| DI ODE AND MEMORY DEVI CE HAVI NG A DI ODE CROSS- REFERENCE TO RELATED
APPLI CATI ON [ 0001] This application clainms the benefit of priority of
Si ngapore Patent Application 5 No. 201009242-7, filed 13 Decenber
2010, the contents of which being hereby incorporated by reference in
its entirety for all purposes. TECHNI CAL FI ELD [ 0002] Vari ous

enbodi nents relate generally to a diode and a nenory devi ce having
10a di ode. BACKGROUND [ 0003] A conventional diode includes a p-type
phase change mat er PHORRAY H@W%WQWMMIW(@- Sb- Te))
di sposed on an n-type sem conductor (e.g. 15 n-silicon). The p-type
phase change material contains positive charge carriers (holes) while
the n-type sem conductor contains negative charge carriers

(el ectrons). The t éIROSBREITRENEECHD \RELLATED ABPOHeARI@Nat t ached to
each of the p-type phase change material and the n-type

sem condyaroal . ArHiosppdiastionkatdie et behefifoftpyipatypdisifty bR RiEnApplidatibn
and the n-type sem conductor is called a p-n junction, where the

actiop oiNgt lm180oxinorefile@kes cagBer SO10, ekt EdrPdiSs iof Whidh Mdd Rerebyom
the p-type side (anode) to the n-type side (cathode). The phase

change ”%%Hoﬂte@ﬁ}éf&énc?iﬁﬁ‘é @mﬁ&@rf@roaﬁpdﬁg%o%&sm ch is capabl e of

swi tchi ng between crystalline and” anor s states. The phase change
material in the crystalline and anorphous states has different
el ectrical resistivity. Data can be stored

TECHNICAL FIELD
[0002] Various embodiments relate generally to a diode and a memory device having

10 adiode.

BACKGROUND
[0003] A conventional diode includes a p-type phase change material (e.g.
germanium-antimony-tellurium (Ge-Sb-Te)) disposed on an n-type semiconductor (e.g.
15 n-silicon). The p-type phase change material contains positive charge carriers (holes)
while the n-type semiconductor contains negative charge carriers (electrons). The
terminals of the conventional diode are attached to each of the p-type phase change
material and the n-type semiconductor. A boundary between the p-type phase change
material and the n-type semiconductor is called a p-n junction, where the action of the
20  diode takes place. Current flows in a direction from the p-type side (anode) to the n-type
side {cathode). The phase change material acts as a data storage layer which is capable of
switching between crystalline and amorphous states. The phase change material in the

crystalline and amorphous states has different electrical resistivity. Data can be stored



2 based on the different electrical resistivity of the phase change

material in the crystalline and anorphous states. [0004] H gh reverse
br eakdown voltage and | ow | eakage current are desired for a di ode
used in a nmenory device. However, the conventional phase change p-n

junction 5 diode has | ow reverse breaRdown voltage and hi gh | eakage

current which is detrinmental to a read operation of the nenory

devi ce. SUWVARY [ 0005] According to one enbodi nent, a diode is )

pr ovi ded basedeondhe didterent elestaisal gesigivity al dhsehase eranpapaterighin thp seystalline

change material |ayer. The sem conductor |ayer and the phase change

mat eri al ahdgpmerphayestales f er ent ener gy bandgaps and different carrier

concentrations such that an isotype heterojunction (P-p

het er oj uri@lidbn dilightravdret edidonat valtape iasd flow tedkagd carrdnd el desired for a

interface between the sem conductor |ayer and the phase change

mat eri al dici¢aised #ba [PRRRY Aewes. didvgever) ma&ﬂwﬁti&ﬁbgﬂésa&nsnge%-ﬂgﬁmnén
devi ce including a diode as descri bed above is provided. BRI E
fhréntal

DESCRS PT3fdde Bas 109 r0BAVLNGRI WP OtldeR b %ig(ﬂ{l@fm?gg Surrdrt Khidieds &

(<]
characters generally refer to the sane parts t hr oughout the

di fferent, yiEus ml%ﬁuﬁﬂﬂ?%&&% £idaot necessarily to scale, enphasis
Py pl ace

i nst ead general el ng upon illustrating the principles of
the invention. In the foll ow ng description, various enbodi nents of
the invention are described with reference to the foll ow ng draw ngs,

in which: 3 SUMMARY

[0005] According to one embodiment, a diode is provided. The diode includes a

10 semiconductor layer and phase chaﬂge material layer. The semiconductor layer and the
phase change material layer have different energy bandgaps and different carrier
concentrations such that an isotype heterojunction (P-p hetercjunction or N-n
heterojunction) is formed at a boundary interface between the semiconductor layer and
the phase change material layer.

15 [0006] According to another embodiment, a memory device including a diode as

described above is provided.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007] In the drawings, like reference characters generally refer to the same parts
20  throughout the different views. The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the invention. In the
following description, various embodiments of the invention are described with reference

to the following drawings, in which:



[ 0008] Figure 1 shows a schematic di agram of a di ode according to one

enbodi ment. [0009] Figure 2 shows a schematic diagramof a P-p

het eroj uncti on of a diode according to one enbodi nent. [0010] Figure 3
shows graphs of current plotted against voltage for a diode when a 5

phase change material |ayer of the didde is at an anorphous state and
at a crystalline state respectively according to one enbodi nent.

[ 0011] Figure 4 shows graphs of current plotted against voltage for a
di ode whglw O8] phdidwre habrye mgreeticdingremaf a1diqdgpesording thenermapdimentat

an anorphous state and at a crystalline state respectively according

to one elf®88] medigurd O oloovR] FisghematBadigiows ob agP@pEet@bjlmgmlenf apfliotle ed
agai nst voltage for a diode when a phase change material |ayer of the
di ode i sa@brdug @rone plwbodinenat e, and a graph of current plotted

agai nst voltage for a conventional diode when a phase change materi al

| ayer of [(0h6] CoFginé BGRaks diHE of Surddnt ploteAREiIRAUSItededfof a diode when a
[ 0013] Figure 5b shows a graph of current plotted agalnst voltage for

aa o Odﬁhdé@ﬁlﬁhnéérﬂa%apﬁ%%fmg@e Rt ﬁ{élﬁ&ph&ié%fat@fmdtd%(ﬁ ctllOfifne Fatdlt

a crystalline state and”a graph of current plotted against voltage

for a copy 1 éco% %g) meeglbtoggﬁqlpase change material |ayer of the
e I's at a

conventi on a cryst Ine state. [0014]Figure 6 shows a

Sche %a%fg% USR8 By U BT R e
agai nst nﬁjagg%flan%]; 1% g%letlc material layer of the diode is at an amorphous state and at a
crystalline state respectively according to one embodiment.

