1 INORGANIC ELECTROLUMINESCENT DEVICE WITH CONTROLLED HOLE AND ELECTRON
INJECTION BACKGROUND OF THE INVENTION [0001] Electroluminescent (EL) devices hold the
promise of providing a display technology superior to the cathode ray tube and liquid crystal displays
in 5 widespread use today. Although various EL devices have been known for years, development of
EL displays has been relatively slow due to a numbey of technical challenges. [0002] At least two
different types of EL devices are known: tunneling EL devices and diode junction EL devices.
Tunneling EL devise8:dl befabtic&ed UMINGySSTadmdo& plids phid HDeTR et een@ho electrodes
and placing an insulating layer betweerPdteBrEotiRGRidttdEES 61 the phosphor. Injection of carriers
is accomplished by imposing a high voltage across the phosphor that enables tunneling of carriers,
typically electrons, through the insuleiak BreuNibedrgHe lestHs firdi accelerates the injected carriers

that then interact with Igrnanc [thi rr ng:i [ssion.qf. visible light.
[0003] Diode junction g@gg@ice%%(gﬁgt eﬁi?ﬁg%%afﬁgjeg%]?ggr‘ﬂgéﬁgﬁﬁl%é%r? F@r_@}gﬂ1o8_s{fl)hor material
to create a PN jiiRillay [RIReRPey iSRRI 9idQ the ABIRBHR rholeea dridensia cbpBXsdhear the PN

junction to emit kgbés)e8d L Botbdapesiidaghdeyicas suffieritesmavelivbe kedwiablgegs20 however,

cue to the hioh velagm e IRdpiechcaviess Hiah xplages A e ABRBSY sgipnrocelerate

. . \/
carriers to high velod es, suc e charge carriers pass quick
region without rédSH5I8@3g or interacting with the luminance centers of the phosphor. The charge

carriers do not contribEol elaclsakimioantereeyped berceeliny eieateonvasteblingakage 25
current, which loyers.eficiengy. FUMSIMOTE.NidN Voliadsmd '580do RRFsioRhieRLgaldown of the
insulating layers or pﬁosphor, eé%roylng e device.

10 by placing a phosphor material between two electrodes and placing an insulating
layer between one or both electrodes and the phosphor. Injection of carriers is
accomplished by imposing a high voltage across the phosphor that enables
tunneling of carriers, typically electrons, through the insulating layer. The high
electric field accelerates the injected carriers that then interact with luminance

15 centers within the phosphor resulting in emission of visible light.

[0003] Diode junction EL devices, on the other hand, are fabricated by
doping the phosphor material to create a PN junction. Under forward bias
conditions, holes and electrons recombine near the PN junction to emit light.

[0004] Both types of EL devices suffer from a number of problems,

20 however, due to the high voltages required to inject carriers. High voltages in the
phosphor region accelerate carriers to high velocities, such that many of the
charge carriers pass quickly through the phosphor region without recombining or
interacting with the luminance centers of the phosphor. The charge carriers do
not contribute to electroluminescence, and hence, they create a wasteful leakage

25  current, which lowers efficiency. Furthermore, high voltages can lead to
catastrophic breakdown of the insulating layers or phosphor, destroying the
device.

[0005] Fabrication of diode junction EL devices is also difficult since
doping of most inorganic phosphors is difficult to achieve, limiting the choice of

30 inorganic phosphor materials suitable for commercial EL devices. For those



[0005] Fabrication of diode junction EL devices is also difficult since doping of most inorganic
phosphors is difficult to achieve, limiting the choice of 30 inorganic phosphor materials suitable for
commercial EL devices. For those 2 phosphors that can be doped, doping is typically limited to one
carrier type, thus, limiting the efficiency of the devices. [0006] Although the lower carrier mobility of
organic phosphors can result in improved functionaIEy, organic phosphors present a whole new set of
5 difficulties. Organic phosphors tend to be highly chemically reactive and can rapidly degrade if
exposed to the grinasphone tialdan tig b oeedtiloyingf isryaicalydnagshorsraseulimityphetoboices of

materials that cap ey aeddareleSiaders usires many organic phosphors will readily combine with the
metal in the electrode resultir;&%dqeﬁradation of the device performance. Practical devices 10 using

an organic phosphor réQﬂﬂPé s iYL GRLHIBHTQDLRY ak R GrRARSRE AR E¥Areful packaging
to manage the resssilvityioptbecgtosgiomaligohriganigpliovep hitespitbsenganid plaospphees dfas also proven
dificut. SUYMARRYG G HE:4NERFHIONGAIAB0S b PRRIDERELiREADHEAEEh pLld be

advantageous to develop an efficient electroluminescent device based on hole and electron injection

and recombinatiBRYY SeRAIGLFPORSL SN EIE RIBOE BRR e HBoIPRERREMALOH AN Invention
includes an elegtnokpmine atserindevibe curitiesioé chtoepicdsltice edadirolsetrieselencedeem the 20

recombination ofjniecied, helﬁérﬁ&gh%k‘?ﬁ{{)?@ﬁ,ﬁf‘@&dﬂ%gﬁﬂiﬁ&@ﬁﬁ%@h&ﬁﬁﬁ{ﬁgtm'Umi”escent device

includes a controllable hole mll?ctlon structure in contact with the inorganic phosphor. The
embodiment of SFEIYFolGHINEEBIEHRIRICARIGNRABYES REHSHTIANED I EAEHE] IFYjE Sion structure in
contact withithe usiogganmganis phasphiod reqpacatpetfabohéhecabistsialiahl ayteanjestion structure 25 by

a recombinalion; fgign oL e DO RAISRRRGRD HalRGAThAALIRRG JPak b g Advantages of the
Achieving long life with organic phosphors has also proven difficult.

SUMMARY OF THE INVENTION
15 [0007] It has been recognized that it would be advantageous to develop
an efficient electroluminescent device based on hole and electron injection and
recombination in an inorganic phosphor.

[0008] One embodiment of the present invention includes an
electroluminescent device configured to produce electroluminescence from the

20 recombination of injected holes and electrons in an inorganic phosphor. The
electroluminescent device includes a controllable hole injection structure in
contact with the inorganic phosphor. The embodiment of an electroluminescent
device also includes a controllable electron injection structure in contact with the
inorganic phosphor and separated from the controllable hole injection structure

25 by a recombination region of the inorganic phosphor.

[0009] Additional features and advantages of the invention will be
apparent from the detailed description which follows, taken in conjunction with the
accompanying drawings, which together illustrate, by way of example, features of
the invention.

