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Abstract: High-density crossbar arrays based on storage class memory (SCM) are ideally suited to handle an exponential

increase in data storage and processing as a central hardware unit in the era of Al-based technologies. To achieve this, selector

devices are required to be co-integrated with SCM to address the sneak-path current issue that indispensably arises in such

crossbar-type architecture. In this perspective, we first summarize the current state of tellurium-based threshold-switching

devices and recent advances in the material, processing, and device aspects. We thoroughly review the physicochemical

properties of elemental tellurium (Te) and representative binary tellurides, their tailored deposition techniques, and operating

mechanisms when implemented in two-terminal threshold switching devices. Lastly, we discuss the promising research direction

of Te-based selectors and possible issues that need to be considered in advance.
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= ict 2d (@) W22 AS +25 9 d/d ol
D2]9l static/dynamic random access memory
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drive (SSD/HDD)= x&+ &&Fo] FA|gt AL &z} ©
9 =42 a9t} £ £50) vwa] Abojo] Exjste
3 Aol ofsl] B0l 8 B = o] BAYSHA &=, o]
Ao s AR O 2 Al SAFST storage class memory
(SCM)= dlole ¥= A TAIE slZ2T o+ A= a=39
Hl2e] £240ltt [2]. Capacitorof] AsHE A7 st 9
/g DRAMIH= &2] SCM2 A} §13} 7|9t 8] $]/d o]
2] 24 SRAM/DRAMECL} crossbar +2 &5 &5t 2
A% 87, SSD/HDDMCH B whe A 2AI7hS 2ha 9lck.
ol &2 A7 ZA0 Tt AT JHE ¥+
memristors &-&stt], 2741} v]g72 JH 9] HetE
o] 8st= A3 B 2 2](phase change memory, PCM)
[3.,4], conductive filament Ao T2 At H3}S 0]
Lot= A& ¥} ¢ 2 (resistive RAM, RRAM) [5], A}
AR <l Afet wWako] o2 AN F A LS FESHE A
0| 2 2](magnetic RAM, MRAM) [6] 0] &X}5Ict.

£5], Intelo|A] ZA|$FPCM 7|8t 3D Xpoint= DRAM
1} flash Wl &22] Afo]o] AXLE W@ 4J-&2te SCM 7]4t
o] 2] 7|0t} [7]. o] & H]Z3t SCM2 crossbar
x2 =5 flash ¥ 22]9] cell sizeQl 4F°gt20o] 1Y &
ARFE A8 4 9t [8]. 2™ 1(b)E YW crossbar &
oM S8 xS SRV s 27 9A AY

=

u
ol

ol
Mo X

J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 36, No. 6, pp. 547-555, November 2023: Kim et al.

(threshold voltage, Vin)2] A8 +0.5 Vi@t -0.5 Vs
Fhaizth (9] 12T B Axto] VartEe] Hela7} Al
A 254 A g njet Bt o Eotol At A4S At
Al 4 T} ey SCMo] dd =0t EXj o, A 4
Efoll me} 22 lineg $85H: £ cellol= HgIA7H
ZISHR|HA] A o) o] dsHA] ke Yo ® AR
7F 32 &= dAbo] ©A¥st=0], o]& sneak current2fil
1(b), (e)]. WetA Q=X k2 AR} AbE-0]
57U} 9lel A4HS uFRla}7] 9fsl AEl 4R} (selector)
7} ZQ5tct [10]. of|& Sof SCMt OTS7} stacking®

