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facilitates cost-effective manufacture of Zener diodes having precisely tailored (or "tuned") Zener threshold
voltages and other salient operating characteristics and parameters.
Disclosure of the Invention
An advantage of the present invention is an improved Zener diode.
35 Another advantage of the present invention is an improved thin film Zener diode.
Yet another advantage of the present invention is an improved thin film
Zener diode comprising an organic-based semiconductor thin film.
Still another advantage of the preseﬁt invention is an improved method of manufacturing a Zener diode.
A further advantage of the present invention is an improved method of manufacturing a thin film Zener
40 diode comprising an organic-based semiconductor thin film.
A still further advantage of the present invention is an improved method of manufacturing a Zener
diode with a pre-selected Zener threshold voltage.

Additional advantages and other features of the present invention will be set forth in the description
1 .
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30 A and 1 mm, preferably between about 10 A and 1 um, more preferably between about 10 A and 1,500 A; and

one of the first and second electrodes overlies an electrically insulative substrate.

In accordance with a particular embodiment of the invention, the first electrode is made of Au; the thin
film comprises a layer of perylene tetracarboxylic acid dianhydride (PTCDA) overlying the Au first electrode
and a layer of copper phthalocyanine (CuPc) over the layer of PTCDA,; and the second electrode overlies the

35 layer of CuPc and is made of Ag; wherein the thin film may further include an additional layer of an organic
material between the CuPc layer and the second electrode, e.g., a layer of an arylamine p-type semiconductor
such as tetraphenyl biphenylenediamine (TPD). According to another particular embodiment of the invention,
the first electrode is made of Au; the thin film comprises a layer of copper phthalocyanine (CuPc) overlying the
Au first electrode, a layer of perylene tetracarboxylic acid dianhydride (PTCDA) over the layer of CuPc, and an

40 additional layer of an organic material over the layer of PTCDA; and the second electrode overlies the

additional layer of an organic material and is made of Ag, wherein the additional layer of an organic material is,
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4.1 eVsillu tratlvely, step (a) comprises providing a first electrode comprising at least one electrically

conductive material selected from the group consisting of Au, W, Ti, Pt, Ag, Mo, Ta, Cu, metal oxides, and
organic polymers; and step (c) comprises forming a second electrode comprising at least one electrically
conductive material selected from the group consisting of Au, W, Ti, Pt, Ag, Mo, Ta, Cu, metal oxides, and
organic polymers.

35 According to alternative embodiments of the invention, steps (a) and (c) respectively comprise
providing and forming electrodes comprised of the same or different high work function materials.

In accordance with further embodiments of the present invention, step (a) comprises providing a first
electrode made of a material having a low work function for electrons less than about 4.1 eV, step (b) comprises
forming a thin film comprising one or more layers of at least one n-type organic material; and step (c¢) comprises

40 forming a second electrode of a material having a low work function for electrons less than about 4.1 eV;

. illustratively, step (a) comprises providing a first electrode comprising at least one electrically conductive
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(a) comprises providing a first, lower electrode made of Au; step (b) comprises forming a thin film comprising a

layer of copper phthalocyanine (CuPc) overlying the Au lower electrode, a layer of perylene tetracarboxylic acid
dianhydride (PTCDA) over the layer of CuPc, and an additional layer of an organic material, e.g., a layer of

35 TPD, over the layer of PTCDA; and step (c) comprises forming a layer of Ag as a second, upper electrode
overlying the additional layer of organic material.

According to still another particular embodiment of the present invention,
20 step (a) comprises providing a first, lower electrode made of Au; step (b) comprises forming a thin film
. comprising a layer of copper phthalocyanine (CuPc) overlying the Au lower electrode and a layer of tetraphenyl

40 biphenylenediamine (TPD) over the layer of CuPc; and step (c) comprises forming a layer of Cu as a second,

upper electrode overlying the layer of CuPc.

In accordance with yet another particular embodiment of the present
' 4



el ectrons greater than about 4.1 eV, wherein step (b) conprises formng a
thin filmconprising a layer of at least one aromatic am ne, aif WAD2BT I m

conpri si RgoBedigoo Of at | east one aromatic mine and a paygis:dbososy f ferent
~type organic material, or a pair of |ayers each corrprl sed of at Ieast one

aromati ¢ _am ne; |IIustrat|veI ,..Ste conpr.is @rowd a fi

a)
el ect r odBeESRIeP & Fgptses pravdipe %fﬁg I%Weégf‘i@éed?afi?"fgb AR/t opErisTiPmRef eI ect ed
f r om t hefilr Bongprisitiga leensficeperphthabeydine (WPc)jldaverlyRig the Afflowdvtslect:bds; akdistep bapipefes

oxi des, F&ggqaagmkg psqlsycm{ ptpelaeiegm%{e 8&1% chﬁcl?ﬁp& ('gﬁ%ﬁAcc‘;ﬂ{nQ\JL%@ gond

el ectro I Si n |'edst one electrica ctive materi al sel ected
fromt h@a@lﬁ\% ﬁmbmﬁ%thp HgenEen, stgp, (anspmprises mwdmAg firsp jower plpctradg madewf G Tyl des,
ahnsj or \?vh SR WE stBOb)dsBprises foindi@ratidh ﬁMﬁ:oﬁﬁm@a m@é}tospogriahemﬁ:eﬂylaﬂeapm%d kteckyude

t hose ere. st ive

formi ng SRS n§g?%'%’??vsé )rbfA‘F ?‘% "é\ﬁﬁa%‘f" gnﬁfe‘éc H?d%ﬁ"%]ﬁm%\or{?y%unc i on
mat eri al s. Acﬁmocumngs of the ervivotdinertion Sncludle rdtfwdpvhesmsiep (bhecamtijeospin cottiapthé )
conpr i Sagin kR dFPPA of ki oRerlelekiBal Qiiging t NI ckness bet ween about 10 A and 1
mm preferably_between about 10 A an eferab bet we about
RIS N TR AR 1 R B R O
| ther elaecite @GBEADr mred on an i nsul ative substrate. In accordance with a

particul ar emaﬁbﬁ?man%f C?Et? #,é@%é@ﬂﬁé Lent %b%ﬂon(\éﬁl b&&%@%p%ém@ tﬁUs@g a 25

first, |ower ectrode rises I m
conpr i siskigekin rhayréﬁ%ﬂw frllpwingdrecriptioat W*&@alres@mqné obiBe RTeseRt YRR %“a%wwé:DA)
over | yi ngsctite@, sﬁmpuwoﬁhﬁe&troﬁdme 1341 chode doRtyiBlatédiforGRABRRIE the@kb&dﬂﬁhmmmsne

