18 December 2006 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 h or years,
development of EL displays has been relatively slow due to a number of teg}r\wér??gggﬁhgagl%r@és. [0002]
At least two different types of EL devices are known: tunneling EL devices and diode junction EL
devices. Tunneliny EREiBNMICEE k&) BO fAlViNEST ENT ByEMEny/ H prHoepHdt@hatevidd Befween two
electrodes and placing an insulating lay&NBdtiveehRAd Bl EBktrodes and the phosphor. Injection
of carriers is accomplished by imposing a high voltage across the phosphor that enables tunneling of
carriers, typically electrons, through BackcRatinpl@reTHEheNRigh Tebectric field accelerates the injected

ers, typcally electrons, through e i field acoslerates the i
Vile Tight. [0003] Diok Ao L HRUERS o 1o Gner b, e e iy HEEts the

phosphor materidFRIZ¥ &I SURREIONCUMRIEARAYPIRY RS FuhifitisheYRSledsAiRy®IBctrons

recombine rear WieeBhidumatiendgagmiilignyH3aaA8l Sethdypess ofdut staridemshfer jears,a number of
problems, 20 .hogve%\é?c%prcrilléﬁttgfEj:ql_ecﬂ's%ba&/soﬁggﬁééﬁ%gﬁ\gefﬁs!@v%%uce GIE"Su il (qlages In the
phosphor region accelerate carriers to high velocities, sucn that many of the charge carriers pass
quickly through #@l88Shor region without recombining or interacting with the luminance centers of

the phosphor. The cha@zRITErRas tholdanEhupds slecttutrsassencen andigingELthey create a

wasteful leakage, 3 curtentywhich owers eiciency-frtemar e Highvalipges san.lead to
catastrophic breakdown o tﬂe n ula%lng ayers or phosp or,g estroying the” eV|ce.C[%8 5] Fabrication
of diode jui&iorPEPlaenicaPhospserdiatariakhetwueen 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



doping of most inorganic phosphors is difficult to achieve, limiting the choice of 30 inorganic phosphor
materials suitable for commercial EL devices. For those 18 December 2006 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 improI B% i p@' organic
phosphors present a whole new set of 5 difficulties. Qrganic phosphors ten(?eto 8Ieaﬁl%%ﬂyt?:Ezecsamically

reactive and can rapidly degrade if exposed to the environment. The high reactivity of organic
phosphors also hmigptieescheices dEmapedatotitag iseypimilSediter tleckodeskr Sipectmany organic

phosphors will readity cRmBiRgNithdhgdeiakia the electrode, resulting in degradation of the device
performance. Practica?l devices 10 using an organici%ho%%dhor require special chemical isolation layers

at the junctions and carandl palekAYAG TErPUIAGRTIRE PRoRitNiR BFARNSHMSIGF ®hieving long life
with organic phossshibis hagaied furmiienaitfi curtia &) phivERRY sSpiFeS&HE d MUEIBITEDNel BT0007] It has

been recognizedfiatif o\ BREPNBEIABRALIIFSY RIOR, RASHCIRP! Slemiolmingscent device

based on hole and electron injection and recombinationin’an inorganic phosphor. [0008] One

embodiment of tRPBReLBAENR L iBARIRAILARE SRVIEBRFSurh RSB EAENEE YiEgled to produce
electroluminescehospinors dee I20itcibembaiatsost ofatgdatethdtales laerdseld &r@hsctrodesinorganic

phosphor. The electt i Sﬁf&tﬁ%\éiﬁﬁo@%ijﬁe%éﬁ&%%%'ilﬁ@{ﬁtﬂ%%im&‘éﬁif?{‘tﬁémcwre in contact

with the inorganic phosphor. The embodiment of an électroluminescent device also includes a
controllable elecHe e Era MR inaef DRFRYCS REFRAMR SR odpRoYCRhdaY¥SSrated from the
controllablel toleusifectionrgtinictphes ghobyea uiee s pdzinbticemtiegidsvtitnd aperganicephosphor. [0009]

