WO 2011/129766PCT/SG2011/000141 1 A PHOTOVOLTAIC UV DETECTOR TECHNICAL FIELD
The present invention relates to photovoltaic UV detectors. 5 BACKGROUND Ultraviolet (UV) rays
generate pronditht8H@é¢ts on many things, including material structur®§ Hr@2pruf8Hiks, chemical
reactions, micro-organisms, and other living things. Ultraviolet (UV) irradiation has been widely used in
many applications such as materials processing, stelilization, and medical treatment. In these

applications, UV 10intensity has to b full I ing.in a need for UV intensity
monitoring and dosage measuremen L%@r%tﬁé?ﬁ@r@ggun ight'has also been found to be a major

cause of skin caf&eiMEAhihELB e cataracts, solar retinitis and corneal dystrophies. However, a small
15 amount of UVhis hesweficiadiitind eaasasgbntabfiaictby peaduetion of vitamin Din human beings. In
addition, because of the variability of skin type and health condition between individuals, UV exposure
levels that may éggzz ﬁigggfigant damage to one person may be benign and even beneficial to another.
Therefore, it IS for individuals to be able to monitor and manage their own UV exposure
using personal pirexisiet (v Dayeasngaie ARG P4 RgsteRistgYIvngetiete s 9 PRIRsi! detectors are
commonly utilizeluatutdy and yedpadgits dihertictheingieat SensitingéyisBischnd dtiprditony tedgstors have

traditionally bee@llqgnggp(w%py@aqgiﬁgg g@ﬁsﬁgelgq,gégl)ﬁ ,ggm%@ggggrgrg@mggoelectric. Due to 25

their quantitative measurement capahjlity, semiconductor photoelectric detectqrs are yery competitive
for precise UV d‘é?&e&%n? {=F i) a%)e/,”{f)zﬁyg?g\’/g afgesé?%}i%ggﬁ‘ue&tolnc?g?és’ce:t%?@ ' % rEgsénse\)r/ate an electrical

output by difectiptestiydirig bacestiticontplsdints diseinanesrdadianisnEbURBER s e in principle,
no electrical biasnis desigiseskabhisnadtatws for continuous UV monitoring and dosage measurement with
low or even 30no power consumption over a specified period of time. The basic working principles of a

photovolialc seriondsior ths CEiesioh s NSRBI EIGS Ao PIPLATIAFS, 1 (ror an

_UV-detector-1: tRIaNGn Y8 SRRSO IBAlRC Evtisitin Rl SOMRREXRIFRRNRfo FREVBR AvERA a p- 35type
semiconductor haaund cfUv -ty pensitialcoddwetosskdn ettty eré@rchiotedfeitefth® im human
beings. In addition, because of the variability of skin tybe and health condition between
individuals, UV exposure levels that may cause significant d‘amage to one person may
be benign and even beneficial to another. Therefore, it is also desirable for individuals
to be able to monitor and manage their own UV exposure using personal portable uv

20  detectors.

Among various existing UV detectors, photon detectors are cémmonly utilized at UV
wavelength due to their great sensitivity. Such UV photon detectors have traditionally
been divided into two distinct classes, namely, photographic and photoelectric. Due to
25 their guantitative measurement capability, semiconductor photoelectric détecto’rs are
very competitive for precise UV detection. Particularly, photovoltaic semiconductor
detectors that generate an electrical output by directly converting UV optical energy
into electricity are advantageous because in principle, no electrical bias is required.
This allows for continuous UV monitoring and dosage measurement with low or even

30 no power consumption over a specified period of time.

A fhe basic working principles of a photovoltaic semiconductor UV detector are
illustrated in FIGS. 1 and 2 (prior art). FIG. 1 (prior art) shows the working principle of a
-UV-detector-10-having-a-phetovoltaic-effect-at-a-p-n-junction-12-formed-between a p-
35  type semiconductor 13 and an n-type semiconductor 14. When the Fermi Ievgl of the n-



2 type semiconductor 14 is higher than that of the p-type semiconductor 13, electrons diffuse from the
n-type semiconductor 14 to the p-type semiconductor 13 and holes diffuse in an opposite direction.
Thus, a positivel9 2naigedéregion and a negatively charged region 12 are€gvataei abaidlinterface of the
n-type semiconductor 14 and the 5 p-type semiconductor 13 respectively. This electrically charged
region 12 is typically called a space charge region 12 or depletion region 12. An electrical field 15 is
thus established at the interface 12 with the direction d)omtlng to the p-type semiconductor 13 from the

n-type semicondVRASFTAAS KHAWIA. inbigaraihgnharPER rdRa feRRRErvaTe PREIGIRed. When the
p-n junction 12 idifisedizae dhby+-tywel gimiddndohtorotirid troepHtyPe hemgeondudlerd Tenddrigiag photo-induced

electrons 16 andmhsmr@dw&@.ﬁqiﬁ&&anammi%dsm@wM&ge@%ﬂ@mﬂ%@m@@shown under the
electric field 15. onsgge entI und ar th % |rr tlonéé?éln electncalrgaote(nrtl@ cgﬁnerated as an

are SBG Semico ?1
electrical output ver their e ectro a an nor art) shows the worklng principle

of another BV d@t@&?o?%cﬁﬁq}fﬁtjr %Fﬁﬁ‘éﬁfo?fﬁ'i’(: "éﬁé@teé‘f’ﬁ%?a?@@ﬁﬁﬁgﬂﬂL]Etﬁrtifﬁﬁé%n formed when
an n-type semicosigdetop®4 cuantross@miStat @8pigiitn aciongaiRwirlelstritibfietthah htaus-type

semiconductor ?eetaBtte\mmenﬁB%b@ﬁemnt@réailt&tm eneﬁgg/taﬂeiﬁaﬁp@s@ﬁt&ﬁe@oﬁlectron at the
Fermi level to thegvf%o]o%m i) %g nt|h£ r@%&frﬂe} 43% tﬁ &edl %r &ot ognof F‘I’ée metal 23, the
C ert gt 8 nge/e the two

Fermi level of the n-type se onauctor 24 Is hi e meta

materials 23, 24°3FasiisdoRTSe: Wihan ‘f?ﬁé’rfh%‘@cﬁgn é?e'étt’é?ﬁjéaéﬁﬂ‘ﬁgyﬁoﬁmtne Hh@Bé“Qlé?ﬁﬂ:onductor 24
to the MetdlGandchalgs diffaseamarsbp pbsiteitirseti Glechope Jitivedpate-ioberehaesolT 2@ is thus

formed at the n- Bfﬂ@oﬁﬁﬂﬁ@@%b‘ﬁ&ut%d%bﬁb%éwm&’& tﬁéete&eehbnemselectrical field 25 is
established 25a t(p YR ég; t”rgét rth r ion_pointing to the
metal 23 from the R%ty Lse s%rsrilfl;g])n uctor ga as%sﬁtown %%o%qﬁ‘%g?aan el %’trfga?%nergy barrier known

as a Schottky b&’ﬁ@??@'m&%‘t‘fﬂéqﬁ'{e‘fﬁé@% PREPAE: layer 23 also functions as a first

electrode. A second electrode 3023a is provided at a surface of the n-type semiconductor 24 opposite
the interface 29 FYghepte Mpiabwe cRbHINgtBridRRleM B ieadiaigsidersidd Highkd 4, photo-induced
charge carriers %RQ?RI&%H‘Q&“&% E‘%B&?Qe%‘?c% 89&%%9&%%?&%&%%% QiR 27 are drifted along

two opposite directions as shown. Conseq uen under UV Irradiation, an

_electrical- poterfﬁﬁ?'?grljeﬁ‘@‘?%e@%@%aé@ﬁjlg fﬁmﬁd?rﬁgrWé‘fﬂ@ﬁ“%"é@ﬂ'oﬁﬁe“iéoﬁnd 3523a. A
similar Schottky dsandencantsnioiteoleric fafieion damatedabis Sty whered tprevv®e an

2011/129766P CdiéSifor G 4§B6kft Jevel to the vacuum outside the material. With the larger work

20  function of the metal 23, the Fermi level of the n-type semiconductor 24 is higher than
that of the metal 23, and once the two materials 23, 24 are in contact at an interface
29, electrons diffuse from the n-type semiconductot24 to the metal andA holes diffuse in
an opposite direction. A positive space charge region 22 is thus formed at the n-type
* semiconductor 24 near the interface 29. As a result, an electrical field 25 is established
25  atthe n-type semiconductor 24 near the interface 29 with the direction pointing to the
metal 23 from the n-type semiconductor 24, as shown.

Accordingly, an electrical energy barrier known as a Schottky barrier is formed at the
interface 29. The metal layer 23 also functions as a first electrode. A second electrode
30 23ais provided at a surface of the n-type semiconductor 24 opposite the interface 29.
When the metal-semiconductor junction is irradiated by UV light 11, photo-induced
charge carriers comprising photo-induced electrons 26 and photo-induced holes 27 are
drifted along two opposite directions as shown. Consequently, under UV irradiation, an
_electrica!potential-is.generated-as-an‘etectrioal»-output-28—over~'their‘e‘lectrodes 23 and -

35  23a. A similar Schottky barrier and photovoltaic effects can also be expected when a p-



3 type semiconductor material contacts a metal with a relatively smaller work function. The
semiconductor photovoltaic UV detector 10 has advantages in terms of being able to generate a large
current and ha¥fgoalHR§fcbesponse speed. However, for 5 applications r8guiiserRyddMtituous UV
monitoring and UV dosage measurements, such performance properties are not critical. Instead,
several problems have been noted, as given below: 1) As the most commonly used semiconductor
material for UV detectors, silicon is not 10stable under intensive UV irregi{i?ation over a long period of

time. Consequelf§, SR N BRI BRS Fetideb e AR APl Eng A &t5HoB ten deteriorates

over a long irradiation time. Most metals typically used in UV detectors are also unstable under
continuous UV imagéatiotoidaibrpastihelmetal setaieanduciosdehatiky ik \éirterteng@pibe metal layer

23 is directly eXP&&&%F&éQﬁJ%@@&%M%H%@M’%%m%@@@ M@@éﬁ%?aﬂ lead to serious

deterioration of the photovoltaic UV detectorPZ\E rmance. In addition, metal 23 often has poor
g

transparency fof PRIFAYRTS ESHERE SO roh PRI IE Yo B3 S MRS R FiSDer 23 with a
thickness of 100P#eTsaBeSRIvAAMIEH a2 CTitkaliagierd devsrahuqhirits sitaiessntpieddisage (called
photovoltage) isgiveii®éidy: the height of the energy barrier at the interface, which would be the

Schottky junction 29 between the metal 23 and the semiconductor material 24, or at the p-n junction

12 for the photoygltaic UV detector 10 using two semiconductors 13 and 14. For both the Schottk
junction 26 and the BSUPR SRS THe RELYRRI BRRliFiE HRrF oS, e SP 5 LapaIBE PR electrons 26,

16 and hol&8 2 7stEplipyRdesiensyete/ dpadiation age Fdejio ReiRd Phiniareorredteody. There is no electric
field in the bulk pegiamadidier stiticONdistéotourkiér ddoag Siieribrtrpadechakgriagions?2, 12. (3) For

some applicatiogg, i AesANImIOMIS AL AR IKBRALARGS 9 litclRemicanduciapmaterials for

mproving the eleciical iving gy, 21 e, Pheteuelia B deteetor for any el ireutt

detector 20, the metal layer 23 is directly exposed to the incident UV light 11, and any

15 material instability can lead to serious deterioration of the photovoltaic UV detector 20
performance. In addition, rhetal 23 often has po'or transparency for UV light. For
example, UV light transmission for a polycrystalline Au layer 23 with a thickness of 100
nm is less than 1%.

20  (2) The magnitude of the photovoltaic output voltage (called photovoltage) is limited by
the height of the energy barrier at the interface, which would be the Schottky junction
29 between the metal 23 and the semiconductor material 24, 6r at the p-n junction 12
for the photovoltaic UV detector 10 using two semiconductors 13 and 14. For both the
Schottky junction 29 and the p-n junction 12, the internal electric field 25, 15 that
25  separates the electrons 26, 16 and holes 27,17 only exists at the space charge region
22, 12 of the interface. There is no electric field in the bulk region of the semiconductor
24, 14, 13 outside the space charge region 22, 12.