(CuPc) q Vit be &es nbedat‘ﬁgéres%m Imveri on I pg)qe & lo%@r a&F %ﬁeg mbo%r%sl}tsf, %‘}%‘S Qegc\e,{ﬁ detgﬁé

as a secon EPOVET erern step
(85 may Sesﬁpqﬁbieg@nﬁdé‘icwﬁongl Vanquhpb’fwfl? ﬂem@mﬂlbwthfﬁmd@h@ng frgopide i o therpreseRdi t | onal
| ayer Ofm@Hhoﬂ rm&mﬁ 1§T8e @Fabyibizs A€ HAEPRod Ao G HBGrde@ Y ilusBdfith ih RBurbl RABIOt as
el ectrodge %ayer 30 of an arylarnine p-type sem conductor, such as
t et raph "'“‘”“ﬁi phenyl enedi anine (TPD). According to another parti cul ar

enbodi ment of the present i nvBritfiDescriptioreqf tHePrawipgspri ses providing a first,

| over el ectr ofig ¢/iBARe @eftaﬂéwescﬁbﬁﬂoftﬁéenﬁaQMEdtﬁﬁﬁle[ﬁ{eH? ng a thin film
&gprlsm a layer of cop pht hal ocyani ne (CuPc) overlying the Au | ower
efec

tr od%""’nté’nlcﬁﬂ)’é?t b‘c‘)‘l‘“dffg?%?l“é‘ﬁémtdé‘f W&E‘%ﬁ“ﬁ‘b‘%% thefollowing  di an hydride (PTCDA)
over t hairdvaysein ehicHidParion fidturefarantd hdcessanityl drdvanyedcalobutan or gani ¢ materi al ,

a Jafﬁ%%lre d?atvn?sstg\gfpllusgytg{hc Eebrgxeﬁt@%ﬂes,q‘jh 1J§ICDA and step (c) conprises

formnga er erectrode overlying the
addi tional | aﬁ}@rllaﬂnlo?/@bsz@n#aqh@duza#er ipdecasidi ng to still another particul ar
enbodi ment OfFIGBQ(JQ}’;ﬁx&QKB)ﬂirMEMQAQﬁhd 14 08)siteRfnp(ified, sckbiatid ses providing a

f béqs)t lc?&ggecﬁlongl%&uc%fa?wews and ICSd)ﬁ%tlﬁé:i sjt(’p? OQQRJSU(’J.OI'mr I SFS f or m ng a t hl n f I l m

cOnpri sih er o ani ne IS’“ﬁm over | ying the Au | ower
el ectr odtéommicfalnlﬁéwéfrnelnﬁodw@@@maémbywnvm@onbl phenyl enedi am ne (TPD) over the

| ayer o:‘ C;JPC and sltep (c) con]ggsi: nf,gﬁmnogmgnlayerdof Cu atsha stecondth
upper el ectrogde over n_accordance w yet anot her
particul ar enbBarFREHETEO fﬁ?és"f&}“é’g €‘S°°Zieflg R85 120 2004/ 027890

PCT/ US2 0f8A<paB4 2Bctrohin devivtd comprissd efjp tHimflmdminding stdemstpnedwetiinelgiing af leassdne | ower
e b@ ctr Ods%ita[me%?gaﬁg seHicbnd%EtgrQnaQegll %‘&%ﬁéd%@t@&%ﬂ (quit@bhta Qéc'ﬂical conductors (i.e.,

electrodes) can: (1) provide operationally satisfactory Zener diode behavior; (2) enable precise tailoring

("tuning") of the Zener threshold voltage (V,J for use in a particular circuit or application; and (3) be reliably
manufactured utilizing known, cost-effective techniques and methodologies.
Organic thin film Zener diodes according to the invention include a thin film comprised of at least one
35 layer including at least one organic material and first and second electrodes in contact with respective opposite
sides of the thin film. A variety of organic materials may be utilized for the thin film component, cg.,
monomers, oligomers (i.., dimers, trimers, etc.), polymers, and combinations thereof; or the thin film may
comprise metal-containing particles or clusters in an organic polymer matrix or binder,
In accordance with certain embodiments of the present invention, the thin
40 film comprises one or more layers, e.g., a pair of layers, of at least one organic
material which functions as a p-type semiconductor (i.e., with hole mobility much greater than electron

mobility), and each of the first and second electrodes comprises a material having a high work function for
5



filmconprising a |ayer of copper phthal ocyanine (CuPc) overlying the Ti

| ower el ectrode; and step conprises forming a |layer of Ag as a $eé@nfl’
upper el agbrege9seer | Yi ng the layer of CuPc. According teeduhiaslo gﬁﬁyrther
particul ar enbodi nent of the invention, step (a) conprlses providing a
first, lower electrode made of Cu, Ta, Ti, 5 or step (b) conprlses

f or i ngelgetionsieaual olopgreainrhen Bowd-14V| Blparetives b%mn;hsﬁ@ww@@@mféﬁé 1% PR P~ and
step (Clype &Qﬁﬁ:ﬁdu&@ﬁnafteﬁﬁlﬁhﬁgh@e taByp 6t m@Erialdy ard: doppeiphthallcyanthg (CulE), CU. as a

second, unper over.|. = ments of the
present P ﬁ FF%%WV zfld%mh %éﬁgﬂ%ﬂeF%ﬁ%ﬂ%ﬁ%ﬁEﬂﬂ;Fan%ﬁ i'S&s spin coating
t he thi nolf(IVllﬂmad:faZ@F)APWﬁ) trid evarfopy asematif mopns, sush eshenzisihes, starbyrt 2ingngs endsol ut i on of
t ke PPAulpHe@ar%Lﬁbst@kahmesa&n\/@wt San@s Cbrp., IRkl BYHEQE NN Dindprfrh 18N dy1Rr opyl ene

