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Measurement method
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Horizontal Shift Register :
Output buffer Unit cell
HSR, HSR,
Vs or .
| -V
g s 17 ? 7 conversion Source
> 6 [ H m follower Tr.
ol > , | V.,
~ J E— | E—" &
£ / VSR, O—
n — Unit cell = Select v
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£ (z _/// _|ET ‘—//4 W switch _ $—O
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VREF ' . :
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}_l I'_I transistor I'_I ______ 777
\% Y. Kumagali, et al., Jpn. J. Appl. Phys., 50,
106701 (2011)
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Circult schematic view of test structure

Horizontal Shift Register Sou\;ce Followeﬂr raye d m e aS U re d TI’ an h

\_‘;r I >— select switch Tr.
E j1 o =easy to integrate many Trs.
I I Simple peripheral circuit

Unit Cell

=operating in a wide range
to measure various Trs. with
L, W, gate insulator, its

Measured Tr.

Vertical Shift Register

n=dHHN . thickness,...
VREF: L‘——T ! L‘—HCurrept source ]
L Read-out and charging
Y vertical line in parallel

=rapid measurement
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Test Structure

Process 0.22um Layout pattern y Antenna ratio
1-poly 2-metal standard R // | 11880
CMOS process ’
e O
Number of Tr. 1,258,816 (hMOS) <4 0.29,m
Y
786,760 (pMOS) %////// e Antenna ratio
/ 029p.m o
size ,
Type of Tr. 21
nMOS, pMOS KWK Meas Tr
Unitcellarea | 5um X Sum (nMOS) ©7E] SwitehTr. 5
7.5um X Sum (pMOS) M@ ] =]
Reading time 0.7sec/shot X K X K
V. .
TEG size 5.5x 14 mm? v_jine
Pad number 16 With antenna Without antenna

It IS possible to measure various type MOSFETSs
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MOSFET D E/ 5/ F
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Distribution of threshold voltages and S-factors

Threshold voltage

Vin :Vgs (@1 :10_6A)

10 ‘
65,536 nMOSHET s
L =024 um 0=20.9mV
1 | W=0.30um
S
~ Gaussian
Py
5 107
@®
O
o
ol
102
10-3 1
04 0.5 0.6

Threshold voltage (V)

0.7

Probability (%)

Subthreshold swing

d(logl )
S = ( g dS)(@Idszlo 9A)
dVv
10 s :
65,536 nMOSHET s
L =024 um
1 W =0.30um
10-1 8
g
10-2 @S
3 W
@ CHIEED
1 0_3 Qo OO | O
60 70 80 90 100

Subthreshold swing (mV/decade)

[We can evaluate distribution of V,, and S-factor easily. }
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Wafer Map of Vin

Unit cell

200 mm wafer

gs
VSR,
Select | Vou
switch —O
O—“ IREF
Gate length Gate width Number of transistors '
L (mm) W(mm) i
0.22 0.28 65,536 (64x1024) : .
0.22 0.30 65,536 (64x1024) :
0.24 0.30 65,536 (64x1024) :
0.24 1.5 65,536 (64x1024) !
0.24 15 16,384 (64x256) lﬁ
0.40 15 16,384 (64x256)
0.40 15 65,536 (64x1024)
1.2 0.30 32,768 (32x1024)
1.2 1.5 32,768 (32x1024)
4.0 0.30 32,768 (32x1024)
4.0 1.5 32,768 (32x1024)
0.24 0.30 32,768 (32x1024)
Antenna ratio 100
1.2 15 8,192 (32x256)
4.0 15 8,192 (32x256)
10 15 4,096 (16x256)
024 030 2,096 (16x256) S. Watabe, et al., IEEE Trans Electron Devices, vol. 57, p. 1310, 2010.
Antenna ratio 1,000
0.24 0.30 1,344 (32x42)
Antenna ration 10,000




V,, Variability in a wafer

. Histogram _

Normal probability plot

10 7
1-10°" 16
1-10:6 15
e S =7~ I
i % 1-10° 12
Z 10 g 11
§ § 05 0
& 10° g 1
- 10

A ... 3 10* m:ﬁﬁ — nMOSFETs ; Z

10° k o |l L=0.24um,W=0.30um |
ol [ — 1shots 65536 5
11810 N 55 shots -6
P N N N e N O P
Oos0 o oao o4 ose os oee om0 030 035 0% 045 050 055 060 065 070

Vgs (V) (Id=0.1pA) Vo8 () (47044 y
. 00 N
/- ~300mV in a 200 mm®-wafer A / QO ON
« ~160mV in a shot o - o1
« ~80mV —Difference between the average o 8
V;, shot to shot
0 5%

—> Variability in a shot >> shot to shot Y

/
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Vth Variability dependence on Gate size
35,000,000 MOSFETs are evaluated

, 7
1407 o | 6
1-10° [ NMOSFETs - u
1-10° S 7°
1-10™ — / 14

2 L=1.2um, W=1.5um ° f f 43

S 1-107[~ | ' | 17 F 42 -

© 17,465,344 MOSFETs . S

o) A 41 5

oy o

() 0.5 0 _E

>

Z 17 3

=; 4.2 &/

£ 103 f : L=0.24um, W=0.30pm =

3 o 4.3

o . f fﬁ : 35,127,296 MOSFETs |

0 s | | | 1
107 ,,v é - — 5
10 5 Eﬂ:___ j L=0.40um, W=1.5um |~
w1t T 34,734,080 MOSFETs - ©
1 L 1 1 L L 1 1 L L 1 1 1 1 1 a1 ¢ v b 3 1 4 v & g 1 4 s v 3 1 ¥y ¥ 1 _7