30



apparent from the detailed description which follows, taken in conjunction with the accompanying
drawings, which together illustrate, by way of example, features of the invention. 30 3 BRIEF
DESCRIPTION OF THE DRAWINGS [0010] FIG. 1 is a schematic view of an electroluminescent
device in accordance with an embodiment of the present invention; [0011] FIG. 2 is a sectional view of
an electroluminescent device in 5 accordance with ghother embodiment of the present invention;
[0012] FIG. 3 is an energy band diagram for the electroluminescent device of FIG. 2 with no applied
voltage; [0013] FIG. 4 is an enerd@Rifan®dR{crirT ONtRE dldEtiRAeSSent device of FIG. 2 with

sufficient applied voltagg igicaurg. alec AMNARCERGET AR Il RestihARSRIEoRal view of an

electroluminescent device in_accordance with another embodiment of the present invention; [0015]
FIG. 6 is a secti@fEPHB0C AR Bl RPBRAMGEEAEMERGRE MG Riance with another embodiment of
the present invention; [001H] FKB>.2is a sehiwnalkivaliagframeica displzsstepldavased using the 15

electrolumingscent deMce Qi GndBrarRraRNGS Yithaneter prkediment of the present invention;

and [0017] FIG. 8 is a flow chart of a method of fabrication of an electroluminescent device in
accordance with an erffdimenoria9reReiy RRNEHRIBRA"5h BIEFAR IR BEWIEEEBH 0N [0018]
Reference will ndevioe oh&iie. ilite sxappiedy eltabediments illustrated in the drawings, and specific

language will be used figrpip to-geseiing, therdphnddul-arveririesheiHAdRSoqd that no
limitation of the scope of the _ o _ _
device of FIG. 2 with sufficient applied voltage to cause electroluminescence;

10 [0014] FIG. 5is a sectional view of an electroluminescent device in
accordance with another embodiment of the present invention;
[0015] FIG. 6 is a sectional view of an electroluminescent device in
accordance with another embodiment of the present invention;
[0016] FIG. 7 is a schematic diagram of a display implemented using the
15 electroluminescent device of FIG. 1 in accordance with another embodiment of
the present invention; and
[0017] FIG. 8 is a flow chart of a method of fabrication of an
electroluminescent device in accordance with an embodiment of the present
invention.
20
DETAILED DESCRIPTION
[0018] Reference will now be made to the exemplary embodiments
illustrated in the drawings, and specific language will be used herein to describe
the same. It will nevertheless be understood that no limitation of the scope of the
25 invention is thereby intended. Alterations and further modifications of the
inventive features illustrated herein, and additional applications of the principles
of the inventions as illustrated herein, which would occur to one skilled in the
relevant art and having possession of this disclosure, are to be considered within
the scope of the invention.
30 [0019] An embodiment of an electroluminescent device is illustrated in
FIG. 1, indicated generally at 10, in accordance with an embodiment of the

present invention. The electroluminescent device 10 includes an inorganic



25 invention is thereby intended. Alterations and further modifications of the inventive features
illustrated herein, and additional applications of the principles of the inventions as illustrated herein,
which would occur to one skilled in the relevant art and having possession of this disclosure, are to be
considered within the scope of the invention. 30 [0019] An embodiment of an electroluminescent
device is illustrated in FIG. 1, indicated generally at 310’ in accordance with an embodiment of the
present invention. The electroluminescent device 10 includes an inorganic 4 phosphor 12 configured
to produce electpblospineséecwdiftoad tlogoredoralsieatioinuhasigated frotethamnecetebimethe Exemplary

materials which pigyhesHseikios R dRREsRNIE RANSRRA AR IBRINAGA MDY IS uBAS0 GRS ZNO, ZnSe,

GaN, and GaP. [OO Ol The electroluminescent device 10 also includes a controllable 5 hole injection

I
structure 14 and PEHRIOAABIRMELESIFHHE A SRR 16RO séPafatdNr6Rf &M other and in
contact with the inorgdfigZphosteoelé@rouhutesngeictiencectirabvahicigees & wayrbiabieplied across the

hole injectioy stijgiuifseLAoNSIRGLIHR AN0HR SQUAR RHIBMEISRIRNISCHAN ARBtE! Gale contact 34 to
create a sufficiently hlgzlg%Ef-fleld intensity within the hole injection structure 14 to 10 enable the

injection of holeS TR GBLONRRL A, ' IGRRTE WHR R ML POBHRAIYY 13 MdiPlfe varied to
control the rate d@fjbdier geation.ofagelé8tnoy beepidedcantrsd tratage Riotay Seuapplidd across the

electron injection) Siye{urs, Jé usingdh S AR ARE R IRELAS D BlE M iRiss ign control gate

contact 36 to create a sufficiently high E-field intensity within the electron injection structure 15 16 to
enable the inject&REF RHHIORANMTHEREEE At RIOMEShG RRIRAYECIN HEFHERVHH to control the
rate of electon iajadlotheHijit fiodiefchoitarisitie thecematiztcbyittive 20nTed Voltaigestid 20 are

substantially CO'H&H%?’\)MPEF{% E@mﬁ%%%“%iﬁ%‘&%ﬁ?o%e]r@t@d?%l?‘ﬁﬁ@%?%ﬁ‘%lé&%‘ia“o” of the

injection structures 14, 16 from each other and in part because of the separation of the 20 injection
structures 14, 16'FSHPR RREAHKATAEEE ILGRPE SRR PR ARG €lectron injection structure

16 using the cathode contact 26 and the electron injection control gate contact 36
to create a sufficiently high E-field intensity within the electron injection structure

15 16 to enable the injection of electrons. The electron injection control voltage 20
may be varied to control the rate of electron injection. High E-field intensities
created by the control voltages 18, 20 are substantially contained within the
injection structures 14, 16 in part because of the separation of the injection
structures 14, 16 from each other and in part because of the separation of the

20 injection structures 14, 16 from a recombination region 13 of the inorganic
phosphor 12.

[0021] An electroluminescence voltage 22 may be applied between the
hole injection structure 14 and the electron injection structure 16 and, thus,
across the inorganic phosphor 12. As the electroluminescence voltage 22 is

25 made increasingly positive, the resulting E-field across the inorganic phosphor 12
will draw holes and electrons away from the injection structures 14, 16,
respectively and toward each other, where they will radiatively recombine in the
recombination region 13 of the inorganic phosphor 12, producing
electroluminescence. Relatively low electroluminescence voltage 22 can be used

30 to produce appreciable electroluminescence because the flow of carriers is a bulk
drift current. By avoiding high E-fields in the recombination region 13, the
velocity of carriers is kept relatively low, thus reducing the number of carriers that



phosphor 12. [0021] An electroluminescence voltage 22 may be applied between the hole injection
structure 14 and the electron injection structure 16 and, thus, across the inorganic phosphor 12. As
the electroluminescence voltage 22 is 25 made increasingly positive, the resulting E-field across the
inorganic phosphor 12 will draw holes and electrons away from the injection structures 14, 16,
respectively and toward each other, where they will radiatively recombine in the recombination region
13 of the inorganic phosphor 12, producing electroluminescence. Relatively low electroluminescence
voltage 22 can h@ss 8t @Qhdheroduganappresinblel legirolt eicesboimge Gdeiieeheyftdw of carriers is

a bulk drift currgpt. @é{cggmﬁlﬁmslg@h ge\pl@gj§drgtﬁ%§mggtlon region 13, the velocity of carriers is
kept relatively low, thus re uuﬁ?at e number of carriers that 5 %css thro% the inorganic phosphor