gl ycol Iether 10 a
0o R e NP T e Rl et P o AR 1Y
ski |l | edot (@PMﬁsm #' A -TosN-A(2 @erkiding (OHANGH 1] esich 4 Pt Tiris(ogrbaadied-gl)fripbenpladinerent s of
t he Pr eg6sHs descri bed, sinply by way of
|IIustratlo%hgﬁﬁ?ﬁggggg%gd%%g%@%ﬁﬁ%ﬁplated for practicing the present
invention. As w | be described, the present invention is capable of other
and di fferent enbodi nents, and its severgl details are 15 suscepti bl e of
nodi fication in various obvious respe all without departing fromthe
spirit of the present invention. AccgFingly, the draw ngs and description
are to be regarded as illustrative | : .ﬁ and not as limtative. Brief
Description of the Draw ngs ed description of the
enmbodi ments ofuPhe present 20 Q be under st ood when read
in conjunction with the foll oW ;‘amnpgs #11 ch the various features
are not necessarily drawn to scale iut ylder are drawn as to best
illustrate the pertinent features, wh reln FIG 1is an | -V plot of an
i deal i zed Zener diode; and FIGS. 2 (A) d 2 (B) through 14 (A) and 14 (B)
are sinplified, schematic 25 cross-s nal structural views and
respective I -V plots of illustrative eXanples of organic thin film Zener
(bdes according to the invention. Description of the Invention The
present invention is based upon the discovery by the inventors that
two-term nal electronic devices conprised of a thin filmincluding at |east
one | ayer including at |east @fhe e organi c sem conduct or
mat eri al sandwi ched between a\pair of sui |l e el ectrical conductors (i.e

el ectrodes) cdDAKA) provide operation .satisfactory Zener diode '
g") of the Zener threshold

behavi or; (2) enable preci
a ic cui t™~0r application; and (3) be

vol t age (V J for use in a ps
reliably manufactured utilizing k, cost-effective techni ques and

met hodol ogi es. Organic thin film Zdnek di odes according to the invention
include a thin filmconprised of at Teast one 35 layer including at | east

one organic material and first a el ectrodes in contact with
respective opposite sides of thathi Plm A variety of organic materials
may be utilized for the thin filmconponent, cg., nononers, oligoners
(i.., dinmers, tiners, etc.), polymers, and conbi nations thereof; or the

thin filmmayspanngg )

OPA1441

g ey



conprise nmetal -containing particles or clusters in an organic polyner
matrix or binder. In accordance with certain enbodi ments of theqgpueI807t

i nvent i onyot20@/dabgdg 40 film corrprl ses one or nore | ayepgrdahzozghpal r of
| ayers, of at |east one organic material which functions as a p-type

sem conductor (i.e., with hole nobility much greater than el ectron
nmobility), and each of the first and second el ectrodes conprises a materi al
havi ng a hi gh work function for . R 2007 WD 2004/ 027890

PCTI US2003/ 028026 el ectrons equal @“ dr eater than about 4.1 eV.
[Ilustrative,QORAB3IT®N-1im tat| ve examn of suitable organic p- type

sem conductor materials (i.e., hole gsnsport materials) are: copper

pht hal ocyani ne (CuPc), peryl enetetriggarboxylic acid di anhydride (PTCDA),
t et raphenyl bi phenyl enedi am oI y(vinyl carbazol e) (PVK), and
vari ous aromati c neans, suchiaa e daar bur st arnines, and 5

tri phenyl arni nes (avai I able fAgh HW SAd Cdf p., Jupiter, FL), such as
N, Nl - Di (naphthalen-1 -yl)- N, ' @ phenyl - o@ dene (a-NPB) or (OPA7534),
4,4' 4" -Tris(N, N-di phenyl am no Ttri phenyl s ne (TDATA) or (OPA4655),
4,4' 4" -Tris(N-(2- benzidine (OPA1441), and

4, 4 ,4"-Tri s(carbazol -9-yl)-triphenylam ne (OPA3370), with the foll ow ng
structural f ditusidtise butNoiNihitati @ elanples oBéldetridhlifcond@tieDATA OPA2290 cc klo)

OrAl441 mageﬁalpm%hGWCQQQchtm f&Qfé%Qs?eZl&% fg%&@%ﬂ 9@{1&21%%9? o dBRIR A &S edch Jf

[I'lustrative, but non- tive ‘exa ectrlca conductive

mat er i altte fit #99 sepordeleciares lp%tﬁlg Apgy Té|Pée4tgr Y dadgumetal pgdegran ‘Pféa&tcé’Ply’PPféWClhbout
4.1 eV angblyanilikeaPARI),fpoly (3J$&h}@@e(ﬁt&?thloﬂ'fene/ﬁoiy@tylfehd’sﬁﬁonﬁﬂd’EBEIPSSI)danGlcﬁﬂliiﬂ’ames

i ncl ude jAn, l,C pol ymer s
such adho 1iyan;{ﬁsl nesefciggﬁla‘jﬁo ebglf‘flﬁe(cgmgflseerﬁeﬁ%éaﬁ%d’f%%ﬁ ?ﬁglbﬁen%“ ol'ystyrene
sul f onafetelPEDT| PSS), and conbi nations thereof. The first and second

ej@ct rodes matcd@nEd SRk emBskinhts bitge AR iEnt6H, il @fah hi gh work function

materi al s
compnses one or more layers, e.g., a pair of layers, of at least one organic material which functions as an h-type

semiconductor (i.e., with electron mobility much greater than hole mobility), and each of the first and second
electrodes comprises a material having a lowwork function for electrons less than about 4.1 10 eV. Hllustrative,
but non-limitative examples of suitable organic n-type semiconductor materials include quinolines, diazoles, and
15 metal complexes (several being available from H.W. Sands Cop, Jupiter, FL), such as, for example, tris(8-
hydroxyquinolinato) aluminum (AlQ3) or ORA4487, 2-(4-biphenyly1)-5-phenyl- 1,3,4-oxadiazole (PBD), Tris-
(5-chloro-8-hydroxy-quinolinato)-aluminum (OPA6238), with the following structural formulae:

AlQs orORA 4487 Al

20



10 According to other enbodi nents of the present invention, the thin film
conprises one or nore |layers, e.g., a pair of layers, of at |east]igng 2007
or gani ¢ nwbenesad27ssi ch functions as an h-type senm conduwgtnrs2€o3/028026 W t h

el ectron nobility nuch greater than hole nobility), and each of the first
and second electrodes conprises a material having a | owwrk function for
el ectrons | ess than about 4.1 10 eVN+kNstrative, but non-limtative

semi mat eri al s i ncl ude

bei ng available from

qgui nol i nes, dipgpl es, and
H W Sands Cop, Jupiter,

hydr oxyqui nol i nato) al uf ) o OrRA444 2- (41 bi phenyl yl) - 5- phenyl -
1, 3, 4- oxadi azol e (PBD), - chl or o- 8- hy OXy- qu nollnato) al um num
(OPA6238), with the fol s $~Struct ur al _ 4487 A) 3
20 7 16 MR 2007 WD 2004/ 0Z7890 PCT/ US2003/ 02802 ¥l OPA6238
cco Cf Nolllustrative, but non-limtative exanpl es of cally

conductive materials with work functions for electrons
eV and suitable for use as each of the first and second el &s#fodes incl ude
Ca, Mj, 5 My conbined with another netal, A, A alloys, Li-A alloys, and
nmetal -dielectric conbinations. As with th@l p-type organi c materi al - based
Zener diodes, the first and second el-ctrudes may be conprised of the sane
or different ow work function nmatgri Srurther enbodi ments of Zener

di odes according to the present in
conpri ses one or nore |ayers, e.g. of layers, of at |east one

aromati c am nOBA$238t r ansport e (i @ % P-oype 10 material); and each of
the first and second el ectr @ nﬁ?uqé% at least one electrically
conductive material having wogk fund® omyfor el ectrons equal to or
greater than about 4.1 e\gl ' ot Ilimtatively selected
hi ron materials. According to
the invention, the thin filmn S|ngle | ayer of at |east one
aromati c am ne, such as, for exanple, a D® digje, starburst amne, or a
tri phenylam ne; a single |ayer of at | east one such aromatic am ne and a
llayer of a di ﬁlﬁs@rﬁtﬁ'@tbuljtgn-m rt1v9£&%ésq>f éIPcEféEl abg %?jtr ath?.\s w1t9fw k%% tiotis gach
conprising at_|east one suc g IPP us
| i mit at i YETER Erafhaaebayt4-Le Y 4 siiable of we wpcé@f ¢ first and sgprand elgcntogap ewlaqle&mm,
anfnes Mg cabbedsitonoths meal, Al &f alldys Li-Ai moyst ki meapaaaécdlcra&n&ﬁhu&da.em WisieRY 1 On
are g Veﬂ]tyﬁebogé/aﬁic m@t@gal-lb&gd i{aqgr d;g e[s) mé’j‘ﬁrswp% Secor AA‘ Tectrofés may e'g‘gn%p%ged of the same or
different low work function materials.

Further embodiments of Zener diodes according to the present invention utilize a thin film which
comprises one or more layers, e.g., a pair of layers, of at least one aromatic amine hole transporter (i.e., p-type
10 material); and each of the first and second electrodes comprises at least one electrically conductive material
having a high work function for electrons equal to or greater than about 4.1 eV, illustratively, but not
limitatively selected from the above-listed group of high work function materials. According to the invention,
the thin film may comprise a single layer of at least one aromatic amine, such as, for example, a benzidine,
starburst amine, or a triphenylamine; a single layer of at least one such aromatic amine and a layer of a different
15 type organic material; or a pair of layers each comprising at least one such aromatic amine. Illustrative, but non-
limitative examples of structural formulae of suitable p-type aromatic amines for use as or as part of the thin
film according to the invention are given above, and include TPD, a-NPD, TDATA, and OPA2290.
The thickness of the thin film is, in any of the above-listed embodiments, between about 10 A and 1
mm, preferably between about 10 A and 1 pm, more preferably between about 10 A and 1,500 A. One of the
20 first and second electrodes is formed on the surface of an electrically insulative substrate, illustratively a Si
substrate with a silicon oxide (Si02) layer thereon.
According to the invention, each of the component layers of the thin film
Zener diodes may be readily and cost-effectively formed according to a variety of conventional techniques and
methodologies. More specifically, each of the electrodes may be formed by, e.g., a physical vapor deposition

25 (PVD) technique, such as evaporation, vacuum evaporation, sputtering, ion plating, etc., a chemical vapor
g .



The thickness of the thin filmis, in any of the above-listed enbodi nents,
between about 10 A and 1 nmm preferabl y between about 10 A andq} mngg’mre
pr ef er ablwoheé4wewoabout 10 A and 1,500 A. One of the %@Tfﬂsrzﬁis/om second
el ectrodes is forrred on the surface of an electrically insulative
substrat‘f ]l ust dgvﬁ\ substrate with a silicon oxide (Si02) |ayer
t her eon. SR 8? &ue ﬁﬂf&“ﬁ"{l"”@ﬁ“" ¥ MOFVIrRlasppsrRbancetht VP FEVD): 8F- t he

thin filsprafiesnesced pidies ctmynd bech bbthdlirkaicatilfile0strs &b RabrEbyye.§. 0vipeA@c cor di ng
to a vary,ghy \% 0 gmg# chni ques and net hodol ogi es. Mre
speC|f|caFI yf u o? &{h eoa& re?)d;es may be formed by, e.g., a physical
vapor deposi tT%HefsaE@YGWCSP‘éBWWI%‘éﬂlDS‘MWGESHSWQWat| on, vacuum