(3) For some applications, it is desirable to increase the impedénce of the
30 semiconductor materials for improving the electrical driving ability of the photovoltaic
UV detector for any external circuit. '

SUMMARY |
~The-photovoltaic-UV-detector -described-in-this-application-combines-the photovoltaic

35 effects of a bulk region of a material used and of at least one interface between



-The-photovoltaic-UV-detectordescribed-in-this-application-c-ombines-the photovoltaic 35effects of a
bulk region of a material used and of at least one interface between WO

2011/129766 PEI?EEPHIH/000141 4 materials used in the photovoltaic BYTdiB##THe combined
photovoltaic effects constructively contribute to the electrical output of the photovoltaic UV detector
under UV illumination. The photovoltaic UV detector4£omprises an electrically polar dielectric thin layer
with an electrical polarization, i.e., an electricallg polarized dielectric thin 5 layer, and an electrical

energy barrier aFaiHak PR fat e Al tagtidaARpul ¥ FrBERIA ‘?¥°g?&jﬁg€ﬁﬁn the bulk of
the electrically poksinstiveie ksetributeitol heeelactdcal satwn dieter picdd \wiigiu UeT qshetiovoltdge is produced
at the electrical guengyiRaisierakthobaieliaUntesiaas: ddipresond aReiEng! kPUlRagia same
polarity as the figgh aloeviga oiu.dig elesiocal ouputef dne igiousinie ¥ delgetqrbeing & sum
of at 10 least the first'electrical output and the second electrica out% t, the first photovoltage and the

second photovdR%ge & tEREN t%@%BﬁWﬁMéﬁS‘ﬁﬁ@lgﬁ?ﬁéﬁ%’ﬁIfﬁﬁtt%??K@%ﬁﬁmcﬂfaic uv
detector under BRoienetEatGs PRdeceh dtdhve helic df Wialetsticallp btiwriprd séaktdiniedhitidayenapdcomprise a

ferroelectric thinab2day@bisttraielestiasplaybry & brldomdeleaieasietayeersryyhishigath the
ferroelectric thinylayerand {hedgp.elrelrode, | Y&%&RQ@P '&t%JPhﬁéé' é’*ﬁ&lﬁé’ %&gng}gﬁ”e%ﬁ‘f%ﬂs‘{de of the

work function of the bottom electrode material is larger than the wor fungtlo the ferroelectric thin

layer and the tof STEERUEPH BRI 24iPst elEmpairdia Lty #riretes hrbgiasma Frbtovoltaic UV
detector cdfifiguredttihe)éirst eieetrinaleteipmriciicbtig secandeslesVidalamlimtibrineriesb b tdwaltags UV detector

comprising a firsihtyes seis ishHitasnaieaticathynprlatiznd dialeckdadhie laxereandigpredsto generate
a first electrical {?ulétBH&tb\/’ﬂSfctU@ Wy.kradiationnand gascond layer configured to form an electrical

energy barrier at an interface between the second 25layer and the first layer so as to generate a
second electrical output under the UV irradiation, the second electrical output having a same polarity
as the first electficabbetpyattaindéideiadtei o thp wresemidnpeniiov oiexicopivride e itordledtry thisum of at least

the first electricadyautaubperdingis esendrlatbtehdiipridsRbe ifinshilessticthie ldrraRrised in the first
ayer may be anipAeLIR halartRe:Le gl cahiallicatiBdadicdishinetatie lishlavens a

pyroelectric layer, or more particularly, a ferroelectric thin fi photovoltaic UV detector may

further comprisé‘8hiYa}eP haéa i £'8aiRA%B7i95Thi frserainar dppusts HstiPRe?dte between the
first layer and tHermeigniiir hireleygi@nd the top electrode material.

20 In a first exemplary aspect, there is provided a photovoltaic UV detector configured to
generate an electrical output under UV irradiation, the photovoltaic UV detector
comprising a first layer comprising an electrically polarized dielectric thin layer
conﬁgured to generate a first electrical output under the UV irradiation; and a second
layer configured to form an electrical energy barrier at an interface between the second

25 layer and the first layer so as to generate a second electrical output under the UV
irradiation, the second electrical output having a same polarity as the first electrical
output, the electrical output of the photovoltaic UV detector being a sum of at least the
first electrical output and the second electrical output.

30  The first electric field comprised in the first layer may be antiparallel to a direction of |
electrical polarization in the first layer.

The first layer is a pyroelectric layer, or more particularly, a ferroelectric thin film.

The photovoltaic UV detector may farther comprisé a third [ayer formed oh a surface of
35 the first layer opposite the interface between the first layer and the second layer, the



5 third layer being configured to function as a first electrode. The second layer may be a metal layer
and the electrical energy barrier may be a Schottky barrier. 5 The third layer may be a conductive
oxide layer having a smaller work function than the metal layer, and wherein electrical polarization in
the first layer is directed from the metal layer to the conductive oxide layer. 10The conductive oxide
layer may comprise (La,Sr)Mn03. Alternatively, the confluctive oxide layer may comprise indium-tin
oxide.  The first layer may be an n-type material and the metal second layer may have a work
15function largdhitddaytreoaiogkchniigiioeddbthendiisn layerfiFhelentstaddayer may have a work function
larger than 5 eV. The ferroelectric thin filrn may comprise (Pb,La)(Zr,Ti)03. 20 The ferroelectric thin
film may have a_ composition of (Pbo 971-ao 03)(Zro ooTio 48)03 and the metal layer may comprise
Pt. The metal la}/&F P59 5L Y LIRLA5 AT RN fH4) e/ RIS I L BESF iebfoBlectric thin
film may be polctystailiberr@rit may be an epitaxial thin film. The second layer may be configured to
function assa second electrode. 30The second electrode may be made of an inert metal that is stable
under UV irradiation.

The third layer may be a conductive oxide layer having a smaller work function than the

metal layer, and wherein electrical polarization in the first layer is directed from the

metal layer to the conductive oxide layer.
10 The conductive oxide layer may comprise (La,Sr)MnO;.
Alternatively, the conductive oxide layer may comprise indium-tin oxide.

The first layer may be an n-type material and the metal second layer may have a work

15  function larger than the work function of the first layer.
The metal layer may have a work function larger than 5 eV.

The ferroelectric thin film may comprise (Pb,La)(Zr, Ti)Os.

20
The ferroelectric thin film may have a composition of (Pbg g7L20.03)(Zro.52Tio.45)O3 and the
metal layer may comprise Pt.
The metal layer may be an epitaxial thin film, or it may be polycrystalline.

25

The ferroelectric thin film may be polycrystalline, or it may be an epitaxial thin film.

The second layer may be configured to function as a second electrode.

30  The second electrode may be made of an inert metal that is stable under UV

irradiation.

Alternatively, the second layer may comprise a semiconductor layer and the electrical
energy barrier may be a p-n junction barrier.
35



Alternatively, the second layer may comprise a semiconductor layer and the electrical energy barrier
may be a p-n junction barrier. 6 The photovoltaic UV detector may further comprise a fourth layer in
contact with a ¥#H#4¢E181%e second layer opposite the interface betweePtH& 8t 1898 hind the
semiconductor second layer, the fourth layer being configured to function as a second electrode. 5 The
first electrode may form an ohmic contact with the firét layer and the second electrode may form an
ohmic contact with the second la Alternatively, the first electrode may form a first Schottky

. er, . .
barrier with the fir& PRAOSVaIRICI Vi AREYIRRY SHEBRLRIRTSS Aol BYBbRESEAME Barrier with the
second layer. Asusteca ot theleccond avse dopotite thssin®dacttkgtivaeridnesditet sayeelendribeield comprised in

the second Schetikichbaiiorsesohe|a)iged wikhthgstisdirlectigdieltanmdoih ibe seepad electric field.
1C 1-1 The third,|ayefynay comprise a metal oxide. The ferroelectric thin film may-comprise a metal

oxide. 20 The photovoltaic UV detector may further comprise a substrate upon which the second
electrode isFormed. According to a second exemplary aspect, there is provided a method of forming a
photovoltaic UV detéstoriettiodnattioidrooamisimepntagidiity tdifisitiayer arartigrigingndn 25electrically

polarized dielectiscthidelaxgrieaniia yratdeoaaperataim fisdonlerideal output under the UV irradiation;
and providing a second layer configured to form an electrical energy barrier at an interface between
the second layer and the first layer so as to generate a second electrical output under the UV

irradiation; such YT Ye 5T RigtHe? SiRpr RS S3rntn harsradtiasrist ériArdl output and

the electricH!  the second electrode may form a second Schottky barrier with the second layer.

An electric field comprised in the first Schottky barrier and an electric field comprised in

the second Schottky barrier may be aligned with the first electric field and with the

. second electric field.

15 ,
The third layer may comprise a metal oxide.

The ferroelectric thin film may comprise a metal oxide.

20 - The photovoltaic UV detector may further comprise a substrate upon which the second
electrode is formed.

According to a second exemplary aspect, there is provided a method of forming a
photovoltaic UV detector, the method comprising providing a first layer comprising an

25  electrically polarized dielectric thin layer configured to generate a first electrical output
under the UV irradiation; and providing a second layer configured to form an electrical
energy barrier at an interface between the second layer and the first layer so as to
generate a second electrical output under the UV irradiation; such that the second
electrical output has a same polarity as the first electrical output and the electrical

30  output of the photovoltaic UV detector may be a sum of at least the first electrical

OUtput and the second electrical output.

Step (a) may comprise depositing the dielectric thin layer on the second layer, and
electrically polarizing the dielectric thinlayersuch that a first electric field comprised it

35 the dielectric thin layer has a same direction as a second electric field comprised in the



30output of the photovoltaic UV detector may be a sum of at least the first electrical output and the
second electrical output. Step (a) may comprise depositing the dielectric thin layer on the second
layer, and electv{zaiiy/pwiarizing-the-dielectrinhinlayersuch thata firstelettit@fieddzetvngrised1rl 35the
dielectric thin layer has a same direction as a second electric field comprised in the WO
2011/129766PCT/SC2011/000141 7 electrical energy barrier at the interface between the dielectric
thin layer and the second layer. The method may further comprise depositing a conductive oxide
layer on the dieleléfiicatRieIey b prioH tHIEetiRea RpsRItiviA gitirstrdhie iAetfpdifirer, the conductive
oxide layer beingeadiistagkectrode. The method may further comprise introducing substitutional low
valence ions in the dielectric thin layer to produce a p-type dielectric thin layer. 10 Step (b) may

comprise deposifing a metal layer as the second layer on a substrate, the metal layer being a second
electrode. Alteilhfﬁvg@?é e%yéufglﬁﬁéyt}o@oor%er%gep %Séb'??sﬁi%od'd}?gé?ﬁ’ﬁ'gﬁg dsA %gc%YﬁEi& U&ctrode on 15a
substrate, afd dépd3ahgrederpiRrGrdi¢rRiaEzas e gieladioiin layes B aadvrive exifer. According to a
third exemplary agpestinthe fesissferanaded a UV detection method comprising exposing a photovoltaic
UV detector to UV irradiation, generating a first 20electrical output under the UV irradiation in a first

layer of the pholgyoltale Y, delcclar: denerauna,a secondslecsal outputunder g UV iradiation at
an electrical energy barrier formed at an‘interface between the Tirst Tayer and a second layer of the

photovoltaic UV HesEiDENiha¥ss & RPEIe & R-ARSASIRCHIR NG la¥8ame polarity as the first electrical
output; andl8umming at least the first electrical output and the second 25electrical output to produce

an electrical 0“@%&&55%9@9&%@@@5&%@?%@5!%& as the second layer on a substrate, the

metal layer.being a second electrode.

Alternatively, step (b) may comprise depositing a metal layer as a second electrode on
- 15 & substrate, and depositing a semiconductor iayer as the second layer on the metal

layer.