(
NG SEH AR 52X o1, AAL EH AR7T %
5270 array YRolA 574 2412 Heist
2 9 7o) Jhs it 21 ()] EMA 2B A ant
ZA] &850 sneak currentE WAE 4 Q1oL o]=
Z7b 0l w4l W@ 2 sho] 8F° o 4ke] =
Qe [9] ety 1A HZE 97t crossbar
arrays 2Hs517] sl EHA|AE OjH] AF cell sizes
Zt= two terminal 718t ovonic threshold switch (OTS)
AR AR Ret AR ARER AR QT [1- 1(f)].
OTS= H|ZA Bter| 24 S, Se, Teot 2 234 =
Aut Zn, B, Ge 59 =40] =g ZAAYolE A=A
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Fig. 1. (a) A memory hierarchy showing a performance gap between SRAM/DRAM and SSD/HDD, (b) and (c) schematic drawing of ovonic
threshold switch (OTS) and storage class memory (SCM) stacked on a planar crossbar array structure that has 4F? cell size displaying the
intended current path (green line) and the sneak current path (red line), (d), (e), and (f) I-V curves of only OTS, only SCM, and SCM with OTS

cases.
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Aot [23 1(c)]. 2274 ¥4+ lone pairE o] 2l
o] i 78] W2 trap site?} Zo] 2ttt [11]. o] 2]
gt trap siteg W0l 578 AU (Vw)ollA Aol 59 3k
£ 7HA| ©]= negative differential resistance (NDR) &
dol SRt AR77F S45] 715 = of switching
Ato] grAlsich [12]. Threshold switchingo] doju on
FEI7E Hol AR JElOIA B8 E L2 E /AIsHH &

73 AU(Vh) o]st2 ZFolA|H TA] AAT JH 2 Fohe
o} ol2igt Y2l & &oll 54 A olstoll M= LA AJH
=
o
1

ol

578 A ool AATY FEl = 7t A o & Hgts)
MEI AR 2 A &-8-0] 7F55lt}. OTS A= A A= SCM
33 7F=3t =2 on-current,
A ORI w2

3o off leakage
switching £ %, 72]1

T =271 u
OTSZ &2 &A3tA]7]7] 5§t first firing voltage (Vi)
7 g 2Rt £ & A 471 Hsl E2 Vg a3t

o} S, Se 7|9F TRt AR AAL} EXYSIA|RE 15 S5
Te 7]¢l telluride 7|8F MEHAARI= AR O 2 =2 on-
current density, selectivity (on-current/off-current
@ 0.5Vin)E 7HR| AL Qlo] 71 2] L7t &AL Qlot [13].
A Zole A 3 R A9 £=0 o]A & Ald ©Y
U4 telluriums o] &5t A 27 7|21 A AR} B 17}
otz 1 9icy. weiA B glHoAML tellurium
telluride 7|3} A= AALO] h3t H% R ATEFL vlR
sof @5 2 wapol ohsl kAt gic,

2. Tellurium 7|8t MEHA X} I

2.1 Tellurium = % M

Tellurium (Te)L 16%9] st Z 37 YAZA
Te AA7H A47H0) UM Al PAz A%E 24 TAS
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Fig. 2. Crystal structure of tellurium with top and side view.
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T 9th (29 2). 21719] Te YAH= RS & £ 7)
o] Te A=t T RAY =S Ol F SHAT &
A A= lone-pair AE| 2 £ttt o]23t Tex quasi-
1DQ] A3 A}S LR E o220 Te AFSE0] A2 van
der Waals A9t 0 2 Haj5tA| A3 stof o|/de] &
S o] At} [14]. Te7t T U4 52 TH2 B 4(Sb,
Ge, B)2 mgtst H]AA alloy 222 o] &1 Q2 off ZH3
o] ERfish= W lone-pair HAE9] o480

&} valence alternation pairs (VAPs)2} S2]= XA
o] A7|A Ht}. VAPsE Teo] UuHAQl Agut= o yX]
Azo] dab sie 78 Y Hof w2 20] trap site?} THE0]
Atk [11]. o]2{gt W trap site50] AARAANA w1t
Aoz 39 A A= 247 == NDRO| 4 Qlo] =t [12].

