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The discreteness of doped impurities and electrons in nano-scale MOSFETs become
important because of the decrease in number of particles in such devices. In order to study
such phenomena associated with discreteness, we have successfully developed the 3-D
Monte Carlo simulator which takes account of the full Coulomb interaction among charged
particles. The physical mechanism of electrons transport and device characteristics under
nano-scale device structures have been studied via the Monte Carlo simulations.

SR TERR
(BREHAT - 1)
[ERESES LiEESE & @t
2006 “FAE 11, 400, 000 0 11, 400, 000
2007 4FBE 11, 400, 000 0 11, 400, 000
2008 “FAE 11,900, 000 0 11, 900, 000
2009 A 11, 900, 000 0 11, 900, 000
FHE
Gl 46, 600, 000 0 46, 600, 000
WHIE e 0 L5
B oS8 - ME : EXET LY. EF7 3 A - B

F—U—F: BT A A - LR

1. WFZEBRAEYS WD 5
viavaEEBEL LT ) A - VFEA

TlX, F v RV O AR HA A -2 FE RS

FTOVHHBHTEN Y — PR L REEICR

HT LMD, BEBMICRE LA L B

HELCE T BAERIC L » TEEAR T v
VA NAPRELELSIENEEIND, =
DEIRRT Y VL XL, FypLE
FDOET/NAEZZF T LIZIE SO, FF
FEDORL T2 &L 2,



L L’ s, 7—a R T oy L3
FREEICE CRSRHHHEBETHL Z &0 6,
WINR AT NRAL A I al— g B0
Th, Z7—u HHAEHZERICEATHZ
L RNEEZRIRREIZ S D, o FEV I FIESE A2
W RE 2 7R N B DAY, B2 ENE D R
5 KRR EETHD, BT INATIEIL
K377 —F TCOM—DFIMNMT, Koy
(Yalb—varBIOT a1 2y
B9) TR AEZES| L WA KE IBM ZL—
7’ (Drs. Fischetti 8 L (*Laux) DA TH 5,
LLenb, o'y Thle s I a
Lr—ya 2k yIal—yarTh
HTETMAT, TRAX—BROH D7+
) U BELEEDTY I a2l — g L TRT
A =B EITo TCNDZ e, TR
X—RENT I 2L — g v LTRSS
HILTNDNE I MENVI BN H D, Mz
T, SEEEE COE HER) T /L X —DH
RKOFKRLTF ¥ X VEF O 7 —n U FAEAE
FIZ L DB~ B O ¢ B2
RHOEETHS,

Flo, AT UV NAREDL E A S & 2T
BRI L DT (LEVWEET) #2%
LEOFMEN, RY 7 MERY I 2 L—F %
AR P CTE<IThhTnd, —F, £
ZTHWOLNABEBA M OWELE T LD
ESMEE, KRR EETH S,

2. MROBE®

WM RO RE B, RiffE7 —a 7
% IEHEC R AR A A T2 3B T Bk O 3 IR JThL 1
VIaL—FDOWEEL, T AT —)VEAE
BOLETOEYT LT - I a2l — g
NZK DB TR AT ZETh D, B
IR BIEEHEEX, LT 48TH D,
DR B L OEBFICLLZ Y —a R T
Ty VORI A SRtk 2 2 b
— g TR TR IA B BRERFRIT & Db
BNH U 2 Lb— X OREERGET 5, 2D
) ZC, EREMEE CRELT DRRE D
Ay b= 7 bu ALz EEIZFHMET 5,
QEREEN LY S 2 L— & iAo
A A (X7 N4 — 1k MOSFET) #i&4EA
L. BRED Y — 2/ F LA URIRTOET
EOYHEEREH SRy b= L7 bl
2L DFETRME~DREL EEIITH L
W27 5%,
(8) F ¥ RNFEIK TO CiAD BRI E- 7=
BE1ORLEyTHLE - VI 2 L—XTE
B ENDR T DOHRY A XZHhE L O kiR
MEITV., YEECT AT - VI 2 L—H
EETHATADZE L OB EZHMEICIT S,
@ =xEryhro-Iab—arL0A
Lol RTF vy MES X%, KU 7 ME
WY = L — % TCOHERCRMY T T VI
BLEE5 2 & T, BERCR I OEEE T L D

AL ZIT 9.

