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自己紹介
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2008年から 同システムLSI事業部で高周波CMOS製品開発向け設計環境開発（高周波SPICEモデル開発）
2016年から 現KIOXIA株式会社でBiCS FLASHTM周辺CMOS回路設計環境(Process Design Kit)開発

Dominus Flevit Churchの窓を通してみた

エルサレム旧市街 （2014年12月小生撮影)
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Footprints of CMOS Technology Innovation [1]
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00
Prologue
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Sens Amp. Sens Amp.

Row Decorder

Compact modeling technology in 3D-NAND flash memory development 

– Bi state switching device

Fully customized model

– Smaller Die Size

– Faster burst cycle-time → RFCMOS

– Low power consumption

Deep submicron CMOS
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回路設計者の抱える痛み

微細化と高速動作化が進むにつれて広がるマージン→広くなるほど設計難易度は上がる
高速動作→高周波動作を高精度に表現できるSPICEモデルが治療薬の1つ。
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高周波動作を高精度に表現するモデル？？

低周波数の世界
DC~ hundreds MHz 

高周波の世界
RF/mm-wave/THz

半導体基板上に作成された素子の特性を電気モデルで表現し
SPICE系回路シミュレータで動作させたい。

表皮効果
基板との容量

漏れ信号による損失

見えないものが見えてくる！
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高周波CMOS回路設計で使う素子のSPICEモデル一覧
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特技→Smithチャートからチャネル濃度
の高低を推測できる。
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01
序章

見えないものを見よう。
道具
Y行列
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測定
推定
モデル化そして確定
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測定→道具立て

Semi-Auto Prober

For S-parameter Measurement

latest model to access 
Wafer

① Network Analyzer

②Probe Station

RPP404-EW-120Positioner

Keysight Technologies

Rhode & Schwartz

ANRITSU
等がある。

Form Factor
MPI Corporation等

110GHz以上の測定では
特殊な治具を必要とする。

近年ソフトと画像認識技術が発展し、全自動でSパラメータ測定ができるようになった
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推定 → 単純な配線なのに何か違う？？

Metal line (800um) on Si

800um

Measured S-Parameters

S11 S12

S21 S22
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推定 → 何が違う？？

今回のデータは右図のR+jｗLに従った特性を示しているようだ。

R+1/(jwC) R+jwL

Torward High 
frequency

Torward High 
frequency

S11

S22

S11

S22
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推定 → 寄生容量・抵抗どうつながっている？？

RSUB
Eddy current loss

CSUB
Eddy current loss

Cox
Coupling 
with Si 

substrate

LS
Inductance

RS
Series 

Resistance

Si Substrate

BEOL oxide

Metal Line

Cox, Csub and Rsub represent equivalent circuit of Si substrate 

in most cases. 
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モデル化そして確定 全てはPI型・Tee型変換で。

-Y12=-Y21

Y11+Y21(=Y12) Y22+Y21(=Y12)

Y3

Y1 Y2

Z11-Z21(=Z12)

Z3

Z1 Z2

Z22-Z12(=Z21)Z11-Z12(=Z21)

Y matrix Z matrix 

PI TEE
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PI型 等価回路を使ってみる

-Y12=-Y21

Y11+Y21(=Y12) Y22+Y21(=Y12)

Y3

Y1 Y2

• Conversiion from S-parameter to Y-parameters.

• Generation of “pi-equivalent” circuit using Y-parameters.
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Step 1 Low frequency

1/Y3

Cox

=-1/w Imag(1/Y1)

1/Y1

RS=Real(1/Y3)

LS=-Imag(1/Y3)/w

• Assumption  “CSUB” << “COX” is valid in most cases.

• CSUB node can be treated as “OPEN” at low frequency.
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Step 2 High frequency

(1/Y1)-1/j/w/Cox

RSUB=1/Real(1/ZSUB)

CSUB

=Imag(1/ZSUB)/w
ZSUB

• Define “ZSUB” by subtracting Cox impedance from 1/Y1 .

