited in claim®6, further conprising at |east one

internedi ate | ayer formed between the substrate and the ferroelectric thin

filmlayere 11. Theh&vf%%\ék Y’%ﬂ%& il 86k §%wh&eit Rl 08 Orﬂé&sni’&iﬁ%e' n the at |east one

i nternedi ate |ayer Inc es one or hore of S 3N4, YSZ | ayers. 12.
The device as r}ﬁsygﬂe@m(}l‘r@,gﬁm_q@m?wamrw%r(PLﬁbZ”ﬂ)ewhmeirectsrhetw¢eln|Oranfdl I.m Il ayer
has a thickness of not nore than 10 mcroneters. 13. The device as recited
in claiml, wherein the substrate is a single crystal silicon substrate.

14. The deyice de%?dea@?'cdzﬂéd%é‘l‘aiﬁ@ ww%h@lrsbwe%loszmwspl urality set of
el ectrodes formed on one side of the thin filmlayer, wherein the plurality

set of electrodes forma correspondlng plurallty of photovoltaic units. 15.

Iglet gew ce OaS r"ﬁ?' &e%gcelars] rgc1ted n g‘l%im\éhﬁlrt%erncowp%s ng at%as% gn of photovoltaic

intermediate layer formed between the substrate and the ferroelectric thin

film layer.

11. The device as recited in claim 10, wherein the at least one intermediate

layer includes one or more of Si0,, SizNs, YSZ layers.

12.  The device as recited in claim 6, wherein the ferroelectric thin film layer has

a thickness of not more than 10 micrometers.

13.  The device as recited in claim 1, wherein the substrate is a single crystal

silicon substrate.

14.  The device as recited in claim 6, further comprising a plurality set of
electrodes formed on one side of the thin film layer, wherein the plurality

set of electrodes form a corresponding plurality of photovoltaic units.

15.  The device as recited in claim 14, wherein the plurality of photovoltaic units

are electrically connected in series.

16.  The device as recited in claim 14, wherein the plurality of photovoltaic units

are electrically connected in parallel.



are electrically connected in series. 16. The device as recited in claim
14, wherein the plurality of photovoltaic units are electrically connected
in parallel. -19- 17. The device as recited in claiml, wherein the first
and second el ectrodes are positioned spaced apart from each other along a
direction about parallel to the electric polarization. 18. A nmethod of
formng a thin film photovoltaic device,jgconprising: formng a thin film

| ayer on a substrate, wherein the thin filmlayer is to convert light into
electricity to generate photovoltaic outputs; formng first and second

o potrodes on o A0S SLe e Tl VAL oL BOGDELRG, e U

filmlayer in 0 a surface plane of the thin

filmlayer; whefgpssitiiRdishiced pnd isacert oflcealongdesreatien ducol | ect the
photovoltaic outputs. 19. The nethod as recited in claim 18, further

conpri sing: di viagliehtocthe glestricnpdarizatian. el ectrode and the second el ectrode
into at |least two segnents; connecting one segnent of the first el ectrode
wi th one segnment of the second electrode. 20. The nethod as recited in
claim 19, wher eh mdiiel §f foshinglaehinrfddeptansolthie desieeomdipelsegt r ode are di vi ded

20, “wher oi n 't he cPEBREVGSGR AT FYEIIGHRORFRIEHER e 10 TR 58 o e |
connected in seri es, Ry cRBNGHLI MGl 6!x8AdHhR PRotoEBAB BLGus;
forming first and second electrodes on one side of the thin film layer;
and
polarizing the thin film layer in a direction about parallel to a surface
plane of the thin film layer,
wherein the first and second electrodes are to collect the photovoltaic

outputs.

19.  The method as recited in claim 18, further comprising:
dividing each of the first electrode and the second electrode into at least
two segments;
connecting one segment of the first electrode with one segment of the

second electrode.

20. The method as recited in claim 19, wherein the first electrode and the

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

21.  The method as recited in claim 20, wherein the electric polarizations in the
thin film layer are connected in series by connecting the electrode

segments.

22.  The method as recited in claim 18, 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.



22. The nethod as recited in claim 18, wherein the thin filmlayer has a
first side for receiving |ight and a second side to contact the substrate,
wherein the first and second el ectrodes are formed on the first side. -20-
23. The nethod as recited in claim 18, wherein the first and second

el ectrodes are interdigitally disposed with respect to each other. 24. The
nmethod as recited in claim 18, wherein_tthe thin filmlayer is a
ferroelectric thin filmlayer. 25. The nethod as recited in claim 24,
further conprising, after polarizing the ferroelectric thin filmlayer by

an el ectrig, fi ei“lgetrﬁgt'ﬁo ggrecn%cfilﬁgt.{]al%h fv&‘he? n 9, tsa%ﬁggéjo ﬁle?&ErBQ es, \éaryi ng

el ectrical ™ connection SVOltarc out puts. 26. T

met hod as reci ta&émtérd(gltallyrﬂ&gosmﬂete@pdchea eableothrer.c pol ari zations in the
ferroelectric thin filmlayer are connected in series by dividing the first
and second el ectrodes into separate segnents and subsequently connecting

the segmenjs of i etfhb 84 rRltEF i Qﬁam%eﬁé%ﬁth%%%ﬁma?& it he second

;
el ectrodes after t ectrlc po |ng e method as recited in claim
26, wherein the&ﬁndsﬂnaﬂdnéémdmﬁwelectrodes are divided into separate
segnents by an etching process. 28. The nethod as recited in claim 26,
wherein the el ectrode segnents are connected by a photolithography process

fol l oved bys a ttidmbinbagdaRAsd i Qfim B, 9GBRS cRPrisink/ diter pbariPigeiRSS -
ferroelectric thin film layer by an electric field applied through the first and
second electrodes, varying electrical connection for collecting the

photovoltaic outputs.

26.  The method as recited in claim 25, wherein the electric polarizations in the
ferroelectric thin film layer are connected in series by dividing the first and
second electrodes into separate segments and subsequently connecting
the segments of the first electrode with the segments of the second

electrodes after the electric poling.

27. The method as recited in claim 26, wherein the first and second electrodes

are divided into separate segments by an etching process.

28.  The method as recited in claim 26, wherein the electrode segments are
connected by a photolithography process followed by a thin film deposition

process and a lift-off process.