Additional featuﬁ%ﬁ&i&qsaﬁw‘@é?&ﬁﬁp%fc%%iﬁa’m%ﬂéﬁw198 rgga%%f{ﬁgbﬁag&%piled description

which follows, taken in conjunction with the accompan%/lng drawings, which together illustrate, by way
of example featfifdieying 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



the invention. 30 18 December 2006 3 BRIEF DESCRIPTION OF THE DRAWINGS [0010] FIG. 1lis 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
another embodiment of the present invention; [0012] FIG. 3 is an energy ba@'lﬂ@@ﬁ%@ g
electroluminescent device of FIG. 2 with no applied yoltage; [0013] FIG. 4 is an energy band diagram
for the electroluminescent device of FIG. 2 with suffiCient applied voltage to cause
electroluminescence; 10 [0014] BRIED RBESSEHG 2N \GEW biEalnRAYEINSREMinescent device in

accordance with anotfeheabaesant of dBRuRrERERLIR WP H AR hidGeoft adhisggonal view of an

electroluminescent device in accordance with another embodiment of the present invention; [0016]

FIG. 7 is a sche ARG A AL Eod P aRE FHE AYES LY SO 5 electroluminescent device of
FIG. 1 in accordance Wo®iLahothi&r. @nshadeti@artadiiehecp ersentimientiescamdf@®ENFIG. 8 is a flow

chart of a mgthogl-of fabticalion ﬁ&ﬂe@éﬁ%&h%’@m%‘?@ﬁé‘ Aavceinageardance with an embodiment of
the present invention. 20 DETAILED DESCRIPTION [0018] Reference will now be made to the

exemplary embodimed st Fils ALCARIN RGRI R B AR NS AR B ed herein to
describe the sanwvide wilFiev2ititelesspdiethdeltateod that no limitation of the scope of the 25

invention is thereby intepded. Aligrations and-fytRnk MagilrARR ISl IfG DML Agatures illustrated

herein, and additional applications of the principles of the inventions as illustrated herein, which would
occur to one skll‘ﬂ?cf'ﬁ? eEIG 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



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 18 December 2006 4 phosphor 12 configuq%@tg B 8y
. Sl e C 06 .

electroluminescence from the recombination of |njec4{ed holes and electrons. Exemplary materials
which may be used for the inorganic phosphor 12 include ZnS, SrS, BaS, CasS, ZnO, ZnSe, GaN, and
GaP. [0020] Thepbteptnoturdicestrned évvedlCaedingiudes scenttrvtabiiee5 dvolmbijetition structure 14

and a controllablg pieelanhINRCHM HMFIHES éﬁewgﬁ@@ﬁéwm RagBOlhg Fidig contact with
the inorganic ph,osp#]or, 12. A hole injection control vo tage 18 ma b(ﬁ applied across the hole injection
r 'bsgte

structure 14 usify @RS RIGSRIN MR F e HoiHAR RN GataRf &Rt create a

sufficiently high E-fie|d[0@m15itymmgcmmsn¢mwemwm@we@ Mlt(daﬂaec_rahfellmﬂeinjection of holes
from the angge gpnigkatbriiR.bANG ISP cBARURLYPLRARIPIRYGR(RIRAdA6ERE the rate of

hole injection. An electron injection control voltage 20 may be applied across the electron injection

( nay be .
structure 16 usifgPHEEAHYEE M RIRED Y SRR ML MIB AR BRI EAPSPINd ZofttBRE36 to create
a sufficiently higmjeefietdcongrnbityltaghits tiheebechmpliedjectoss SieuobieénjEstibh kirectaldel the injection of

electrons. The e|pGHOMUREHR GV IHAYAR I X&?ﬁ’%ﬁ%@&@%ﬂlé%@%@ of electron

injection. High E-field intensities created .btat.he control voltages 18, 20 are substantially contained
within the injectioRAEraguliceenty nghFrliftddaieasty Wit pale st irtsl weieesida Siructures 14,
16 from eadh otkenbiedHa ipfdthecsusdesiitbe sepanatioraittoe 20 Miechics siudtires 14, 16 from a

recombination r%ﬁ%ﬁoﬂéfﬁé&q DRIAANS, DRASBNA Ay {A02 1A RIRCHRILBINeRAsNcg yRtage 22 may

be applied between the hole injection structure 14 and the electron injection structure 16 and, thus,

across the inorgB¥icPRFBNSY 191tage AR ReARRIREIEEISELRFOREGECPINisCtion 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