10 [0012] Figure 5a shows a graph of current plotted against voltage for a diode when a
phase change material layer of the diode is at an amorphous state, and a graph of current
plotted against voltage for a conventional diode when a phase change material layer of
the conventional diode is at an amorphous state.

[0013] Figure 5b shows a graph of current plotted against voltage for a a diode when

15  the phase change material layer of the diode is at a crystalline state, and a graph of
current plotted against voltage for a conventional diode when the phase change material
layer of the conventional diode is at a crystalline state.

[0014] Figure 6 shows a schematic diagram of a memory device having a diode
according to one embodiment.

20  [0015] Figure 7 shows graphs of resistance plotted against number of cycles

representing reset mode and set mode of a memory device respectively according to one

embodiment.



representing reset node and set node of a nenory device respectively
according to one enbodi nent. 4 DETAI LED DESCRI PTI ON

[ 0016] Enbodi nents of a diode and a nenory device having a di ode w ||
be described in detail below with reference to the acconpanyi ng
figures. It will be 5appreciated that 4t he enbodi ments descri bed bel ow
can be nodified in various aspects w thout changi ng the essence of
the invention. [0017]Figure 1 shows a schematic diagram of a di ode
100. The di ode 100 includes a sem conductor |ayer 102 and a phase
change material |ayer 104. The phase change material |ayer 104 may be
di sposed above the sen conddBEiBAILEBR HESORIPTIRN 10 seni conduct or

| ayer 102 and the phase change material |ayer 104 have different

ener gy bdoghps Embbdimédterofnt dimler arelr acnaent datitcoohavisg ch diddat wih be

| sotype heterojunction 106 is forned at a boundary interface 108

bet ween tdbgribadris QR bolow ay@I rekéénc@neb e apagRngAaNEArsRt Rl be
| ayer 104. [0018] I n one enbodi nent, the isotype heterojunction 106 is

a P-pshebsodikg thathe dmbddifedS BebOMAS BERY LAYEE mbaficdSindvaliohy Rects
sem conductor material and the phase change material layer 104 I's a

p-type pmgut%ﬂ%@fg BE&h& of the invention.

[0017] Figure 1 shows a schematic diagram of a diode 100. The diode 100 includes a
semiconductor layer 102 and a phase change material layer 104. The phase change
material layer 104 may be disposed above the semiconductor layer 102. The

10 semiconductor layer 102 and the phase change material layer 104 have different energy
bandgaps and different carrier concentrations such that an isotype heterojunction 106 is
formed at a boundary interface 108 between the semiconductor layer 102 and the phase
change material layer 104.
[0018] In one embodiment, the isotype heterojunction 106 is a P-p heterojunction.

15 The semiconductor layer 102 is a p-type semiconductor material and the phase change
material layer 104 is a p-type phase change material.
[0019] In another embodiment, the isotype heterojunction 106 is an N-n
heterojunction. The semiconductor layer 102 is an n-type semiconductor material and the
phase change material layer 104 is an n-type phase change material.

20 [0020] Various materials may be used for the phase change material layer 104. In one
embodiment, the phase change material layer 104 may include chalcogenide alloy. The
chalcogenide alloy may include elements of group VI of the periodic table. Some

examples of the elements of group VI of the periodic table include but are not limited to



[ 0019] I n anot her enbodi nent, the isotype heterojunction 106 is an N-n
het er oj uncti on. The sem conductor |ayer 102 is an n-type

sem conductor material and the phase change material |ayer 104 is an
n-type phase change material. 20[0020] Various naterials may be used
for the phase change material |ayer 184. In one enbodi nent, the phase
change materi al Iayer 104 may i ncl ude chalcogenide all oy. The

chal cogenide allo i nclude el enents of group . VI of the periodic
tabl e. S&RETdRR e@élmoGSeD Rad &llugiam: & ebf“@r%bosqm@ﬁ aligyempye pe gampined
table include but are not limted to 5 sulfur (S), selenium(Se) and
t el | uri umithreigmentshed grorp B gethelgments 06 grovpyV bbtheetipdie dabl. {Thersfanzshe s
of group IV and elenents of group V of the periodic table. Therefore,
t he phasehashahgee metertal &yet Hdemayt Ovtludapui are notEmited toageemamitimk-teluriven
to germaniumtel lurium (Ge-Te), antinony-tellurium (Sbh-Te),

tin-tel |l G¢-Us), aSimds) tell@nih OB} eincoluiin Bir-86) andmbmdidmseSHEeM
(I'n-Se), germani umantinmony-tellurium (Ge-Sh-Te/GST),

pl at i suNRkERLLIMThh e hide), ugb&ﬁnﬁﬁaﬁﬁﬁm&;@ﬂﬁm atid- ST dsah| Wt

(I'n-Sb-Te), arsenicantinony-tellurium (

|
(o Sp: TESI .a‘%“@f’ﬁ%‘mﬂ'?gf B el “fﬁ‘?@?ye AL TGS Uil
Ce-Te-S t bi th
Gal 11 um PR SRk L LS gy ﬁ?ﬁ?%l%wsg“r e hod: PoEMERn

égp_m?ﬁl_z J'[né% m uﬁ%ghﬁé’g%—t{e tam %]Trqn 1%511 (SneTe-bt):), germanium-tellurium-

gernanlun}tellurlun}tln- ol d (Ge- TeSn- g ) ) i )
ger mani uff {E-TESmny ﬁptlmﬁmfrafflﬁaamchﬁrw&it% SRipgyllium-tellurium-selenium (Ga-

gernmani um anti nonytel | uri um sel eni um (Ge- Sh- Te- Se),

si | v} - | RerSemingienselepinmetitapiumdn-Gagh), reeshariy-telirium-titanium (Ge-Te-Ti),
germani um anti nony-tel luriumnitrogen (Ge-Sb-Te-N), and

ger mani ugsremtiumeielarivs-tinelxygen lﬁﬁE{T)e}ﬂgle@),(@msiﬁufﬁetem)riurﬂ'-hia-gohhséée-Te-
change material |ayer 104 may include but are not limted to binary
al | oys ssgAuds geabbniunaSliuridiise,palsdita, @2Te3n-Pal7 0ded@ninipbatedny-
GeTe and GeSb, ternary alloys such as Ge2Sb2Te5, InSbTe, 1n3ShTe2,

GaSeTe, @M@ﬂem@%sqa-g%-’l"&§ 2 §ipder-ifaRehhBhoAnee Bligb 4 A %5141 Slﬂﬂe)
gquaternary all oys such as Agl nSbTe, Bi GeSbTe, Ge4l Shi 2Te4i