3. Wik

(1) Y I N—TTHELZ2KRITTT VT
Hrnm, VI alb—HE 3Rk L THERET
b, FDHZT, 74/ VHEEDO T RILF
—HokiERE A LT, BN —u A AR
FH O TESEHRRBEIC & 5 % D 3 IRk -
Vial—varEFETTHILET, &R0
TRFX— R fEE RFFEICD T o TREFS
HBODA Yy at A XEDYI 2 b—
Ta v e NI A=FOEELEITO, FDD
2T, BFRIFIEESND 7T X~ iE# D =
AT R OVEREE JhES IR 0 45 B BAGR S oD FREG Y
THIE HRE L, a2l —3 g LDk
IZDOWTHIGEET 5,

Q) BREER OB M —arRT v
VX VORI DN RIROFED
XhEERMOICHEET 2, Ziux, RIS
T DB BT > T, IR i
DZEMAFEL DI LD KTr—v
(band-tail) ZhH &L EARICIEZ D Z LT
x5, BIBEETONY R — VR RICEE
ST-BFTRINF—DKR Y MEERFET 5,
3) 7/ UEELIC L Do X —Hih %
G- 3IRILTE TG « R 2 L—H (T,
F I A — VDR AL (X TNV — b
MOSFET) Z#EAT 5, miREIZ R—7 ST
Wb Y—A/ LA (S/D)FEIKCTOE D
Ay b7 ha ALz d 5, £095 2
T, S/DE COBEFDOKRY L7 b
LI L DB T~ DEELZIH S NIT 5,
4) TN — MEEDTF ¥ 2K LT
@ Schrodinger-Poisson HfEX & fif< Z & T,
B UADDRIC o T ER AL ART
YU VIBIRERD D, FROFRETEY T
A eI a2 b—EEETTHILET, B
TR LT AL RETHW LN DR T
DOHRY A ZF L OBMREBET 5,

(B) R zBER STy ThLm -
VIal—yvarI0ART UYL E
RIEL D, <A USRS OmOL &
TRY 7 MEBY I 2L —42 %3715 2
LT, AT T VICEEN DT A —
2 Dt E4T5, D9 2T, BFBEE
ZEHEid 52 & T, HRPTHVWLERTWS
K& R BESCAR M T T L O E 4P A B S s
W35,

4. WFFCRR R

(1) BAEFHE OB 2SR e 7 —
0y ART vy VO ERBER Y & 3 R ICHRL
T Ial—a VICEBIZEATAZIC
K L, & B2, & TCOMHBEELICHER
R ZE I AT Z & T, HMERIRRE DB ik
vial—varEuageicl, KEENSH
BEMEKE CEERTA—FEHWDL Z L



72, BT RBEIEORMPYIRERGEN B
T&5ZtamRLTz, 2, EREMEKTO
HEMEE) (77 XA<RE) ORIEN ST
HILERT UV NAELEDANRY L
RN ORER LT~ 2O DFERIZ. 3%kt
WP Ial—yar~nr—ua AHEAE
HOERBEREANIRI L2 & 2BERT
%, 7—ua EEERHOEANZ, £ T IV
o3 Ial—a B REICDED
KfFEMETH Y |, R TS 3Ly
Ralb—3a TR LN EELS | YL
BRME—DHDTH D,

(2) BEMLRT A 2fEE (X7 V7 — b
MOSFET) % 3> I 2L —&|[TEAL, V
— 2B LR LA U HEIE T O &R EE 1
KV I2L—FNRELLEETAZ L2
AEL 72, EAREICIEZ, T3 AREMEL TV
HDIRHET Y —ABILO KL A v TOEME
B (77 X< okhiL) . B OMERIREE,
N RTFT—NLREEFNICEDFYy b
7 haAqbk, PELLYI=2b—FTETH
5 EERRELTZ,

ROV I 2L —FTliE, 7—a MRAEE

FHOBANREMETH T2 b, SRk
DOFEBOETREEZELL VI 2L — KT
X TCWDEMNEIDNAATH o7, HUiLhFoE
THIBLIZBFREDY I 2 L— R0
THREEL 220 . 22O Z D X 5 iRk EEN T
INA ZARFHEICRE B ERIFLED Z &
FHOLMNI L, 2RO ORERIZ, 2009 4
12 AR ETRE S 7= 8K T /S A A5y
PP Che bAERLD D [EFE % (IEDM) THEL
776
(3) F ¥ FNFEIR COA LIADIZE- TR 1
B LT - I 2l — X TEEX
DR FDOERY A R L OE B2
WEITHZ LT, YEgErThe - =
L— 2 BEGICETHCADREEZE
LTWAHZ EEHOMNILT,
(4) F—=7ENTWD AW & B A &
H7EHZTEYTHLE - I a2 L—FEE
ITL, AT U Uy VRO TR R -2, £
DH R T, AUAMPSADOHEETRY T b
JEHY R =2 L— 2 BT L, BECRMimET
IWZEFENDBNRT A= (KT v x Vs
DAy A7) ME LT, SFEIE2EE
AWM TT VDL & TEBEE 2 Hl
TAHZELT, Y I N—TTIRELTVA LR
W ET LRME—TE LW EIE 2 HELT %
ZEHEEE LT,

