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Outline 
•  Motivation 
•  MIEC access device characteristics  

– DC IVs and pulse currents 

– Large array yield and variability 

– Thickness and CD scaling 

•  Crosspoint roles of an access device (AD) 
–  Long term leakage of un-selected and half-selected 

states 

– Write operations and recovery to low leakage 

– Read operations 

•  Conclusions 
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Need for an Access Device 

Access device needed in series with memory element 

•  Cut off current ‘sneak paths’  

 that lead to incorrect sensing and wasted power 

•  Typically diodes used as access devices 

•  Could also use devices with highly non-linear I-V curves 
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Access Device for 3D Crosspoint Memory 

Basic Requirements 
 

•  High ON-state current density  
> 10 MA/cm2 for PCM RESET 

•  Low OFF-state leakage 
ON/OFF ratio > 107 for large arrays 

 
•  BEOL-compatibility 

 < 400 °C processing for 3D memory with 
multi-layer stacking 

 
•  Bipolar operation (required for robust RRAM) 
    à not possible with conventional diodes 

MIEC-based Access Devices satisfy all 4 criteria 
 à ADs that could enable 3D for any low voltage NVM 

NVM memory element 

Access Device (AD) 
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Cu-ion Motion 

Cu-containing MIEC (Mixed-Ionic-Electronic-Conductor*) 

•  Mobile Cu-ions à transport in E-field 
•  Cu interstitials/vacancies can act  
     as dopants and modulate 

•  local electron/hole concentration, 
•  Schottky barriers at interfaces, etc. 

*See I. Riess, Solid State Ionics, 
157, 1 (2003) for MIEC models. 

Applied voltage leads to 

Transient Cu-ion drift,  
followed by 

Steady-state  
electron/hole current 

(K. Gopalakrishnan et al,   
2010 VLSI Tech. Sym.)  

MIEC 
TEC 

BEC 

MIEC Device Operation 

(Gopalakrishnan et al, 2010 VLSI Tech. 
Sym.) 
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MIEC Access Device Fabrication 

As-deposited 

Post-CMP 

180 nm CMOS 
Front-End 
à 1T1S 
(1 transistor 
+ 1 selector) 

CMP process for MIEC material with modified commercial Cu slurry à 

self-aligned MIEC diode-in-Via (DIV) in 200 mm wafer process 
(Shenoy et al, 2011 VLSI Tech. Sym.) 
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MIEC Device Performance 

•  Low (< 10pA) OFF state leakage currents near 0V bias 

•  High (> 400μA) ON state currents à current density > 15MA/cm2 

•  > 107 ON / OFF ratio 

•  Wide (0.8V) window with low current (<100pA) 

•   Endurance > 108 cycles @  ~100μA currents 

Voltage margin = 1.1V 

(Shenoy et al, 2011 VLSI Tech. Sym.) 
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•  100% yield and tight distributions in 512 kbit 1T-1MIEC array 
(Burr et al, 2012 VLSI Tech. Sym.) 

MIEC Yield & Variability 
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C-AFM Short Loop for MIEC ADs 
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Fig. 5 After each RESET or SET pulse (Fig. 4), bipolar dc IV curves
were measured. Once the current supplied by MIEC is sufficient to melt the
GST, a large resistance contrast (⇠1M⌦) between SET and RESET develops,
associated with a significant change in the IV characteristics of the stacked
device-pair. Despite the large currents, the low-leakage characteristics of the
MIEC AD remain unaffected.
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Fig. 6 Read current at 660mV shows full switching after single RESET
pulses, demonstrating clearly that MIEC-based ADs can supply ⇠200uA in
<15ns.
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Fig. 7 MIEC ADs integrated with 180nm FETs and finished with M2 wiring
can be tested in large arrays through an integrated 1-bit Sense Amplifier (SA).
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Fig. 8 To reliably measure the temporal response of MIEC ADs at low
current, the selected wordline is enabled shortly before the Sense Amplifier
(SA) state is latched, but after the SA has otherwise stabilized on the selected
bitline. Nearby ROM arrays integrated with polysilicon resistors illustrate
that a brief initial portion of this response is due to the internal dynamics of
the SA, with the remainder due to the MIEC AD.
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Fig. 9 Inferred temporal response of MIEC ADs, combining data from direct
and precise high-current measurements (Fig.4(a)) and indirect measurements
using the large-array SA.
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Fig. 10 Application of a shaped voltage pulse directly to an integrated
(small-array) MIEC AD shows that ⇠5uA currents suitable for NVM can be
obtained in <1usec. Further use of “overvoltage” during MIEC AD turn-ON
can be used to enable NVM read speeds⌧1usec, as demonstrated in the green
dashed circle in Fig.8.
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Fig. 11 Short-loop MIEC devices were fabricated with thinner SiN and/or
smaller via diameters, and then tested with C-AFM.