S e e s T

| ayefs 10éllﬁ%¥nJoQ§éeﬂd(%e?Sb-Te-0). The phase change material layer 104 may include but
are not limited to binary alloys such as GaSb, InSb, InSe, As;S3, SbyTes, SbyTes,
Sb,Se;, GeTe and GeSb, ternary alloys such as Ge,SbyTes, InSbTe, In;SbTe,, GaSeTe,
GeSb3Tey, GeSb,Tey, SnSh,yTes, GeSbsTe; and SiaSbyTes, and quaternary alloys such as
AgInSbTe, BiGeSbTe, Ges1SbiaTesSes, GeSnSbTe, GeSbSeTe, AgsinsSbgoTesq,

20 Teg1GeisSbaS; and N-doped Ge;Sb,Tes.

[0021] In another embodiment, the phase change material layer 104 may include a

phase change magnetic material. The phase change magnetic material is a compound

consisting of a phase change material component and a ferromagnetic material



phase change magnetic material. The phase change nagnetic material is
a conpound consisting of a phase change material conponent and a
ferromagnetic material 6 conponent. The phase change magnetic

mat erial exhibits both rmagnetic properties and phase change effects.
The phase change magnetic material mag include

i ron-ger mani umanti nony-tel |l uri um (Fe- Ge-Sb-Te / Fe-GST).

[0022] Various materials may be used for the sem conductor |ayer 102.
The 5 sefPEpRétBre thagerhange megyeticiantadd exhibitgibotnagtede prencsies and
The sem conductor material may include but are not limted to group

| V el enephsse chasge\eficotspbhepimse ¢Hahgd/megmgbio umederjal ay\thcledmipougatmaniiit- VI
conpounds and organi c sem conductors. Sone exanples of the group |V
el enent s aatiaoyatelionym$Fd-Gedb-PeFg€8TRNI um  An exanple of the V-1V
conpound is silicon carbide (SiC). Sonme exanples of the Il1-V
conmpounds$omeRp 10vaiousi mbieHAR! inBP Med @sddAlf0)dhe @ahidoHMcadH 1BNI102 The
(GaSh), galliumnitride (GaN), gallium arsenide (GaAs), gallium

phosphi deerhicefiuctdr ngg)m%nﬁiam&ﬂ&e G! RRdondl: e &&mlta-fa%.eﬁﬁ@@e LBk roand

i ndi um phosphi de (| onme” exanples of the Il-VI conpounds are

cadm um | lctj%f-a?%ﬁg@c [ b%%gf@ Wlﬁﬁle@}% Oélislqgis@%mm{tg %'R%Egﬁl%égéﬁsgg{}?‘? d

zinc sul one - exanpl es cofnpounds .
Sem cond GRS BTy SuBtytne VEGomPRHER uih REARCety rdyedies1697an
and i 11 EFERIELG: PP 6otV SRINERE B bt SCiien GHb GaTHBHT. AR e BRAG St
change material layer 104 nmay have an energy bandgaﬁ of | ess than g
eV. The Brd¥Yel\cermrpandis ski¢on|carbide(SiGoomayxamries aithe HENgontrenadragse of
about 0.7 eV. The 20 energy bandgap of the phase change materi al
| ayed 0 104lupagunp entimenide@d8b)d galjumentmgnide (@aSb), gallium nitride (GaN), gallium
arsenide (GaAs), gallium phosphide (GaP), indium antimonide (InSb), indium arsenide
(InAs) and indium phosphide (InP). Some examples of the II-VI compounds are
cadmium sulfide (CdS), cadmium selenide (CaSe), zinc oxide (ZnQ) and zinc sulfide
(ZnS). Some examples of the IV-VI compounds are lead sulfide (PbS) and lead telluride
15 (PbTe). An example of the organic semiconductor is polyacetylene.
[0023] The semiconductor layer 102 and the phase change material layer 104 have
different energy bandgaps and different carrier concentrations. In one embodiment, the
phase change material layer 104 may have an energy bandgap of less than 5 eV. The
phase change material layer 104 may have an energy bandgap of about 0.7 ¢V. The
20 energy bandgap of the phase change material layer 104 may be vary according to e.g. the
materials used for the phase change material layer 104 and the state (e.g. amorphous state

or crystalline state) of the phase change material layer 104. For example, the phase

change material layer 104 may have an energy bandgap of about 0.7 eV for amorphous



materials used for the phase change material |ayer 104 and the state
(e.g. anorphous state or crystalline state) of the phase change
material |ayer 104. For exanple, the phase change material |ayer 104
may have an energy bandgap of about 0.7 eV for anorphous 7 Ge2Sb2Te5
and an energy bandgap of about 0.5 eV7for crystalline Ge2Sbh2Te5. In
one enbodi nent, the sem conductor |ayer 102 may have an energy
bandgap | arger than 0.1 eV. The sem conductor |ayer 102 may have an
ener gy bS§tRPabesomdappeergy pandgap Phabeytel.§ye Vb faroryegialbine GgeSboTes. In one
sem conductor |ayer 102 may vary according to e.g. the materials 5
used f or emhediment, thengtoutandudterykeyerli2. mohaexangyieezy bandgapelaigeo tlencd. br
| ayer 102 having silicon may have an energy bandgap of about 1.1 eV.
The phaseVciangenitaidicioallajea) 62 mMOAhaveyanhensegyabadepsdp of abcaumdenevaThen
of about 1020 cm 3 or |less. The sem conductor |ayer 102 may have a

carrier engepirdgip 6NthekeralottiuckP 16/ef MBmaPvhalr 236dMRI Y <ol AR materials
sem conduct or | ayer 102 may have a carrier concentration above 1010

cm 3.5 10[ Q4244 !ﬂe%eﬁl&ohmﬁt&hﬁ}te?ﬁ@@%r eﬁaﬁq &@%Elﬂiéo&%ﬂﬂ e?fi@z‘h

carrier concentration of He sem conduc | ayer 102 a t he ptﬁ]ﬁn%
change t€L-9] HNc e
i 11 et o e By AR éﬁ’eé%y ﬁ‘ﬂﬂdﬁﬁf 9%“‘9‘3& e %1‘@99 %ﬂ‘?ﬂéﬁ%ﬁa‘f gk
schemat i ram of an exe zer043un 202.