OTS A= AR= YA ZIAUo|E 242 1/ =0
Ao, 54 AY oldolM= AR FEIE, 548 AY
o|sto]| A= TAEF AEfE S.X|3tC}. o] two terminal
AAb2A EMA| AR 9} Za) £7bA Q) o] W stA] of
of nAEste AxtoA cell size® ZE7HI7]A] %
leakage current@} sneak current "X &F 4 9itt, o]
23t OTS A= AAF= PCMat H] &5t A3 A ol = 7]%E

232 ol Solx AT, AR 2 Alololas) 2
WetS Sof vlme) 2 FEsHs PCMat De) g A
2 X470 SAIFICE ol PCMe] 4§ AR et 2 zet
wLo) Afol 7t 2 e 2et 458 21 9lof, 24
o] =0 lli,] 11_1-]7?5]1]:] 1\1-]7] H]KJ?U APEHQ]— 737%] /\OPE]-]%__FL
afol vl SCM tlwel2 gol shssialal (15],
OTS MElants we ARe} Lrof we Agst 4x2
A5t w7 HElE AIs] ool tlwal st ot 8w
X ARt o §ECt[16]. 1 1(d)9] IV B34S B
OTSE mhehAl 418 te} Vi, ol stol A= LAFAEE &
AI8HRI G Vipol 0] i gto] 7}six| @ NDR @4to] Qofid
3t A AR 3 A2 st o %V, oltoll Al ThA]
A% eI Sotet MeartzA 28 Fs it

Kl o

2.2.1 NDR

NDR &2 54 A 7oA &9 A& s 2+
AAS Qujstct. O 1(d)9] IV FAoflA] Vi, 0]/l
o] 1o ™ S Y-S T2]0 snapback #40]
Asto] MR 0 2 [V FA9 7] &717 47T EH = S &

2 9ltt. ojrf] OTSE: A A& A 2 ¥gHst threshold
switching @4fo] 24t dot. ol ZiAYIE &

|
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A Ylof ERlisH= trap site tfZof] A 219 35 W
H HiE 78 U] 52o] lone-pairo] 2|gt trap site=2A] 7 A}
) 2X]9] deep trap leveldt A =] ZX] 9] shallow trap
levelo] EXst= 22 & 4 Aot OTS7} off &l o 2
FAGole 24 Ul ARRF 22 2ol 2 AL olA
deep trap levelo]] 2& &1, 7 Ato]Alo]= hoppingdt
H SAo]HA FFLEE FAIH 2o et o 420

7fe]olE2  deep trap levelo] EEo] 2
conductivity@} st et F7]7%S] 71 b= off JEIE

9 x|5kA] Bc}. 12| QA A olAke] 2 A xt7t Tl
A o 7iejo]Eo] tunneling &2 FoJ|AE Ed
shallow trap level7}x] 22tz 4 9l £ 85} o1 x| &
77| "ok, of] T} titha~2] deep trap level> A A
B A IRl o] to] AehE 0.2 Le 917]9] shallow trap
level R E] A} ¥ XIct. Shallow trapoe] MY % FHof= 7
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Fig. 3. Schematic illustrations of negative differential resistance
(NDR) mechanism induced by a transition between deep and shallow
trap sites.
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2]o] 9] xfo] &2 Qlsff ofgt A 7|74 o] ZhsiAln] 1= <ls]
W 7]12717F o2 g o] ATt o] & 2 Aol A oF
gt 717 o] 718l A<= shallow trap levelo] Zj %1 g 0]
2710l w2t AR Aol &tR o ZAsHA Hot. 1
A3t IV 549 Vi, 2A oA S Lol T2fx]= NDR &
‘go] et = o tf2-29] shallow trapo] A &2
=2 conductivity S AFEf 7} =Tk [12].

