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Abstract

A nano-electro-mechanical (NEM) memory simulator has been developed by using Matlab. The simulator can be used for
the prediction of hysterisis curves, applied forces, steady- or transient-state behavior, program/erase energy consumption and
potential energy. Predicting NEM memory behavior by simple user interface, the simulator will make the design of NEM

memory cells simpler.
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Fig. 1. The schematic of a NEM memory cell.
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Table 1. Default parameters of the NEM memory
simulator.
Parameter Value Parameter Value
Lpeam (nm) 1600 E (GPa) 248
theam (nm) 100 tgapz(nm) 30
Wheam (nm) 280 VawL (V) 4
toxeff (nm) 12 W (V) 10
tgapl (nm) 30 density (g/cm3) 543
Hysterisis curve b3 Titanium nitrice: w
E
"
Cartilever beam v ‘ Reset ‘
a2 2. NEM 22| AlZ20[E{el =7| &tH
Fig. 2. Start-up screen of the NEM memory simulator.

clamped-clamped ¥ ¥} square diaphragm %°l &
Aggit, AF5HE Algdeld REd mE RdE
A3E AWstaat sh AlEe o] el ARE-¥ NEM H|
2] gZE 212 ¥ 19 AglHo] Atk

2. O|=H HiE

e NEM H5g] AlEdolHe AA7dedA
7k sz Adskel mE ¥le) AAE o ¢ gla, HE A
Bl Wel §49e BEYT = drk o F gato]
2 (D7 2 d'Alembert L2108 o] gaic)

d*z dx

mﬁ + b% + Fopring= Farwr — Fawr (D

m = 0.4X P X Lbeam x VVbcam x tbca,m (2)

b= Vmk/Q 3)



124

F. 4)

spring

kx

(1-B(——)")

tgapl
(to.'l:,eff +4 <tgapl - x))z

8eyA V- uwe

5)

Eypwr =

T 2
8egA(1+a(——))Vy,_ 1
gapl

©)

Fyur=
AL A+ 4(tygpp +2))°

3

3Lb?:18m
32F m)eamtgeam (
Lb?:mm

0.0138L. .

(cantileverbeam)
clamped — clampedbeam)

(square diaphragm)

(7

fo
X

it
o o

A (D)-(NlA x& Je A, m <
b= damping AlSs, ke 2XH A p =
25, Q€ W9 Q factor, ¢ SHE,

S Yepdeh 4 69 O+ A
B=0.73 7k AHEHATH

ok
lo,

o n ook
.

s
ol
to lo o of

=
o

3. AlEgold 21t &

7h oA el A

a9 32 A EYolHE TE3 NEM vxg Ao of
g S4E Uehdth 2 dTtlA siEE AlEEolE =
o] A7] $ste] AMEE AAG A (D& Folgth
A, Veravweol o2 W $IXE F8HA k. 1

]

2= pull-in FA7 release F419] F AR A
wo] itk R} A= Vapawe = 0V 4w e 9
| x & -3 nme|t}. o] X oA X<l npe} 2ol 4
Vol Vawrol 917bso] ®le] 91x= &4 HlE o]
g deel A1 0 nmell A v AWL o2 9k

32

-
.

N

LI=®7|7|H HZ2| AE30[E2 e

b

02

% 10° Steady-state simulation for cantilever beam

T I
--+=%-- Pulkin curve
Release curve [

Displacernent ()

Applied voltage (V)

a3 3. F 12| NEM =22l ol IZM
Fig. 3. Hysterisis curves of a NEM memory cell shown
in Table 1.
: w107 Force versus Displacement
— — FMRAL ' [ ETI
L FAWL
o
4 i | g
|
2 ol | |
oy |
= .| |
S o ! | |
£ =} /f |
1 M i | .
~ |
————— — |
u} i
|
o |
1 [ L L
5 u] 5
Displacement (m) w10
a2 4 Bz el fixletel 2
Fig. 4. Force versus beam displacement.
BES Btk Vepaw ol S7Hsel oheh W) $1x]+=
pull-in A& weba WstshA "ok Vame 2A4E
el A Vameol SRR x= S718H 13 Fyw