12 without recombinin %A efiGeA® Nidasd WHREH IR At EleC AR SRS T84 ABY Ehhanced. [0022]
FIG. 2 provides fotbated gnkailigrat 4@ tho kroondstenwdle acethendoboeiihgan ef iy prte60L in

accordance yvith aRothgy efﬂQ%‘PéHﬂr?ﬂErﬂfn@k%&(?&@xﬂ&eiﬁ@’ﬂ@ﬁ%sg%ﬁﬁ%‘ﬁ%@mﬂéesce”t device 100

includes a controllable hole injection structure 14, including a hole |£ectlon region 142 in contact with
the inorganic pHOSHHY? TBUCHE Lanireiiag ﬂ(li‘fér%ﬁ%%‘i RO Serirtutéin SRAPHMERe a field effect gate
structure includingayaotepingsptionleoniia gaiediddlandlaihelaionjgaticnreddtdsgateudssilator layer

146. The hole '”@ﬁé‘lﬁ%ﬁ@&tb%l@@{ﬁj&%'ﬁw'Hchﬁ%ﬁ%%l@ﬁﬁﬁ@éi@n@&nﬂ%@ﬁ?@fﬁ'&’Qﬁ&%‘ﬂﬂl&”’z but

separated from the inorganiC phosphor 12 by the hole injection control gate insulator layer 146. [0023]
The electrolumld@§88ﬂr‘t‘iﬂ)é\9‘€8kagﬁﬂ)'rﬂﬁ%\l§‘tﬂlrm@rr iHthu eS8 NOSh PRI CIRE SRiREMISh structure 16
including ameele dtxaiteih gaimsite eigécnold GReictico négainnid? thetisepgenéd ploas pteoindahiee controllable

electron injectiop ey sticlyiss, 1heals nfluss & el elleH AR PltyEnyFincluding an electron
injection control gate 164 and an electron injection control gate insulator layer
[0023] The electroluminescent device 100 may further include a

controllable electron injection structure 16 including an electron injection region
162 in contact with the inorganic phosphor 12. The controllable electron injection

15 structure 16 also includes a field effect gate structure including an electron
injection control gate 164 and an electron injection control gate insulator layer
166. The electron injection control gate 164 is located opposite the electron-
injection region 162, but separated from the inorganic phosphor 12 by the
electron injection control gate insulator layer 166. Although the hole injection

20 control gate insulator layer 146 and electron injection control gate insulator layer
166 are shown as two separate regions, they may be formed as one continuous
layer according to another embodiment of an electroluminescent device in
accordance with the present invention.

[0024] Operation of the electroluminescent device 100 can be

25 understood by referring to the energy band diagrams of FIGS. 3 and 4. FIG. 3
illustrates an energy band diagram for the controllable hole injection structure 14
of the electroluminescent device 100 taken along a cross section from point A to
point B (see FIG. 2). In FIG. 3, the hole injection control voltage 18 is assumed
to be set to zero volts. Ec represents the vacuum energy level, and E¢

30 represents the Fermi energy level of the hole injection region 142 and the hole
injection control gate 144. In FIG. 3, for illustration purposes only, it has been
assumed the hole injection region 142 and the hole injection control gate 144



166. The electron injection control gate 164 is located opposite the electron- injection region 162, but
separated from the inorganic phosphor 12 by the electron injection control gate insulator layer 166.
Although the hole injection 20 control gate insulator layer 146 and electron injection control gate
insulator layer 166 are shown as two separate regions, they may be formed as one continuous layer
according to another embodiment of an electroluminescent device in accordance with the present
invention. [0024] Operation of the electroluminescent device 100 can be 25 understood by referring to
the energy bandhdieidantcef WoGSudchons4. TRE @t iliestiatesaginreit gyndanke diggtam for the

controllable hole iigelign:sTusiurs, 14 1a54a clestiiurmineRsRRkidevice 4R iaken along a cross

section from point A to “point B (see FIG. 2). In FIG. 3, the hole injection control voltage 18 is assumed
to be set to zero'GBIESEEL N WRES HtEtip A dos imedRERIYP e¢8I08 G2 E FB0S )5 €58 the Fermi
energy level of tharligkepinfebtiamorganinphé2phiod 1hecbotes popeiipto tow titlegaieclddwbie i 1G. 3, for

llustation pyTD3e, B0l b5 50, ARSUIEE IR QIR ISHION, feBionL42 7 the hol injection

control gate 144 6 have tical work tfunctions. T e injection region 142 and hole injection
control gate 1445RRHHBOTRPRRGBA B RIIRISY edteriads. Foc'SHAISSE N PFBEvEB&h IE¢he work
function of the hatgeimjpetion tegian J#e.ifsoisidher anergy. hrndgearnoé thavirergmaic phosphor 12,

corresponding t?n@lﬁa%ﬁ%éf]&l%{%ﬁ@é’%%ﬂ?rﬁﬁ%W&W&?@é‘&?&%& Vﬂﬁ%%ﬂ&%ﬂgyﬂgg@“m energy

level, Evp, and conducti minimum energy level"Ecp . EG'I'Is the energ ndgap of the
hole injection coftfdMyAeENRsaYARYEl&rer 146, i.e. the difference between the insulator layer valence

band maximuim energydessy, Ewb hold equduntinnrieary -Mmipimaybentrgyikedebeioddi§025] The
o B B ATRRITI LS, SHar i A o e o e hoe
work function  e€mbodiments of the present invention. For example, suitable high work function
metals for embodiments of the present invention include Au, Pt, Pd, and Ni. In
alternative embodiments of the present invention, the hole injection region 142
15 may be fabricated from a p-type doped semiconductor, optionally a wide bandgap
semiconductor. A wide bandgap semiconductor may result in a lower hole
injection barrier, particularly if it has a high electron affinity (difference between
conduction band minimum and vacuum level). Examples of suitable
semiconductors for embodiments of the present invention include NiO, Cu,0O,
20 Co0304, SrCu,0,, BaCu,S;, LaCuOS, GaN, and the class of materials CuMO,,
where M=Al, Y, Sc, Cr, In, or Ga.

[0026] The hole injection barrier remains relatively high (for example,
approximately 1 eV) for practical choices of a high work function metal and
inorganic phosphor. The hole injection barrier may be overcome by the hole

25 injection control voltage 18.

[0027] FIG. 4 illustrates an energy band diagram for an embodiment of
the controllable hole injection structure 14 of electroluminescent device 100 for
the case where the hole injection control voltage 18 is set sufficiently high to
overcome the hole injection barrier. Holes tunnel through the triangular energy

30 barrier from the hole injection region 142 into the inorganic phosphor 12. Holes
entering the inorganic phosphor 12 will be swept to the boundary between the
inorganic phosphor 12 and the hole injection control gate insulator 146. Holes



metals for embodiments of the present invention include Au, Pt, Pd, and Ni. In alternative
embodiments of the present invention, the hole injection region 142 15 may be fabricated from a
p-type doped semiconductor, optionally a wide bandgap semiconductor. A wide bandga p
semiconductor may result in a lower hole injection barrier, particularly if it has a high electron affinity
(difference between conduction band minimum and yacuum level). Examples of suitable
semiconductors for embodiments of the present invention include NiO, CU20, 20 C0304, SrCU202 ,
BaCU2S2 , LaCo@8ot Gathy thaddheigles®olComitergte 04UMAR, 146hdre tMaAdrgd p&cieCi:4n, or Ga.