S ZF=on

3. Binary telluride ME4 2 X}

3.1 utap Zxt
OTSE TAjste ZaAol = vies] 242 Satet]
AL ofei7x]l 24 A7io] Wasir), 3] LeojA

ZY3 7 D AT} segregation® X] 11, back-end-of-
line (BEOL, 450°C 30 min) 3& 1} s gto] 7}=3sljof stct

sputtering 342 &£3f] ZAr=t}. Sputtering &
29] 2 utak N2 Y2 JhAl] B 2YS 2
T Bl A2 & £ £AT 715351}, Sputtering@ 2 Te
719t OTS = SAI5H7] Y5l o2 7HR] B o] ERSH
o A2 @Y B o] &5k 1N [17], = 7HA] ol

=
=2 ©°
Rl O
2=

9] E}7l-S o] 8-519] binary Te [18]2} ternary 0|49 Te
[19] 2729 SAF % =24 £720] 7H53t co-sputtering,
vt 7IAE 223 WA A Sk reactive
sputtering [20] ¥H o] EXJgtct [1& 4(b)].

TargetA Target B Target A
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Fig. 4. Schematic images of deposition methods for crossbar memory device structure. (a) Planar crossbar array structure, (b) various types of
sputtering methods: sputtering, co-sputtering with two targets for complex composition, and reactive sputtering with reactive gas, (c) 3D
vertical structure of crossbar array structure, and (d) the process sequence of atomic layer deposition (ALD) in trench substrates.
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J3U 1Y = verticaldF | 2a] AA} &|&F A] physical
vapor deposition (PVD) 7]8} sputtering 542 step
coverage HAI7E EANRIE [18 4(a), (c)]. ThetA] 3xTA
TFZ2A| 57of| 9-2]$t atomic layer deposition (ALD) 719k
573 7ol @} [21]. ALD: AHAQ] feeding@t
purge Aol 2.2 yhEsto} SAtsl: 3PM o2 0|2 §
3l Te 7]¥F OTS 24 & =2 538 YoA = AA} 29
A 2743 conformaljt FAfo] 7hsste] 1UEY
vertical® ol 2] Axtof Agtsict [22] [13 4(d)].

3.2 20 WE 2R

3.2.1 Zinc telluride, Zn-Te

20189 2&tzaufistn A2 v]gA ZnTe2] OTS
AT 714 oSl B3ty W/ZniTey/W AXFOA
ZnTe 28] 282 7|80 2 sto] o] 24 welut A
AZXFe] |1 E E5l conduction mechanismof] T3t &4
A w0 dis] stsWch. AASO] trap site AlolE
hopping& &3t conductiong 71§t 2 2A1 off deep
trap Ato]o] Bt 2]t M =@t quasi-Fermi level X}
o|gFZ9] oY x| ol 2 Y& W=t o2t o] &
sl e 2 ZnTed] 2745 274519 Zn9 v]&0] o4
= off current?} 7R & K| 9F Zno] vt 955 212 T
+ ZnTe7l metallicsi X 3|2 50| Zasdhe A= A
FRoz ZY5tR O ZnossTeossd] £ 59 242 ol

RS

P

it} o]+= conduction mechanism= HtErO 2
AZ &5l off currentE 7T 2 USS BT [23].

T3t 20199 AAMHS . ALE2 2 e S s
polycrystalline ZnTe9] threshold switching AX}o]|
8 B3t ZnTe @Y B sputtering 3482 &£ &
A2 X18Y519 00 TiN/ZnTe/W L&E0] AXboA] A 7]
Aaystoict. Aebeel OTSE ulga 7a2 s
10,2 oFgt A} ZF AY IR Vi, drift A4o] 2
0k, polycrystalline®] &= o] & WhX|& 4~ Q).
ALY ZnTex 7]1£9] OTSQt= T2 polycrystalline

loj = B313H1 =& deep-defect density S 7t OTS
switching 42 ®oj&c}t. 70| ma} Vy, drift7} ¢l 107
cycles?] endurance, 10" selectivity, 10ns2] switching
25 Zh= A=A Xl disl ¥arsict [17].