According to a third exemplary aspect, there is provided a UV detection method
.comprising exposing a photovoltaic UV detector to UV irradiation, generating a first

20  electrical output .under the UV irradiation in a first layer of the photovoltaic UV detector;
generating a second electrical output under the UV irradiation at an electrical‘énerg’y
barrier formed at an interface between the first layer and a second layer of the
photovoltaic UV detector, the second electrical output having a same polarity as the
first electrical output; and summing at least the first electrical output and the second

25  electrical output to produce an electrical output of the photovoltaic UV detector as a

representation of amount of UV irradiation.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described, by way of example only, and with reference to the

30 accompanying figures in which;

FIG. 1 (prior art) is a schematic diagram of a UV detector illustrating the working
principle of the photovoltaic effect at a p-n junction formed between a p-type
~semiconductor ‘and a'n-type semiconductor”
35 ’



representation of amount of UV irradiation. BRIEF DESCRIPTION OF THE DRAWINGS The
invention will now be described, by way of example only, and with reference to the 30accompanying
figures in whicWORGY 1Y Isfior art) is a schematic diagram of a UV detect8€illSsaAtie the working
principle of the photovoltaic effect at a p-n junction formed between a p-type -Semiconductor ‘and-a
icond uCtor: WO 2011/129766PCT/SG2011/00014% 8 FIG. 2 (prior art) a schematic diagram of a UV

detector illustraf he worki rinciple of the photoyoltaic effect at a metal-semiconductor junction
(Schotky barmicor R AL SERPTIRLE QAP ALy, SRS AR e P8 AEPURR fumotion

5FIG. 3 is a schrigtiehatavriaie effactat aatetabramipandueiyrthaciotKperoitivdipraest omstructive
photovoltaic effecinfaamyiiesbuiisdegicnrebatactypméeiraticstiedayeriaindsachchottky barrier at a
material interface. FIG. 4 is a schematic diagram a UV detector illustrating the working principle of

10constructjve photovoltaic effects from the bulk region of a n-type ferroelectric layer and a p-n
junction ;Jt eslvmz:%% Iaﬁi’?t@rlfsé:ggmatf—cl @as Bf?é“a"zlcj?né’éz%ﬁ&e&ﬁ%{g'&fﬁﬁ\{ %tfng (g ¥et 'éﬁ)PT[\féRWf‘?goéonstructive

photovoltaic efféepstirsivambaierriidigrifees dqarive Ritiedipaf arttStdmelertarlaar and material
15interface. FIG &cinikg tapleohiexpatsng malrfaoéput photovoltage from a UV detector at different
electric polarizations under UVtintensity of 4.35 mW/cm2. 20FIG. 7 is a graph-of experimental output

hotocurrent from.a detector at different electric polarizations.
P ’ F[Té y YS a sc ema{gc cgagram a 8\[ dé;t)ector iﬂustrating the working principle of
10 constructive photovoltaic effects from the bulk region of a n-type ferroelectric layer and

a p-n junction at a material interface.

FIG. § is a schematic diagram of a UV detector having constructive photovoltaic effects
from the bulk region of a ferroelectric layer and a Schottky barrier at a material
15  interface.

FIG. 6 is a graph of experimental output photovoltage from a UV detector at different
electric polarizations under UV intensity of 4.35 mW/cm?.

20 FIG. 7 is a graph of experimental output photocurrent from a UV detector at different
electric polarizations.

FIG. 8 is a schematic diagram of a UV detector illustrating the working principle of
constructive photovoltaic effects from the bulk region of a p-type ferroelectric layer and
25  a Schottky barrier at a material interface.

FIG. 9 is a schematic diagram of a UV detector illustrating the working principle of
constructive photovoltaic effects from the bulk region of a p-type ferroelectric layer and
| a p-n junction at a material interface. ‘
30 '
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Preferred embodiments of a photovoltaic UV detector according to the present

invention will now be described with reference to FIGS. 3 to 9.

35 FIG. 3 shows a photovoltaic UV detector 30 with electrical output generated under UV



FIG. 8 is a schematic diagram of a UV detector illustrating the working principle of constructive
photovoltaic effects from the bulk region of a p-type ferroelectric layer and 25a Schottky barrier at a
material interfak@ 2BE29¢¢ a schematic diagram of a UV detector illustraRiFySEre workisg principle of
constructive photovoltaic effects from the bulk region of a p-type ferroelectric layer and a p-n junction
at a material interface. 30 DETAILED DESCRIPTIONM OF THE PREFERRED EMBODIMENTS
Preferred embodiments of a photovoltaic UV detector according to the present invention will now be

described with rERfEHY thasreding o dfirshrreowkly erprsipant B phateyotizia WV daies@ration 11
according to a figStrexempitiayemsvodinee Atfiffhieyphdtameoltaiset) vhetddetotailBpblasizea multilayer str.ucture.
Alfirst laslfer 31 C%%&E&%ﬁi@&ﬁﬁ%ﬂﬁé\%é@@@Qlﬁfr@'&gid@h?l'&t@'féém&’bl%\ﬁ?ﬂlu@ﬁm'gﬁcﬁ@?tﬁg ﬁ@r_\efaltet_a first
electrical output. nder the UV jrradiation.11. ielectric material is an electrically insulating
material with a Ig?agdé %rl‘e?:{t'rf% ?ﬁg@%‘gr%%rl@?é?gpa 'ﬁ/‘f%ﬁaéﬁé gsc, r?é'gﬁymﬁg g%}zwég' aig@gric thin layer 31 is

a ferroelectric tHfFFiiiR 'FPRARRCE GRIBR G P SSfTiRalbHROirTR et dinlesHiathinryer B\Siadiation. Thus, a
first electric fielder@tledtaatindilasts anitlsarormipe seohpnsitibruithigrgiostaifidte die craetric thin layer 31.
Electrons ratheri{aaniaplaha e the: Maiasivdhasg e raaiessidn hesfesrslesdtic dhnkaygss1, and so the
Jayer 31 the secie 1220 e o Y R e PR IO e a0t ntertace 512
between the seCBRETREPS EEpRIGHECHRR [3378r331288 $asth6 feelegcitieyREHIEctchl output 832
under 15th80UVtwradiaetigacti. in this embodiment, the second layer 32 is a metal having a larger work
function than the ferroelectric thin layer 31. Thus, the electrical energy barrier formed at the interface
32 between the Lesréggrl]gg gecr @rﬂslﬁygc{n?alct%g\ mg f?rgtqueq 31, the second layer 32 being

configured to form an electrical energy barrier at an interface 312 between the second

layer 32 and the first layer 31 so as to generate a second electrical output 832 under

15  the UV irradiation 11. In this embodiment, the second layer 32 is a metal having a

larger work function than the ferroelectric thin layer 31. Thus, the electrical energy

barrier formed at the interface 32 between the ferroelectric thin layer 31 and the second

layer 32 is a Schottky barrier. Accordingly, a second electric field 732 exists at the

space charge region 316 of the Schottky barrier. Preferably, the first electric field 731

20  and the second electric field 732 are aligned in a same general direction.

A third layer 33 may be formed on a surface of the first layér 31 opposite the second
layer 32 and a smaller Schottky barrier, or preferably no Schottky barrier, is formed -
between the third layer 33 and the ferroelectric thin layer 31. The third layer 33

25  functions as a first or top electrode 33, while the second layer 32 functions as a second
or bottom electrode 32. Both the top electrode layer 33 and the ferroelectric thin layer
31 may be made of metal axide materials that are stable under UV irradiation in air. In
addition, the oxide top electrode 33 has substantially improved transparency for UV
light in comparison‘ with metal. The bottom electrode 32 is preferably made of inert

30 metals that are-stable under UV irradiation and have a large work function, such as P4,
and Au.

Polarization 314 of the first layer 31 is preferably aligned in a direction from the bottom

electrode 32 to the fop electrode 33, while direction of "the first electric field 731 is

35 antiparaliel to the direction of electrical polarization in the first layer 31.



layer 32 is a Schottky barrier. Accordingly, a second electric field 732 exists at the space charge
region 316 of the Schottky barrier. Preferably, the first electric field 731 20and the second electric field
732 are aligneW{h2aigarwgeneral direction. A third layer 33 may be fornred/sa2a1seéaee of the first
layer 31 opposite the second layer 32 and a smaller Schottky barrier, or preferably no Schottky barrier,
is formed between the third layer 33 and the ferroelaétric thin layer 31. The third layer 33 25functions
as a first or top electrode 33, while the second layer 32 functions as a second or bottom electrode 32.
Both the top eledftddeV|&lp&cs AR fetheelernnssnia BuRstrate Maypen waie disrraeanskide
materials that arelestaitie 3xidésrtdddirradiation in air. In addition, the oxide top electrode 33 has
substantially improved transparency for UV light in comparison with metal. The bottom electrode 32 is

preferably made of.inert, 30 .eals hat stable under rradlatlo ?havealar e work function,
such as Pt, and A" \{)grlz'agﬁ%nn 3135 iele Tl‘”é’r% SR t%gl RPN EYFRon from the

bottom eleafo- &é'*szfté‘?h@rfeﬂ%e%aéaw %héﬁéﬂ*@:ﬁbﬁheﬁmﬁéeﬂ?§tr@éeﬁn%31ne¢<ﬂnw3qn|s
35antiparallel torfingcdiréatianhofes|@dlriaad pddattiaationtitnthe fist layer Bil.LMé@se, a second

2011/129766PCI4SA201 3RRRAHEA BTRR b8Y HelRelRk3Rmayduthey SamaTias:a sibsikate 35 upon

which the Secon91§ lggég?xcsiee g?zthe sec:ondd électric field 732 acting on photo-induced holes 320 and

electrons 321 in the Scho_ttky barrier 316. Since the directions of the two electric fields

10 731, 732 are generally aligned, preferably with a direction from the top electrode 33 to
the bottom electrode 32, the second electrical output 832 therefore has a same polarity

as the first electrical output 831. The electrical output of the photovoltaic UV detector

30 is a sum of at least the first electrical output 831 and the second electrical output

© 832. The first photovoltage output 831 and the second photovoltage output 832 thus

detector 30.

The top electrode or third layer 33 is preferably of a different conductive material than
the second layer 32, with a relatively smaller work function than the metal of the
20  second layer 32. It is further preferable that the work function of the material of the top
electrode 33 is not larger than that of the ferroelectric thin layer 31, so that no electric
field exists having a direction opposite to the first and second electric fields 731, 732.
Both the ferroelectric thin layer 31 and the top electrode layer 33 preferably have a
composition of metal oxides.
25
In an alternative but not preferred configuration of the first exemplary embodiment, the
work function of the material of the top electrode 33 may be larger than that of the
ferroelectric thin layer 31, but smaller than that of the bottom electrode 32. In this case,
a Schottky barrier is also formed at an interface 313 between the top electrode 33 and
30 the ferroelectric thin layer 31. Accordingly, an unfavorable electric field (not shown)
would exist with a direction opposite to that of the first and second electric fields 731,
732. However, because the Schottky barrier at the interface 313 with the top electrode
33 is smaller than the Schottky barrier at the interface 312 with the bottom electrode
32, the photovoltage output 832 atthe Schottky barrieir &t thé bottom electrode 32
35 overweighs that at the top eleétrode 31. The final output voltage of the photovoltaic UV