• “RSUB”  and “CSUB” defined by real and imaginary part of “ZSUB” respectively.
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Complete formula

RSUB=1/Real(1/ZSUB)
CSUB

=Imag(1/ZSUB)/w
ZSUB

Cox

=-1/w Imag(1/Yi)

LS=-Imag(1/Y3)/w RS=Real(1/Y3)

503.7pH

0.157 Ohms

41.27fF

222.7fF37.9 Ohms
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大きなサイズ→分割アプローチを利用し精度向上
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長い、広い構造の特性を表現する場合→ざっくり求めて詳細に分割するとよい。
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02
5Gを支える微細CMOSトランジスタの
課題
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設計を悩ませる微細効果

１ ゲートリーク（漏れ）電流

２ ストレス効果

４ Well 近接効果 (Well Proximity Effect)

最近のコンパクトモデルでは取り込まれている。
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MOSFETとは何か？

[F/cm-2]

[F/cm-2]

キーワード：MOSFETは容量結合で導電性制御

①

②
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オーバードライブ電圧でMOSFETを語ることが出来る

弱反転領域 強反転領域 速度飽和領域
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CMOSトランジスタモデルの変遷
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Gateリーク電流

Gate leak current is not ignorable due to the higher tunneling probability 

of thinner gate oxide

In latest CMOS compact model, several current sources as Igb, Igs, Igd, 

Igc(Igcs, Igcd)  having Vg dependency, which gives bias dependence, and 

mathematical smoothing transforming function from accumulation to 

inversion mode, via depletion.

G

S D
Igb IgcdIgcs IgdIgs

スマホのリーク電流が
Ioff/Tr is ~100nAあると

SmartPhone（@1億Transistors）

⇒Off Leak current 10A
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ストレス効果

トランジスタが横・縦方向にあるべつの材料から押されたり引っ張られたりする（ストレス）と

電気的特性が変わる。

This was focused as a big-problem to degrade Transistor performance from 130nm 

generation.
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Recent Compact Model formulates 

Vth shift as a linear form of  SA and 
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Transistor.
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STI stress effectの事例 –VTH shit of 130nm CMOS-
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同じゲート長なのに閾値電圧が変化し、電流値が変動
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ウェル近接効果

MOSFET with adjacent well boundary tends have higher Vth. This is due to the highly doped area 

generated by back-scattering of impurity atoms against photo resists. Which occur in the Well Ion 

Implantation process.
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p-Well n-Well

Well Boundary

WPE = Well Proximity Effect

Vth0=Vth0org+KVTH0WE・(SCA+WEB・SCB+WEC・SCC)

eff = efforg・ (1+KU0WE・(SCA+WEB・SCB+WEC・SCC))

（SCi (i=A,B,C..), is effective distance determined by the use of SC1~SC4
(between outer edge of MOSFET and Well boundary) ）
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Recent Compact Model formulates 

Vth and Mobility shift as a linear form of  SCi (i=1~4)  .



© 2021 KIOXIA Corporation. All Rights Reserved. 30

最近のCMOSトランジスタモデル開発
の技術紹介

Past Now Future

Manual measurement. Not 
enough numbers of datasets.

High-volume meas.

Bulky patterns 
for CV modeling

Accurate AC stat
model Physical stat model

Wafer level

C
S
容
量

T
p
d

(s
)

Vg(V)

Vg(V)

Tpd(ps)

Phylosophical
change

Optimize for 
MP use

Full-Auto meas. 
Usage of Big Data 

Fab-Link model

BigData

Fixed use of Typical model.
Over spec was set in Corner 
and MC model.

Test structure design. GSG-TEG GSG-type 
SL-monitor

120 GHz 
Semi-Auto 

SPICE and FAB link
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Trモデルの開発手順

パラメータ初期化

容量パラメータ抽出/最適化
DCパラメータ抽出/最適化
温度特性抽出/最適化

RF測定値からPAD成分を

De-embedding

DCパラメータ最適化

ACパラメータ最適化

DC/CV-TEG

RF-TEG
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03
High Volume measurement
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Issues of high volume millimeter-wave measurement. 

– Precise Probe skating

– Precise Wafer alignment 

– Hardware Drift

• Mandatory frequent de-embedding

RF-CMOS
12 inch test 

wafer 
> 100 Dies

Pitch
150um

S11

60GHz

Mean=-9.80dB

Sigma=0.13dB

60 GHz 

distribution

[1]

手動測定の時代は終わり、SパラのBigData取得が可能に。
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Design of scribe-type GSG test structure.