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] g%’—&é égrpirggéjce
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 carriepasth #ird8ob dveimbrgeriobhoSyrasd 2hwibglt teedmbrgiagic steosiibiendolvithout

recombining. Thg,efficignfynihdhie @ aelirbnyNesrREFRGE10 is thus enhanced. [0022] FIG. 2

provides further detail of an electroluminescent device, .indicated generally at 100, in accordance with

another embodiment dPff& brd2&ht BRI BHNPREL QTSI AIRTISLERTEREFOL RFfcludes a
controllable holendjeatedrgstreretlyret 190inclactngiankeleithjecttheregibodiMenirotdretactserth the

inorganic phosphgk leod Nereiaiahin RASIIGEDRR SHY FHIRIdS AR iRALEIC AR field effect gate

structure including a hole injection control gate 144 and a hole |néect|on control gate insulator layer

146. The hole injEEFBANCHMFIGate 1M ANA HRla dUSGHRREREIR ol FRBRLATR I8N 142, but
separated from thergzmigahizsphloo3phdrhez tntrivitbielbaiejegéictiocerclugatst ialsolatdudger 146. [0023]

The electrolumineRogisfleyioad R el HEIHITE HEIE Aysaiialiahia elctian insgriagestructure 16

including an electron injection region 162 in contact with the inorganic phosphor 12. The controllable
electron injectioBSYARRR0IE g 45 Hiieidaxes 1t &fie brliedinrcrBlRRa N Al electron
injection corttrol igaitetiGpporita thelecks dnjdojeotiegicond)] ipatedpstaketdfrémy ee Mdgdtie electron

injection control Hg%gp%gg{g ml@qoqé)&?éﬁ%ﬁ%ﬁg%@gg{gi@ag{@qu&iq&l&, but separated from the
inorganic phosphor 12 bél the” electron inﬂ'%%(r:]tion control gate insulator layer 166. Although the hole

injection 20 control gal@iRsLiafdiaSIRAtroRENIicE BLHBICRMELBINEBIRST fdedRLulator layer 166 are
shown as two sejpatediabtg sastdheyjsotgnerictoned @mcoedimpatirlEi®n 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. E,c represents the vacuum energy level, and Ef

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



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@(&?e%lﬁggeg%g&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. Evac represents the vacuum energy level, and EF 30 represents the Fermi
energy level of theMectenigattvorrk égiotiohd 2 Bmeltble Imjdetionjeegion tbatod hate inigdtion FIG. 3, for

illustration purpqﬁﬁﬁrglr&té'tm m}&g}.gg gﬂgiﬁ&@nm@gglgeg@g gy%gpqh'ghe hole injection

control gate 144 18 December 2006 6 have identical work functions. The hole injection region 142
and hole injectioffPESHAGT e aAAURCNPB A Rl ISP URRCRIIRAte riaes. T e SNRISYI, 2h,
represents the werikdbapctiohefridrgdridephysstion e gared dandiigRoishihdiftsrergy dzawdgap of the

[ i : . ' i . ' i¢ phosph I
rorenc DU B4 RSO DS TR g el e vl

level, , and conduction . energy level, Ecp. EGl is the
energy bandgapCen &b RAM]BIIALDRREIYRY thsttatdrdalyeha 2681, RABIIARPENS between the
insulator layer valsiaosidatiog coaxishgateensrayoladesr Bu6, aedtbendtetnccimsmesnitigum energy level

Eci. 10 [0025] The hole pisiion Rarier B b may he mipimized, by ShAasiAA ¢ fjah work function
region , ac odl t

metal for the hole injectio cording to em ments'of the present invention. For
example, suitabl/@RIGHWEAEFANRYEh Eanetals for embodiments of the present invention include Au, Pt,
Pd, and Niatn alternatige2smbudimesngdditeh prasenEnVEioRythe hplenipieciytheginyl42 15 may
be fabricated fro -type doped semiconductor. optignally a.wi and semiconductor. A wide
bandgap semico‘?lq\hI (ﬁ%gﬁ‘%ggltﬂ?ﬁ gﬁ%&vqé%:erb&"g 'ﬂ?eggﬁgr}fegé??i%%%gﬁ?ggﬁqﬂfﬁ it has a high electron

affinity (differenc@Mbogireents«rite efRTeBHAvERTIAIM TR axeMRIBUTHaRIeANOEWaR HBsNsuitable