Under UV irradiation 11, a first electrical or photovoltage output 831 is produced in the 5 bulk of the
ferroelectric thin layer 31 because of the first electric field 731 acting on photo-induced holes 310 and
electrons 311 waehetfingptager 31. Likewise, a second electric or photovokRage@upe@d3aR is produced
at the Schottky-barrier at the interface 312 because of the second electric field 732 acting on
photo-induced holes 320 and electrons 321 in the Sthottky barrier 316. Since the directions of the two
electric fields 10 731, 732 are generally aligned, preferably with a direction from the top electrode 33
to the bottom el&EtFSHE Ithaiefaadisnd srepaRAPBY RIS JrstisarkTered Y elavalaeponiaity as the first
electrical output#31 8Theattieittricabedithyittiof theaptotakoltaiofUhe deistotonaf® iswupatn afat least the

first electrical ouseHERS banst hieaeaaenseleririnal FUIRHLB3aERS first photovoltage output 831 and
the second photovoltage output 832 thus 15constructively contribute to the electrical or photovoltage

output of the photovoltaic UV detector 30. The top electrode or third layer 33 is preferably of a different
conductive matdrSt thii? Hie seeonelthig SVIEtssim 4 wihrletieheierigerrRrRiPRHBRINAN the metal of
the 20 second lenwelia8on Itliadenttieg preferabie thabhtreyweorbotisnetiomtef thetonatsicahof the top
electrode 33 is nptdakgabhamihakef tmilgiepsieetiie. tRifdarsE 3k ShsRboaRiReiiclgld exists
having a direction, opposiig i9. %, st and seeond,electiic fields 7l 737 Both diie eproetectric thin
layer 31 and theptop electrode rayer ggpre?e?%? }168/6 a composition 0 Metal 6xXides. 25 In an

alternative but nGepréfERdatiedAfigtielamblur ity RerarpEAinridinibin arrs fldaefunction of the
material of the tdpretdstiradbiBBmlyvith Frgeidéhaumpvattiof thtdcfeirstlidetinaithinderydy 31, but smaller

than that of the heftembelerli0deiReeitiisi8asa1 AIREBPLNM D eI Rlsfarmsa b ghninterface 313
between the top electrode 33 a tqn 30 gp%f QCQJectriqghimlary%r 31. Aﬁﬁmdi”%g’cﬁ” unfavorable
' S

g™ er oeleé { | .
electric field (not shown Would existWwith & direc fbsnraopeproa & 10 that of the Tirst and gecond electric

fields 731, 732. R /BB ERERRIgF IR 1R IRYRKS 'naPAeP Mairmrrisptde drisiavitt Ré16p electrode 33 is
smaller than thet®etiettdgidstiizier at the interface 312 with the bottom electrode 32, the photovoltage
output 8321at -the- Schottky barrier arthe bottom electrode 32 350verweighs that at the top electrode

31. The final outpuyt gg*t@gae ofigesoho Qv IE ic UV, 11 detector, 30 therefore has a e polarity as the
first and second pheotovolta% out'pu'tns Eéoffa 23 'Hameeijﬁrrsfcj%eéda'g’ § ee‘c’reec\%'?séa ec?lé%%[/%? he

photovoltage outBTefEA Hb?t‘i’q‘?'ﬁ%fﬂ‘?éf%[’tefléé PR RIS thi? FveaerifsRe LN FIG. 4
shows a,photovéiyaict@enddbedict 49anith eteztricalcoatgiataysrverdtetteinck olihiréadiatider 11
acclo:rding to a sgeand igxeriplany ambRibnRAlL ;m\ma@x@»ﬁma@iﬁ\w ﬂ\%@ﬁé@ﬁ&@%‘?ﬂ@%@s af .
multilayer sfructyre.. A fi 41.c [ n.electr] olarized.di ric thin Jayer configure
to generatgg firg%%iﬁr{ﬁ%&a{%% Sb%fﬁ%ﬁﬁgﬁgq‘%@%éﬁ?ﬁ%&Q%’EL% et eﬁﬁ%{t%&éﬁgéﬁcany

polarized dielecteRIRRP FF REGCIBIBYRS SR SACTHRS RFMAANAHAPAN oxide composition which is

stable in air under UV
Consequently, a p-n junction with an electrical energy barrier is formed between the
‘ ferroelectric thin layer 41 and the p-type semiconductor layer 42, and accordingly a
25  second electric field 742 exists or is comprised at the space charge region 416 of the p-
n junction.

A third layer 43 may be formed on a surface of the first layer 41 opposite the second
layer ‘42 and a smaller Schottky barrier, or preferably no Schottky barrier, is formed

30 between the third layer 43 and the ferroelectric thin ‘layer 41. The third layer 43
functions as a first or top electrode 43. Both the top electrode layer 43 and the
ferroelectric thin layer 41 may be made of metal oxide materials that are stable under
.UV irradiation in air. In addition, the oxide top electrode 43 has substantially improved
transparency for UVight in comparison with metal.

35



irradiation. Thus, a first electric field 741 already exists or is comprised in a bulk region of the
ferroelectric thin layer 41. Electrons rather than holes are the majority charge carriers in the
ferroelectric thin@a9er¥276and so the ferroelectric thin layer 41 is an n-typ€Téi¢adleetvidl 15 A second
layer 42 is in contact with the first layer 41, the second layer 42 being configured to form an electrical
energy barrier at an interface 412 between the secot®l layer 42 and the first layer 41 so as to generate
a second electrical output 842 under the UV irradiation 11. In this second exemplary embodiment, the

second layer 42Ad% B SRNtHAUGEBINRIE R 29coMRenRafinmPlakPrge tArrmrbsPipvded Richnductor
layer 42 are holesifteerefftire tbe st tayed 42 ympddtestaepitytpayse ticOnel icton Eenseduéntty, a p-n

junction with an glasteing!ener oY iRetrissisfermear Retve eRdbafeTrRRiaaH G iR doyer dyand the
p-type semicon%ogkogurkac}{er Aég angﬁcggggjggly a 25second electric field 742 exists or is comprised at
the space charge region e oﬂﬁe p- n junction. A third layer 43 may be formed on a surface of the
first layer 4fopposite the second layer 42 and a smaller Schottky barrier, or preferably no Schottky
barrier, is formeé&le8fitz vokeinative #iddofatperfidd aper teisamefetebliiglitimed|ayeditdctibhdrtmrd layer 43
functions as a fikst QoiRm lgsiurdad s Bathiha-tapRlesrad layskds anstheferartesdiic thin layer
41 may be mad%é%f ijfngﬁ?g')&é‘%?tmgecrilfggﬁtohna&aégé%gleolilar]r%gﬁoUYnl%%cﬁzasy%n 4P Al i iflition, the
oxide top electrode 43 has substantially improved transparency tor unght in comparison with metal.

WO 2011/129765i56p1$es28Y tes caT AP 28 heale At RPRMEER iR Geseryd slseBRtEidttom

electrode 449 mafpregprovided on a surface of the second layer 42 opposite the first layer 41. The
bottom electrode 44 is preferably made .of inert metals that are stable under UV irradiation and have a

large work functigh, Sygh, %oli:;ho ngh AllgElegligal.pgl ﬂ%%%ﬁ‘af‘%%&f EK‘?JV?%@}X%EC%% |3 preferably
aligned in a direction from the bottom electrode 44 to the top electrode 43, while direction of the first

electric field 741°KkIR89AIBP {5 TRE i oh Mee L hrcar ol ialishsis The frd T4)&F8 The UV
detector 40 mayofuptirde-toinmed d@lasstitfstrateldd@ramosi fvin dhetfistidesord .AewronkeketitcalDformed.
i5 or p_hotovoliage output 842 is produced at the.p'-n junction 416 because of the second
" electric field 742 acting on photo-induced holes 420 and electrons 421 in the p-n

junction 416.

Since the directions of the two electric fields 741, 742 are generally aligned, preferably
20  with a direction from the top electrode 43 to the bottom electrode 44, the second
electrical output 842 therefore has a same polarity as the first electrical output 841. The
electrical output of the photovoltaic UV detector 40 is a sum of at least the first
electrical output 841 and the second electrical output 842. The first photovoltage output
841 and the second photovoltage output 842 thus constructively contribute to the

25  electrical or photovoltage output of the photovoltaic UV detector 40.

In an alternative configuration to the second exemplary embodiment, the top and
bottom electrode layers 43, 44 could form ohmic contacts with the ferroelectric thin
layer 41 and the semiconductor layer 42 respectively.

30
In a further alternative configuration, the top and bottom electrode layers 43, 44 form
Schottky barriers with the ferroelectric thin layer 41 and the semiconductor layer 42
respectively, such that the electric field at their corresponding electric energy barriers
“are aligned with the first and second electiic fields 741, 7427

35



Under UV irradiation 11, a first electrical or photovoltage output 841 is produced in a bulk region of the
ferroelectric thin layer 41 because of the.first electric field 741 acting on photo-induced holes 410 and
electrons 411 in the first layer 41. A second electrical 150r photovoltage output 842 is produced at the
p-n junction 416 because of the second electric field 742 acting on photo-induced holes 420 and
electrons 421 in the p-n junction 416. Since the directidds of the two electric fields 741, 742 are
generally aligned, preferably 20 with a direction from the top electrode 43 to the bottom electrode 44,
the second eledfti¥gt gngiheBalemeatvp fihastarselierecg dtarfig uating. fieseche dieitaprd thpurssandrhe
eledctrri]cal OUtplébQIfth @blem@welu%%é\?ﬁeﬁecwnﬂl@ﬁe IS efzaétlmgjisléhe#Hﬁmmqagifam&mc?ﬂ
and the second, electrical, out e first tovo e output and the n ovoltage
output 842 thus @on?s}/ructli)/&'séggﬁtrslgwgqtodt C%fge)(gct %?B(/oﬁi’ gq’lﬂh t???fgfgg'ﬁ &/oltalc
UV detector 40ha garsdsnerdive @dﬁﬁigerewembtare@ecmd antimanalialy withbitvdirfiessttatide segoadd

bottom elegtrodeé@uerméias%¢ouw2formvmmcmeniteeﬁmemlaeofﬁéreelﬁwe&h&tl@ygsﬁé@ﬂé the
semiconductor Ia%@'%f tflSWTE)ectlveltyﬁ 30 In a further alternative conflg]uratlon the top and bottom
v

electrode layer$ "SHEHRY BAMRISWIA Ml rncietiRethiRabing Bfiofaﬁi’(?’fﬁ%e output
semiconductor & pt theesprdtivgipnstith tavdgheldudriepiekirat theitoeoltaspandirgeleairitvenergy

barrers are aiggasb il ARASSHEURIRIEHITA LT3 U YRk angify alisnatypbut ot

preferred conflguratlon one or both of the top and bottom electrode layers 4 form one or two

Schottky barrieRS Wehf Tﬁ&?@ﬁ%‘&%&H@m|ﬁ4l3:\yg}e4§eﬁﬂ@)dtﬁ?%ré'ﬁﬂh8HMt%ﬁa§/eﬁ* A9 BBEBHGES, such
that the eIHbtrlcﬁieitd)\amth@omumslp@lmﬂmgmemtmmeSer@whﬂbraeﬁsrarek@rﬁmmrall&iuuubltﬁi@ftrsth

second 5 elecifdelingah 42 iavayy s deigt ihe onet bupdiosaarsis sl

than the energy barrier of the p-n junction 416 so th att tovo age att e p-n junction
416 outweighs %HWBQM@‘B%@%@@@H%@‘%@@ tWH‘@éﬂ’fbtﬂ%ﬂBa psleTReqeesdcddiRput of

the photovoltaigHd Vedetestotictovbringg awpm pbieyfisstirlesiscakutoohStkl, Bagisecond electrical
output 842 and also the reverse 10 photovoltage output at the one or two Schottky barriers, the final
output voltage of the photovoltaic UV detector 40 is therefore still in a same polarity as the first and

second elkztricAl ‘8Ppersion GraersdiRp itakamla pheteveaicgiMiseerighibidelisceerdingitel thetbrshe
reverse phOtOV@ﬁéﬂ@l@WMM%@M@ﬂP@OBWY qu‘%@hagmb@@wqmlf‘éﬁﬁé\hrme@(&ms for

making a phot tector 30, 5 cordin the first e f FIG. 3 will
be described beglow Wi ”ﬁjr? erE)r%qe} afﬁrﬂ'ég g '\"ﬁﬁgr}%f{: i%? §%¥ﬁ§ %&i}ﬂ {?HéE(Qesﬁﬁco n oxide
(Si02) layer 36 WithuantHig kihes af wmmpmermm@agm @pstalsiichrsinglfierc 83 taltkilidon)wafer

38 with (100) ogggRsiesh. AA“EﬂQ#hh%(TW%%ﬁ%f’fd? Q0B tRIGKRRASLS t@enw&%%%%ﬂew bg0
sputtering_gn top of the Si02 layer to form a Ti/Si02/Si Wafer substrate 35. A p Iatlnumé}Pé layer 32 of

0.1t0 0.5 .rﬁﬂ%iféﬁﬂ%%&ibtaeﬁééﬂéé@zéﬁﬁféﬁn@fﬂt B [ BfhYa P ErssRieRa T RIphP WY is
introduced to infiptolegeadiPesidn1abtie RimapehiBRrnas < e (@ifds lyeb\8 6p dteeimg ebé ot coperbitmicTihin