neter o b el R TS E@ét% & st s risardug e oq
connected in 15 series with resp [ {gegagl ete | s 208, 210
of the t ‘B@hg%“@l{’gfa&?%&%%c%@%wn?gég%ﬁﬂeépbdAt@ﬁ’éf‘ﬁ‘??%t § SRIPSIISHEAF e
3 shows a gr gh 302 of current plotted agl 3pst ,voltage for a diode
when a plyge Odmeayduvracariensoncenfafionpbavsd Odiawele is at an anor phous
state. Figure 3 also shows a graph 304 of current plotted agai nst
vol t Hye 824} he Daiedd ghanhidrenpreinptha secrgh dngdza Gnddhecdratr doagentration pfie
diode is at a crystalline state. In this enbodi nent, the diode 100
has a p-thypensenidocnd lgteorl O aater th2Ofhdse cdhunigen ghasdrial doyer alidd, an pisbtype
phase change material |ayer 310 including Ge-Sb-Te. The phase change
nat er i al hdi@yRictiok02025dud B hREEdiffakioy thayR BT hYGhAn FiayeD. Bre A

P-p heterojunction 312 is forned at a boundary interface 314
shows a schematic diagram of an exemplary P-p heterojunction 202. The P-p
heterojunction 202 can be represented by two Schottky diodes 204, 206 connected in
15  series with respective negative terminals 208, 210 of the two Schottky diodes 204, 206
connected together.
[0025] Figure 3 shows a graph 302 of current plotted against voltage for a diode
when a phase change material layer of the diode is at an amorphous state. Figure 3 also
shows a graph 304 of current plotted against voltage for the diode when the phase change
20  material layer of the diode is at a crystalline state. In this embodiment, the diode 100 has
a p-type semiconductor layer 308 including silicon and a p-type phase change material

layer 310 including Ge-Sb-Te. The phase change material layer 310 is disposed above the

semiconductor layer 308. A P-p heterojunction 312 is formed at a boundary interface 314



8 between the sem conductor |ayer 308 and the phase change materi al

| ayer 310. The di ode 100 also includes a first el ectrode 316 di sposed
on one side 318 of the sem conductor |ayer 308 away fromthe phase
change material |ayer 310, and a second el ectrode 320 di sposed on one
side 322 of the phase change material8layer 310 away fromthe 5

sem conductor |ayer 308. [0026]1t can be observed from Figure 3 that
the 1-V curve 304 is |arge when the Ehase change material |ayer 310

i s at a bstysemthe seraicenductor liyer 20§ and the phase change gmtarigl lager3 19nhhe dighen

t he phase change material |ayer 310 is at an anorphous state. Wen
t he phastOblamgeludet erfiral elbczode 336 Qlisposkalr goese sidpl3a8 ef dirasmecdnduvieen
anor phous and crystalline 10 states, the |-V curve changes between
curve 30RyaniDscawasefrdfidhe pRs2 Thhitigenmbtedalr layed,310; axba se@nd bervéd 32hat
a | eakage current (reverse current) of the diode 100 is very low. In

one enbogikpaed ont b dideds210P thRyhiaVéhadgd Sat@t® 16¥Hr" B aRhy TR the
10-6A to about 10-10A. In another enbodi nent, the diode 100 nay have

a | eakage flidielbr l§SS3oghan 10-6A. It can al so be observed from
Figure 3 that the diode 100 15 has a reverse breakdown vol tage | arger

than 3 Vigoh®h On% SRDAOMIELL A RS AAGHTIN UANE a'§YEES Shen the

br eakdo tage of a

phase change material layer 310 is at a crystalline state while the I-V curve 302 is very
small when the phase change material layer 310 is at an amorphous state. When the phase
change material layer 310 undergoes a phase change between amorphous and crystalline
10  states, the I-V curve changes between curve 302 and curve 304.
[0027] From Figure 3, it can be observed that a leakage current (reverse current) of
the diode 100 is very low. In one embodiment, the diode 100 may have a leakage current
of about 10°A to about 10"'°A. In another embodiment, the diode 100 may have a
leakage current less than 10°A. It can also be observed from Figure 3 that the diode 100
15  has a reverse breakdown voltage larger than 3 V. In one embodiment, the diode 100 may
have a reverse breakdown voltage of about 5 V or more.
[0028] Figure 4 shows a graph 402 of current plotted against voltage for a diode
when a phase change magnetic material layer of the diode is at an amorphous state.
Figure 4 also shows a graph 404 of current plotted against voltage for the diode when a
20 phase change magnetic material layer of the diode is at a crystalline state. In this
embodiment, the diode 100 has a p-type semiconductor layer 408 including silicon and a
p-type phase change magnetic material layer 410 including Fe-Ge-Sb-Te. The phase

change magnetic material layer 410 is disposed above the semiconductor layer 408. A P-



[ 0028] Figure 4 shows a graph 402 of current plotted against voltage
for a di ode when a phase change nagnetic material |ayer of the diode
is at an anorphous state. Figure 4 also shows a graph 404 of current
pl otted agai nst voltage for the di ode when a 20 phase change magnetic
material |ayer of the diode is at a cgystalline state. In this
enbodi nent, the diode 100 has a p-type sem conductor |ayer 408
including silicon and a p-type phase change magnetic material |ayer
410 i ncl pdietegpjmestiGe 43R - T EormEthat phasedach imepfacadld i defveendbe sanstondayer
410 i s di sposed above the sem conductor |layer 408. AP- 9 p

het er o] ulwgts 408 ahliZhé phaboclrge Aiageetio anaekdl Yayiend HY. Tae diodd 400 elswvereindelh e
sem conduct or | ayer 408 and the phase change magnetic material |ayer
410. Theq girRdRcAOM Al6shspobéd d10&R sidef 4180 tBé QetiEdectdiRyél BASRY R
one side 418 of the sem conductor |ayer 408 away fromthe phase

change nAGNGELICHIRES HaBhetdc M Rbridt %&eﬁ ang, ﬁnr(]isa? cRBRY SleBR]d=029 cﬂ%s?d on

di sposed on 5 one Side 422 of the ase change nagnetic nmateria

p
I 41 ] t I : 0 I
obser oty SRtrEE R, RER: FRRERE RlerB SRl 1y 80ET8 Il Bl e
change na netidc ma]teri@l | ayer 410 is at a crystalline state while
the |-V SEPYEIEEHET 250880 shal | when the phase change magnetic