0026] The hole inielianibAeries remainsslAvaly Mo QB Ple. ARRICKIMAUEl o) for praciical

choices of a high work function metal and ingrganic phosphor. The hole injection barrier may be
overcome by thHRGe S8 IR LB BTGB IRSEDtHI 1  TSciah SHVENIE band dragrarm

for an embodimemtutdtdh&4éontrollable hole injection structure 14 of electroluminescent device 100 for

the case whgre the hofedaifciiongantipky gt BisReLUsISAKARIgCRKE RO he hole

injection barrier. Holes tunnel throug the trian u ar energy 30 barrier from the hole injection region
142 into the inorGHRNSpHBLRHINES ?—?otl%g‘%?’?t Aiaisd ﬂ?%%%ﬁ”& BALERKERA FARAE L Rept to the
boundary betweenetbéordmggnisicliphosphadrabd,ahdstivélhalehnjetien eahtmakemteiieisulator 146. Holes

7 cannot enter ipe hojpJRieGHAREAMHA %%I'éﬁ#ﬂﬁ%’iﬁe’cﬂ@n%%h&ﬂ 24316 MRS HRRic EV) and,

hence, a hole accumulation layer 124 (see FIG. 2) will form at the surface of the phosphor region
directly adjacentfPEREHIE e &dh "i‘fbﬁ'ﬁﬁi@%@%@ﬂlﬁl@ 1267 346 Siveiaifo 81she controllable
electron injeatiopisteptioreedionfallewty aijstanptintiplesdodhogectibstraied ghtvieamatoill be readily
apparent to one,gfordinary skill in the art and, thus, will not be further elaborated herein. Electrons

are injected from the electron |E{ectlon region 162 into the inorganic
[0029] ectron injection according to embodiments of the present

invention may be facilitated by the choice of a low work function metal for the
electron injection region 162 (see FIG. 2), minimizing the electron injection

15 barrier. Examples of suitable low work function metals consistent with
embodiments of the present invention include Ca, Li, K, Na, Mg, Sc, In, Al, Ti, Ta,
and Ag. According to alternative embodiments of the present invention, the
electron injection region 162 may be fabricated from an n-type doped
semiconductor. Examples of suitable n-type doped semiconductors include ZnO,

20 SnOg, In,03, GaN consistent with embodiments of the present invention.
Because electron injection is generally easier than hole injection, there is more
flexibility in the choice of a suitable electron injector than in the choice of a
suitable hole injector.

[0030] Imposition of the electroluminescence voltage 22 will cause drift

25 of holes and electrons within the inorganic phosphor 12 away from the
accumulation layers 124, 126 toward the recombination region 13, where they
may recombine, producing electroluminescence. Control of the
electroluminescence intensity may thus be obtained by variation of the
electroluminescence voltage 22. According to alternative embodiments of the

30 present invention, control of electroluminescence intensity may be obtained by
controlling the rate of injection of either holes or electrons, or both, by varying the
hole and/or injection control voltages 18, 20.



phosphor 12 and form an electron accumulation layer 126 at the surface of the 10 phosphor region
directly adjacent to the electron injection control gate insulator 166. [0029] Electron injection according
to embodiments of the present invention may be facilitated by the choice of a low work function metal
for the electron injection region 162 (see FIG. 2), minimizing the electron injection 15 barrier.
Examples of suitable low work function metals consi%tent with embodiments of the present invention
include Ca, Li, K, Na, Mg, Sc, In, Al, Ti, Ta, and Ag. According to alternative embodiments of the
present invention, the [f83fonTiedaciroteyioastent nevjchd fAhoated\vidas threen-type doped

semiconductor. FxaRples-PESHitaRIS RYPE SRREEISHISLRAHS ISR ABLEARe20 SN02, In203,

GaN consistent with embodiments of the present invention, Because electron injection is generally

h
easier than holeSIHEERYANRAEFENSEYEIBIRALARTYA M RFJNIScHPR QUMM EE it tor than in
the choice of a syéetizie twigohyettwe [D30] hopodgitbeledttbe isjectionl emirestenaegh tlatage 22 will

cause drift 35 ofhlesANEBSEEARIINELE SINISRAICRRQSRIAS 1A o 18- Acumulation

layers 124, 126 toward the recombination region 13, where they "may recombine, producing

electroluminesc&§ice YhraY GeRBIBIZRH BN PRHBA Lam LU HHRhGHPAsSy h #0 B RSBYdRed by variation
of the electrolurmat@smEhicele\withgle @@nAgectidmdeEiteleTalive eonbodaients of the 30 present

invention, contrgl,of Bl6RHAUERINESHROGSINERSIE) MANRRARIARGDLY HosiIgHiag ghe rate of injection

of either holes or electrons, or both, by varying the hole and/or injection control voltages 18, 20. 8
[0031] The eIectFSﬁHWﬁ]@&gbﬁe&é%gy gy i B teenpida P IR dAtIs: control of

electrolumin@scenioaniatelesitydbugimtihie electroluminescence voltage 22, control of hole injection

f#”e”t through the hojgoipctiag.aanHahueliags HHhandauiaL AeblecTen iugeion current through
© coupled out either the top or bottom of the device. In another embodiment of the

electroluminescent device, the field effect gate structures (hole injection control
gate 144 and hole injection control gate insulator layer 146, and/or electron

15 injection control gate 164 and electron injection control gate insulator layer 166)
may be fabricated of a transparent material. For example, the hole injection
control gate 144, or electron injection control gate 164, or both, may be formed
from materials such as In O3, SnO,, and ZnO doped with the appropriate
impurities so as to attain high conductivity.

20 [0033] FIG. 5 provides an alternate embodiment of an
electroluminescent device, indicated generally at 300, in accordance with the
present invention. The hole injection region 142 includes a hole injector contact
242 and a hole injector layer 248. The electron injection region 162 includes an
electron injector contact 262 and an electron injector layer 268. A single gate

25 insulator 156 spans a bottom surface of the inorganic phosphor 12 to provide
both the hole and electron injection control gate insulator 146, 166, respectively.