Z OFERIE, WERIRILA AR e E £ TIA
<HWHRTWD KF-OBE A€ 7T L
2, IELWT S ZAEMERME A KRB TE TV
RN E AR LTWD, [FHEMEO R
XHOXZFIT 25 9 2T, YT L—7D
FEL TV DB MY T VD i T 7
NTHDHILERAIZT E—LT50EN

HD,

5. FreRFEiRE
(BFgEfEeE . WFFE s K ONEEERF TR 12
)

CdERERm S0 (B 8 1)

@ EBPAT, “BSEIRT A ADFE T AN
k7, ERERE 12 A5, pp.796-799
(B2, 2009) , B

@ H.Ikeda and N. Sano, “Analysis of
Photon-Induced Drain Current in
Polycrystalline-Silicon Thin-Film
Transistors®, Jpn. J. Appl. Phys., 48,
pp.101201_1-8 (2009), &t A

@ M.V.Fischetti, S. Jin, T.-w. Tang, P.
Asbeck, Y. Taur, S. E. Laux, and N.
Sano, “Scaling FETs to 10 nm:
Coulomb Effects, Source Starvation,
and Virtual Source,” J.Comp. Electron.,
2, pp.60-77 (2009), AHH

@ S.Toriyama and N.Sano, "Schottky
Barrier MOSFETSs as Resonant
Tunneling Devices," J. Comp. Electron.,
7, pp.471-474 (2008), Faif

® T.Uechi, T.Fukui, and N.Sano, "3D
Monte Carlo Analysis of potential
Fluctuations under High Electron
Concentrations," J. Comp. Electron., 7,
pp.240-243 (2008), & A

® S.Sato and N.Sano, "Consistency of
Boundary Conditions in
Nonequilibrium Green’s Function
Simulations," J. Comp. Electron., 7,
pp.301-304 (2008), £ FHifT

@ T.Uechi, T.Fukui, and N.Sano, "3D
Monte Carlo Simulations including
Full Coulomb Interaction under High
Electron Concentration Regimes,"
Phys.stat.sol.(c), 5, pp.102-106 (2008),
e

® BT, “F/ A7 — A E ARG IR
VD YERGEEE ST, SRR
10 A%, pp.1135-1141 (S ER RS
2007) , &ah

FaFE) G 191h)

@ N. Shibano, N. Sano, "Discrete
Impurity and Mobility in Drift-
Diffusion Simulations for Device
Characteristics Variability," 2009
International Semiconductor Device
Research Symposium (ISDRS 2009),
College Park,USA, December 9-11,
2009.

@ T. Karasawa, K. Nakanishi, and_N.
Sano, "Discrete Impurity and Mobility



in Drift-Diffusion Simulations for
Device Characteristics Variability,"
2009 International Semiconductor
Device Research Symposium (ISDRS
2009), College Park, USA,December
9-11, 2009.

K. Nakanishi, T. Uechi, and N. Sano,
"Self-Consistent Monte Carlo Device
Simulations under Nano-Scale Device
Structures: Role of Coulomb
interaction, Degeneracy, and Boundary
Condition," IEEE International
Electron Devices Meeting (IEDM-2009),
Baltimore, USA,December 7-9, 2009
[IEDM Tech. Digest, pp.79-82 (2009)].
K. Yoshida, Y. Okada and N. Sano,
"Numerical Analysis of Electron
Transport in Quasi Quantum Dot
Superlattice", Workshop on
Information, Nano and Photonics
Technology 2009 (WINPTech2009),
Kobe University, December 1-2, 2009.
N. Sano, "Simulation of Electron
Transport in Si Nano Devices", G-COE
PICE International Symposium on
Silicon Nano Devices in 2030 -
Prospects by World's Leading
Scientists, Tokyo Institute of
Technology, October 13-14, 2009.
M.V.Fischetti, S. Jin, T.-w. Tang, P.
Asbeck, Y. Taur, S. E. Laux, and N._
Sano, “Scaling FETs to 10 nm:
Coulomb Effects, Source Starvation,
and Virtual Source,” International
Workshop on Computational
Electronics (IWCE-13), Beijing, China,
May 27-29, 2009.

N.Sano, "Impact of the Coulomb
Interaction on Nano-scale Device
Characteristics: A Monte Carlo Study",
IEEE EDS Mini-colloquium for Nano
CMOS and Nanowire, B T. k. f#E,
200942 A 21 H.