%ﬁgg E) 2;mfannce$qmes er(Ang (B)itabugh FRGS. TBXA) 88 ¢8), wlﬁ’ch@éﬁ&ﬂﬁv@@'are\é ﬁed&cﬂe@laMR 2007
eposi tion techni que
net al - orcg%% ?5%90 8{% pthS tgliursftégleg ’é\tﬁlgtélgnt@\‘/b TBE %ﬁ/ﬁ)éga@f&“ film 281"%1@‘?‘1?’139

screen pACFsdingigthe @t’@tm, Heféehwgfelesme@ﬂgawme ddvirorlefin dach iheaper s may be
formed DSsam@le®., evaporation, vapor or vacuum deposi tion, spin-coating,
etc. The ver of the pres jnvention will now be denonstrated by 5
ref erence toslgﬁlhf%"pe o were perfgggne ?i‘r’ftfhﬁiﬁs"ﬁﬁ’f‘?%e‘i"fgb%‘t&)molS (B), which

r & pect i & thick laaWQOfSIPftmeDifgamik,emsmhledfm‘t(pecylenaétﬂ%bosﬁmhdl@dlaihydtida\(mm | -V

plots ofsaﬁdvdléﬂgge%énaepm%gh fr ddcidafd ve, exanples of organic thin film
Zener d'fpgém accordi'ng to the invention, wherein the lower electrode is

t he posi @ﬁ‘%‘b‘f‘?ﬁd@"?"ﬁ elsctroresiapd  mmcismeEn iR dick Agni ti al experiments were
per f or melayewiat ippeticlet@fesC HbM VS REbmath aab’DG]DA %ncﬁ Qﬂr}fbﬁlhiﬁe bidvice KerfoR¥@EcTr g
p-type Q eryl enet xylic aC| n
(prC0 UeB A GuAILARPAHAL Db £RET SRS RIASALRRAY 1ok pPibol a0} Qéfaye@

ck APty @T‘@e giganicopmicond e quwe@ﬂaheb'amnmwm interedinte the B’D@DAAlaydn piglkheAg

| ayers asgg dpp@@l’ect@hﬁ@)tef @RS (AlwaMBAIy elu'ﬂﬁﬁgﬂ-’s‘ﬁg Ltn%%et@l&% 1S GR e o h&r electrodes
crystall due to shortin

ize erfornmance ad
bet neon THETST ol B PE Bt g cotfnEt BH- 6P (SHORoS OB AT hi ok
| ayer ofof suth devivet weegrelgtively pigh,de.garii G asriniadondis ateof relatepkick @hinkattoe i ne,
(CuPc)) pmhgLfedi ate the PTCDA | ayer and the Ag upper electrode |ayer (FIG
2 (iA)) subs ;ﬁg a(égéf’el i mnated shorting between the | ower and upper
ef®ct r odes % Vo i spigmptic, simplifigd aosssastidsplvienge dndsper Zener shape or
behavi orsinfilat Buctire {olf)a) of FR& 12€A), bliivaakial () ivahitkages te\@pc of such devi ces were
rel atively, gflﬂgt&mde gﬁE’“amﬁEX‘Z dééfeaéflb&ég%%os étt utgg% Ise of relatively thick

or ganl c active é@ in schenmati C,
sinplifi®@gRe B&%o eltyla@w&uew A thldéi]m(fﬁ@ft@faphe@'il bmhemﬂensdlmm, (WPB).fignseedt of

FI GEXZ (wmelhmamhay@hﬂ the(z?g)uppéaeleédaué: loag: éls&fofﬁlpé)b@tspﬁ)ts%?ﬁ/gﬁg @ fwith thj% ofevice
o a creas r 0 abo a

o5 EXaTIOE ) SIS KA B0 R 0R0. 4 LB, B0, Al

bi pheny|lews) Xmﬁemprqvmdwd@hamwsttced bet ween the CuPc |ayer and the Ag

upper elmehsioge. Corrparison of the (I) -(V) plots of FIG 3 (B) with that

of 25 FIG es.that reduction of the CuPc |ayer thickness and
addition of t ég -)fl ? &@aﬁ slf;i)[egxatgc( qlm@lfled cross-sectional view, diodes (%lfsnmlar structure to

that of FIG. 2 (A), but wherein: (1) the thickness of each of the PTCDA and CuPc layers is reduced to about
30 400 A; (2) the PTCDA and CuPe layers are inverted, such that the former is adjacent the upper electrode and the

latter is adjacent the lower electrode; (3) the upper electrode is formed as a bi-layer structure consisting of a 500

A thick lower layer of Mg; Ag (9: 1 by wt.) in contact with the PTCDA layer and a 500 A thick upper layer of

Ag; and (4) the diameter of the upper electrode is successively decreased (i.e., halved) from about 1 mm to

about 0.25 mm. As shown in the respective (I) -(V) plots of FIGS. 4 (B) -6 (B), each of the devices exhibited
35 similar I-V traces and low Zener threshold voltages V, ~3.5 V.

Example IV

FIG. 7 (A) shows, in schematic, simplified cross-sectional view, a diode of

similar structure to that of FIGS. 4 (A) -6 (A), but wherein: (1) the PTCDA layer is replaced with a PTD layer;

and (2) the upper electrode is a 500 A thick layer of Cu. As is evident from the @ - (V) plot of FIG. 7 (B), the
40 resultant diode exhibited symmetric behavior about 0 V and a low Zener threshold voltage Vi, ~4.5 v.

Example V

FIG. 8 (A) shows, in schematic, simplified cross-sectional view, a diode having a single, relatively
9



| owered) V., and inproved the diode characteristic. Exanple | I @

(A -6 (A show, in schematic, sinplified cross-sectional vi evxﬂ bt % of
simlar sWOWRS042@8%00 that of FIG 2 (A), but wherein: (PFOT/US2603t00802kNness of
each of the PTCDA and CuPc | ayers is reduced to about 30 400 A; (2) the