[0034] The hole and electron injector layers 248, 268 may be formed of
the same material as the inorganic phosphor 12 to facilitate flow of carriers from
the injector layers 248, 268 into the inorganic phosphor 12. A reduced thickness

30 of the injector layers 248, 268 relative to the inorganic phosphor 12 allows lower

injection control voltages 18, 20. Optionally, the injector layers 248, 268 may



5 electron injection control voltage 20. Hence, efficiency of the electroluminescent device 100 may be
optimized by setting the injection voltages 18, 20 to provide balanced hole and electron injection
independently of control of electroluminescence intensity. Improved efficiency may also be obtained
by keeping high injection E-fields away from the recombination region 13 to 10 minimize leakage
currents. [0032] Electroluminescence produced by tt‘ga device 100 may be coupled out either the top
or bottom of the device. In another embodiment of the electroluminescent device, the field effect gate
structures (hole atjedtmrapeattolregiate el hatel dnol @lgyget omextintr blegates itesiolatoveagaeridrd6, and/or

electron 15 injegHQR £ANKQIH@IR, 104k elerBoNHRRCHORERRERIgate insulator layer 166) may be

fabricated of a transparent material. For example, the hole injection caontrol gate 144, or electron

le,.
injection control gate 18453k b8t ChAPHE G RrRRAM A PHARFIEH QUBHNES RIS VIE#% and zno
doped with the apptichriaieisingminatiestsat aptotaitanhtheginotoachl eteatynr?ifj¢0033F61mEol5 provides an

alternate empodineatohaneeleguisiiminesre Halayios oo oeasralinal dibdpageordance wih

the present invention. The hole injection region 142 includes a hole injector contact 242 and a hole

injector layer 248'f$R0GI BREN LR FEN REGIREE DY AalFBS WOk ARGr ol IR RERS OdttE¥E262 and an
electron injector tleateh@68cuinsiiatite ged®2bdrsulhtontbé ispayhia pladkpmsdfdfacadriiseinorganic

phosphor 12 to proyige. beth dhrifls AR RIGHIaRIRISR] 54@%@@%@%'%%&&@661

respectively. [0034] The hole and electron injector layers , may be formed of the same
material as the iRYRIRREBPRECPHbAIZRE! BRI AR DNEAHFSRIHBUS R ifE BlEIayers 248, 268 into
the inorganio phogghor diht#ctredpead thickieessn3Qeafidhednjectas tayessh2dst G detative to the

inorganic phosplge . allows o Wer HIesHerGoRYS yltage i aq-RjerrlYagbepector layers
248, 268 may 9 also be doped to reduce the hole and electron injection barriers to improve carrier
respectively. In still another embodiment of the present invention, the hole

injector contact 242 and electron injector contact 262 may also be extended to
partially cover the inorganic phosphor 12.

15 [0036] FIG. 6 provides a further embodiment of an electroluminescent
device, indicated generally at 400, in accordance with the present invention. In
the electroluminescent device 400 of FIG. 6, the relative orientation of the
electron injection structure 16 and the hole injection structure 14 has been
changed relative to the embodiment illustrated in FIG. 2 to place the hole

20 injection control gate 144 and electron injection control gate 164 on opposite
sides of the inorganic phosphor 12. In another embodiment, the hole injection
control gate 144 and electron injection control gate 164 may be extended, as
shown in FIG. 6, so that they are partially opposite each other on opposite sides
of the inorganic phosphor 12. Electroluminescent device 400 may allow

25 improved efficiency, since drift of carriers can take place both laterally and
vertically within the inorganic phosphor 12, rather than just through a surface
layer as in the embodiments illustrated in FIGS. 2 and 5. For example, holes
may drift from an accumulation layer 124 in directions 402 and 404. Electrons
may drift from an accumulation layer 126 in directions 406 and 408. Hence, the

30 recombination region 13 may occupy most of the inorganic phosphor 12.

[0037] A plurality of the electroluminescent devices described above

may be used to implement a display. For example, FIG. 7 illustrates a schematic



injection according to another embodiment of the invention. [0035] In yet another embodiment of the
electroluminescent device 300 of FIG. 5, it is desirable that a portion of the hole and electron injection
control 5 gates 144, 164 extends past the injector layers 248, 268 so they are opposite the inorganic
phosphor 12 and separated by gate insulator 156. This helps to ensure that the accumulation regions
extend into the inorganic phosphor 12. Otherwise, pR}or injection efficiency may result due to trapping
of carriers within the injection layers 248, 268. In another embodiment of the present invention, the
hole 10 injector dawact 242 dinplaiiesbiwotroengjattat BODtavpREE ey Uxingd@hdetittof tumpletely

cover the hole InieeietilfRe24heas iR alssirersIneoRE BerdfintRsRRelusbed e Hlgnother

embodiment of the present invention, the hole injector contact 242 and electron injector contact 262

may also be ext8f @?Qeﬂé?t?aﬂ‘f%\/é‘fﬂfhg‘%ﬁﬁgﬁgéﬁﬁgﬁﬂﬁWT@T@@%TI‘f A% BRides a further
embodiment of &02¢kectrblensthesesI26 teditea cwivated giwodealiyitagd 00s iB0dccirdance with the

present '”Ve@t'o@Ié&réﬂ%@%@&ﬂllﬁ?&&f’e@G%&P@e%@ kY k%mﬁnéﬂ%l"e%'ﬁ‘&ﬁ(%}yéﬁ@ﬁat'on of the

electron injection structure 16 and the hole injection structure 14 has been changed relative to the

embodiment |Ilu§f?3¥é’319ﬁtﬁﬁfaa52bf§ pRR AR RIS RiFFLeN G R8Iyt BYLE AT R tron injection
control gate 164contappatiidusigeéeafine. inatigaia phesphty 1y Ibearuotihaedrp oninaedt, the hole

injection control gafe 1 44 A0d AleGIERTY 'Ql%%'?ééfégﬂtfﬂle%ﬁtfa@r%“a@é‘hdrhﬁ dehHedsas shown in FIG.

6, so that they are partially opposite each other on opposite sides of the inorganic phosphor 12.

Electrolum|nescM%@fb@%W@Wa‘}}@flé&Pi%?ﬁﬁ?ﬁWe& BRSSP SR &gt NdQrARY 8n take place
both laterallp andppenpicatiyholithmetioinangesiicoithgsprocdbacratt&rainay jusirtticaiegha surface layer
as in the embodipe/ms UYSIRGAIR 'ﬁb%sinj%&i%ﬂ ‘éorﬁFHl %E‘éﬂ@'ﬁm@ﬁ'&éqd?ﬁ‘e(aﬂé%ﬁm% 3

accumulation layer 124 in directions 402 and 404. Electrons may drift from an accumulation layer 126
in directions 406'%\dd&@Bp'P‘ﬁiﬁ&pﬂ‘FQ@?%c_ﬁ?ﬁ&ﬂ%%ﬁ?rrééﬁ)'ﬂ%a}ﬁ%)b%eéﬁﬁ%ost of the inorganic

phosphor 12.  compensate for persistence.
[0038] According to an alternative embodiment of a display, the hole
15 injection control gate 24 may be tied to a common hole injection control gate bias
bus and the electron injection control gate 34 may be used to control the pixel
510.
[0039] An embodiment of a method 800 of fabrication of an
electroluminescent device consistent with the present invention is now described.
20 Although the fabrication of a single electroluminescent device is described, it is to
be understood that an array or plurality of electroluminescent devices, for
example a display, may be fabricated simultaneously using the same process.
[0040] Referring to FIG. 8, the method 800 may include forming 802 a
first part of a hole injection structure. The method 800 may further include
25 forming 804 a first part of an electron injection structure separated from the first
part of the hole injection structure. The method 800 may further include
depositing 806 an inorganic phosphor layer spanning an area between and at
least partially overlapping the first part of the hole injection structure and the first
part of the electron injection structure. The method 800 may further include
30 forming 808 a second part of the hole injection structure in contact with the
inorganic phosphor layer substantially opposite the first part of the hole injection
structure. Finally, the method 800 may further include forming 810 a second part