Compatibility kept upto 35GHz.  Needs improvement.

34

Optimized layout has been determined by SOLT de-

embedding with simulated data of SHORT,OPEN and 

DUT patterns. 

Conventional GSG Scribe-line Type GSG

S11 S12 S21 S22

40GHz 40GHz

Signal line 

stack/widthDistance 

from ground

Signal line 

routing
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04
Test structure design for 

high volume measurement.

[4]
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Test structure for ONE GENERATION 

Inductors

MOSFETs

Resistors

Capacitors

Varactors

Metals

s-parameter evaluation for Inductor
Equivalent circuits model
Electro-magnetic analysis model

DC/s-parameter evaluation for MOSFETs
Equivalent circuits model
Spice parameter extraction
Noise model (Flicker and RF noise)

s-parameter evaluation for resistors
Equivalent circuits model

s-parameter evaluation for capacitors
Equivalent circuits model

CV/s-parameter evaluation for varactors
Equivalent circuits model
Spice parameter extraction

Metal-Line Evaluation

Equivalent circuits model

Transmission line model
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GSG-Test Structure for Device Modeling

Target
In between reference plane

Symmetrical

Taper
Avoid reflection

Gradual taper 

preferable

SUB

Contacts
Avoid Oscillation

Due to poor 

grounding

Reference 

Plane

System 

Reference Plane 

System 

Reference Plane 
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Complete Set for Precise Device Modeling

Adjust Left and 
Right pattern to 
configure THRU 
line.

Reference Plane

Parallel C Subtraction

Series L/R Subtraction Verification

Reference Plane

Reference Plane

Simply remove 

device cell from DUT, 

Chop signal line at 

the point of reference 

plane
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OPEN and SHORT De-embedding の手順

STEP1

STEP2

STEP3 STEP4

STEP5

STEP6

Actual Device 

Y(DUT)-Y(OPEN)

Z{Y(SHORT)-Y(OPEN)}
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De-embedding (STEP1)

Realization of PAD capacitance in DUT data.

Y-matrix operation is useful to 
operate Π configured circuit
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De-embedding (STEP2)

OPEN pattern simply contain PAD related parasitic.

Substrate loss 
Resistive and Capacitive

Y-matrix operation is useful to 
operate Π configured circuit
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De-embedding (STEP3)

Y(DUT)-Y(OPEN) でPADの容量を減ずる

Y(DUT)-Y(OPEN)
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De-embedding (STEP4)

After STEP3 operation, transistor and
series L and R of unwanted wiring are left.

Z{Y(DUT)-Y(OPEN)}

STEP3後の残留成分
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De-embedding (STEP5)
インピーダン
スゼロで結合

Unwanted series L and R can be 
obtained by Z{ Y(SHORT)-Y(OPEN) }

Z{ Y(SHORT)-Y(OPEN)}

Z-matrix operation is useful to 
operate T configured circuit

Y(SHORT)-Y(OPEN)

配線成分を見える化
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De-embedding (STEP6)

STEP4 STEP5

Ready for unveil device behavior !

Z{Y(DUT)-Y(OPEN)} Z{ Y(SHORT)-Y(OPEN)}

Z matrix of TRANSISTOR

（STEP4)の状態から(STEP5)の結果を減ずる→トランジスタの性能。
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03
Fab-linked scalable compact model.

- How is the typical model specs ?

- Linking MC model and In-line data.

- How to corporate with factory for high yield.  
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What is needed for RF-CMOS compact model ?

Scalable and compact

For portability, parasitic elements should be scalable function of 

Lg (Gate Length) and Wf (Finger Length)

NF (Finger Numbers)

Length Of Diffusion (SA,SB,SD) 

Accurate for all design purpose

LNA (NQS effect, Thermal noise)

Linear: S-parameters > 100GHz

De-embedding: SOLT ? TRL ?

VCO and Mixer (Harmonic distortion, Flicker noise)

Flicker noise close to the carrier.