< OS5 W] SAdS AjetA Aok A= Ve vwe©l
6 Vol =dstd W2 shhe] dap A g3l &4 =™
el A Vi w0l A, xi= release 418 T2
BHALE Fawi® Fepring
o] H|Fo] S7st Mot AFFTozT Y ¥
AR = Aol 2= w o] Ve vwis
release Ao Aogity, NEM WEel= Wel 93

= A2 pull-in?} release A

=

o]



20124 10€ {ASets ==X M 49 2 H 10 =

125

Journal of The Institute of Electronics Engineers of Korea Vol. 49, NO. 10, October 2012

2+7; erase®t program A ¢S on|dhr)

a7 4= AEHCIE A o] THsd F
medl W 9xof wE 3o ¥sE Jeha
Viawe = 4 Vo 2704 59

KX
R

40

Displacement (nm)

20

—@ Stable real solution
—— Unslable real solution

40

Q 2 4 ] 8
Applied voltage (V)

a7 48 slgoz ol 4 ()9 A2

Fig Real solutions of (1) extracted from Fig. 4.

[v_awL v

o

(vomwLy | 4

-150

[
=

n
=

Displacernent (nrm)

=

a0

300, ™
'D'UUD 1000 1500

T
500
L__bearn (nrm)

a7 6 Azsoz TAE wel g5

Fig. 6. Simulated motion of a beam.

(510)

Lt D= HEfoA ol A
ege)e] Wel S4e sAsd 4% A7k A
oA Rl FAUE ARt wet g5 ¢ Uk
sEaee) sae gaaeshe 2 A (DA Az
o tg FEs EFete] oFolXith o]E F3to]
NEM " =29 pull-in, released] AL% = A|7FS o
=2 o 9l A= o= 47} erase, program AlZte]
-&HTh & AlEHolEE Fdted 19 7, 83 ol
pull-in, release Al7Hs 453 4= 9l
| 7926 [pul-intime (ns)]
-100
E
5 50
5
-301 T T T
EU—UIEIDID 500 1000 1500
L__beam {nm)
a3 7. PulHin AlZF o &Z 3}
Fig. 7. Predicted pull-in time.
‘ 7.89842 Hrelease time (ns)]
-100
£
'E 50
" R
-30 . T T
50'%”‘0 50 1000 1500
L__beam (nm)
32 8. Release AlZt o 5Z 3}
Fig. 8. Predicted release time.
Ch O X A2 ofiAd
NEM wlEe= ZeA Hxefel nlsto] w9 v



126

14

w 10 Programming energy simulation

08 1
x10°

0.4 086
tirme (sec)

0 0z

azl 9. AjZtoll w2 pull-in Al X A2
Fig. 9. Pull=in energy consumption.
NUAE ARsteE Aol & AT shfolnz A9
AqUA 2BE dZFt= AL g T3k NEM vl
g+ pull-in Aol ALY oANUAE ARSI release
Aloll= Hlof| o]u] AE o] 9le & A E o] &3}
22 pull-in olYA o=0] s}l Pull-in Aol A
AREE ouA= Rl ol 9% &4 ouvA (Ew),
el FA9de o3k &5 AYA (B, B FH A=
o o3k A7) dyA (E), W &5& Walsks
dalnping qUA (EQZ TAHel Ak o5& A
-(1D)3} #Zo] G35}, 19 9+ pull-in oUA AR
%— A7kl whel Bolal 9t
1, 9
Em= 51%‘ ®)
E. = lmv 9)
L)
1 2

B, =5CV (10)

E,= b’ (11

Bt EEIS oK BHAd

Ho] B4 A oA 54 Al EA8k= ol
T I Aol 7 okdd rolgkes gvleolH o]
Ao TEA oUA7E FRAOR Sa4tes s 9