L2

P

L o flo
3 o

oo rlr o o
ol

3.2.2 Boron telluride, B-Te
BTex QM A9l thermal stability® Zi= binary
telluride & st}o|t}t. o]= boron (B)o] Te YAt=1}t 7

st A2 shal 9lo] Te matrixs 7F=4 8 0]5-517] o]

H7] o]t [24]. 1o w2t BTew BIGA AHIOIA =
o 94X gy e BolETt,

20184 ZAF UL ATH L e FA ALY, We
off current, W2 switching £ %, =2 endurance %
A MY 4S 7= BTe OTS 4XHof tfs 2 wsict. Bot
Te targets &85t co-sputtering 5483 vtgo =2 &
d 2E8Z Bl W/Bozs-Teors/W AXS TSR
SelectivityZ} 10°, 10ns9] #-2 switching £%=9} 10°
cycles9] endurances | &5l BEOL 3 ANA = AL 4
A GA 2 BTt [18].

oje} f2o] slid ATH2 A|&HA 05 BTeof tigh A
= ST} 2022 Si, B, Te & 371X 9] targets &&
st Si-doped BTeof T3t 5L [25], 20234 B, Te target
It N, gasE 0]8-3}19] reactive-sputtering 3483 =35t
N-doped BTeo] digh 1 [20] & Sdll F2 off
current ¥ Vi, drift?} =2 endurances ¥ o501 A&
A9l 4% A S olzigich,

= O

3.2.3 Germanium telluride, Ge-Te

durd o2 st 28 2 85+ GerTe @ 22 Te-
rich GeTe9] 73 2(GeTeg) W2 switching £ %(>5ns)&
7h= 0TS 545 Bol&tt [26]. 20219 shsubr|dist A
JEl& sputtering AL &3} carbon-doped (C-
doped) GeTe, OTS MEHAAIS Husith C doping
(>10%)2 £35}] 71£9] 4-coordinated Ge7} 2= oF 90°
9] bonding angle©] 109728’ 2 W&} Tlo] ] A A ArE]
o] = NAAIZ S SRR Y2 B2 C-doping=
3HAl =™ 5-coordinated Ge?| &7} Fojtn] YA
9 2} 5ol ZashA ek A3 529 C-doping
S stof] 2t Y off current (2 nA), A& 3E selectivity
(>4.2x10%9} =2 endurance (>107 cycles)S ¥0z=9)
o} AytA 0 2 Teo] &A1} carbon doping?] 27 ot
2} off current”} 7t 4sto] 7]1E9] Te ]9t A=) AX}} Y]
a8l 3.58] o]Ar9] off current 7§A1S o] Fofylict [27].

UA AFY %, verticald 2AHE oA = ALD 57
718k MEd A X172 1 Q 5tk 20199 Intermolecular Inc.
ALHZ ALDE &3l GeTe 278 2725 519 13ns9] wt
& gwitching £ T & 72t= GeTe, OTS MEHAX}S W 113Y
t}. Trichloro germane (HCl3Ge)?} bis(trimethylsilyl)
tellurium (BTMS-Te)S ALA| 2A] &85t 20:1 &3
H| S ZI= Sitrench & WolA # 435 GeTey (x=0.7, 1,
4, 6)5 A9 A7l 5482 e W GeTeo oM+
OTS E7do] YAl AXT GeTeolA= 13ns9
switching £ & & 72t= OTS £4A1E €8 4 AJTh[22].
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4. U 1A tellurium MEHA X}

Te 7|8t OTS MEAA= Ge, Si, Al, B 59] 44 S}
ZAststo] v]AA Q] binary &2 ternary, quaternary
telluridesZ o] 2t} 13 7] gj&0] oj8] ¥ S&E 0TS
A XFo| A phase segregation =2 TeQ] A7J3}7} A7]0
Ol 2R AT e /ol P2 ulAlt. o]2st ZA|
siastz] 9ol Cef 22 d4E A7IstAY (28] 278
A oto] segregationg £0|7] %= st} [29]. B=0]
Adoe HY da Tes FEsto] UAs5] segregation
EHE AR 23 AE AKX AR E I [30].