ACPR, EVM

Power amplifier

Self Heating

Load-pull
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Physical configuration of RF MOSFET

Diffusion 
resistance
Source/Drain

Substrate resistanceGate Polisilicon
Resistance

Junction 
Capacitance

Source/Drain

RG

CFGD

CFGS

CDB

CSB

Variables need to scale
Gate resistance        : RG, RD, RS

Overlap capacitance : CFGD, CFGS, CBD

Substrate resistance : RBPD/S, RBD/SB

RBPB
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Cold measurement helps to extract layout parasitic. [1]

Good indicator of transistor monitoring.

𝑪𝑭𝑮𝑫 =
−𝒊𝒎𝒂𝒈 𝒚𝟏𝟐
𝟐𝝅 ∙ 𝒇𝒓𝒆𝒒

𝑪𝑩𝑫 =
𝒊𝒎𝒂𝒈 𝒚𝟐𝟐 + 𝒚𝟏𝟐

𝟐𝝅 ∙ 𝒇𝒓𝒆𝒒
𝑪𝑮𝑩 =

𝒊𝒎𝒂𝒈 𝒚𝟏𝟏 + 𝒚𝟏𝟐
𝟐𝝅 ∙ 𝒇𝒓𝒆𝒒

𝑪𝒐𝒙 =
𝒊𝒎𝒂𝒈 𝒚𝟏𝟏 − 𝒚𝟏𝟐

𝟐𝝅 ∙ 𝒇𝒓𝒆𝒒

𝑹𝒅𝒔𝒃 = 𝑹𝒆
𝟏

𝒚𝟐𝟐

𝑹𝑮 =
𝑹𝒆 𝒚𝟏𝟏
𝑰𝒎 𝒚𝟏𝟏

𝟐

𝑹𝑫 = 𝑹𝒆 𝒛𝟏𝟏

𝑹𝑺 = 𝑹𝒆 𝒛𝟏𝟐 − 𝑹𝒅𝒔𝒃

Source and Back-gate grounded
VG=VDD, VD=low, VS=VB=0

Source and Back-gate grounded
VG=VD=VS=VB=0
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Scalable parasitic model vs. measurement data [1] 

Gate Resistance

Parasitic Capacitances

Substrate ResistanceNQS effect

Two components

Simple relation

Layout dependency works well with many CMOS generations (130nm to 40nm.)
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Q1 Does RG scaling follows classical ohmic-law ?

NfLg

Wf
kR rgG


 

K : constant depending on the configuration of gate contact 
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NO : Gate resistance behaves complex behavior
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Scaling dependence of Rg on Wf/Nf
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Q2 Does capacitance scaling has unique behavior ?

NO : It is NOT unique behavior.  
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Observation of the RB scaling
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RF-CMOS modeling summary

ffRCL NWK

Component name
Item 

name

Geometric

dependency

NQS

Gate resistance RG

G-B capacitance CGB

G-D,G-S overlap 

capacitance

CFGD 

CFGS

Substrate resistance

RSUB1

RSUB2

RSUB3

RSUB4
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RGL

f

g

RGL

g

f

RGL
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K
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L

K
L
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KCGB,KRGL1, KRGL2, KRGL3,KRCL,KRsh1, KRsh2 : Constants

NfLgKCGB CGB 

NFWf
Rsh

NF

Wf
LgRsh
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110GHz S-parameter model vs measurement.

Existing modeling technology is applicable up to 110GHz

S11 S22

S22
MAG

S22
PHASE

S11
MAG

S11
PHASE

S21
MAG

S21
PHASE

S22
MAG

S22
PHASE
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fMAX optimization of RF-NMOSFETs 

40nm 
2nd GenReduction of overlap capacitance (CGD) can make 40nm 

CMOS widely available for IoT applications.  

G

167GHz

214GHz
275GHz
B7HF200

Dietmar Kissinger “Millimeter-
Wave Receiver Concepts for 
77GHz Automotive Radar in 

Silicon-Germanium Technology”

65nm
1st Gen

65nm 
2nd Gen

SiGe

＋28%

40nm 
1st Gen

347GHz

233GHz

＋8%

＋48%

240GHz
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04
Synchronization of compact model

with latest FAB output.
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Solutions to Support RF circuit production chain.