[0037] A plurality of the electroluminescent devices described above may be used to implement a
display. For example, FIG. 7 illustrates a schematic 10 diagram of a display, shown generally at 500,
implemented using a plurality of the electroluminescent devices 10 of FIG. 1. The electroluminescent
devices 10 may be arranged in a matrix, with the anodes 24 tied to a common anode voltage bus
502, and the cathodes 26 tied to a common cathode, yoltage bus 504. The 5 electron injection control
gate 36 may be tied to a common electron injection "control gate bias bus 506 and the hole injection
control gate 34 robdelesteahtojextintrstrindiviel uret pisasisvETOthim aheidasit pikede s Oayeaty be controlled

by row and_ colusBepeiEaRsiRgoliRnAC SV AFRIPIL ne-fi AR BGAIHBICIaHR) e 514, When an

individual pixel 510 is selected, a transistor 516 is turned on to apply an 10 appropriate hole injection
control voltage. ﬁeeﬁf?éﬁﬂé?oglg‘meo'gjﬁ%%éﬁuﬁ“Eﬁ’ovide storage of the hole injection control
voltage when sequenti@iogddnniegaodiingdovachathgrixetthisdmaniordrednt] e capacitor 518 may also be

used to compensate SRRRRSSIRIENRS/EA0RS) herptinmk toAn AlisEraty e s ARt display, the

hole 15 injection control gate 24 may be tied to a common hole injection control gate bias bus and the
electron injectioRTORIELRI SUeHHQY SEUTLNE B AotHPSIaie HdPrEYR0 BB 36T RAERINSiment of a
method 800 of falratatcnjedtan eiectitcdumiacsbsnbidevite sobsistemhaytbethelgresantdiavention is now

described. 20 Altfouah the: aRrieAtPRRLRARMe FleCt Almingsyank dBKGRS Agsauibed itis to be

understood that an array or plurality of electroluminescent devicés, for example a display, may be
fabricated simulSHeTELIP RS AG AREAAMTBIHRELY §5BRE]eRENERTh dHBNEBYPEhe method 800 may
include forming 8p&ratidiralypeut gk a daleiinge chiomgtroctusdnotthen noéthe @8 Ooimaynksdher include 25

forming 804 a firgt pact f AR EIREHPR iBJm%CéiQITbétiWFrl’fHéfrt?ﬁ%9&?%59%6%3rf%%rl%%'EEOf the hole

injection structure. The method 800 may further include T _
some layers, for example, the gate electrodes or injection regions, from a

transparent material to allow transmission of light through those layers.
[0042] The electroluminescent device layers may be fabricated in a

15 variety of orders. According to one alternate method embodiment, forming the
first part of the hole injection structure may include forming a hole gate electrode
layer and forming an insulator layer at least covering the hole gate electrode.
Forming the second part of the hole injection structure may include forming a
hole injection layer in contact with the inorganic phosphor and substantially

20 opposite the first part of the hole injection structure.

[0043] According to another alternate method embodiment, forming the
first part of the hole injection structure may include forming a hole injection layer.
Forming the second part of the hole injection structure may include forming an
insulator layer on the inorganic phosphor layer substantially opposite the first part

25  of the hole injection structure. Forming the second part of the hole injection
structure may further include forming a hole gate electrode layer on the insulator
layer substantially opposite the first part of the hole injection structure.

[0044] Similarly, fabrication of the electron injecting structure layers may
also be performed in a variety of orders. According to another alternate method

30 embodiment, forming the first part of the electron injection structure may include
forming an electron gate electrode layer and forming an insulator layer at least
covering the electron gate electrode. Forming the second part of the electron



depositing 806 an inorganic phosphor layer spanning an area between and at least partially
overlapping the first part of the hole injection structure and the first part of the electron injection
structure. The method 800 may further include 30 forming 808 a second part of the hole injection
structure in contact with the inorganic phosphor layer substantially opposite the first part of the hole
injection structure. Finally, the method 800 may further include forming 810 a second part 11 of the
electron injection structure in contact with the inorganic phosphor layer substantially opposite the first
part of the electrofedtprttncsiractueizoiddestganiageahfetenttbie ihjeletion dateynnstantagtevif004 1]

According (o anqyashaneifiet REBBASIERNS. SR IRFLialUSTIOGRERR siioe mavidig dabricated on a

substrate, by forming the flrst art of the hole injection structure on a substrate and forming the first
part of the electfdRNFAHT ﬁ)cﬁﬂ% GRals GEEAGIR0 1 2R PN RS B ected to be a
transparent matendlpfionexamptenglasdirdtlismatahg thersobstiatéomatyunturssientéttadbe an opaque

material, f°r§xaf8rﬁ’||f?ngSHW%%ch@WanétYoP@a}Qro%Fﬁﬂﬁ’é‘%@M@BMQHB%&E%WP or the bottom,

of the electroluminescent device. As will occur to one skilled in the art, it may be desirable to fabricate

some layers, for'@f&ﬂ?ﬁlétrﬂ?@bea@a%lmmégrm]”ﬁj@ﬁtlﬂ%f@@f&ﬁ%’arﬁ%}ﬁh& Ifd98pkrent material to allow
transmission of lphlok i ugyetsobstiayially. ekl The ot qisol wittinesieenbdévimaitayers may be

fabricated in a 1g\arirly phARRS ﬁwé“é‘é‘é?ﬁ‘?dg%%?ﬂ?e@F@JM?H@@E@H%&%WQ%&HHF'”Q the first

part of the hole injection structure may include forming a hole gate electrode layer and forming an
insulator layer ate48eBUBIAGRIHRIGHIRGke S'EE‘trr‘bQFe'aﬁéﬁﬂlW@ {ARHERI S art of the hole injection
structure mey insludeafaiaiyrup podiel ehinfestipari @y drd maentgeaitivtistthetinerganic phosphor and

substantially 20 opposjig 3¢ figgl hath o AP BIG BIGRLINBIS! (n‘)q%&'i% ORI AGRSTEIEAY another

alternate method embodiment, forming the first part of the hole injection structure may include forming
a hole injection I%W“efl“St part of the electron injection structure may be performed simultaneously.

Forming the second part of the hole injection structure and forming the second
part of the electron injection structure may also be performed simultaneously.

15 Finally, the various steps of forming an insulator layer may be performed
simultaneously.

[0046] Flexibility in the fabrication of the electroluminescent device 100
may be obtained by the separate control of hole and electron injection. Since
independent operational control of the hole and electron injection currents is

20 provided by the controllable hole injection structure 14 and the controllable
electron injection structure 16, the injection properties of the controllable hole
injection structure 14 need not be precisely matched to the controllable electron
injection structure 16. Imbalances can be adjusted at operation time by adjusting
the hole and electron injection control voltages 18, 20 to achieve balanced and

25  efficient injection.