Thickness 
scaling 

•  Conducting atomic force microscopy  
 with doped diamond and / or solid Pt probes 

•  Minimal wiring requiring few lithography steps  
•  Diode-in-via (DIV) structure the same as transistor arrays 
à Vary SiNx dielectric thickness for thickness scaling 

CD 
scaling 

(Virwani et al, 2012 IEDM) 
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Thickness scaling of MIEC ADs 

High-yield array of C-AFM 
short-loop devices 

Good 

Good 

Bad 

MIEC devices work well down to 11nm thickness 
(6nm may be too thin) 
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device-pair. Despite the large currents, the low-leakage characteristics of the
MIEC AD remain unaffected.

RESET current [uA]
100 150 200 300 400

30nA

100nA

300nA

1uA

R
ea

d 
C

ur
re

nt
@
66
0m
V

post-SET

RESET
Post-

Fig. 6 Read current at 660mV shows full switching after single RESET
pulses, demonstrating clearly that MIEC-based ADs can supply ⇠200uA in
<15ns.

M2

V1

via

ILD

M1

via

FET

TEC

via

BEC
MIEC

Fig. 7 MIEC ADs integrated with 180nm FETs and finished with M2 wiring
can be tested in large arrays through an integrated 1-bit Sense Amplifier (SA).

10ns 100ns 300ns 1us 3us 10us 15us10nA

100nA

1uA

10uA

Time delay

C
ur

re
nt SA+

MIEC
response

SA+ROM
response

Inferred
response

¿1us
read

Fig. 8 To reliably measure the temporal response of MIEC ADs at low
current, the selected wordline is enabled shortly before the Sense Amplifier
(SA) state is latched, but after the SA has otherwise stabilized on the selected
bitline. Nearby ROM arrays integrated with polysilicon resistors illustrate
that a brief initial portion of this response is due to the internal dynamics of
the SA, with the remainder due to the MIEC AD.
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(small-array) MIEC AD shows that ⇠5uA currents suitable for NVM can be
obtained in <1usec. Further use of “overvoltage” during MIEC AD turn-ON
can be used to enable NVM read speeds⌧1usec, as demonstrated in the green
dashed circle in Fig.8.
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(Virwani et al, 2012 IEDM) 
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MIEC Access Devices CD Scaling 

•  Scaled MIEC devices also offer 1e7 ON-OFF contrast and high speed  
•  Conduct ~150μA pulse currents 
•  CDs <30nm demonstrated – no lower CD limit yet identified 

(Virwani et al, 2012 IEDM) 
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AD requirements for 3D Crosspoint Memory 

PCM or RRAM 

Access  
Device 

ü  High ON-state current density 
>10 MA/cm2 for PCM / RRAM RESET 

 

ü  Low OFF-state leakage current 
>107 ON/OFF ratio, and 
wide low-leakage (< 100pA) voltage zone to 
accommodate half-selected cells in large arrays 

 

ü  Back-End process compatible 
<400C processing to allow 3D stacking 

 

ü  Bipolar operation 
needed for optimum RRAM operation 

ü  variability? 
ü  yield? 
ü  scalability? 
ü  co-integration with NVM? 
ü  turn-ON speed for write? 
ü  endurance? 
ü  manufacturability? 

•  long-term leakage? 
•  turn-OFF speed? 
•  turn-ON speed for read? 
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Crosspoint “roles” of the MIEC device 

Vc Vr 

~10pA  
un-select leakage 

(across un-selected Lo
g(

I) 

ADs biased NEGATIVE) 

~½Vm – 200mV 

1.   un-selected state  
         – shown to be stable over hours 

Vc 

Vr 

Vr 

Vc 
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Crosspoint “roles” of the MIEC device 

Vc Vr 

V 0Volts 

~½Vm 

~10nA  
half-select leakage 

~10pA  
un-select leakage 

(across un-selected (across half-selected  
ADs of same row) 

Lo
g(

I) 