'F?ty;f fj ;Vz'thzg eoEmPestaR of (BRG 3720 R4GLRP &l INGNE3Rihedidis ek 4anasLed LB gR.of the
Y SiO, layer 36. A ferroelectric ceramic thin layer 31 with a composition of

(Pbg g7La003)(Zro 52 Tio 48)O3 (PLZT) is then deposited on top of the Pt layer 32.
25
A number of methods may be used to deposit the ferroelectric PLZT thin layer 31 on
the Pt layer 32, including chemical solution coating, sputtering, chemical vapor
deposition, and pulsed laser deposition. In an exemplary embodiment, a chemical
solution approach is used for the deposition, in which a precursor solution is first
30 prepared from lead acetate trihydrate, lanthanum acetate, zirconium acetylacetonate,
and titanium isopropoxide dissolved in 2 methoxyethanol (2-MOE). The precursor
solution is then spin coated on top of the Pt layer 32 on the Ti/SiO,/Si wafer substrate
35, followed by drying at 100°C and pyrolysis at 430°C. After multiple cycles of coating
and pyrolysis to obtain the targeted thickness, the ferroelectric PLZT thin layer 31 is

35 annealed at a final temperature of 600 to 700°C for 10 minutes with a ramping rate of



A number of methods may be used to deposit the ferroelectric PLZT thin layer 31 on the Pt layer 32,
including chemical solution coating, sputtering, chemical vapor deposition, and pulsed laser
deposition. In SPerEmpiEndy embodiment, a chemical solution approach BAISEerforitia4dieposition, in
which a precursor solution is first 30 prepared from lead acetate trihydrate, lanthanum acetate,
zirconium acetylacetonate, and titanium isopropoxidetdissolved in 2 methoxyethanol (2-MOE). The
precursor solution is then spin coated on top of the Pt layer 32 on the Ti/Si02/Si wafer substrate 35,

followed by dryin§ &{s¢60€ Fieherbhididarendbei '%ﬂép‘ﬁ’fﬂﬁ?ﬁlé‘cc@/&lég‘ v dbadrrraisd piblysis to

obtain the targetedtitigkness, the ferroelectric PLZT thin layer 31 is 35annealed at a final temperature
of 600 to 700C for 10 minutes with a ramping rate of WO 2011/129766PCT/SG2011/000141 14

10C/sec, to obtq\n 300k )23583% thﬁ kgg Oft':é 'é %IO% % %Sat g cog‘tlng process. A
f 7

conductive oxide Ia er Wlt composition 0 repared on top of

the PLZT thin IaE/SP%’f%S%”s*ﬁBRéF’ﬁ LA tBES‘t{%\‘ﬁrﬁd B&ﬁﬂj“&%%ﬂ%%ﬁ%‘&@%&ﬂ‘@%? SR, The
deposition of thenesdeasiendfusiine | dyer 8B dsifreriol the dxidel epIGctine deyert BB Wpaitdrraegas ratio of

Ar.02 = 50:50 aﬂﬁd@rVMK‘}{t@é)B@%@unﬁvﬂﬂﬁaﬁ’g&Tr@f‘b éfrdhe deposion fklngMesiye683 is
post-annealed af g hior 75&%%5 ggpﬂl‘?oﬁf@%%cﬁﬁ :'ay%')” ‘?s P46 S35 Sl%%‘dtbg%d‘fﬁ A same

thickness of LSM ectrod W with a gas ratio of

oslte S utterln% at 10
Ar03 = 50100 1B EGHORRE HLSMa dearsdn fore aq?atpx@(pa A5 ERRAEHE bSHEM electrode
32 and thel DSMettipde 33 isay 2t bs dhpotipdte ddfosiaBSifgratid foi odtieetoirs Patis Pllay€r 31. They 32,

33 are also used gg: Idhwii @l ackiral JrRinas 503 fheverall electrical output of the UV detector 30.
The multilayer structure of the exemplary embodiment of FIG. 3 is shown in FIG. 5. To electrically

polarize the ferrgelectric PLZT layer 31, first, a part of the bottom electrode (P %??C,émay be exposed by
a wet-etching proteEt Rfhe?L P F T S e BAhY e SRMOPHROSUSRE 3SF after

patterning a splﬂ%@cbm@bpﬂrﬂﬁ@l@sfgt by &arwvitleciristRhdatdyphatolTiygdapdi/ aseotles sisehasxternal
electric fielgsof 106 kMmiadsithemappiethbalveeandsemaalidgap &lewrodedayeios3@nththe Pt layer

32to electrlcallynﬂmé%res lb%tﬂ?é@f‘? % éy%welrgxﬁg é‘i‘%r&‘ P?a @Ei"?\éesmw@s&ﬁ%d §Iectrica| polarization

direction 314, the positive terminal of the external ele IS connecte

To electrically polarize the ferroelectric PLZT layer 31, first, a part of the bottom
electrode (Pt) 32 may be exposed by a wet-etching process of the PLZT layer with a
20  mixed etching solution of HNO; and HF after patterning a spin-coated photoresist layer
with a standard photolithography process. An external electric field of 150 kV/cm is
then applied between the LSMO top electrode layer 33 ‘and the Pt layer 32 to
electrically polarize the ferroelectric PLZT fayer 31. To achieve the desired electrical
~ polarization direction 314, the positive terminal of the external electric field is connected
25 to the Pt bottom electrode 32, which is termed as negative polarization. Accordingly,
" the electrical polarization 314 in the ferroelectric PLZT thin layer 31 is aligned in the
thickness direction pointing from the Pt layer 32 to the LSMO layer 33. After removal of
the external electric field, only an internal electric field, referred to as the first electric
field 731, exists at the bulk region of the PLZT thin layer 31 with the direction from the

30 LSMO layer 33 to the Pt layer 32.

For the PLZT thin layer 31 with the specified composition and prepared following the
processing steps and conditions described above, electrons rather than holes are tﬁe
majority-charge-carriers;-and-the - PLZT thin-layer-31-is-anmtype-ferfoelectric. The Pt
35  electrode layer 3'2 has a work function of about 5.1 to 6.0 eV, which is larger than the



25 to the Pt bottom electrode 32, which is termed as negative polarization. Accordingly, the electrical
polarization 314 in the ferroelectric PLZT thin layer 31 is aligned in the thickness direction pointing
from the Pt lay®P321#41 e SMO layer 33. After removal of the external E€Ef{EfidlopodHly an internal
electric field, referred to as the first electric field 731, exists at the bulk region of the PLZT thin layer 31
with the direction from the 30LSMO layer 33 to the Pflayer 32. For the PLZT thin layer 31 with the

specified compositiop and prepared following t essing steps and.conditions described above,
electrons rather"fﬁ'iﬁﬂ%?gf gfeg ﬁfé’ ﬁgﬁ%ggtc%le?%‘gf@%%e?ﬁdﬁﬁhﬁE’dfzgqﬁ%%-?é%rrgf-ﬁ%-anThThi-pe
ferroelectric, ThEMPreRhelserd dbgdafes BANaday&IoPh fanttiha dtabdias. elestods 82 vtiiéh is larger
than the 15 worctunivligin ®becOni deOted/fitdd 32 Bletlabhshdayenialsptusisagehetiioy Basrier 316 is
formed between,the (Rl £ '9vepdbandibe Rrhgjion elesiads o0 Arcridingya second
electric field 732f|? es,tgg? ed at Fhe %pa e char eregion ?f16 rgl_(‘aaé tI}e mter;atce 312 b%ween the
PLZT Iayer%l aheod the ayé"rr%i.'gf’ﬁ ngeefggf iC STeUE Y57 E'C e %ﬂi&n'e’a |ﬁyﬁ§% ame direction
along the thickn@s of the layers 31, 32. Under UV irradiation 11, a first photovoltage output 831 is
produced in the bulk region of the ferroelectric PLZT thin layer 31 because of the first electric field 731

acting on 10 phgidndycrdduiss 319 ARARIRGHRESSI IR 88 Rlgdatiuty IAVRE BliSigiarly, a second

photovoltage outpyt 832:is prod ecause of the second electric field 73 ing.on
photon-induced?m.'ees %ﬂhﬁ%'ce ec rolgr’?'sn 3?' raﬁk%’ée < %t?rl}(c)ilhﬁgrrﬁ ?@T caﬁée?lgnstear%%nc%%ﬂz. Since the
directions &P thePwtrdndeese fieles Y91 ans 2legteontighddntiee SBebhdh il deyAt dlo Fipi¥edB8 2 has a same
polarity as the fissteldqiticalatipeb8Bit 833 Fheceleetivatautput tibtbecphbttaaiiaiceld\73tetector 30,
Sg if a slltlm.of a&éﬁ@gt%thshf&@me&&@'&ﬂg@égetm gr?t& @earuta@ §§%%@t@h@l@emﬁﬁ\} gatm&lt @%ZatT_Eetfirtst "
photovoltage outpu an secon ofovoltage qutp S ctively. contribute to the
photovoltage oﬁ%ui"gﬁceep 12%;%\'/?)7 a?%e 'reﬁté?gﬁt%ﬁ%ﬁ?‘%.%ﬁ%ﬁé@% f@ﬁ% e|8r&r%{&?é‘ef yer 33 has a
work function oft2es s ertiglicHR I SFehah arb o B ety RS ibe Biet RIsgilisahgePsu83ut smaller
than that of the Phdeticntalectsods B2. dimpthisiain hidthiatesttr 3G chodtk\sivasiart issalsbddrsned at the
interfa_ce 313 be_‘é)é’&ﬁ@aﬂ&%tbé_'ﬁ@ el t‘ﬁ@_%&ﬂ_@ é’@cﬁ(&glmﬁpﬁ’%}tﬂ@ }Whgtqu&% &Rpypfavorable
opposing electrlngeld J?ﬂ’?‘ exists gwtp] a dlrlfctlo%ﬁggos's#e Lo the twtg etlec|tr|c fu%I S 7311’ t25 732.
However, because the Scﬁo?ﬁ%?rbaﬁigrog fg°L intérface 313 1s emaller %nu*t%a? a? The Pt

interface 312, tHMPRVIERRAYP HRLNE 8Btk SMESIBafidPat the Pt bottom electrode 32

overweighs that at the LSMO top electrode 33. Experimental measurements have shown that the
LS“;']O top %‘iﬁ@@i@@ﬂﬁ%ﬁ/@@@a@\?&&@ﬁéﬁ% H%Pﬂiﬁ‘fi@ﬁ B?M@égfgé@btév, GRS i%@ébwitr? metals
such as go . At least 15% o | ayin velength o nm through a
polycrystalline L iﬂc&“@@‘éﬁ]%‘? %{W%%#f&ﬁ"é%!%?’z%g ?lbl‘H% é'&'%i%rnt{rhggt,tm ??&H%%%%Pr%ggon is below

1% for a polycryResiiPie &g IayBie ihoditRkrioSsheHOPAAIRN s alstoraeterithiedriaiEe pdshown

-(priorart): between the LSMO top electrode 33 and the PLZT thin layer 31. Thus, an unfavorable
. opposing electric field 733 exists with a direction opposite to the two electric fields 731,
25  732. However, because the Schottky barrier at the LSMO interface 313 is smaller than
that at the Pt interface 312, the photovotage output 832 at the Schottky barrier at the Pt
" bottom electrode 32 overweighs that at the LSMO top electrode 33.-

Experimental measurements have shown that the LSMO top electrode 33 has greatly
30 improved transparency for UV light in comparison with metals such as gold (Au). At
least 15% of UV light having a wavelength of 365 nm can pass through a
polycrystalline LSMO layer 33 with a thickness of 200 nm. By contrast, UV light
transmission is below 1% for a polycrystalline Au layer with a thickness of 100 nm in a
“UV detector of the type shown in"FIG2 (priorart):
35