material |ayer 410 is at an rphous 10 state. Wen the phase change
magnet | 9988 i 4j cand &S&Wdfﬁﬁ%%&% 4atgf>th%§ & FE§ & 086 sgr when the
anor phous and crystalline states, the |-V curve changes between curve
402 and plaseehapga magpticanaserial hayer 410 isat g chstallingwitq whils Gadd/ qure 402
simlar to those shown in Figure 3. [0030] Figure 5a shows a graph 502
of cur r enstvepy smak dviwyahe phase shanggembgnetia mitonkd 1aBr ifiens at phagermange
material |ayer of the diode is at an anorphous state. Figure 5a al so
showl) a gatapWhs4hephaserdhende mhgietie dnagaalisyer\vidDtwagergber a phase change
conventional diode when a phase change material |ayer of the
convent i ut@terdirBsiphds aall cayRtallifiRr ik theSTt Wiclrve changes between curve 402 and
curve 404. The experimental results shown in Figure 4 are similar to those shown in
Figure 3.
[0030] Figure 5a shows a graph 502 of current plotted against voltage for a diode
15  when a phase change material layer of the diode is at an amorphous state. Figure 5a also
shows a graph 504 of current plotted against voltage for a conventional diode when a
phase change material layer of the conventional diode is at an amorphous state.
[0031] Figure 5b shows a graph 506 of current plotted against voltage for the diode
when the phase change material layer of the diode is at a crystalline state. Figure 5b also
20  shows a graph 508 of current plotted against voltage for the conventional diode when the
phase change material layer of the conventional diode is at a crystalline state.

[0032] In this embodiment, the diode 100 has a same structure as described above

with regards to Figure 3. The conventional diode 550 has an n-type semiconductor layer



[ 0031] Fi gure 5b shows a graph 506 of current plotted agai nst voltage
for the di ode when the phase change material |ayer of the diode is at
a crystalline state. Figure 5b also 20 shows a graph 508 of current
pl otted agai nst voltage for the conventional diode when the phase
change material |ayer of the conventiional diode is at a crystalline
state. [0032]In this enbodinent, the diode 100 has a sane structure
as described above with regards to Figure 3. The conventional diode
550 has a# mclwipe stlinon @odductype phasgshangeonaterg layse it inetpding Gedh-Tend
a p-type phase change material |ayer 554 including Ge-Sb-Te. The
phase ch#@hgphasatlempamateayblaysS44iisdishospbatede diememitonduceniapaiddRcs pr

| ayer 552. A p-n junction 556 is forned at a boundary interface 558
bet ween hhencsioniseendfieined at ayetunduby idetthct 568 (HaBsRn Aha Bgaicomivetor 2dyer

| ayer 554. The conventional di ode 550 also includes a 5 first

el ect r odes b i SPRS eEhr@B nRiGiaS g6 SR2TRE cddientiRitl &i0ASYSE Ako 1RNAEs £52
away fromthe phase change material |ayer 554, and a second el ectrode

564 df SPASEHIARLRNBOTiTEs08, Sle LilE PNE5Re SBANIRHIRE iR s sh AURY, A5
ctor g . ) ¥ glo e

away fromthe sem con ayer araneters Tor the
100 and tional . di 550 b xcept the .
100 has SepuFSSERRE g HBES S AT SR olintiog 3PF B85 hr i€ e 366

conventional 10di ade 550 has,a n-type sem conductor | ayer. i ncludi
o1 con. S B AP SEes BT JPRE S OHD T D6 SRR bl el
| eakage current js Iaaﬁg for the p-n junction conventional diode 550.
Wien t hePPraeiersdprthe diods 180 aad thegoryenyanal diode 380 mmpnherhs s exgersdhe
550 under goes a phase change from an anprphpus.state to a crystalline
state, t#eds dakAge aquie riemigeadeciceleyeeingluing: sifienn whide thanconygatianeh
conventi onal
10 diode 550 has a n-type semiconductor layer including silicon.
[0033] It can be observed from Figures 5a and 5b that the leakage current is large for
the p-n junction conventional diode 550. When the phase change material layer 554 of
the conventional diode 550 undergoes a phase change from an amorphous state to a
crystalline state, the leakage current increases very fast for the p-n junction conventional
15  diode 550 at crystalline state as shown in Figure 5b. However, the leakage current is kept
at a small value for the P-p heterojunction diode 100 at both amorphous and crystalline
states.
[0034] From Figures 5a and 5b, it can be observed that the reverse breakdown
voltage is about 2.5 V for the conventional diode 550. The reverse breakdown voltage is
20  too low for the conventional diode 550 to be used in a memory device. The reverse

breakdown is above 5 V for the diode 100, which is suitable for the diode 100 to be used

in a memory device.



15 di ode 550 at crystalline state as shown in Figure 5b. However, the
| eakage current is kept at a small value for the P-p heterojunction
di ode 100 at both anorphous and crystalline states. [0034] From
Figures 5a and 5b, it can be observed that the reverse breakdown
voltage is about 2.5 V for the conventj onal di ode 550. The reverse
breakdown voltage is 20 too | ow for the conventional diode 550 to be
used in a nenory device. The reverse breakdown is above 5 V for the
di ode 100003@hi c¥or sngddat abl nétom dihde, dhobbakdg@Crutrentbis the ewniaf teo rparter y
device. 11 [0035]For an ideal p-n junction diode, the |eakage
current tentfit@ed tomahinbilty ddirbn andhdle idifkisteh. Hooever] fodaiR-y hefefgitcton
and hol e diffusion. However, for a P-p heterojunction diode, the

| eakage giHe,and lchRagelcaReNitlis pRpbrtioRaltth ehddifeRheN bR wba! MRRM LIRS dnk Yn
el ectrons in both parts (e.g. sem conductor |ayer and phase change

LT 2L bR e A bl B S Bl S8 e
1L 9108 AR AP ;L FSHRLNEH) Sl A Rk eLBLUTS b
hi gh T ovBRELICigh BiofRoRAe JoIAvAGe o RSB B Lo gadR § gt
can- b nBRERIEHbASN B POLUECHIGIOd. | 15 Si il 0 SUr Uct ure and can
be fabricated at roomtenperature w thout annealing. [0037]Fi gure 6

shows a H¥RGat iTee dicdgrdhss azimplestyciesy low laboed erentiang high reverse

breakdown voltage. The diode 100 can be easily reduced to cell size for use in high

10 density memory. The diode 100 can be manufactured at low cost due to its simple
structure and can be fabricated at room temperature without annealing.
[0037] Figure 6 shows a schematic diagram of a memory device 600 including a
diode 100. The memory device 600 further includes a controller 602. The controller 602
is configured to provide a plurality of operation cycles for the diode 100. Each operation

15 cycle includes a set mode and a reset mode. The controller 602 may be configured to
provide a bias voltage to the diode 100. The bias voltage may range from about 0 V to
about 5 V. The controller 602 may be configured to provide a current or a voltage to the
diode 100. The current or voltage provided to the diode 100 may be single pulse or plural
pulse. The current or voltage may have a pulse width of about 1 ms or smaller. The