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,0,

20 Co0304, SrCuy04, 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



semiconductors for embodiments of the present invention include NiO, Cu20, 20 Co304, SrCu202,
BaCu2S2, LaCuOS, GaN, and the class of materials CuMO2, 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 m@gty&gﬁg&gr be
overcome by the hole 25 injection control voltage 187 [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 taiglentgetteomeniniestivoltant d §#teses safficiettiigusidh adargedrauiee(re hole

injection barrier ol Reh oAl BdiRDANEN e e SR boeis! M salerpiection region

142 into the inorganic phosphor 12. Holes entering the inorganic hor 12 will be swept to the
poundary betweSHTHE TUBNEBHES TG FUER T DIROPE A TR AR 146. Holes

18 December 2008ulataatitot enter the hole injection control gate insulator 146 due to a large barrier

(EF - Evi) apd, henciogfgyle éﬁ@%ﬁ%ﬂﬂé%ﬁfr&%@@%&#& %}e\é‘:'iM%YM&EFB%SWfaCG of the

phosphor region directly adjacent to the hole miectlon control gate insulator 146. 5 [0028] Operation of

the controllable é‘f&%%ﬁ“iﬂf@&ﬁaﬂ%fel%&faﬁé‘% brFRIeLiAkeNP FRAMI RS 5 3D BARBG MR above and
will be readily apperefhbtdinaryeskifl indireaayt skidl, ithdlk evalitrande thubendlabot dtedfetiedr. elaborated

herein. E'ec”or‘élééﬁdﬁé%ﬁn@9&%@8&'@1@@&%&%@&&9@!@%&5?@@ Rt ¥RdNREANE Phosphor 12

and form an electron accumulatlon layer 126 at the surface of hosphor region directly adjacent
to the electron ifjBeERIPEIAREAJITE @%ﬁ'ﬁ?gpﬁﬁ@ﬂ@@@})ﬁfé%ﬁro}?ﬁwfééﬂ%ﬁ%?&?rﬂmﬁ% embodiments
of the preseat iprestbormegjobelifactliiaidjddeyittttetioh eleet@hdrj@stinrodoritroctjate msiatéor the electron

injection region 182 (see FIG. 2), minimizing the electron injection 15 barrier. Examples of suitable low

work function metals consistent with _ .
[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 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  SnO,, Iny03, 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.



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 Sn02, In203, GaN consistent with embodiments of the pr i ' ecause
electron injection is generally easier than hole injectign, there is more flexiﬁﬁyg%r%@%%?gegof a
suitable electron injector than in the choice of a suitable hole injector. [0030] Imposition of the
electroluminescence viflésd¢ 22hwikleainglandiiftsnbfiérdtes1@Adhnele ptrordesvitige the inorganic

phosphor 12 awpy fimidie RAGBUBHEB BHaER ddmiRR LeN@r bR As camRiRation region 13, where

they may recombine, Ero,ducmg electroluminescence. Control of the electrolumijnescence intensity
|

may thus be obtSiRgEP SHBRCOIHRI % fec O AL RIS RISCRAMGE 85t REUKHaG 9 Siternative
embodiments ofitlecBth masenivoliagetithacd ctoirof elelerohmmjeetioe rmerémicthsitygmting be obtained by

controlling tize raé%aﬁdﬂiﬁgél%@&&%w%%% %.e'ﬁgﬁé’é!seff?éi@r%?oP%M%ﬁXE?%Lhﬁi_n'&QL%rﬂ”d/or Injection

control voltages 18, 20. 18 December 2006 8 [0031] The electroluminescent device 100 thus provides
three independ&YGEntPOIS6PEBPENERL RYRFHIR Lo HUecHiAR Helipart d Sy AR PEESoluminescence
voltage 22, contialaidzol&oigectibelextiroerinjtutoughdopchotatlingd ctoraaritrol voltage 18 and control of

electron injection, GufraniHHERUGR R E R UL IBIRETIOR GaRtyahug LageR dBsRse pe fliciency of the

electroluminescent device 100 may be optimized by setting the injection \_/oltages 18, 20 to provide
balanced hole a#geRiBeEHiIEEteh Fnlripe AYeMiP oY B 6P BPIRMER S5 AhES8Nce intensity.
Improved efliciendyimiay latiade altented by keeping high injection E-fields away from the

recombination region 1,0 ekl akanRABNLR B0 ] BUSRLIiEYAGsEENCe produced by the
device 100 may be coupled out either the top or bottom of the device. In another embodiment of the
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