S.Toriyama, K.Matsuzawa, and
N.Sano, "Impacts of Random Dopant
Fluctuation on Transient
Characteristics in CMOS Inverters: A
Device Simulation Study,"
International Conference on Solid
State Materials and Devices
(SSDM-2008), Tsukuba, September
24-26, 2008 [Proc. SSDM, pp.892-893
(2008)].

N.Sano, T.Uechi and T.Fukui, "3D
Monte Carlo Simulations of Nano-scale
Devices: Impact of Coulomb
Interaction on Device Characteristics",

Technical Seminar, International
Conference on Solid State Materials
and Devices (SSDM-2008), Tsukuba,
September 23, 2008.

T.Yamada and N.Sano, "Effects of
Gate-Edge Metamorphoses (GEM) on
Device Characteristics of Scaled
MOSFETSs," 2007 International
Semiconductor Device Research
Symposium (ISDRS 2007), College
Park, USA,December 12-14, 2007 [Proc.
ISDRS, p.WP8-01 (2007)].

T.Uechi, T.Fukui, and N.Sano, "3D
Monte Carlo Analysis ofpotential
Fluctuations under High Electron
Concentrations," International
Workshop on Computational
Electronics IWCE-12), Amherst,
USA,October 8-10, 2007 [Proc. IWCE,
pp.128-129 (2007)].

S.Toriyama and N.Sano, "Scaling
Dependence of Electron Transport in
Nano-scale Shottky Barrier
MOSFETSs," International Workshop on
Computational Electronics IWCE-12),
Ambherst, USA,October 8-10, 2007
[Proc. IWCE, pp.141-142 (2007)].
T.Fukui, T.Uechi, and N.Sano,
"Electron Transport Simulations
Including Full Coulomb Interaction in
Si," International Workshop on
Computational Electronics IWCE-12),
Ambherst, USA,October 8-10, 2007
[Proc. IWCE, pp.102-103 (2007)].
S.Sato, H.Kusaka, and N.Sano,
"Consistency of Boundary Conditions
in Nonequilibrium Green’s Function
Simulations," International Workshop
on Computational Electronics
(IWCE-12), Amherst, USA,October
8-10, 2007 [Proc. IWCE, pp.205-206
(2007)].

S.Toriyama and N.Sano, "Schottky
Barrier MOSFETSs as Resonant
Tunneling Devices," International
Conference on Solid State Materials
and Devices (SSDM-2007), Tsukuba,
September 19-21, 2007 [Proc. SSDM,
pp.48-49 (2007)].

T.Uechi, T.Fukui, and N.Sano, "3D
Monte Carlo Simulations including
Full Coulomb Interaction under High
Electron Concentration Regimes,"
15-th International Conference on
Nonequilibrium Carrier Transport in
Semiconductors (HCIS-15), Tokyo, July
23-27, 2007 [Proc. HCIS-15, p.89




(2007)].

H.Kusaka and N.Sano, "Detailed
Balance in Quasi-Ballistic Electron
Transport under Nanoscale Device
Structures," International Conference
on Solid State Materials and Devices
(SSDM-2006), Yokohama, September
13-15, 2006 [Proc. SSDM, pp.356-357
(2006)].

S.Toriyama, D.Hagishima,
K.Matsuzawa, and N.Sano, "Device
Simulation of Random Dopant Effects
in Ultra- small MOSFETSs Based on
Advanced Physical Models,"
International Conference on
Simulation of Semiconductor Processes
and Devices (SISPAD-2006), Montley,
USA, September 6-8, 2006 [Proc.
SISPAD, pp.145-146 (2006)].
T.Uechi and N.Sano, "Hot Electrons
Associated with the Long-Range
Coulomb Interaction under the
High-Density Regime," 2006 VLSI-TSA
Technology Symposium, Hsinshu,
Taiwan, April 24-26, 2006 [Proc. 2006
VLSI-TSA, pp.141-142 (2006)].

(ZDfh)
R—b_R— A
http://hermes.esys.tsukuba.ac.jp/

6.

AT ZERH

(D) WFFe A

#=8% {17 (SANO NOBUYUKI)

PR K« KBS B E RS TR - #%
rgeE &5 - 90282334

Q) W7t 1

PSP~ (NAKANISHI KOHEI)

B RS - KPS ER R AR Ze R} - it
ATHARRAR 2 4

seiy B3 (SHIBANO NOZOMI)

Gt N A N 7 G L g S ey S e o
HTHARRAR 2 45

HH BN (YOSHIDA  KATSUHISA)

B K« KEFEGEHEFYE R A 5eR - fdit
ATHARAR 2 4

i &2 (KARASAWA TAKAHIKO)

G AN I e & 17 gL L A g Ry S e
AR 1 4F