PTCDA a are inverted such th ris a
upper elntgl((:: g"mrﬁi’ b ﬁg'typle:ﬁg%m semEondyg Lg%@é’ﬁ?ﬁi%gq SWEFgglbété’fe%gJ@’er eﬁcﬁﬁod‘f he
upper el @&eshiyglsaried Tifapd arapes slegirotd OfIAayf@ﬂ Ayt Asictvidens fromtiwi(B t (D gloof Fig. 560, A

thick | Oéﬁ&fde{'l@e‘é GdvareedMily exfdibit(vry sli‘a.rpb%n%reikdbw% a@@éH ﬁ%t(ne\éétitvg} vhiliges Dbl g @y er
and a 500¢ Bhgﬁ upper |layer of Ag; and (4) the dianmeter o the- upper
el ect r od@ % €ddcessi vel y decreased (i.e., haI ved) fromabout 1 mmto

abbut 0.BR&mpleVI As shown in the respectlve (1) -(V) plots of FIGS. 4 (B) -6

(B), each of jsBs g '19?%) £ lpgcﬁe%quﬁgma}fga b sdebbe] %ffl%ves and |'ow Zener

t hreshol d vol t ages Shows, in schematic,

si npl i hf&?ﬁ%ﬁoa*g%seds‘éeﬂ#%%ﬂmwaéwof Eplwbmc%ﬁengﬂ’m vighed ket weeree 508 AtttHgktCuof
FI GS. 4 1oWr eleirofefind 1 i diadheer, S0MA thck hipplehdeckSHETA AL A End T8, réspaamgeﬂicmfma a PTD

| 50

o) dent T CPoARRG FEREE S RO @ R oply/vbheiety s o Bhac iyl . °
eXfi bi teféla%‘?h‘ﬂ‘mW@W@F@hﬁb@mgemv%fnd a | ow Zener threshold vol tage V
t -4.5 VExampi¥gaple V FIG 8 (A) shovvs in schematic, sinplified

- ti de. hav | at | 9 16 R 2007
V0 2004/ 027800eR s a6 BB A Pt R et wyply e G pRR R bran ¢
seni conddgidsiayeraf phipbdnyla€yRes (PEA cwivicheichetvetnac 0 A tidwW tovet dxetradoed 1 nod
freshly &Lxﬁ‘e?e?%ﬁo X&m&ﬂ&e@&ecu&ﬁ(géf)ﬁﬁlfgc&ﬁ@gg ggcu g' ﬁagggftﬁé)resgééﬁv% @ - ?\)’5 BEM from

hg (1) ot of , I ce vant ageous % it very
harp Zeﬁavnlﬁl"gcék A8t §ympgeal i ach diede cydhitnggRlgively loaadibarp e ¢ o
about -Oth&shVLdeItaEeeaA;p,zﬂ\e VI FIGS. 9 (A - 11 (A) show, in schemati c,

sinplified cr n i 4 d.of a 0,A t cklayer
of pol yphenyl ﬁ%%%cﬁg ég!ﬁg)eﬂl_.;ﬂ?k g bu{cjidogq cﬁw%g’F e e Oforggfﬁtjﬂiﬁwlﬁzenﬁr%& | ower

el ect r od¥rugyes aECOFﬁ*ﬁgd? Bepresent | 111"5‘0@11 wilechheqtrepriieribiiiyeed yepddiy gforded by g, and
Cu, res pﬁ%ﬁ%@ieﬁmdoﬁ)%? hlt@lfesﬂea% tadoﬁﬁgo(elﬁﬁlhgvﬁhe(dpéraﬁnﬁ (:M}acﬁhﬁt:ss e W thrddndd GS. 9

t h b
F@at i vl ARl B B Uty oh P Rg R RS e A v
FI GS. 1226(n¢()d10des;L\41tf(7A)wr ginshold Yoltageedvasidatably Jowsi thaplthioks efdonyemiosd Sicvesed Ganerl Vi ew,
di odes C&l@&@? 2R e@fuitdh fgm 1@9& meﬁnmy(agvﬂe%\))ﬁ%ﬁuogtnmjy)m&%w ﬁ@ﬁ%ﬁh@e'&?ga&g) tlﬁi%)ﬁlm

sandwi ched between a ower el éctrod di aneter,
500 A t hfR dndpere f%’r‘%vcfe‘?ft%r&dsm gst-ifectivamanneryig cegyentjopal Eéle’(facwgvsymeﬂﬁ%weéf t he
respective (| Inthe pfevibugalestiptiobnusbromnpecific SetdiiSare £Pfoftidluch adspedifi8)magerials,

: %ﬁmt r : (5563 tureél\‘grt)&ssgsaép i1 bRAS, F¥NEY P GhalGhdnk ¥EBhYprl QW R R0 BRERelROET

reshol d vol
present invention can be practlced without resorting to the details specifically set forth. In other instances, well-

known processing materials, structures, and techniques have not been described in detail in order not to
unnecessarily obscure the present invention.
Only the‘preferred embodiments of the present invention and but a few examples of its versatility are
30 shown and described in the present invention. It is to be understood that the present invention is capable of use
in various other embodiments and is susceptible of changes and/or modifications within the scope of the

inventive concept as expressed herein.
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The above-described illustrative, but non-limtative, exanples of organic
thin filmZener diode structures according to the present invention
reflect the extreme flexibility and versatility afforded by16March2Q®ht i ve
met hodol ogy with respect to tailoring ("tuning") the operating

char act erim e.g., Zener threshold 20 voltage VZt, of Zener diodes for
use in par applications. Accordingly, the inventive thin film

organi ¢ Zener diodes, with Zener threshold voltages considerably | ower
than those of conventional Si-based Zener diodes, are well suited for use
in menory devi cA thinddmdctenendiode,compriginghbr eover, the inventive organic thin

film Zener diodes..are.readil. riicated jin cost-.effective nmanner via
convent i onal na‘%ﬁ?&}%’i‘ﬁﬂ‘f‘r? T %‘?{{)(gtga}t&qsé%qe Ipyer iudb‘?%?ltlﬁa?go%g@%ti on,
numer ous spgetibl endletails are set forth, such as specific materials, 25
structures, processes, etc., in order to provide a better understandi ng of
the present i nvdniirsand sgepad electredas in gpriactwith nespeativeernosite sidesnfthe i ced