16 FIG. 6 shows the measured photovoltage output of a sample photovoltaic UV detector 30, 50 of
FIG. 5 at various states of electrical polarization of the PLZT layer 31. A xenon-mercury lamp was
used as the UWightigBaree having a peak intensity at 365 nm. When th@®I/#2041/8008f was not
electrically polarized, i.e., it was unpoled since no 5 electric field had been applied to orientate the
electric polarization, no net polarization and no elecfréc field existed along any direction in the bulk
region of the PLZT layer 31. A photovoltage of -0.15 V was observed. This Ph_otovoltage of -0.15V
may be attributé:dQOScﬁgoﬁﬁcmﬁ/m?éﬁ&"@ﬁélg@‘H’ﬁgaﬂ?t?ié%’é@f)ﬁé%&ﬁﬁ%‘?f@l’@ triUY fetedehottyky
barrier interface36f fifedPtHi&/eF 3R vartbushetdds/dr lelyetriGil , pafwlizatitineof] Bl RIZEO Lngdn |8 opposing

clecis e T33madl o Sp LB SUOSIKS BAISES! HENOIp o
and the r 31.-The directions twqa Schottky barrier electric fields : eing
opposite to eacﬁ"ém%}%ﬁ?&@%’g rp%o%@@l‘%é@% c_%]ﬁ%oe%%é ‘tﬁuéjt WnaeﬁHW?fgénsf%? _§‘8cond electric
field 732 ariingePsHictitldhahbesrzaRries inerianaie the lpicAna aRiRTc Ry B eIVFIY 15
photovoltage framdthe aiethiedistd lehistEe etogfary di@tiarigintgefitarik thgoS o 6kyLIIAT Hgendth the LSMO
layer 33. PractigalpnotoRsiagikyr barienheight-aes-ibe phssoylisamsirriveddrmihaagchottky barrier

can be significapily |owet than the jdeally theoretical value due to surface states_and
contaminations %{%t lgeﬁ'?a{?:ﬁa i tger f%%gé 31 e,c %33&%%&% ?ﬁ‘é%iflf‘(f:téi?er‘%% v@;s %?c?sﬁﬁvely poled

with the LSMO R ¥etrBarEiessiniertere (iR S tem¥in Rt Elefd clrieal Bbiardaltorocess, the
polarizatioh031 uiiawairRiblZ Diagein@électis fitd dtedifororadthetheShittr iy daB@tattihe Ptdeyes 32. The first

electric field 73518 Baavauikihediomotiipe Bibld againdineas girastas,eppesiie 9 hasiteption of the
second electric field 73 tk rrier, at inferface 312 with 25 the Pt layer. 32.
Accordingly, a fél‘r%tr?g%)re%ﬁ%@(? ﬁ%;t%bo @ ﬁé; cﬁﬁ{ﬁsut 0 't%%fﬁgtggf)&s 'g%gqs(? %%ésogl%e{?/%d to be -0.07

V, due to the se%?&’ﬁ%@ﬂﬂ\'}%‘ﬂ’gﬁ@eoﬁtiﬁﬁ Yo5siHYysURRRY iR dRel $372R YppBsifRitirsEphotovoltage
output 831 as waslsiag frerofheoSingtiiidiavieltags due fb herublaaitarrdbleaippdsingpelesitge field 733.
30 Whelndtlng Plp%&é@%g%kﬁ&ﬁ?ﬂ@ﬁﬂﬁéb&lbéiﬁ@'@ﬂdﬁi&?ﬂ@%@M@iﬁﬁﬁr@?%@&&%@%é%dﬁegaﬁgef
terminal during . cird iZati FOGESS, ization.in the PLZ er 31 was directed from
ine Pt iayer 35 o h e T SUIO R o3 PReLica s SIBHT o it Iy S o yer a1
became aligneodWIYﬁqﬁf?’get%léf'?e‘ig'&r?@"fi'Sfd:%E%?'%é“@ﬁ%%%@ﬁ@e‘(‘%ﬁ?@'%ﬁ@?%@%12 with the
Pt layer 32, bothabesinlyssBdivdetedpmatrbah G MOduyertiGss tat the rititéaigeinBFaddsusst 2a 3ignificantly
enhanced 17 photovoltage of -0.55 V was observed, due to the first photovoltage ouput 831 having a
same polakity a ltage 8 h ctively cantgibuting to the
electrical o%%ho%%lﬁecﬂgf%?%%ﬁég%‘ng%gé%%gi83 %eé @i@%ﬁ%ﬁ&%eggﬂggiégﬁspﬂggtocu rrent

. u . photo IV nol .
outputs of the RIHRR&BP! é) e ths ﬁﬁ&gic‘ﬂll@oﬂﬁF@%“Bfff@?%?‘?tsﬁlé)ﬁrmrﬁﬁ%ﬁ‘za%ﬁ§f§tes of
unpoled, positivelyZ pdiger aHidwasgeifiseiéy ok dizerd P dateddd 1l Ge PiVidyen 38e Phe Tirkhyer 31 was
negatively pole@éticthad-2vI@ tap Rircisgae sSrasrhemeagatyedasniratatsnoiie glerrical
potarization progeasidie Wb LabRlealle 5kl 735 I the G UMNPLINE Bl 2Rk Fhvas alianed

with the second electric field 732 at the Schottky barrier at the interface tlaYer 32. Thus,

a significaritly efancBEpRotOCGPFERe W g fad aed pheteripam RUPH O P PYARPAYT was
positively poled3RithOtheay S edpehectPddeVl 5 B3iatheheepusitifetmnitioalcutrin 3R dehactrical

polarization progeser feaudst Biealisphiekihd dsinprbr kg sedigntafziasRied bdayerodposiag opposing
the second elec‘gpjgtg;@ga ggLgttmmggﬁyag@rg’@o%@gggﬁcr%%eﬁ%_2 with the Pt layer 32. Thus, a
ined. 20

significantly reduced photecurrent was obtained. 20Many other metal oxides, including
indium-tin-oxide (ITO) (4.3-4.7 eV), SrRu03 (SRO) ' '
30  When the PLZT layer 31 was negatively poled with the LSMO top electrode 33 as the

negative terminal during the electrical polarization process, polarization in the PLZT
layer 31 was directed from the Pt layer 32 fo the LSMO layer 33. The first electric field
731 in the bulk region of the PLZT layer 31 became aligned with the second electric
field 732 at the Schottky barrier at the interface 312 with the Pt Iayer 32, both being
35 directed from the LSMO layer 33 fo the Pt layer 32. Thus, a significantly enhanced




(4.6-5.0 eV), (La,Sr)Co03 (LSCO) (4.65 eV), (Sr,Ru)02 (4.25-4.75 eV), 1102 (4.23 eV), and Nb-doped
SrTiO3 (Nb-STO) (4.2 eV), have smaller work functions than the Pt layer 32 (5.1 -6.3 eV). Therefore, it
is envisaged th&aP at/ePfeeém may be used as the third or top electrode |1&¢&rs83ota/favide a similar
effect as that provided by the LSMO layer 33. 25 For the first layer 31, PLZT may be replaced by many
other ferroelectric compositions, for example, PbTiO3, Pb(Zr,T0O03, BaTiO3, Pb(Mg,Nb)03, Pb(Zn;
Nb)03, Pb(Ni,Nb)03, LiNb03, LiTa03, (K,Na)Nb03, 6i4Ti3012, BiFe03, and (Ba,Sr)Nb206. In addition,
since all pyroeleRRALYREREFiQIsGould YR RP RSz o 1P A6 TistReRipEktos. RS thgrnadt only 30
ferroelectric matenads poledty pysodiecsecandtehatsvalitiyecoygplarizadionhateby threistthitikelgss direction

may be used to sepiasRiItGadlné ToldBRibiiBE HABvSRAN. MIRICH & B PHRHRAECIQ matelials. The Pt
layer 32 and th electnc PLZT layer 31 in the embodiment of FIG.-5 are 35polycrystalline with

random erystallogfaphic orientation since they are deposited on the WO
2011/129766PCT/SG2011/000141 18 amorphous Si02 layer 36 on the silicon wafer 38. If higher
sensitivity is. req@ivet] cepiitplzdtetiurinandiptdilohsrea bl \beletegos i@ doa § B e Finsidary ére3thrand the

second layer 324igsiActiabian srReiash Odda SNABRSRLVBSRIES aFOhexadNe FRitaxial Pt
iaver with (100) gl (LA QeI Bllory MR 3R 80P 8 (13l EALIENIEG M P ppingle crystal
on. su

substrate by sputtering or e-beam evaporation. Subsequently, epitaxial PLZT layer with (100) or (111)
orientation can BPEFERIR G thas(EdR%BE\e fermins|civing Sistelkeiiest pYARaYe PR eSte RNown thin
film depositidn rfisstheldeimbaidlifid) cheneidalls odgivonof dzei iy ZSplattaridry wek eatigoat vaigotréeposition,
and pulsed lasexsiepasiiienicWéld e spitkdahaudlibnebing RbiheansRt Dinatinephageed
photovoltage angz;gpﬁggo% F‘Eﬁ&t”g%%g can Bﬁoﬁoll%tq,lrggtd wlgﬁc%ggggr son with the polycrystalline PLZT

and Pt layers having a random orientation. In'a't exemp acl)ry embodiment of a photovoltaic UV
detector 80 as shown in FIG. 8, an electrically polarized p-type ferroelectric layer 81 may be produced
to function as 1% xheckadlylaylem8he frZgxayeph, WysintsithetynmglsdbétittiobViowr alectosiéon in the
c[ystal I?tt:gg gféea& ZHepoaiRditenaiRI(B4RY R ﬁli@ét*i\@ﬁﬁo?é’fzﬁ‘d&{%@é%y, qh@llmﬁ w&iﬁésl- A firgi A
electric field 781, ' i mpri ' region of the p-type ferroelectric thin layer 81.
Schottky barrie?‘é@oﬁgg}gﬁféﬁﬁtﬁeﬁ&%ﬁg]ge%ﬁ%yﬁtra%gfs\'v \?vsltﬁpgor%'e Al'Secont Igy?g(rn %ﬂs the bottom
electrode 82 ha\m‘?g at Stﬁfm%‘fhottky barrier at the interface 312 wlth the Pt layer 32. Thus, a

significantly reduced photocurrent was obtained.

20  Many other metal oxides, including indium-tin-oxide (ITO) (4.3-4.7 eV), SrRuO; (SRO)
(4.6-5.0 eV), (La,Sr)Co0; (LSCO) (4.65 V), (Sr,Ru)O, (4.25-4.75 eV), IrO, (4.23 eV),
and Nb-doped SrTiO; (Nb-STO) (4.2 eV), have smaller work functions than the Pt layer
32 (5.1 -6.3 eV). Therefore, it is envisaged that any of them may be used as the third or
top electrode layer 33 to provide a similar effect as that provided by the LSMO layer 33.

25
For the first layer 31, PLZT may be replaced by many other ferroelectric compositions, .
for example, PbTiOs, Pb(Zr,Ti)O,, BaTiO; Pb(Mg,Nb)Os, Pb(Zn,Nb)Os, Pb(Ni,Nb)Os,
LiNbO;,, LiTaOs, (K,Na)NbO;, BisTisO1,, BiFeOs;, and (Ba,Sr)Nb,Os. in addition, since all
pyroelectric materials could have polarization along their polar axes, therefore not only

30 ferroelectric materials but all pyroelectric materials with net polarization along their
thickneés direction may be used to replace the PLZT, including ZnO, GaN, which are
not ferroelectric materials.