4.1 S Ae

20214 F=pehd 4bst gsto] opo] A2 A| AR 9 A
B0l R 8787 Te 719 OTS A=A
Atete o2 54 Y] S Zhe Te U Y4 ME 4 A o] Of
s Bugich dubAQl OTSeH= 2] Te G4 AMH
ARHe BRFEIQE AP DAAE] Ato]o] AWHetE &
off ey A=At =A &8 7Hs5itt. TiN/Te/TiN7}
A5E T i Te AHAxPA off FEli= 274 JH
9] Te@} A= Afo]o] A#o] EAsH= 0.95 eV FJ =9
schottky & o] /4% 7] ti=ofl, 0.1 nATHZ0] -2 off
currentg BoJ&ECH Eot Tek We 5L/ (~445C)
78 Qlof A71A BA S F3t Joule heatingS WA

OFF State

Back to OFF State
(b) 0.15

e
Eo10

__OFF State
21 24 27 3.0
Voltage (V)
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A7 A AJE = Rgho] 7hssttt. AR JES] Tew
2 o x3HH~3x107" ohms » cm)S ZH1 Q
9] on current S Ho| &}t o]= YAS
Yol7] 2ol AXE ¥ sstr] gk F7HAQ A
ot Ao G dA Te 22 3¢ 4
Agt 2% (-10°C)= 7zt11 9l o] W2 nano second 4~
Yot 422 wolEth A7 542 U A7
100~200 nm9] TiN/Te/TiN7} &% Uk AX}E Cu
transmission electron microscope (TEM) grid 9o
AIAeH switching IHY S in-situ TEMO Al = H.o| 39}
o} [3" 5(a), (b)]. Te AEHAXIQ} W tip2 contacts}o]
UAZIOR ALS AIFSIAS O off AEjolA s A
Q1 v E& ZH Te W0l A switching 1} o] L ofiFof o}
2} o]t oh & AR Q1 B o] UrERH T [1- 5(g)~(1),
WIS R] olnf] o =5hA] Q12 voidZt A7IR|TE THA|
off AE|E Eol7tHA Al2tRlch o]& fast fourier
transform (FFT) o]0]X| 2 & A3} as-deposition AME]
A ofj Te9] trigonal F+&71 & &Q1E] 1, switchingo]| &
of @et Al xR Walsho] liquid AFEj7F =52l
75tk [ 5 (i)]. THA] off AEj 2 Zolgk-S o FFT o]
O] X]of| A trigonal §t TeS &l 4~ o} [1” 5(d), (f)].
TetA sl A te ©Y e A tellurium ASAXS B 11
S1, ol 2 27t AR Abelo] AfwiatE Fol SAte
712 in-situ TEMZ 53] ¥alsicke Zo] o)} glct
[30].

Q:|m>1;~i§
g\l‘[)’m\l_l
Mo S

MY orlo mlo 2 B b e
(o)

En.lﬁru
i)

Switch Process

Liquid Te

Fig. 5. Switching mechanism of single element Te devices investigated through in-situ TEM. (a) TEM images of the corresponding device, (b)
DC IV curve of nanodevice used for in-situ TEM studies, (c¢) and (d) microstructure of Te device and FFT image before switching, (e) and (f)
microstructure of Te device and FFT image after switching, and (g)~(j) sequential images of single-element Te nanodevice switching.
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T O] AX}Z 9J3F Te uluk-2 95
IL} Te YAI9] desorption & AHS
to] @ 4=t} [31]. Lof whet W2 Te
HE v o= 4204 sputtering
A 2](150~400°C) [30,32], W2 7]
A thermal evaporation©. 2 S35t
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Qsit} 20239 SUAE Qe 50°C
ot AU A Te SA0f Hislf B ugict ©
=35] Te A1A|] [Te(SiMes)s. Te(OEt)]S AFHE Tiet=
=] methanol (MeOH)S #A7}sto] adsorption¥}t
nucleation densityS 745t 20 ¥HEA 0] dosingS
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