wi t hout r ' . i ifi S f , I

st ances, LTy ficlerh 8 SERciferRbead b iokbsftabb i S00A o nledi abotte
have not bH®WOAJ®dessidndd diamelet 6 dbou0.25 @gh ofiibrd 4nd AbOOECRSE 6 leby Obscure
the present invention. Only the preferred enbodi nents of the present
invention and but a few exanples of its versatility are 30 shown and
descri bed 4 n th?hcﬁ{iﬁ&@ inl AN VHreiht 1S to be understood that the present
invention i's capable of use A various other enbodinents and is

suscepti bl e of sairhthirefilm nomprisastatidastomiei opgemionmbterial selveted dngme nahotrers,

i nventive concept as expressed. herein, 10_ 16 rch 2007 CLAIMS 1. Athin
{11 m Zener OUEOGHAES POBHIR LA GomPHRIGNT HEROBOF FI Bt A8 SamBiSeametahst ~one
layer i ncl yghfifingpattRASlor ERBteR HAM & mﬁ@%agtn@} maﬁ&dor(b@%de}.' rst and second
el ectrodes in contact with respectlv% oppoSite sides of the thin film
wherein the second el ectrode has a thickness of about 500A or nore and
about’ 1000A orﬂ{ﬁeiis and. a.di t.er .of about 0.25 mmor nore and about 1 mm
or less. 2 Theldf $ade asindlam Liwhereiiyparain: said thin film conprises at

| east one OrQansa@dﬂﬁﬁﬁhh@bmﬁﬁk&ﬁin@%rh{di’ma?@ﬁmf Rast ofi bG?ﬁ@&%aniBm ymers,
and conbi nations thereof, or said thin filmconprises netal - containing
particl es wetegiaigndrs in an organic polymer matrix or binder. 3. The diode

as in claimi1, rein: idthin. fil onpri ses e or re.layers of at

| east one p-t ypxemgroggﬂfléﬁ ar?gflg?(fogfl ;eiegﬁr]ag%sa?éﬁlp&sess%?%?sf?l?eg‘!tiecgﬂﬁaq econd

el ect r odescaduptivesstedlil HavRfpta IR Wl Girlctie@fdr ¥lectoniéifial {6corBétér than havi ng
a high work function for electrons equal to or greater than about 4.1 eV.

4. The di othovhd.liaY.cl ai m 3, wherein:

4, The diode as in claim 3, wherein:
each of said first and second electrodes comprises at least one electrically
conductive material selected from the group consisting of Au, W, Ti, Pt, Ag, Mo, Ta, Cu,

metal oxides, and organic polymers.

5. The diode as in claim 3, wherein:
said first and second electrodes are comprised of the same or different high work

function materials.

6. The diode as in claim 1, wherein: said thin film comprises one or more layers of
at least one n-type organic material; and
each of said first and second electrodes comprises at least one electrically

11



each of said first and second el ectrodes conprises at |east one
electrically conductive naterial selected fromthe group consisting of Au,
W Ti, Pt, Ag, Mo, Ta, Cu, netal oxides, and organic pol yneksMagh 200¢
diode as in claim3, wherein: said first and second el ectrodes are
conprised of the sane .or. different high work function materials._ 6. The
di ode as i fPHAPEHYR materiplhavimg a loxy W"H‘fﬁﬁcqqqu elesmsdess thanabept 4be¥. | ayer s
of at |east one n-type organic material; and each of said first and second
el ectrodes conprises at |east one electrically 11 16 March 2007

conduct i ve7mat eThatiodeas imgclaim 6ywherein: f uncti on for el ectrons | ess than
about 4.1 eV. 7. The di.qde as in claim@, wherein: each of said first and
second el ect rOd8350-{(9%ﬁﬁlﬂ&ﬂ'g@x@se?cg@ﬁe%ge%qog&r}s%%lp%gto ﬂﬁ‘fR“P‘ﬁlYe mat eri al
sel ected f gBubiig: MAERHR LRREIStdh IOfrols coldbtindBf egmg,n@g dntbinedaiigt her
metal, A, A alloys, Li--A alloys, and netal -dielectriC conbinations. 8.
The di ode ampther negtali Al.6Al allegs.diinAlaHeys and metahdielrstrinebnabiinationsdes ar e
conprised of the same or different |low work function materials. 9. The
diode as in claiml1, wherein: said thin filmconprises one or nore |ayers
of at | eas8. oneTh¢ aivde as irddthines, Whdeineach of said first and second

el ectrodes conprises at |east one electricall conductive material having
a hi gh work funteifgst @érse%qr@cﬁlm@éewe&pnm@sqsﬁ/ofgh@mortdn&ﬁen@bwork. 1 eV.
10. The di . j aim1, wherein: the thickness of the thin filmis
bet ween abggﬁu%gnkggﬁg'l mm 11. The diode as in claim 10, wherein: the

t hi ckness of the thin filmis between about 10 A and 1m 12. The di ode as
inclaim1]l, wh Lein: t he thickness of the thin filmis between about 10 A
and 1,500 A 1§.e¢Wée&§HH‘éaI§51i‘ﬁh‘?fP’§im 1, wherein: one of the first and
second el ectrod i (g I LV 1 . . The
di ode as in cl aﬁ? %ﬁﬂﬂ‘ Ilgl’%gl ?isﬁ](g{éf(frrng(tﬁg(Ila%&gt:spft{él(tjgetd%tsoqlﬁéggﬁ%tfc%?e’tﬁg thin
filmconprises eachafeaiddirstredyscens dettrodesednprisks at least dnelelacthiyally de

PTCDA) overlying the first electrode and a_layer of copper phthalocyanine
ECUPC) ) oy efonducti materlaf having aﬁlg WOr. funcctiion for e){ectrons equa??o or geeater tLan y

about 4.1 eV.

10. The diode as in claim 1, wherein:

the thickness of the thin film is between about 10 A and 1 mm.

11. The diode as in claim 10, wherein;

the thickness of the thin film is between about 10 A and 1 pm.

12. The diode as in claim 11, wherein:

the thickness of the thin film is between about 10 A and 1,500 A.

13. The diode as in claim 1, wherein:

one of the first and second electrodes overlies an electrically insulative substrate.