ADs biased NEGATIVE) 

~½Vm – 200mV 

~½Vm 

(across half-selected  
ADs of same column) 

Vc 

V 

0 

Vr 

Vr 

Vc 

1.   un-selected state  
         – must be stable over long periods 

2.   half-selected states  
         – must be maintained while same 
               row (or column) is accessed 
 

 à shown to be stable for seconds:  
       millions of successive read/writes 
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Crosspoint “roles” of the MIEC device 

Vc Vr 

+ Required NVM voltage + … ~½Vm + 350mV + … 
(across selected diode) 

V 0Volts V across selected cell… 
~3-60uA  
Read or  
Write  
current Lo

g(
I) 

~½Vm 

~10nA  
half-select leakage 

~10pA  
un-select leakage 

(across un-selected (across half-selected  
ADs of same row) 

Lo
g(

I) 

ADs biased NEGATIVE) 

…+ voltage drop 
across wiring 

~½Vm – 200mV 
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(across half-selected  
ADs of same column) 

Vc 

V 

0 

Vr 

Vr 
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1.   un-selected state  
         – must be stable over long periods 

2.   half-selected states  
         – must be maintained while same 
               row (or column) is accessed 

3.   selected (for read or write) 
         – must pass desired current quickly  
               then return to low leakage 
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Write pulses depend on overvoltage 
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•  Turn-ON delay 
(50uA write pulses) can 
be greatly reduced by 
overvoltage 

(Burr et al, 2013 VLSI Tech. Sym.) 
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(Burr et al, 2013 VLSI Tech. Sym.) 
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How fast do devices recover after writes? 

After a strong write 
pulse (50uA for 1us), 
MIEC AD response is 
affected:  
•  devices remain ON 
•  don’t require any   
     overvoltage   
     acceleration to  
     turn back ON 
•  at lower voltages 
     where leakage  
     should be  
     undetectable,   
     measurable 
      currents can     
      persist. 
(Burr et al, 2013 VLSI Tech. Sym.) 
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Post write (50uA) 
recovery (Fig. 8) 

Recovery time at 0V 

Post read (6uA) 
recovery (Fig. 11) 

Static leakage 
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MIEC device recovery dynamics 

•  Recovery even after a 50uA write pulse takes place within 1-2us 
(Burr et al, 2013 VLSI Tech. Sym.) 
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“Read” turn-on also accelerated by overvoltage 
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•  Thick (dmin ~75 nm) MIEC ADs can be turned ON rapidly with large overvoltage 
             à transition from half-select to ~10uA read currents in <50ns 

(Burr et al, 2013 VLSI Tech. Sym.) 
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Conductive-AFM testing à thinner MIEC devices 

5µm 

SCOPE 

196Ω	


VWL 
(DC) 

100nm 

MIEC 
C-AFM tip 

uProbe & pad 

MIEC 
TEC 

BEC 

Proximate 
BEC contact 

dmin 

dmin 

AFG 
VDUT 

dmin ~ 75 nm 

dmin ~ 47 nm 
36 nm 
28 nm 
11 nm 

(Burr et al, 2013 VLSI Tech. Sym.) 
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Thinner MIEC devices are inherently faster 

(Burr et al, 2013 VLSI Tech. Sym.) 
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Thin MIEC devices à fast at modest overvoltage 

 dmin = 28nm  

(Burr et al, 2013 VLSI Tech. Sym.) 
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Summary: Mixed-Ionic-Electronic-Conduction (MIEC) Access Device 

Strengths 
• High enough ON currents for PCM – cycling 
of PCM has been demonstrated 
• Low enough OFF current for large arrays 
• Very large (>>1e10) endurance for typical 5uA 
read currents 
• Voltage margins > 1.5V with tight distributions 
à sufficient for large arrays 
• CMP process demonstrated 
• 512kBit arrays demonstrated w/ 100% yield 
• Scalable to <30nm CD, <12nm thickness 
• Capable of 15ns write, 50ns read 
• Highly stable in un-/half-select conditions 

Weaknesses 
• Maximum voltage across companion 
NVM during switching must be low     
(1-2V) à influences half-select condition 
and thus achievable array size 
• Endurance during NVM 
programming is strongly dependent on 
programming current 

Gopalakrishnan, VLSI 2010 
Shenoy, VLSI 2011 

Burr, VLSI 2012 
Virwani, IEDM 2012 
Burr, VLSI 2013 
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