Ramp-up

Model
#1

Model
#2

Model
#3

Model

BigData

Data Mining

Layout of
Test 
structure

Link
Device-Small circuit

-Products

Shorter
Measurement TAT
ET data selection. 

High
Volume
measurement

Fab 
Linked
Compact
Model

Mass 
Production

Physical-based 
Statistical Model 

Card

Model Update 
Automation

Model

Accurate
Fab-Link model

Data mining  

Reduction of 
Measurement TAT 

Line up ?
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Fab-link model parameters vs In-line data. 

S/D 

sheet 

resistance

Thickness

Epsilon

of BEOL

Gate Oxide 

Real W/L

R of gate 

material 

+ ++ +

CGD0

TOX

CGS0

RDSW

VTH0

U0,DLC

NFACTOR

Typical,σ

CJ

LINT

WINT

Typical,σ

S/D 

sheet 

resistance

Thickness

Epsilon

of BEOL

Typical,σ Typical,σTypical,σ

SPICE 

Models

Mapping In-line data to compact model

directly or via process function completes fab-link model.

Channel 

Doping

NDEP

RDSW

Typical,σ

Process 

Function

F(Ndep)
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How Process function looks like ?

Establish direct link of li-line data with compact model.

Channel 

Doping

In-line data Process functions 

10

100

1000

10000

1.0E+14 1.0E+15 1.0E+16 1.0E+17 1.0E+18 1.0E+19

Impurity Concentration [cm-3]

D
ri

ft
 M

o
b

il
it

y
 [

cm
2
/V

-s
]

𝐹𝜇𝑒/ℎ 𝑵𝑫𝑬𝑷

= 𝜇𝑜𝑒/𝑜ℎ − 𝐾𝑒1/ℎ1 ∙ 𝑙𝑜𝑔
𝑁𝐷𝐸𝑃
𝐾𝑒2/ℎ2

𝝁𝒆

𝝁𝒉

Map to 

Compact Model

𝑈0 = 𝑈0 ∙
𝜇0 𝑵𝑫𝑬𝑷

𝜇0 𝑵𝑫𝑬𝑷𝟎

𝐶𝐽 =

𝐶𝐽 ∙
𝑵𝑫𝑬𝑷

𝑵𝑫𝑬𝑷𝟎

𝑙𝑛𝑁𝐷 + 𝑙𝑛𝑁𝐷𝐸𝑃0
𝑙𝑛𝑁𝐷 + 𝑙𝑖𝑁𝐷𝐸𝑃 − 2 ∙ 𝑛𝑖
…..

statistics {

process {

vary Ndep dist=gauss std=XX 

percent=yes

}   }

NDEP 𝐹𝜇𝑒/ℎ 𝑵𝑫𝑬𝑷 𝜇0
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Fab-link model vs. measurement at 60GHz. [1]

fMAX fT

Rg Cgd

Cds gm

gds

fMAX fT

Rg Cgd

Cds gm

gd

s

σ=8.50GHｚ σ=7.58GHz

σ=2.68Ohm σ=0.684fF

σ=4.53fF σ=1.57mS

σ=377uS

σ=12.4GHz σ=6.72GHz

σ=1.31Ohm

σ=0.615fF

σ=0.53fF

σ=1.36mS

σ=332uS
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Fab-link model vs. measurement at 60GHz correlation. [1]

64

Sigma fT Sigma fT

Sigma fT Sigma fT

Sigma fT Sigma fT

fMAX Rg

Cgd Cds

gm gds

fT : principle component  

0.41 0.60

-0.74 -0.56

0.430.31

fMAX Rg

Cgd Cds

gm gds
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Future MOSFET Modeling Challenges

１：Ultra small dimensional 
effects, 3D structure.

3：Self Heating 4：RF  Yield Estimation

Actual

indep(Pdel_contours_p) (0.000 to 60.000)

P
o

u
t 

IndexPoutdBm (1.000 to 234.000)

２：High Power  Characterization
-LoadPull-

-35 -30 -25 -20 -15 -10-40 -5

12

14

16

18

20

22

10

24

Input Power [dBm]

G
a
in

 [
d
B

]

Self-Heating degrades matching behavior  
among adjacent MOSFETs by thermal coupling.

Thermal Network.
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