[0047] Itis to be understood that the above-referenced arrangements
are illustrative of the application for the principles of the present invention.
Numerous modifications and alternative arrangements can be devised without
departing from the spirit and scope of the present invention. While the present

30 invention has been shown in the drawings and described above in connection
with the exemplary embodiments of the invention, it will be apparent to those of
ordinary skill in the art that numerous modifications can be made without



Forming the second part of the hole injection structure may include forming an insulator layer on the
inorganic phosphor layer substantially opposite the first part 25 of the hole injection structure. Forming
the second part of the hole injection structure may further include forming a hole gate electrode layer
on the insulator layer substantially opposite the first part of the hole injection structure. [0044]
Similarly, fabrication of the electron injecting structur1 layers may also be performed in a variety of
orders. According to another alternate method 30 embodiment, forming the first part of the electron
injection structurepzating dlodeepnngpkes etectantepscobibetrndntiaparsaet ffutmimthan insulator layer
at least coveringtfig£lectron gate electrode. Forming the second part of the electron 12 injection
structure may include forming an electron injection layer in contact with the inorganic phosphor and
substantially opposite the first part of the electron injection structure. And, finally, according to another
alternate method embodiment, forming the first part of the electron injection structure may include 5
forming an electron injection layer. Forming the second part of the electron injection structure may
include forming an insulator layer on the inorganic phosphor layer substantially opposite the first part
of the electron injection structure. Forming the second part of the electron injection structure may
further include forming an electron gate electrode layer on the insulator layer 10 substantially opposite
the first part of the hole injection structure. [0045] Forming the first part of the hole injection structure
and forming the first part of the electron injection structure may be performed simultaneously.
Forming the second part of the hole injection structure and forming the second part of the electron
injection structure may also be performed simultaneously. 15 Finally, the various steps of forming an
insulator layer may be performed simultaneously. [0046] Flexibility in the fabrication of the
electroluminescent device 100 may be obtained by the separate control of hole and electron injection.
Since



independent operational control of the hole and electron injection currents is 20 provided by the
controllable hole injection structure 14 and the controllable electron injection structure 16, the injection
properties of the controllable hole injection structure 14 need not be precisely matched to the
controllable electron injection structure 16. Imbalances can be adjusted at operation time by adjusting
the hole and electron injection control voltages 18, 21O4to achieve balanced and 25 efficient injection.
[0047] It is to be understood that the above- ref erenced arrangements are illustrative of the
application for th¥mineipéesef thie present invention. Numerous modifications and alternative
arrangements can be devised without departing from the spirit and scope of the present invention.
While the present 30 invention has been shown in the drawings and described above in connection
with the exemplary emhodimentseatrifieninentandévied! (10, d00a680; tdthesenpiisorglinary skill in the art

that numerous madiigatinn ﬁé‘gbhﬁr eMHBaNLLS p‘i’&ﬁl?cré'%%EE%W#&E&%B'%@@%CO”C‘EPG of

the invention as set forth in he cl alm 4 What is claimed is: 1. An electroluminescent device (10,

100, 300, 400) comprléﬁ?ﬁﬁﬁ)ﬂﬂﬁ{%%%%@%ﬁﬁ@s@% @Jﬁ?ﬁ%‘b?é‘?ﬁ@?ﬁoduce electroluminescence
from the 5 recombomatitiabtd hyjrcigdchiotestrantliiajaeted eteciang:aticontvediaiitephotpiiayection
structure (14) in contaguyjtﬁ ?e inorganic phosphor (12); and a controllable electron injection
structure (16) in contact with the inorganic phosphor &@) and separated from the controllable hole
injection structur%%@@@'?e%‘@ﬁﬁ'ﬁﬂéﬁl%ﬁ'?@gﬁ%%ﬂ@ HB FR8RENE I HSSPRBIAHIC The
electroluminescent deyicsspheldirp) bnwbepaiatadifisinapiechooniiat ralkagge(tiBh contwie a rate of hole

injection m%the by a recombination region (13) of the inorganic phosphor.

2. The electroluminescent device of claim 1, wherein
a first applied control voltage (18) controls a rate of hole injection into the
inorganic phosphor (12);
15 asecond applied control voltage (20) controls a rate of electron injection into the
inorganic phosphor (12) independently of the first applied control voltage;
a third applied control voltage (22) controls an electroluminescence intensity
produced by the device independently of the first (18) and second (20)
applied control voltage.
20

3. The electroluminescent device of claim 1, wherein the controllable

hole injection structure (14) comprises:

a hole injection region (142) in contact with the inorganic phosphor (12) and
configured to receive a hole-injection bias voltage (18, 502); and

25 afield effect gate structure (144 and 146) in contact with the inorganic phosphor

(12) substantially opposite the hole injection region (142) and configured to
receive a first applied control voltage (18, 514) whereby a rate of hole
injection into the inorganic phosphor (12) is controlled.

30 4, The electroluminescent device of claim 1, wherein the controllable

electron injection structure (16) comprises:



inorganic phosphor (12); 15 a second applied control voltage (20) controls a rate of electron injection
into the inorganic phosphor (12) independently of the first applied control voltage; a third applied
control voltage (22) controls an electroluminescence intensity produced by the device independently of
the first (18) and second (20) applied control voltage. 20 3. The electroluminescent device of claim 1,
wherein the controllable hole injection structure (14 gomprises: a hole injection region (142) in
contact with the inorganic phosphor (12) and configured to receive a hole-injection bias voltage (18,
502); and 25 a fiedetsfttrongajectionictgien ((142)dnddd@)tivitotiadiorgenih ehnepbanit2) laogphor (12)

substantially opposite th@diple e FliQmEeH PN A AR GANHRLTRS A er@@?ig@? firt applied control
voltage (18, 514) whereby a rate of hole injection into the inorganic phos hor_g 2) is controlled. 30 4.
The elecirolumifeLel i B, R FEvGiH e (A aRlore BRI AR IEBS T~  licture (16)

comprises: 15 an eledttansupsttivialhegimosils F)eeleomtachigittiothegiordab?} pmbsphor (12) and
configured tg receive an lgGHEANJRIREIANLIas R AGiI4dConlis)yaRE (R)deEpadAlR Siructure (164

and 166) in contact with the inorganic phosphor (12) substantially opposite the electron-injection
region (162) and 5 corlf§uPEHQs FUESHRY H‘E%%Hoé%?iﬁ'@d’%?ﬂﬁ?f&&%@&?Qﬁ?'ﬁ%) whereby a rate of

hole injection into the inorganic phosphor (12) is controlled. 5. The electroluminescent device of claim
1, wherein the controllable hole injection structure (14) comprises: 10 a hole injection region (142) in
contact with the inorgamic phospbric{bi)nands ssmiteuiesdociagae vavadiele thyasiidnikips voltage (18,
502), a hole injeﬁg%%‘jg&%%' sqﬁ}cenijqesﬂ%ocrola er é%:46) in contact with the inorganic
10 a hole injection region (142) in contact with the inorganic phosphor (12) and
configured to receive a hole-injection bias voltage (18, 502),
a hole injection control gate insulator layer (146) in contact with the inorganic
phosphor (12) substantially opposite the hole injection region (142), and
a hole injection control gate (144) in contact with the hole injection control gate
15 insulator (146); and wherein the controllable electron injection structure
(16) comprises:
an electron injection region (162) in contact with the inorganic phosphor (12) and
configured to receive an electron-injection bias voltage (20, 504),
an electron injection control gate insulator layer (166) in contact with the
20 inorganic phosphor (12) substantially opposite the electron injection
region(162), and
an electron injection control gate (164) in contact with the electron injection

control gate insulator (166).