20  current may include both read and write currents. The write current may include reset or
set current. The voltage may include both read and write voltages. The write voltage may

include reset or set voltage.



di ode 100. The nenory device 600 further includes a controller 602.
The controller 602 is configured to provide a plurality of operation
cycles for the diode 100. Each operation 15 cycle includes a set node
and a reset node. The controller 602 may be configured to provide a
bias voltage to the diode 100. The bigs voltage may range from about
O Vto about 5 V. The controller 602 may be configured to provide a
current or a voltage to the diode 100. The current or voltage

provi ded 00381 he Bicoliede1l®0 haag hish resisigice sfaifl and adpwpksistancepstats dhe Hade
current or voltage may have a pul se width of about 1 ns or snaller.
The 20 cuf® éonfigyred hcitoctalatadiyhchargidg hetdreen ihedighuresistahee, stafé endithie iew
current may include reset or set current. The voltage may incl ude
bot h r eadesiyichcyvstafeRluviaf tadtsperalios cyéle bEthe @hdnige deviye HOW In de rees alodor
set voltage. 12 [0038] The di ode 100 has a high resistance state and
a | ow r egf tcal&BoStRVRe 6D0EhdicBRtIPB02 S5 ERMlsLAUIE PalsOn SlrRE &Rl & BY

changi ng between the high resistance state and the | ow resi st ance

stat esdu és@g?tﬁ'ﬂeﬁp oP ' Iﬁgl'ng@v&é{ﬁée G%G?)f ﬂﬁ(ﬂlgh ThiHo lggr%@teg(gggcqgn 108, & e

reset no e nennry I ce contr I's configured

Lo pass g eunpen gﬁe 8lind i 305 SREL pEHh iyl g.stegegpto ot 68,600

t hrough t i'sot'ype ter ojunctron ange Fhe
di ode 100 t he resi st e state to resi stanc

e way SR GHG Ry SreebEaEdR g5es It fﬁ%ﬁ? Shutrin st i e high
the high resistance state is to chan e the phase change mat er | al

| ayer 104CstagRs slaferly ig change @eﬁhaf%clﬁag%wa@ﬁﬂrlﬁmd& drom @ crystpllingestate
mode of the nenory device 600, the controller 602 is 10 configured to
pass a cif peamorhous state I thesetauadecfithomemary deties 00 g coatraliey 602 is

t hrough the heterojunction 106 of the diode 100 to change the diode
100 19 omeortfeguivdgh passsi grent equet it @set ourrdng of thy mesdrytdamice 680 dtreughGhe
way of changing the diode 100 fromthe high resistance state to the

| ow r esi httarpmcsdai@s bf tHeodiotange td tienph dsediobange fivai eel ldkh kayseimncd 04
fromthe anorphous state to the crystalline state. Therefore, the

di ode 10@aicStodthe 6@ rbSistihd@Nstites Dat aRLoS ERnGingh@s il PIASSmCHRMNESHh
material |ayer 104 is at the anorphous state, and the diode 100 is at

the | ow [QaistaneeR 5tRd ﬁwm%ﬁtahb@smqﬁo eﬁ@a &gﬂi £ icBdngk 3YRErial Qhet S

at the crystalline state. [0039] The control I's configured such

that eac'@%@ﬁsﬁl%e gﬂlggmahsesg bIRY shsE - glggormﬂggmhe (IS BGRE,

node of the nenor e“contr con
? Egl Y52 q‘es(fs [1e€ WateWndh dh Hase 2 439% 8L li]ayelr-T? OPlsYa %eva'mco?plg)%g sBle,

and the diode 100 is at the low resistance state when the phase change material layer 104

is at the crystalline state.

[0039] The controller 602 is configured such that each operation cycle further

includes a read mode. In the read mode of the memory device 600, the controller 602 is
20  configured to apply a read current or a read voltage of the memory device 600 at the

heterojunction 106 of the diode 100. In the read mode of the memory device 600, an

electrical parameter measured at the low resistance state of the diode 100 is read as a first

data value. In one embodiment, the first data value is 0. In the read mode of the memory



het eroj unction 106 of the diode 100. In the read node of the nenory
device 600, an electrical paraneter neasured at the | ow resistance
state of the diode 100 is read as a first data value. In one

enbodi ment, the first data value is 0. In the read node of the nenory
13 device 600, an electrical paraneter3 neasured at the high

resi stance state of the diode 100 is read as a second data val ue
different fromthe first data value. In one enbodiment, the second
dat a val devife600, arklecisicalqarinasi¢r measenee eethe digh roeisterretstaje of thadicdntl00r
resi stance. [0040] Figure 7 shows a graph 702 of resistance plotted
agai nst muehkas ofecopd Has value diffeps ifitoimthe fes elatanvadle. &f ome eminmalingent, the
device. Figure 7 shows a graph 704 of resistance plotted agai nst

number ofecoyd Has vEIap isCIS At eREtrissltparmisiterGhiaytYes olfREd) EirelR bk ERistahee. t hi s
enbodi nent, the nmenory device 600 has a diode 100 having a P-p

het er o] upgisbpn ¥&ire NowEh gaph 902 o@%TalﬁQ%jr%%ﬁfsgnﬁﬁﬁ&my@&s

one cycle. In an endurance test, cycles of S pul ses can be

appl1 20 terdsBitinia h&ﬁ%@ﬁ%@ﬁQﬁ%{c@ﬁ}g&%@g%@y{] rap 7RI Fgance

[ 0041] The reset "node of the nenp evic y a current
RESET .Of 70,11 A | t f t 5.2 d .
Gurat 1 onf BEL el RREE: of Shes/oneBentiBh R0 aRt oF B trgmioR dai” yf s

de of th devi 00 h . t (SET t
about 5 podIRER, the s eza 00 ien Sh sl B s B BRITBGe HPor

about 158 ns_every operation cycle. [0042] Wien a pul se current equal s
to a REsPresEI 2adong d QPETRHPY agsleiiped #s(me cycle. In an endurance test, cycles

of SET/RESET pulses can be applied to the memory device 600 at room temperature
10 ambient.

[0041] The reset mode of the memory device 600 may have a current (RESET

current) of about 170 pA, a voltage of about 5.2 V and e; duration/pulse width of about 8

ns every operation cycle. The set mode of the memory device 600 may have a current

(SET current) of about 5 pnA, a voltage of about 0.4 V and a duration/pulse width of about
15 8 ns every operation cycle.