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, Q%Qcéﬂﬂy p%&émed from
materials such as In203, Sn02, and ZnO doped with_the appropriate |mpur|t|es So as to attain high
conductivity. 20 [0033] FIG. 5 provides an alternate embodiment of an electroluminescent device,
indicated generalycatte300péd Bromhdamtte Witk tnel glesientinfratiotidraridre teolepreetarrieggion 142

includes a hole 'N%Eff%%@ﬁﬁu&?@a%@%@r'%%%dﬂlﬁf‘et&rdﬁﬂ?er@6‘&@99 electron |nJect|on region 162
includes an electron mh%i:tor contact 262 and an e ectron%éector Ia er 268. A sw;é? %gte 25 insulator

156 spans a bottom suHacd of REHBIYARI EPRSIRIH £2 1 SISl BERHeatHS 8ectron
injection control ofdftéGnSLtatodesdabeabategpettivelth¢0Gde pidelbcheraingeelieotrontijector layers

248, 268 may bes giinegh of . Sams MAleHe! ARl 1aUasls BB e 2o dasiliptalow of carrers

from the injector layers 248, 268 into the inorganic phosphor 12. A reduced thickness 30 of the

injector layers 2 ST SBHGBNARAERG tREMGIERARIGhRE BRI AIBW L owkES IEIRFIR EBRIFEI voltages 18,
20. Optionally, thieairtfectmclayelesti@d 8 2GS ey b8ide tenriey 200 phbsalsw h2. doffedvizecduce the

hole and ebdmgd&#%%@%h%ﬁ@@& Ry NG RS lFHEBBH%%F‘E&HTQHQQ/&Ruﬁﬂ%tf@é&l@#oo"me”t of

the invention. [0035] In %lﬁ?t another embodiment of the electroluminescent device 300 of FIG. 5, it is
desirable that a [FURISASH tHePh AR B ERRMIMRIRI i NCorBP Rt GyrYian4he &2'8xtends past the
injector layefs 24ge@6B8conttue 4 anpesiedinen inpgantomhosptbmby beexseptedted by gate

insulator 156. This halng (0 sASYFR ABRE H‘&c?o‘?%‘y’@i‘b%%%eﬁfé’%%S%B%ﬂﬂjé’& 8rtfé§]éP%§a”'C phosphor

12. Otherwise, poor injection efficiency may result due to trapping of carriers within the injection
layers 248, 268."RSREONRY- eimBUHRRRAEDE ROPFEsBhR\i R RtRFS NtHRvRBIEL.ANARYRr contact 242 and
the electron injetijgctoiatth 2624 haydoeeei@nifzt ier 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



completely cover the hole injector layer 248 and the electron injector layer 268, 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 q%rt?(%g%{,‘%4g6)oén
accordance with the present invention. In the electrgluminescent device 400 o e relative
orientation of the electron injection structure 16 and the hole injection structure 14 has been changed
relative to the erdiagdimenfiailfissitateshowil Gareralp k) th érimien 20tédje@stigneqantatitygeittng 44 and

electron injectiorcefti Qhﬁ&?ééc%ﬁf‘o‘é‘l)u@é%‘)?@'&? F?@'QS qfh@@lé@ﬂ&?rﬂlﬁe%@%&f =16 magther

embodiment, the hole |né<erct|on control ﬁate 144 and electron injection control gate 164 may be
h(

extended, as sHRSWHANETE 62 SRS B NSr8NSSaRfy EphIRACURRID MG YFFEN S sides of the

inorganic phosphog,ldhdBlectathotassXited tewicerdiOmeathadlewosgenpreved. efiiciency, since drift of
carriers candake,plars i faIetali il SERAIHRIN s (BRIABNIE BHRSPIRIGHEn rather than just

through a surface layer as in the embodiments illustrated in FIGS. 2 and 5. For example, holes may

drift from an accEMRIRAEGEIRAS PLsPRP APEhE MO RdASHIRUBANEAIANE 8 RANPEMESHI a

accumulation layentr@iGrididdeatprs si96anddd@B.atpirets, he r&@yrbemmiﬂmﬂﬂdnbyagmanm may occupy