The Pt layer 32 and the ferroeleciric PLZT layer 31 in the embodiment of FIG. 5 are
'35  polycrystalline with random crystallographic orientation since they are deposited on the



20 work function than the first layer 81. Accordingly, a second electric field 782 exists at the space
charge region 816 of the Schottky barrier. Preferably, the first electric field 781 and the second electric
field 782 are afighdditit Game direction A third layer 83 functioning as aPeiSelzii6#e483 may be
formed on a surface of the 25 first layer 81 opposite the second layer 82. In this embodiment, electrical
polarization 814 of the first layer 81 is preferably alidBed in a direction from the top electrode 83 to the
bottom electrode 82, while direction of the first electric field 781 is antiparallel to the direction of

electrical polariZZRSANPHEE Fr @Y Fthe SECORMEEREERo I SIFRRRSARIINEY ESFIHIRS a substrate 85
upon which the epiteaiatifiiétrod £t3lris fanrhedeBGitdddethgVirar Rofatidrend the siesbphlaievoltage output

881 is producedsinribgebilkpbinieitetsariast isnidWeioar s3bdea serakiivelirgprisaria field 781 acting
on photo-induceg Dolesg %%)S}F?%9“1‘3%%8&%%%]{R'&%‘eed‘%'&gse}%éfénﬁ&objkgr"t’&j‘%t?{%ﬁeer%é‘g@{gc”'c output

882 is produced at the ottky barrier at the interfa ecause of the secon ctric 35field

782 acting on pRBEEIFYEEREAYIEE 82 GRE BRAGSAREL ARl B YRS e £RitRY2!
2011/129766P CHAE062%r WD 01041 of 918 1 boringkotheanl re gtiowrs wf thee 1AMD- elddtrio-fislelsed81, 782 are

aligned, preferabtasishPadgie ejafronhéiadation mieabiosiaiSretiadopriasy era the second
electrical output. Bt heseln ?ﬁBﬁﬁeﬁr%?gkg RIAY &%E@S%ﬂféﬁ%ﬁ;&ﬁ!ﬁ?&%&@%&% ibfe first

photovoltage output 881 and the secon are thus aligned so 5as to

otovoltage output
constructively ¢ iBﬁtspﬂ@’fﬁé%ﬁB%%tﬁﬁ&é@?ﬁﬁt‘%f%?é‘%lﬁﬂmlﬁ?ﬁi@@@va@%mo. In a fourth
exemplary ¥mbobidtnevitast thipphestobelthieited dewrorariom adhsHsvpalinryigling BLgngushction 916 can
be formed wherparyeietisisadly polaserdnttion. ferroelectric 10 film functioning as the first layer 91
contacts an n-type semiconductor functioning as the second layer 92. A first electric field 791 thus
already exists or is comprised in a bulk region of the p-type ferroelectric thin layer 91. A second

electric field 793"k B 6¥59 R R NN &' LML L GRIATI VPR IuAof. A third layer
93 may be formet electicalf actatdathe-firee feyeei9dtrisppritéltvaydeoprddegest ©Xundiiontwsd

15 the first layer 81, for example, by introducing substitutional low valence ion in the
crystal lattice of lead zirconate titanaté (PZT), so that holes are the majority charge
carriers. A first electric field 781 thus exists or is comprised in a bulk region of the p-
type ferroelectric thin layer 81. A Schottky barrier is formed when the first layer 81
contacts with a metal second layer 82 as the bottom electrode 82 having a smaller

20  work function than the first layer 81. Accordingly, a second electric field 782 exists at
the space charge region 816 of the Schottky barrier. Preferably, the first electric field

781 and the second electric field 782 are aligned in a same direction

A third layer 83 functioning as a tdp electrode 83 may be formed on a surface of the
25 first layer 81 opposite the second layer 82. In this embodiment, electrical polarization
814 of the first layer 81 is preferably aligned in a direction from the top electrode 83 to
the bottom electrode 82, while direction of the first electric field 781 is antiparallel to the
direction of electrical polarization in the first layer 81. The UV detector 80 may further
comprise a substrafe 85 upon which the second electrode 82 is formed.
30 .
Under UV irradiation 11, é first photovoltage output 881 is produced in the bulk of the
ferroelectric thin layer 81 because of the first electric field 781 acting on photo-induced

holes 810 and electrons 811 in the first layer 81. Likewise, a second electric output 882

‘is produced at the Schottky barrier at the interface 812 because of the second eleciric

35 field 782 acting on photo-induced holes 820 and electrons 821 in the Schottky barrier



15 layer 93 functions as a first or top electrode 93. A fourth layer 94 functioning as a second or bottom
electrode 94 may be provided on a surface of the second layer 92 opposite the first layer 91. Electrical
polarization 9T ®IXHETNSE layer 91 is preferably aligned in a direction fra¥iT202H&/t¥p4electrode 93 to
the bottom electrode 94, while direction of the first electric field 791 is antiparallel to the direction of
electrical polarization in-the first layer 91. The UV détector 90 may further comprise a substrate 95
upon which the second or bottom electrode 94 is formed. 25Under UV irradiation 11, a first

photovoltage outp®rt %@ﬁ?lg’%ﬂyﬁﬁ% A DB Rt Bt PleyiBé ?é?r@'@%ﬁnerﬂfﬁf?%é’ft@l because
of the first electrcdfiettiordioactiedhottophetstinde68donible b0 B ctrmie Rk tunse0dridini¢hkidalst layer 91. A

second photovodage: @@@%&9&&%@9%@%%&@&@5@ mcm@n é?a&bacauﬁ& @éﬁhaﬁ@%éid electric
field 792 acting &%{%Q @g%%jé’%%ﬁ Q/9§§ ggco eq’t‘%fo"%' &g Psh lur {osna 0.Since the

directions of the two e ciric are a y with a direction ?rom he bottom
electrode 94 to ﬁ?e%ﬁ@?&?&@Q?Qﬁ@@%c@nﬁ‘%IBEWR:"&'%@I?pB?§§t2 hrerBretRuRiacsdMe polarity as
the first electricaletaeiou®91. The first photovoltage output 891 and the second photovoltage output
892 are thus aligned so 35as to constructively contribute to the photovoltage output of the photovoltaic

UV WO 20111147 0RCTISGRO AN 44,20 dereron A SR e meie oyl epplctc i

layer and the to electrode exposed to the inciden ht have good sta dility in air

under UV irradiatiér? fh@@?ﬂ‘?a%@&ﬁaleﬁf\’/ﬂ%‘?@ﬁ%P Earfleslicaly Prﬂﬁ%%ﬂ YR IFEPEIENS long time
and under lften§imefuctipniadiatidhe Tirsslanekes fostacthts mmmmmlmmmw irradiation

having large intensi¥ang Hasage MNeRS ISR TRV 2s AHRRG PN AT AR SSIiBRARRAVE 4N the
preferred exem%'&ﬁyr P%P‘ enis.afs %Q@&F@%Rﬁ%@éﬁ&lﬁ del '?&Oeﬁé’é? 4{%&95%&'%"‘? photovoltaic

effect from the bul the d|e ectric thin layer 3 ditsin er ace with the second layer 32, 42

leads to significEhtmpRREM it ﬁﬁﬁﬁ%@@%.%‘%%Sﬁfﬁh‘i&owa@t@a&rtw !f@e'b%?a{ﬁa#\sulatlng
material, the ferbecleoieid tayes8taasofibs firshiapeetdconpasitm fedserced Taves®2edherdisrdan improve

the circuit devinghgaEilihcithasphaieyveltaip W aetrctar A0iodlhn lidyer 94 functioning as a
- second or bottom electrode 94 may be provided on a surface of the second layer 92

opposite the first layer 91.

Electrical polarization 914 of the first layer 91 is preferably aligned in a direction from

20 the top electrode 93 to the bottom electrode 94, while direction of the first electric field
791 is antiparaliel to the direction of electrical polarization in the first layer 91. The .UV
detector 90 may further comprise a substrate 95 upon which the second or bottom
electrode 94 is formed.

25  Under UV irradiation 11, a first phbtovoltage output 891 is produced in a bulk region of
the p-type ferroelectric thin layer 91 because of the first electric field 791 acting on
photo-induced holes 910 and electrons 911 in the first layer 91. A second photovoltage
output 892 is produced at the p-n junction 916 because of the second electric field 792
acting on photo-induced holes 920 and electrons 921 in the p-n junction 916.

30 ‘ ‘ ‘

Since the directions of the two electric fields 791, 792 are aligned, preferably with a
direction from the bottom electrode 94 to the top electrode 93, the second electrical

output 892 therefore has a.same polarity as the first electrical output 891. The first

photovoltage output 891 and the second photovoltage output 892 are thus aligned so =
35 as to constructively contribute to the photovoltage output of the photovoltaic UV



The photovoltaic UV detectors as described above generate a photovoltage or electrical output by
directly converting the received UV light energy. into electricity, thereby having significant advantages
over other UV YetE# Eihice no electrical bias is required for operation AATFHROI3E0THis feature is
particularly desirable for 20continuous UV monitoring or UV dosage measurement over a specified
period of time. The materials used to prepare the pRdtovoltaic UV detectors as described above also
have better stability under continuous and intensive UV irradiation, so as to be suitable for producing
photovoltaic uVeasERiaR according to the present invention for 25continuously monitoring intensive
UV irradiation and dosage measurement over a long period. Whilst there has been described in the

foregoing descrigiies peetastadambasivastsiofhthapeesent invapiaedtvdd ieurderstapd by those
skilled in the tecfinglagy, %ﬁ(&&&?%%m%’% §§' '9{&%&%%"% SR&QWWrﬂa%@{!énOftrﬁjees'g” or

construction may ema e without departing from resent invention. MCSLLP 21'CLAIMS 1 A

photovoltaic UW@B}%‘@&"&W@%‘*&PW@% H@Yﬁt@"a"@?é@fﬁ%eﬁt%tﬂlﬁyu?‘(ﬁ‘i(fePW'm%laf%ﬁlUﬂd“fhe
photovoltaic UVinjetetveorlborinadisitien. SEhfirsnkkper it owiiskiintprancstavwicaliyopiariaeel diectric thin

layer configuredriadgion tiaiany fiigkehtaisigphidpbddendesdinerhbviticiadialing shipdo a first electric field
existing in a bulk region of the first layer; a second layer on a substrate configured to form an

electrical energy barrier at an interface between the second layer and the first layer so as to generate

a 10 second eleCtr{EiCHREH AN aeR e PR RTEHISXRAPENE 30 P LRSIRy o B R 91Rra'Bia ity at a space
charge reglén ofletrstotei@ritthiconsirystiva petowitrisetisndrera dhddalliv ot disleiridcdhimlaxepolarity as
the first electrica1putparidisarierthe: seeond elesittkiieldand ibeiditstsejratiatinlideingraligned in a

same general dgectinyaaf dagdhis! {RYeO{PTiRdan HSWiack oL ih e {iRkidy S ABReSIRthe interface
ferroelectric layer 31 also has a large electrical impedance. These features can
improve the circuit driving capability of the photovoltaic UV detector 30, 40.

-
un

The photovoltaic UV detectors as described above generate a photovoltage or
electrical -output by directly converting the received UV light energy into electricity,
thereby having significant advantages over other UV detectors since no electrical bias
is required for operation, in principle. This feature is particularly desirable for

20  continuous UV monitoring or UV dosage measurement over a specified period of time.

© The materials used to prepare the photovoltaic UV detectors as described above also

have better stability under continuous and intensive UV irradiation, so as to be suitable

for producing photovoltaic UV detectors according to the present invention for

25  continuously monitoring intensivé UV irradiation and dosage measurement over a long
period.

Whilst there has been described in the foregoing description preferred embodiments of
" the present invention, it will be understood by those skilled in the technology concerned
30 that many variations or modifications in details of design or construction may be made

without departing from the present invention.



between the first layer and the second layer, the third layer being configured to function as a first
electrode, wherein the third layer is a conductive oxide layer, the electrical output of the photovoltaic
UV detector being a sum of at least the first electrical output and the second electieal-bttput. 20 2.
The photovoltaic UV detector of claim 1, wherein a first electric field comprised in the first layer is
antiparallel to a direction of electrical polarization in e first layer. 3. The photovoltaic UV detector
of any preceding_claim, wherein the first layer is a 25pyroelectric layer. 4. The photovoltaic UV detector
of claim 3. wher |hAtIMasfirst layer is a ferroelectric thin film. 305 The photovoltaic UV detector of any
preceding claim, further comprising a smaller or no electrical energy barrier between the third layer
and the first layet.thraphbeiwesn thvedsecanddaferand Heediest layertrical GuibheupbetoNoltaic UV

detector of any pregegingd+aing.snhersiaithe sesand yssis@ 35metal layer and the electrical energy

barrier is a %chottky bar;lieshaMCSLLP 22 7. The ph tovqltaic UV dgte%i)r of claim.6, \év@%rein the third

er ¢ rising an e{e trically polarized dielectr n.layer configur . .
layer has a Smaller work ?unc_|on ?H‘e?n the meta aye¥, and wherein elec rlca/l olarization in the first
layer is directed froRFBSERIHBHPIRGTertRElREIdetiE SXiderrishan 8ee PrRfFHSIBRORARIUY detector of
any preceding clainexistiverein thék cegictuctive xideytayer comprises (La,S r)IVIn03. 9. The photovoltaic

UV detector of any preggdiagalaisn owhergi-ihecepiiisdiverexide Byearicar1isesdndim-tin oxide. 10
10. The photovoltaic UV d tector of r(;I%im 6 orgqueonedquﬁisrﬂg 19,9 when dependent on claim 6,
tne

. . an inteffacé between the.secon ran (ﬁ Is;]ogen e? .
wherein the first layer Is an n-type material an metal second layer has a work function larger than

the work fuh@tion ofgfen&lEces! 4R T PRAHIVERARIDAARER BBF BN EIBRAEIAE fvherein the metal

layer has a work  existing at a space charge region of the electrical energy barrier, the second
electrical output having a same polarity as the first electrical output due to the
second electric field and the first electric field being aligned in a same general
direction; and

15 a third layer formed on a surface of the first layer opposite the interface

between the first layer and the second layer, the third layer being configured to
function as a first electrode, wherein the third layer is a conductive oxide layer, the
electrical output of the photovoltaic UV detector being a sum of at least the first

electrical output and the second electrical output.