10042} When a pulse current equals to a RESET current of the memory device 600

passing through the isotype heterojunction 106 of the diode 100, the RESET current

induces the diode 100 to a high resistance state (e.g. represented by graph 702). When a

pulse current equals to a SET current of the memory device passing through the isotype
20  heterojunction 106 of the diode 100, the SET current induces the diode 100 to a low

resistance state (e.g. represented by graph 704).

[0043] In one embodiment, the controller 602 of the memory device 600 may provide

at least 10* operation cycles.



passi ng through the isotype heterojunction 106 of the diode 100, the
RESET current induces the diode 100 to a high resistance state (e.qg.
represented by graph 702). Wen a pul se current equals to a SET
current of the menory device passing through the isotype 20

het eroj unction 106 of the di ode 100, 14he SET current induces the

di ode 100 to a |l ow resistance state (e.g. represented by graph 704).
100431l n one enbodi nent, the controller 602 of the nenory device 600
may provilid4ht [FeerstFigwd7opesrdrd dwerygd thasthe miemdrp davipéo@heapiogenats for
it can be observed that the nenory device 600 can operate for at

| east 10a0leestd0¥scyclen. Int dther woisisthe cheralen 66D bf dic HdRonf dévike 60Onmay
devi ce 600 may provide at |east 1010 operation cycles. Up to 1010
cycl e enginigece lest defwpeiation egeles. Wpioh 8" Wotle endirhitecei didmandRtdde $i
can be run continuously to 1010 cycles wi thout nenory 5 device

failure. ofBewsid! e chdSaiRBd Xafl 8¥ NGt chRBuiial 910N eydisafiehohPemory
exhi bits a good performance. [0045] Wil e enbddi nents” of the invention

have beepe.parfhigh! ?ﬁér¥fo§é}%m%gry device 600 having the diode 100 exhibits a good

performance.

[0045] While embodiments of the invention have been particularly shown and

described with reference to specific embodiments, it should be understood by those

skilled in the art that various changes in form and detail may be made therein without
10 departing from the spirit and scope of the invention as defined by the appended claims.

The scope of the invention is thus indicated by the appended claims and all changes

which come within the meaning and range of equivalency of the claims are therefore

intended to be embraced.



described with reference to specific enbodinents, it should be
understood by those skilled in the art that various changes in form
and detail may be nmade therein without 10 departing fromthe spirit
and scope of the invention as defrnmed by the appended cl ai ns. The
scope of the invention is thus indicatsed by the appended cl ai ns and
al | changes which come within the neaning and range of equival ency of
the clains are therefore intended to be enbraced. 15 CLAIMS What is
cl ai med IGLAIBIS A di ode, conprising: a sem conductor |ayer; a phase
change material |ayer; wherein the sem conductor |ayer and the
phase change material |ayer have different energy bandgaps and
different carrier concentrations such that an isotype 10

het er o) umHat Rrldised Bf Med at a boundary interface between the

sem conductor |ayer and the phase change material layer. 2. The di ode
of claim1l, wherein the isotype heterojunction is a P-p

het eroj uncti on. 15

5 L A diode, comprising;
a semiconductor layer;
a phase change material layer;
wherein the semiconductor layer and the phase change material layer have
different energy bandgaps and different carrier concentrations such that an isotype
10 heterojunction is formed at a boundary interface between the semiconductor layer and the

phase change material layer.

2. The diode of claim 1,
wherein the isotype heterojunction is a P-p heterojunction.
15
3. The diode of claim 2,
wherein the semiconductor layer is a p-type semiconductor material and the phase

change material layer is a p-type phase change material.

20 4. The diode of claim 1,

wherein the isotype heterojunction is a N-n heterojunction.

5. The diode of claim 4,



3. The diode of claim 2, wherein the sem conductor |ayer is a
p-type sem conductor material and the phase change material |ayer is
a p-type phase change material. 20 4. The diode of claim1l, wherein
the isotype heterojunction is a NNn heterojunction. 5. The di ode of
claim4, 16 wherein the sem coniguctor |ayer is a n-type
sem conductor material and the phase change material layer is a
n-type phase change material. 6. The diode of any one of clains 1 to
5, Swherein t Wwhephidbesanrigonglucionlayer iap nrtayeassendwrpﬁ-/mt@egla@hﬁal adghapliree
alloy. 7. The diode of claim®6, wherein the phase change materi al
| ayer hashaage entrigllabarsgapypegdmsd dhangedmateriall0 8. The di ode of claim 6
or 7, wherein the phase change material |ayer has a carrier
concentration of about 102

6. The diode of any one of claims 1 to 5,

5 wherein the phase change material layer comprises chalcogenide alloy.

7. The diode of claim 6,

wherein the phase change material layer has an energy bandgap less than 5 eV,

10 8. The diode of claim 6 or 7,
wherein the phase change material layer has a carrier concentration of about 10%°

cm” or less.

9. The diode of any one of claims 1 to 8,
15 wherein the phase change material layer comprises a phase change magnetic

material,

10. The diode of claim 9,
wherein the phase change magnetic material is a compound consisting of a phase
20  change material component and a ferromagnetic material component, wherein the phase

change magnetic material exhibits both magnetic properties and phase change effects.

11.  The diode of any one of claims 1 to 10,



3l cm or less. 9. The diode of any one of clains 1 to 8, 15wherein

t he phase change material |ayer conprises a phase change magnetic
material. 10. The di ode of claim?9, wherei n the phase change
magnetic material is a conmpound consisting of a phase 20 change

mat eri al conponent and a ferromagnetil@ material conponent, wherein

t he phase change magnetic material exhibits both nmagnetic properties
and phase change effects. 11. The di ode of any one of clainms 1 to 10,
17 wherei n t hehesew;thosrarieensiectonlpger coBppsssHssTacandnstenaiadalor

material. 12. The diode of claim11, wherein the sem conduct or
material conprises any one of a group consisting of 5 group IV
el ements, V-1V conpounds, |1I1-V conpounds, [1-VI conpounds, |V-VI

conpound$2.andThy djade f $4m kKonductors. 13. The di ode of claim 11,
wherein the sem conductor |ayer conprises an energy bandgap | arger
than 0.1 eV. wherein the semiconductor material comprises any one of a group consisting of

5 group IV elements, IV-IV compounds, III-V compounds, II-VI compounds, IV-VI

compounds and organic semiconductors.

13. The diode of claim 11,

wherein the semiconductor layer comprises an energy bandgap larger than 0.1 eV,

10
14. The diode of claim 11,
wherein the semiconductor layer has a carrier concentration larger than 10'® cm™.
15.  The diode of any one of claims 1 to 14,
15 wherein the diode has a leakage current of about 10°°A to about 107'°A.

16.  The diode of any one of claims 1 to 14,

wherein the diode has a leakage current less than 10°A.