LI=®7|7|H HZ2| AE30[E2 e

(511)

b

02

-15

%10 System potential energy = (Em-Es)
0 T T T T

Energy 1)
o

5 L
045 1}

D.IS 1I 1.I5 2I 2.I5 3
Displacement (m) ¥ 10-8

10. Veimwe = 4 V Alel ZHEHIA o4 X

10. Potential energy at Vei-mwm= 4 V.

14

w10 System potential energy = (Em-Eg)

Energy (J)

-7

0.5 0 25 3

x10®

0s 1 15 2
Displacement (rm)

gl 11, Vei-mwe = 10 V Ale| ZHIAM of 4%

Fig. 11. Potential energy at Ve.-mwi= 10 V.

njgie}, oo o gt 7 g-of= AolshA|, EElA o
UAE A7 ofbd AANETNS uEsng E
S} Eos A9t EoF ERbs andste] v 2ol
Aol

Potentialenergy=FE,, — E,

WY F23e AEHE A WY 908
]

AA o = Aok dHlE 29 1094 2ol Ve
=4V ]l A= 5 nm, 30 nmol A =H-A 9l
Sa28e A= blstablhtyg HolEh, o)
VeLvwr = 4 V 4l pull-in, release 2} oA 2] w9

AAE 247} o) gt} ofof whakel 17 112 VL wwe



20124 108 NMX3e3 ==X M 49 & H 10 &
ineers of Korea Vol. 49, NO. 10, October 2012

Journal of The Institute of Electronics Eng

f

=10V o We] #Re melEth 19 109] 459}
9ol x = 30 nmol v Fade] FAEel gtk o)
pull-ino] ¥H3o] bistable AEl7} EAEA 25 o

] g},

corr

Z

IV. =

NEM #W=g e A EdolEE a4l
3ol MatlabS o]-&3te] Awstdnd. s A& o)

Blsh s geel el o], oA

Ag gl 2U8E 5 988

=

(11 #+&, ZAA, W, ‘FAE 4-HE
ki AstE 329 NOR ZA]
sts| =X, A47d SDH, A2%,
102-107%;, 20103 2€
W. Y. Choi, H Kam, D. Lee, J. Lai, and T.-].
King Liu, “Compact nano-electro-mechanical
non-volatile  memory  (NEMory) for 3D
integration,” in IEDM Tech Dig., pp. 603-606,
Washington, DC, USA, Dec. 10-12, 2007.
W. Y. Choi, T. Osabe, and T.-]. King Liu,
“Nano-electro-mechanical nonvolatile memory
(NEMory) cell design and scaling,” IEEE
Trans.  Electron Devices, vol. 95, no. 12, pp.
3482-3488, Dec. 2008.
W. Y. Choi, “Three-dimensional stackable
electromechanical nonvolatile memory cell (H
Cell) for four-bit operation,” IEEE Electron
Device Lett., vol. 31, no. 1, pp. 29-31, Jan. 2010.
K. Lee and W. Y. Choi, “Nanoelectromechanical
memory cell (T Cell) for low-cost embedded
nonvolatile memory applications,” IEEE Trans.
Electron Devices, vol. 58 mno. 4, pp. 1264-1267,
Apr. 2011.
G. M. Rebeiz, RF MEMS Theory, Design, and
Technology, Wiley, pp. 59-60, 2003.
K. Lee and W. Y. Choi, “Multi-hit Operation of
Nano-Electromechanical Memory Cells,” IEEE
Electron Device Lett., vol. 33, no.3, pp 309-311,
Mar. 2012.

(5]

(6]

[7]

(512)

127

SN
2 2 @A AL

20006 A& ejst 7] o
b 4.

Agheta 47174 F
IR HAL 9.

Maistal A7) 5 H

2002

) 20063

d:

2006 W= UC Berkeley W79,
20071 ~2008'd w|= UC Berkeley

AR A .
2008 ~&A A At dApg sk Rl
<FHAEoF CMOS or CMOS-compatible
semiconductor devices, nano-electromechanical
relays and memory cells>




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