most of the InoraaniAUBSRORN L2, JRGTI RTBUNAE B clesUTIneRERs) Rvisas descrbed

above may be used to implement a d or example, FIG. 7 illustrates a Schematic 18 December
2006 10 diagrarfY B‘F%%]éﬁbﬁ’é‘&kd'éﬂcﬂ}%ﬁ' Hé?aﬂﬁ}ecﬁ%b@ Vﬁfﬁ@ﬁéﬁ@d%@iﬂ@%%}d%ﬂw%@ﬂwe
electrolumin@sceippdgyiarshble afjedGonlcohelaleicite umicasasior degicey b imayddetarranged in a

matrx, with the Bagigs 24 L o AeCRITIANARP UG YN AGRBUS AV A ha Selhrles,P tied to 2

common cathode voltage bus 504. The 5 €electron injection control gate 36 may be tied to a common

electron injectiofNEYAHI RPERIS Eﬁé@'ﬁ?@‘@% 5bRI Rk RS R AHESRRIERAE34 may be used to
control individuatgrixedaszt® idngériikstahpaxels 510 may be controlled by row and

[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



column addressing, using a row (select) line 512 and a column (data) line 514. When an individual
pixel 510 is selected, a transistor 516 is turned on to apply an 10 appropriate hole injection control
voltage. A capacitor 518 may be included to provide storage of the hole injection control voltage when

sequential scanning of individual pixels is performed. The capacitor 518 may ﬁg@ pﬁgrsgqg)%)
compensate for persistence. [0038] According to an ﬁlternative embodiment of a cﬁsp ay, the hole 15

injection control gate 24 may be tied to a common hole injection control gate bias bus and the electron
injection control ofdte 3entay ngegien stuturedh itrnisistelithi0e [D0RRINEPBosbbdiraget of a method 800

of fabrication of gﬁbﬁgﬁﬁgwmgﬁgqﬂé frYigs-ConpiSaBLIENRRIRIeSENL desipn is now described.
no

20 Although the fabricatio a single electroluminescent device is described, it is to be understood

that an array or SRAARGOFEBIRDNRIGAUSELSN HLFREE: for example a display, may be fabricated
simultaneously using tH®4$ameAprocdisg.tq@04dleRek g tobeBn&)ttHeemethod 800 may include

forming 802¢2 igioDagh o dielenniBeer i el e heR badkR sy furdhisg elire 25 forming

804 a first part of an electron injection structure separated from the first E\grt of the hole injection

structure. The mRARG BETARIRIFERB SHEGLHIE C9hBBSHE I8 FELIPTRINg drrdIFH B8RSy er spanning
an area betweerlantioatirpasbpattiaiyreverapyingdiee fitst patrsiodttheénpbe isgtatied tsthecture and the

frst part of the eleciiapaRclian ALK MAIBod SO0 mal (W GlHarkeIRApderming 808 a

second part of the hole injection structure in contact with the inorganic phosphor layer substantially
opposite the firsEpEAEH fﬂé’%@[é%?é’é’ﬁdﬁaﬁf'ﬁbt[?rre@f@i’ﬂalﬁ/,%H%O&eh'ﬂid 8@ BSay further include
forming 8100 sepenatipatiyl oD ed milnesithedtheltbmidhidetedtoon oijgeticrctolchinesceaontact with the

inorganic phosphay;layeR SyRiantaloRRRRAGES thendrsh e Rselietipndnigglionestructure and
separated from the hole injection structure. [0041] According to another method embodiment, the
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



5 electroluminescent device may be fabricated on a substrate, by forming the first part of the hole
injection structure on a substrate and forming the first part of the electron injection structure on a
substrate. The substrate may be selected to be a transparent material, for example, glass. Alternately,
the substrate may be selected to be an opaque material, for example, silicqlg. ﬁé%gm&y 6610
operationally coupled out either the top, 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 example, the gate electrodes
or injection regiongcfromsiaudtarspayentlovzéoiality alicxiettaorsmisstion lef/égint contagyvithose layers.