14. The diode as in claim 1, wherein:
the first electrode is made of Au;
the thin film comprises a layer of perylene tetracarboxylic acid dianhydride
(PTCDA) overlying the first electrode and a layer of copper phthalocyanine (CuPc) over
12



12 16 March 2007 the |ayer of PTCDA; and the second el ectrode overlies the
| ayer of CuPc and is nade of Ag. 15. The diode as in claim 14, wherein:
the thin filmfurther includes a |ayer of tetraphenyl biphen§Mareti2@0% ne
(TPD) Dbet vveen t he CuPc Iayer and the second el ectrode. 16. The diode as in
claim1, elnf@é}s t electrode is nmade of Au; the thin film

conpri ses aé’%? pht hal ocyani ne (CuPc) overlying the first

el ectrode, a | ayg EeCQBd er%wb@@ve&ﬁés&ﬁs Pa?@pa&yédffc aela' h@ﬁh ri de (PTCDA)
over the |layer of CuPc, and a layer o tetrapheny I phen{1 enedi am ne

(TPD) over the layer of PTCDA; and the second el ectrode overlies the |ayer

of TPD and,d s de 7., .The di.ode as in claiml, wherein: the first
el ectrode 5 manﬁé éeA?fg'ncm'mt% %FTeln?n conprises a | ayer of copper

pht hal ocyam ne tﬁéllﬁ’ﬁlihﬁ\f@{tlhéﬂlﬂﬂudé%% layériof tet@bRéiyl Bifenylelbdintiay f
tetraphenyl bi phené‘ggnedl am ne (TPD) %ver thg ayefri)ﬁ CuPc; aﬁgpl?bhe

second el ety ¢ laysr angbthe sgeond siecode and is made of Cu. 18. The
diode as inclaim1l, wherein: the first electrode is made of Ti; the thin
filmconprises a | ayer of copper phthal ocyanine (CuPc) overlying the first

el ectrode; 1@nd Thediséeayid ciliect, madecigverlies the |ayer of CuPc and is nade
of Ag. 19. The_ diode as in clalml wherein: the first electrode is nade

of Cu, Ta, Ti, ®f Weiqeﬁomsanademﬁﬁebnpn ses a |l ayer of pol yphenyl acetyl ene
(PPA) overlying g!a%c rlies the
| ayer of PPA an :ﬂgnfr% efl_fa99r_erof c%ﬁfertpﬁﬂla%%&% f‘é@%‘) fgaﬁiﬁ% 2007
20. A net hilwt eéctrodie d hlyt:wﬁ pegylend ﬂetracamcn@ﬂlcdclddhanhydﬁw (PIICIA) bveer slieeps of :
(a) selectln ner threshgld v e .of the diode b) providing a
first el edf &3 CZU?’&)W%?@ 6?11%?%%“33%‘%11‘3“@%%%@6 @P’P&PYFW’E‘? kyergHpri sed
of at IeaspT@Dg,Ll@d/er

the second electrode overlies the layer of TPD and is made of Ag.

17. The diode as in claim 1, wherein:

the first electrode is made of Au;

the thin film comprises a layer of copper phthalocyanine (CuPc) overlying the
first electrode, and a layer of tetraphenyl biphenylenediamine (TPD) over the layer of
CuPc; and

the second electrode overlies the layer of CuPc and is made of Cu.

18.  The diode as in claim 1, wherein:

the first electrode is made of Ti;

the thin film comprises a layer of copper phthalocyanine (CuPc) overlying the
first electrode; and

the second electrode overlies the layer of CuPc and is made of Ag.

19.  The diode as in claim 1, wherein:
the first electrode is made of Cu, Ta, Ti, or W;
the thin film comprises a layer of polyphenylacetylene (PPA) overlying the first
electrode; and
the second electrode overlies the layer of PPA and is made of W, Ta, Ti, Al, Ag, or Cu.
13



I ncluding at | east one organic material; (d) form ng a second el ectrode on
said thin film and (e) the thickness of the thin filmand the materials of
the first and second electrodes are chosen to obtain the sdbddarely20@her
threshol d voltage. 21. The nmethod of claim20, wherein: step (b) conprises
providing a first electrode nade of at |east one electrically conductive
mat eri al having a high work function for electrons equal to or greater than

about 4.1 BV, sAqRethéd ofABRIth&BEng & HTh Znd &&Hencémﬁﬁ&ﬂ%}ﬂ%%{eﬁb bg one or nore
| ayers of at |east one p-type organic nat eri af ep (d) conprises

formng a secon@)&q@&mg@d@mﬂﬁesbﬂlda‘tolﬂaeegfthodmdsl ectrically conductive
mat eri al havin t|on for electrons equal to or greater than
about 4.1 eV. g@?pﬁ}h@axﬁﬁgey 8F%n m 20, wherein step (b) conprises
providing a firg)feheed o0t fireddedtfodat thindiin RRHrisbE6f 4tileat bk lag@nduct i ve
materlal havj ng a low work function for electrons equal to or less than

about 1inglyding;ag east-one Qs ggiie Bwter®br ning a thin film conprising one or
nor e !ayers of f(&rﬁﬁﬁ %ﬁ?ﬁfi%letcifgge Qagﬁ'{lﬁ ﬁﬂ{n dal and step (d)
e na

conprises for m a se ectro east one electrically

conducti ve nat efe) e thmknm of tHeathinvfilfirkarfduthe hiatetial st the fifst atdsecegial to or

| ess than albout 4.1 eV. 14
electrodes are chosen to obtain the selected Zener threshold voltage.

21.  The method of claim 20, wherein:

step (b) comprises providing a first electrode made of at least one electrically
conductive material having a high work function for electrons equal to or greater than
about 4.1 eV; \

step (¢) comprises forming a thin film comprising one or more layers of at least
one p-type organic material; and

step (d) comprises forming a second electrode made of at least one electrically
conductive material having a high work function for electrons equal to or greater than
about 4.1 eV.

22. The method of claim 20, wherein

step (b) comprises providing a first electrode made of at least one electrically
conductive material having a low work function for electrons equal to or less than about
4.1¢V;

step (¢) comprises forming a thin film comprising one or more layers of at least
one n-type organic material; and

step (d) comprises forming a second electrode made of at least one electrically

conductive material having a low work function for electrons equal to or less than about
4.1 eV.
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