20 17.  The diode of any one of claims 1 to 16,

wherein the diode has a reverse breakdown voltage larger than 3 V.

18. A memory device comprising a diode of any one of claims 1 to 17.



10 14. The diode of claim 11, wherein the sem conductor |ayer has a
carrier concentration |arger than 1010 cm 3. 15. The di ode of any one
of clains 1 to 14, 15wherein the diode has a | eakage current of about
10-6A to about 10-10A. 16. The di ode of any one of clains Ito 14,
wherein the diode has a | eakage curreldt |ess than |10-6A. 2017. The
di ode of any one of clains 1 to 16, wherein the diode has a reverse
breakdown voltage larger than 3 V. 18. A nenory device conprising a
di ode of any one of clainms 1 to 17. 18 19. The nenory device of claim
18, further conprising: a controller configured to provide a
plurality9of ®hemambgndayicelofslaini8 tthahaticothprisingrer ei n each operati on
cycle conprises a set nobde and a reset node. 5

a controller configured to provide a plurality of operation cycles for the diode,

wherein each operation cycle comprises a set mode and a reset mode.

5
20.  The memory device of claim 18 or 19,
wherein the diode comprises a high resistance state and a low resistance state, and
is configured to store data by changing between the high resistance state and the low
resistance state during each operation cycle of the memory device.
10

21.  The memory device of claim 20,
wherein the diode changes from the low resistance state to the high resistance
state when the phase change material layer changes from a crystalline to an amorphous
state, and wherein the diode changes from the high resistance state to the low resistance
15  state when the phase change material layer changes from the amorphous state to the

crystalline state.

22.  The memory device of claim 21,
wherein the diode is at the high resistance state when the phase change material
20  layer is at the amorphous state and is at the low resistance state when the phase change

material layer is at the crystalline state.

23.  The memory device of any one of claims 20 to 22,



20. The nenory device of claim18 or 19, wherein the di ode
conprises a high resistance state and a | ow resistance state, and is
configured to store data by changi ng between the high resistance
state and the | ow resistance state during each operation cycle of the
menory device. 10 21. The nmenory devit®e of claim 20, wherein

t he di ode changes fromthe | ow resistance state to the high

resi stance state when the phase change material |ayer changes froma
crystal | i ne t&hgsiminothp iesgsmede pkthegnemaitialezica, thasonirdite ictrmfigersdftp om
the high resistance state to the | ow resi stance 15 state when the
phase chanagea mmtrenti equal dg exr reshiangrest fafotiet inemarp dptica shretglt éhet xotyipe
crystalline state. 22. The nenory device of claim 21, wherei n
t he di odéetesjaictibmef theglodeas ichimppake dibdé fomhia 16w ecsiimse stelkan g high
material 20 layer is at the anorphous state and is at the | ow

r esi st ang®isednat gatehen t he phase change material layer is at the
crystalline state. 23. The nenory device of any one of clains 20 to
22, 49 wherein in the reset node of the nmenory device, the
controller is configured to pass a current equal to a reset current

of "the megor y el 8ol QUG ahNe.d SQlRe g £1 of unction of the di ode

to change the omthe W resistance ate to the high
;gSI stance st & gfeinsm 4e' Se;l-lr'}l%deng 1 g%legn%\lglf geei\fié)et thaéné()nt?c!)‘i?er(1)s}c coC 1gl|1re tozgasts °

a current equal to a set current of the memory device through the isotype heterojunction
of the diode to change the diode from the high resistance state to the low resistance state.
10
25.  The memory device of any one of claims 19 to 24,
wherein the controller is configured such that each operation cycle further
comprises a read mode, and wherein in the read mode of the memory device, the
controller is configured to apply a read current or a read voltage of the memory device at

15  the isotype heterojunction.

26.  The memory device of claim 25,
wherein in the read mode of the memory device, an electrical parameter measured
at the low resistance state of the diode is read as a first data value.
20

27.  The memory device of claim 26,



wherein in the set node of the nenory device, the controller is
configured to pass a current equal to a set current of the nenory
devi ce through the isotype heterojunction of the diode to change the
di ode fromthe high resistance state to the | ow resistance state. 10
25. The nenory device of any one of @bains 19 to 24, wherein
the controller is configured such that each operation cycle further
conprises a read node, and wherein in the read node of the nenory
devi ce, the cuhargiglinére read wodd oighe memery dgyirey amelearier] paramester measuged
read voltage of the nenory device at 15the isotype heterojunction.
26. The ashohighdesistaneesfatebdbthendRie is read as aisesopi rlafarvaluzeliffemdt frodéhof
the nmenory device, an electrical paraneter neasured at the | ow

resi st anfigt gdtatvduaf the diode is read as a first data value. 20 27.
The menory device of claim26, 20 wherein in the read node of
the nenory device, an electrical paraneter neasured at the high

resi stance state of the diode is read as a second data val ue

di ff ey enjg f romet%ﬁmg'%,_r& icﬁ@?élfi&’rﬁlzldi_eorﬁ 28. The nenory device of clains
er e e

26 or 27, int ectrical’ parameter conprises any one of
vol tage, cur r\sﬂéreignﬁlleragétﬁéagi‘npca?ameter comprises any one of voltage, current and

resistance.
29.  The memory device of any one of claims 20 to 28,
10 wherein the controller is configured such that the plurality of operation cycles

comprises at least 10* cycles.
30.  The memory device of any one of claims 20 to 28,
wherein the controller is configured such that the plurality of operation cycles

15  comprises at least 10'° cycles.

31.  The memory device of any one of claims 20 to 28,

wherein the controller is configured to provide a bias voltage to the diode.

20 32,  The memory device of claim 31,

wherein the bias voltage ranges from about 0 V to about 5 V.

33.  The memory device of any one of claims 20 to 31,



29. The nenory device of any one of clainms 20 to 28, 10wherein the
controller is configured such that the plurality of operation cycles
conprises at |east 104 cycles. 30. The nenory device of any one of
claims 20 to 28, wherein the controller is configured such
that the plurality of operation cycleg 15conprises at |east 1010
cycles. 31. The nmenory device of any one of clainms 20 to 28, wherein
the controller is configured to provide a bias voltage to the diode.
20 32. The nenwhygrehethe centafllecisaionfigired whpoeida atrhal ndawritecdurianicorraaregd s
fromabout O V to about 5 V. 33.The nenory device of any one of

cl ai n8 26hd Wrikoltagelhaving a puldevidilioflabeutqans 61 Aler ioh€ @itié.gured to
provide a read and wite current or a read and wite voltage having a
pul se width of about 1 ns or smaller to the diode.