[0042] The electipluRipgssephE SR ARY I SRANE BiisREM AL baVareal gkordars. According to

one alternate method embodiment, forming the first part of the hole injection structure may include

[ € ]
forming a hole g@i@cgﬂbﬁ%ﬁ%uﬁgyédtngnﬁ AtGEARGSI BRSPS PR 0Lring the hole gate
electrode. Formentptiugsetoiodpagttbé tiret pale on fibetmectvadvigetinmestundludenayimeigda hole injection

layer in contact with thenarganin RRASRAALAT suRSIAN IR0 RRRABIEHRS St Hart of the hole

injection structure, [0043] According to another alternate method embodiment, forming the first part of
the hole injectiofMGrRIBILPEYRLYEI R RCHIRIRE A AR THEEIIHAXSEPD IB6HRRRPINE second part of the
hole injection strplotaphankayenslisdafdiatiyngp posita shkaficst lpye 0bth¢heactovgameciidmosphor layer

substantially opR@3ie e BEHRR HsREHN POIEJNIRS IR S FHdEoR MGG SAEARG Part of the

hole injection structure may further include forming a hole gate electrode layer on the insulator layer
substantially oppfoEHESRITIRY A/EI6F P8 ABIE FSERER ‘et BAAYiANS Iy, fabrication of the
electron injeeting whstimbtiad apprsimale éilsodzet pé ther el imeaticar sttyadirerders. According to another

alternate method 30 qebadiment QMg S dheb AL AR ELR6TARIBIGRIgRSIHGHg e may include

forming an electron gate electrode layer and forming an insulator layer at least covering the electron
gate electrode. FRHHFIPRIEE LD AP PERD HHiBqHOBISEHEINTEENBECERBEPDIRIES TR TARSAUSH structure may

include forming &orelecitba sejeettbpalayétha colbtafanith 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



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 in%qﬁ&cé‘"m(?%%r layer
substantially opposite the first part of the electron inj%tion structure. Forming the second part of the
electron injection structure may further include forming an electron gate electrode layer on the
insulator layer 10engnttgritatitheppusitelebarftstopaepts ohéhbatwanjectiahsstt fastbrie. tf@045] Forming the
first part of the hglgjyjection 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, 20 to achieve balanced
and 25 efficient injection. [0047] It is 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



18 December 2006 13 departing from the principles and concepts of the invention as set forth in the
claims. 14 18 December 2006 What is claimed is: 1. An electroluminescent device (10, 100, 300, 400)
comprising: an inorganic phosphor (12) configured to produce electroluminescence 5 from the
recombination of injected holes and injected electrons; a controllable hole iqjggg)crér%g;%g (14) in
contact with the inorganic phosphor (12); and a conirdllable electron injection structure 6‘%‘6 in contact
with the inorganic Qi&% 2) and separated from the controllable hole injection structure by a 10
recombination region (13) of the inorganic phosphor, the electron injection structure being controllable

independently of thg_contrgp'ag@ch%l@mjﬁgge@msgg\gi%q.lg; Ib@,%@@ﬁfﬁb@?@&%iﬁ&:"ice of claim 1,

wherein 15 a first applied control volta%e (18) controls a rate of hole injection into the inorganic
phosphor (12); a seoHPERHNSPEOSROPIEkaYEQRIY eSO PEOFItELEISEERBIMIBEEBACHtO the

inorganig phpgahend FeLHHBRARGAIEYIRh dIsoRRRAGH iFpsttelalResn4 third applied control

voltage (22) controls an electroluminescence 20 intensity produced by the device independently of the
first (18) and second $20§ ARl eintiif iPRGE USIHR EldotidIEPMIRsS Mk Ha&iR0 @R jfrising: an
inorganic phgaBBRREP{iIg)rgSHo produce electroluminescence from 25 the recombination of injected
holes and injected electrons; a controllable hole injection structure in contact with the inorganic

phosphor including 2 ABIEHRBIRI SR TELHP M THHEHHaNH R GONGEhWIBhBY K q@Picand
configured t,FREAINEra TPl enRi ed it &g elaase(é8nk B8R Hole injection structure by a

10 recombination region (13) of the inorganic phosphor, the electron injection

structure being controllable independently of the controllable hole injection

structure.
2. The electroluminescent device of claim 1, wherein
15 a first applied control voltage (18) controls a rate of hole injection into the

inorganic phosphor (12);
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
20 intensity produced by the device independently of the first (18) and second (20)

applied control voltage.