25 6. A display (500) comprising a plurality of electroluminescent devices
(20), wherein the electroluminescent devices (10) comprise:
an inorganic phosphor (12) configured to produce electroluminescence from the
recombination of injected holes and injected electrons;
a controllable hole injection structure (14) in contact with the inorganic phosphor
30 (12); and



phosphor (12) substantially opposite the hole injection region (142), and a hole injection control gate
(144) in contact with the hole injection control gate 15 insulator (146); and wherein the controllable
electron injection structure (16) comprises: an electron injection region (162) in contact with the
inorganic phosphor (12) and configured to receive an electron-injection bias voltage (20, 504), an
electron injection control gate insulator layer (166) in contact with the 20 inorganic phosphor (12)
substantially opposite the electron injection region(162), and an electron injection control gate (164)
in contact with tleecelguiliablérgéastiom ioimatroh ghitetimsu|56d m(tedRR wvith helisptggni00) comprising a

plurality of electrolumi ﬁggﬁﬁl&dﬁ‘é% g%%rgyggrf?dﬂ]t{p% elRRIsULIRIRBRCANIHBNISESLA) comprise: an

inorganic phosphor (1@tconf| ured to roduce electroluminescence from the recombination of
injected holes and injetted¥| (f%‘?{g Prsp ﬁ%lﬂ%ﬂ@fﬁj@?ﬁ?@?ﬂsjﬂ contact with the

inorganic phosphor 30 (12); and 16 a controllable electron injection structure (16) in contact with the
inorganic phosphor (12) and separated from the controllable hole injection structure (14) by a

recombinatiGn region (1:3) of AR FISTR M BHSEHHEYIEEAN G 00 3 AHYI GRITRESEENt device (10, 100,
300, 400) comprisingsrganio eigapicop haspiqn M éans ¢dagiforgrotloicinihedecticduromeiseence from the
recombination of injec}%gm%ﬁagdm@g dqﬁ%tgo%% ﬂ;&&%ﬁ%lll lgrgole injection means (14) for

controllably injecting holes into the inorganic phosphor means (12) while substantially containing hole
10 injection eleceCRERISHRAPIGHRIRDIREONSRIE bf%j%‘wfﬁ{'?’ﬁb(dﬂ@??ﬂg helRd ‘a8 dRtrollable
electron-injection meanw(d4)iégrmhesphialiaebnineelingirlectsnsatialg containing hole

10 injection electric fields within the controllable hole-injection means (14);
and
a controllable electron-injection means (16) for controllably injecting electrons into
the inorganic phosphor means (12) while substantially containing electron
injection electric fields within the controllable electron-injection means (16).
15

8. A method of making an electroluminescent device (800), the
method comprising:
forming (804) a first part of a hole injection structure;
forming (806) a first part of an electron injection structure separated from the first
20 part of the hole injection structure;
depositing (806) an inorganic phosphor layer spanning an area between and at
least overlapping the first part of the hole injection structure and the
first part of the electron injection structure;
forming (808) a second part of the hole injection structure in contact with the
25 inorganic phosphor layer substantially opposite the first part of the hole
injection structure; and

forming (810) a second part of the electron injection structure in contact with the



the inorganic phosphor means (12) while substantially containing electron injection electric fields
within the controllable electron-injection means (16). 15 8. A method of making an electroluminescent
device (800), the method comprising: forming (804) a first part of a hole injection structure; forming
(806) a first part of an electron injection structure separated from the first 20 part of the hole injection
structure; depositing (806) an inorganic phosphor Iaxr;r spanning an area between and at least
overlapping the first part of the hole injection structure and the first part of the electron injection
structure; forming (808). a seéonetipedtodpthducole agetrtibmstascrneeim cortacyavikh the 25 inorganic
phosphor layer substaptiaily,apppsitedhs fiisgpart of the hole injection structure; and forming (810) a
second part of the electron injection structure in contact with the 17 9. A method of producing
electroluminescHEEMPARIFOIYAARE BREGVOPRIBN AL P IAlRGiAYholes into the inorganic
phosphor at a firgidotiagielzcands mectheyiegininphosptheanasganic phasiphaeatsseicond location
separated 54rom the firghlqoratpg ARG ggm@pg&mgm%@)wg WRAW 1BRRlisgeglectric fields is

created in a recombination region (13) of the inorganic phosphor . 10. A method of producing
electroluminescence iff SREISJIYIRIE TBALFHLLAH TN NAINBIRAIN: (e Sfi i HREMEo the inorganic
phosphor (12); injectimhadpbtno@i)into the inorganic phosphor (12); controlling a rate of injection of
the holes; and controlling a rate of injection of the electrons.

10. A method of producing electroluminescence in an inorganic
10 phosphor (12), comprising:
injecting holes into the inorganic phosphor (12);
injecting electrons into the inorganic phosphor (12);
controlling a rate of injection of the holes; and
controlling a rate of injection of the electrons.
15



15 18 ABSTRACT OF THE DISCLOSURE INORGANIC ELECTROLUMINESCENT DEVICE WITH
CONTROLLED HOLE AND ELECTRON INJECTION An electroluminescent device 10 using an
inorganic phosphor 12 configured to produce electroluminescence from the recombination of injected
5 holes and injected electrons is disclosed. A controllable hole injection structure 14 in contact with
the inorganic phosphor 12 controls a rate of hole injection into the inorganic phosphor 12. A
controllable electron injection structure 16 in contact with the inorganic phosphor 12 and separated
from the controllable hole injection s&BSIURACH OontidEsSQIOFFHRECtron injection into the inorganic
10 phosphor 12. (FIG. 1)

INORGANIC ELECTROLUMINESCENT DEVICE WITH CONTROLLED HOLE
AND ELECTRON INJECTION

An electroluminescent device 10 using an inorganic phosphor 12

configured to produce electroluminescence from the recombination of injected

5 holes and injected electrons is disclosed. A controllable hole injection structure
14 in contact with the inorganic phosphor 12 controls a rate of hole injection into
the inorganic phosphor 12. A controllable electron injection structure 16 in
contact with the inorganic phosphor 12 and separated from the controllable hole
injection structure 14 controls a rate of electron injection into the inorganic

10 phosphor 12.

(FIG. 1)