20
2. The photovoltaic UV detector of claim 1, wherein a first electric field comprised in
the first layer is antiparallel to a direction of electrical polarization in the first layer.
3. The photovoltaic UV detector of any preceding claim, wherein the first layer is a
25 pyroelectric layer.

4. The photovoltaic UV detector of claim 3, wherein the first layer is a ferroelectric thin
film. '

30 5. The photovoltaic UV detector of any preceding claim, further comprising a smaller
or no electrical energy barrier between the third layer and the first layer than

between the second layer and the first layer.

8. The photovoltaic UV detector of any preceding claim, wherein the second layer is a
35 metal layer and the electrical energy barrier is a Schottky barrier.



function larger than 5 eV. 12. The photovoltaic UV detector device of any one of claims 5 to 11 when
dependent on claim 4, wherein the ferroelectric thin film comprises (Pb,La)(Zr,T003. 20 13. The
photovoltaic UV detector device of claim 12 when dependent on claim 8, whereinMs&k&froelectric thin
film has a composition of (P100.97La003)(Zr052Ti0.48)03 and the metal layer comprises Pt. 2514. The
photovoltaic UV detector device of clalm 6 or any on®of claims 7 to 13 when dependent on claim 6,

wherein the meta 'ar}%%r 'ﬁo vo?tgée i d%'&cﬂ'g? fa?ﬂghﬁ ‘?rF‘%NQL H}é%@&%ﬂ@’% of claim 6 or

any one of claims 7 to nt on claim 6 w erein the metal layer is polycrystalline. 30 16.

The photovoltaic U\/“Hﬁ%f@?%@%l@@%‘f%’fﬁ? GRE ‘5?@3%@%@%5%’@?’8’%&%83@ B¥EfRim 4, wherein
the ferroelectric thirdfitreidd rotyihe/stethinerel To thesphotdveaide Unvedetector device as claimed in 6 to
14 when dependent on MCSLLP 23 claim 4, wherein the ferroelectric thin film is an epitaxial thin film.

18. The phogovoga'%é\é%‘%@&@&%ﬁé&e%f%@ ROl NG.RE CARGdRYVRE REHY FonEgyred to function

as a second electrode voltaic UV detector of claim 18, the second electrode being
made of an inert mé@iﬁﬁgwg'ﬁgk@ ﬁ%‘r BV irradiation. 20. The photovoltaic UV detector of any
one of claims 1 to 5, wherein the second layer 10comprises a semiconductor layer and the electrical
energy barrier is@ priejuhatiositaic UV detector of any preceding claim, wherein the conductive oxide

layer comprises indium-tin oxide.
10
10. The photovoltaic UV detector of claim 6 or any one of claims 7 to 9 when
dependent on claim 8, wherein the first layer is an n-type material and the metal

second layer has a work function larger than the work function of the first layer.

15 11. The photovoitaic UV detector of claims 10, wherein the metal layer has a work

function larger than 5 eV.

12. The photovoltaic UV detector device of any one of claims 5 to 11 when dependent
on claim 4, wherein the ferroelectric thin film comprises (Pb,La)(Zr,Ti)Os.
20
13. The photovoltaic UV detector device of claim 12 when dependent on claim 8,
wherein the ferroelectric thin film has a composition of (Pbgg7lag.0s)(Zros2Tio4s)O3

and the metal layer comprises Pt.

25  14. The photovoltaic UV detector device of claim 6 or any one of claims 7 to 13 when
dependent on claim 6, wherein the metal layer is an epitaxial thin film.

15. The photovoltaic UV detector device of claim & or any one of claims 7 to 13 when
dependent on claim 6, wherein the metal layer is polycrystaliine.
30
16. The photovoltaic UV detector device of any one of claims 6 to 15 when dependent

on claim 4, wherein the ferroelectric thin film is polycrystalline.

17. The photovoltaic UV detector device as claimed in 6 to 14 when dependent on
35



barrier. 21. The photovoltaic UV detector of claim 20, further comprising a fourth layer in contact with a
surface of the second layer opposite the interface between the first 15layer and the second layer, the
fourth layer being configured to function as a second electrode. 22. The photovdtaR-tR/ detector of
claim 21, wherein the first electrode forms an ohmic contact with the first layer and the second
electrode forms an ohmic contact 20with the seconddayer. 23. The photovoltaic UV detector of claim
21, wherein the first electrode forms a first Schottky barrier with the first layer and the second
electrode forms a s&ESAA"&: ﬁﬁﬁ'{‘l@‘ﬁg?ﬁ%?lﬁﬁﬁrhcfﬁgy SEL570 RR/EK'25594 " he photovoltaic UV detector
of claim 23, wherein an electric field comprised in the first Schottky barrier and an electric field
comprised in the1seTbadrSohoittky Warisrcanecaligy eckawitinglaifir siheleetticdfieldraachyvith the second

electric field. 3025. Ihaphaioyealiaiohys datects okamsone of claims 20 to 24 when dependent on
claim 5, wherein the third layer comprises a metal oxide. 26. The photovoltaic UV detector of any one

of claims 20to 25 when dependent on claim 5, wherein the ferroelectric thin film comprises a metal

oxide. MCSLLP 24 57¢ PrrionpiGvOnarieasor Jetaitn Higamiors, St derRpbaE 8T its 22 to 26
when dependent onretdimefl {hirirtheiride npresidy eratiistnate upon which the second electrode is
formed. 528. A method of forming a photovoltaic UV detector, the method comprising: (a) providing a

itbotintdoit b et el e e S B A e St e
electrical ou'g)ut under the UV irradiation; (b) providing a secon cfayer con?lguredpto orm an electrical

energy bardér at anSHTRHEREPTEINESH RS BSR4 FISHE R & 1HE B9EIes6 49T Ykiidtate a

barrier.

21. The photovoltaic UV detector of claim 20, further comprising a fourth fayer in
contact with a surface of the second layer opposite the interface between the first
15 layer and the second layer, the fourth layer being configured to function as a
second electrode.

22. The photovoltaic UV detector of claim 21, wherein the first eiectrode forms an
ohmic contact with the first layer and the second electrode forms an chmic contact
20 with the second layer.

23. The photovoltaic UV detector of claim 21, wherein the first electrode forms a first
Schottky barrier with the first layer and the second electrode forms a second
Schottky barrier with the second layer.
25
24, The photovoltaic UV detector of claim 23, wherein an electric field comprised in the
first Schottky barrier and an electric field comprised in the second Schottky barrier

are aligned with the first electric field and with the second electric field.

30  25. The photovoltaic UV detector of any one of claims 20 to 24 when dependent on
claim 5, wherein the third layer comprises a metal oxide.

26. The photovoltaic UV detector of any one of claims 20 to 25 when dependent on

claim 5, wherein the ferroelectric thin film comprises a metal oxide.



10second electrical output under the UV irradiation; such that the second electrical output has a same
polarity as the first electrical output and the electrical output of the photovoltaic UV detector is a sum of
at least the first electrical output and the second electrical output; and  (c) depodiisdeconductive
oxide layer on the dielectric thin layer prior to 15electrically polarizing the dielectric thin layer, the
conductive oxide layer being a first electrode. 29. The#method of claim 28, wherein step (a) comprises

depositing the diglectric thin layer opn the second layer, and electrically polarizing the dielectric thin
IayE:-r slulcg that a%rﬁ‘&l@% VRS gg/rﬁﬁﬁgg&%c{ﬂgy dRILLHCIHRNRYEF RTS é%t&%@"lﬁ?ﬁé‘ction as a

second electric fielFEBPAPPRIEY M| detrieat sttt Hestatahiedniericlthdesamnshn the dielectric
thin layer and the setmtrddayeir2e30. The method of any one of claims 28 to 29, further comprising
introducing substitutional low valence ions in the dielectric thin layer to produce a p-type dielectric thin

layer. 31. The method of any one of claims 28 to wherein step (b) comprises depositing a 30metal
layer as the é]ecroari?d am%%%%r_l%fgﬁ fé‘ﬂét@,?"é‘%rf?é.a gyeéerqggin%eaméé%c}nﬁogfépﬁf@de. 32. The method
of claim any one of ¢HIMEY818 B SHAKTETAREH DT BRI eRpFsiHEE acHietain#yer as a second

electrode on a substratesoafiglidepositimg ae3b8emiednchiclaplayetashhe\secarddayer on the metal

layer. MCSLLP 25 38) AV iaiaciop-aeiip daanrising -expesing 2 hairyaliaic LY detector to UV

irradiation, interface between the second layer and the first layer so as to generate a

10 second electrical output under the UV irradiation; such that the second
electrical output has a same polarity as the first electrical output and the
electrical output of the photovoltaic UV detector is a sum of at least the first
electrical output and the second electrical output; and

(c) depositing a conductive oxide layer on the dielectric thin layer prior to

15 electrically polarizing the dielectric thin layer, the conductive oxide layer being

a first electrode.

28. The method of claim 28, wherein step (a) comprises depositing the dielectric thin
layer on the second layer, and electrically polarizing the dielectric thin layer such
20 that a first electric field comprised in the dielectric thin layer has a same direction as
a second electric field comprised in the electrical energy barrier at the interface
between the dielectric thin layer and the second layer.

25 30. The method of any one of claims 28 to 29, further comprising introducing
substitutional low valence ions in the dielectric thin layer to produce a p-type

dielectric thin layer.

31. The method of any one of claims 28 to 30, wherein step (b) comprises depositing a
30 metal layer as the second layer on a substrate, the metal layer being a second
electrode.

32. The method of claim any one of claims 28 to 30, wherein step (b) comprises
depositing a metal layer as a second electrode on a substrate, and depositing a
35 semiconductor layer as the second layer on the metal layer.



generating a first electrical output under the UV irradiation in a first layer of the photovoltaic UV

detector; 5generating a second electrical output under the UV irradiation at an electrical energy barrier

formed at an interface between the first layer and a second layer of the photovoltdf®NtRietector, the

second electrical output having a same polarity as the first electrical output; providing a third layer

formed on a surface of the first layer opposite the 10iAterface between the first layer and the second

layer, the third Ia?%erAfH?C% nipg as ggst electrode, wherein the third layer is a conductive oxide layer;
at'least t

and summing e first elec ncé?”&ﬁ%‘éiﬂ‘?and the second electrical output to produce an

electrical output of the PREEORAIRCONP Rt dtYSletes ar fepdertialion of amount of UV irradiation. '5

generating a first electrical output under the UV irradiation in a first layer of the
photovoltaic UV detector,

5 generating a second electrical output under the UV irradiation at an electrical
energy barrier formed at an interface between the first layer and a second layer of
the photovoltaic UV detector, the second electrical output having a same polarity as
the first electrical output;

providing a third layer formed on a surface of the first layer opposite the
10 interface between the first layer and the second layer, the third layer functioning as
a first electrode, wherein the third layer is a conductive oxide layer; and
summing at least the first electrical output and the second electrical output to
produce an electrical output of the photovoltaic UV detector as a representation of
amount of UV irradiation.
15