3. An electroluminescent device comprising:

an inorganic phosphor configured to produce electroluminescence from
25 the recombination of injected holes and injected electrons;

a controllable hole injection structure in contact with the inorganic

phosphor including:
a hole injection region (142) in contact with the inorganic phosphor

(12) and configured to receive a hole-injection bias voltage (18, 502), and
30 a field 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);

and



30 a field 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); and 15 18 December 2006 a controllable electron injection structure in contact with the
inorganic phosphor (12)and separated from the controllable hole injection %g%&%@%@éﬁzow
recombination region of the inorganic phosphor. 5 41An electroluminescent device comprising: an

inorganic phosphor ConﬁgHr@&Wo%%ﬂ%ﬁﬁ]ﬁ?m %ﬁ@ﬁ%‘?ﬂﬁﬁd@% %{g&qm ination of injected

holes and injected electrons; a contr ole injection structure in contact with the inorganic 10

phosphor; and a congtdianie _iaspheiijedand sapatate thitomtdee wrntedahts guicingeeigphor and
separated from theﬁiﬂﬁl{m,’@%‘? ho Mﬂgﬂ&r%ﬁ BY R’ I Bﬂ%ﬁmﬂn of the inorganic

phosphor wherein the controllable electron injection structure (16) includes: 15 an electron-injection
region (262) in contact with the inorganic phosphor (12) and configured to receive an
electron-injection bias voltage (20, 504); and a field effect gate structure (164 and 166) in contact with
the inorganic phosfhor (127 SleciahaaesssesifeiecclorRitsIARECtion region 20 (162) and

configured to receivgapcigRliRd SRSMorUsIR (RSO0 SR eieeiiohmARERcAsisR comprising

an inorganic phosphor contigured to produce electromuniscence from the recombination of injected

holes and infe&ERCORRIRRLOD OLIRISKIRS ABlehaRiH}RHSH SIRRHNSin contact with the inorganic
phosphor; and a coateglakif-PIRCHOR RjRetion Skueckure in eentaet With the inerganie phosphor and
separated from the controllable hole injection structure by a
10  phosphor; and
a controllable electron injection structure in contact with the inorganic
phosphor and separated from the controllable hole injection structure by a
recombination region of the inorganic phosphor wherein the controllable electron
injection structure (16) includes:
15 an electron-injection region (162) in contact with the inorganic
phosphor (12) and configured to receive an electron-injection bias voltage
(20, 504); and
a field effect gate structure (164 and 166) in contact with the
inorganic phosphor (12) substantially opposite the electron-injection region

20 (162) and configured to receive an applied control voltage (20, 506).

5. An electroluminescent device comprising:

an inorganic phosphor configured to produce electromuniscence from the

recombination of injected holes and injected electrons;

25 a controllable hole injection structure in contact with the inorganic
phosphor; and

a controllable electron injection structure in contact with the inorganic
phosphor and separated from the controllable hole injection structure by a
recombination region of the inorganic phosphor wherein the controllable hole
30 injection structure (14) includes:



recombination region of the inorganic phosphor wherein the controllable hole 30 injection structure
(14) includes: 18 December 2006 16 a hole injection region (142) in contact with the inorganic
phosphor (12) and configured to receive a hole-injection bias voltage (18, 502), 5 a hole injection
control gate insulator layer (146) in contact with the inorganic phosphor (121)835%3’%1%15}1@ oggposite the
hole injection region (142), and a hole injection control gate (144) in contact with the hole injection
control gate insulator (146); and wherein the controlf®le electron injection structure (16) includes: 10

an electron injection region( in: COE ith-the,i [ : I to
receive an electron-injectiQ% Pﬂ)?aﬁ:é) @ﬁ%@%@ogﬁgﬁ@g@&ﬁ@%ﬁéﬁtﬁ%gﬂ%m@& layer
(166) in contact withAhandsgakigs [atbiprerqive) 3 hisitainiegijospbiasiteoltroel ét80p0R, injection

region(%62), and an electrgry ijiejaRiRANEShABIYAE MADISRSIAS YiER 487 iR REHER(WRAtiAR control
gate insulator (166).

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 insulator (146); and wherein the controllable electron injection
structure (16) includes:
10 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 inorganic phosphor (12) substantially opposite the electron
15 injection region(162), and
an electron injection control gate (164) in contact with the electron

injection control gate insulator (166).