200 -150 -100  -50 0 50 100 150 200

AV (mV) (1,=0.1uA)
The V, Variablility follows the Normal distribution even in the tail part.
(35 Million MOSFETs,=*+5.55s)
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V,, Variability dependence on Gate size

Gate length Gate width
30 . 30 :
B W=0.3um B 1=0.24um
25 A W=1.5um L=0.22um 25 A 1=12pm
® W=15um 0.24pm | M ® L=4um W=0i3urr
20 20
> S
€15 €15
= - 1.5um
&b & s
510 0.4LLm A glo
1.2um A 15
4 um A
5 al . 51 .
10um x A ® o R e
0 ot ® 0
0 0.5 1.0 15 2.0 2.5 0 0.5 1.0 1.5 2.0 2.5
1 ] 1 -1/2
Vi (um) Vi (am2)

Variablility increase with an increase of gate length and width.
L<0.4um: Variability drastically increases.
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Statistical Variability of impurity atom

When impurity atoms are uniformly
______ distributed

I—'\N'\Nmax' |\Id i(L'W'Wmax' Nd )1/2
Average Variation : o

Impurity concentration

1 1.9x10'¢m-3
2 3.1x10'c¢ms3
3 4.4x10Ycm3

%@ﬁ Si £ 15

MOS FS5o RS EE
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Dependence of o on impurity conc.

30 ,
o5 | W/L=0.28um/0.22um ;
4
20 //'// N 1 \/q 8S¢BNd Tox
vth ~ o
/ LW \/E gOX
>
é 15
% | 03um/1.2um .
a 10 28 U
5 4 I
ISy ONgup & Nsub
) Depletionregion « \/7
: N
5 sub
1.0 2.0 3.0 40 506.07.0 k /

17 -3
N, (x10" cm”)
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MOSFETs Characteristics Change by Plasma Processes

Antenna ratio

//// 100 Area of 1st Metal Laayer

1,000 Antenna Ratio = L < W of MOSFET

10,000

<+ 0.29um

7

.

| T o.29um

Antenna ratio
23

(1 metal layer) Antenna | Number of MOSFETs
i Vo IWH Ratio
W K] Measured Tr. 12X 23 65,536 40,960
® K SWiTCT Tf-l | X X | 102 32,768 20,480

M| i b 5
L ol 103 4,096 2,560
Vv_line 1 04 1 ,344 840
With antenna Without antenna

Evaluation of Plasma process by antenna pattern
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Microwave-Excited High-Density Plasma Equipment
with the Single and the Dual-Showerhead Structure

Plasma
Excitation ~ Diffusion Plasma 4 N\ )
Region Region Microwave (2.45GHz) Microwave, (2.45GHz)
~ 2.5 —— — T T Upper Upper
% [ ! Microwave 1 | Showerhead Showerhea
~— - ! Power: 1600W
o 20F (1 27Wiem?)
5 o : ArPressure: {1 | |« = || | /= grriassias
© 1 5_\\5 e 500mTorr .. 1l
g THO Aas“%avmmm § RF=0 : CVD
£ - \wsﬁ_l__rh_ eV)  2.456H] Wafer (Film
@ 1.0f T s Lower Wafer Formation)
c | ....'..’f.r..(.?.Z?Y.) ....... 8.30GHZ showerhead RF Apply: RIE
m ] | 3 : —_— Dual showerhead :
e e R o N e Direct nitridation _ _
: ? 10 20 30 40 50 60 70\ 80 90 100 110 120 oxidation Film formation,
Upper ! z (mm E oxi-nitridation Pattern etching
PP Lower Wafer \ JAN y

showerhead  showerhead  Position -
T. Ohmi, M. Hirayama, and A. Teramoto, J. Phys. D: Appl. Phys. 39 (1), R1 (2006).

* Microwave (high frequency) excited plasma -=> high density
* Process in diffusion plasma region - low damage

2022/1/13 SPRING-8& X SE iR R/ inF BT 7 —o av T



Experimental

After Formation of the antenna, the damage
of plasma processes were evaluated.

S. Watabe, et al., IEEE Trans. Electron Devices, 57, p. 2010.

1
T }
Lower showef plate / § RF 13.56MHz

Microwave (2.45GHz)

Upper shower plate

Radial Line Slot Antenna
i

|

i
Fay

o /ﬂ'\_/g\__/ﬂ\__/%\_/'B\__/%\__/B\__/%\__/ﬂ\_

wafer
Conventional RLSA
1st Metal Etching ECR RLSA
(Electron Cyclotron Resonance)
CVD Interlayer-SiO, ICP RLSA
Formation M1/M2 (Inductive Coupled Plasma)
Via hole Etching Parallel Plate RLSA
Interlayer of Metall-2
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Vih Distribution (n-MOSFETS)

Conventional RLSA
10 | 10 |
O 23 o 23
A 100 NMOSFET A 100 NMOSFET
<1000 &
1 > 10000 1 X
2 Py
5 107 5 10
3 5
o N O
a “ a
102 102
/XN
)
I\ @
@
103 103
0.4 0.5 0.6 0.7 0.8 0.4 0.6 0.7 0.8
Threshold voltage (V) Threshold voltage (V)
RLSA Plasma

-V, shift is less than that of conventional.
- No shift less than antenna ratio less than 100.
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Dependence of S-factor on antenna ratio(n-MOSFETS)

Conventional RLSA
10 10 |
o 23
s 2
<1000 S 1000
1t : 10000| ] X 10000 —
X |nMOSFET = nMOSFET
= ey
= 10" = 10"
3 i
S S
Y o
% 102 10
103 ' 103 -
60 70 80 90 100 60 90 100
Subthreshold swing (mV/decade) Subthreshold swing (mV/decade)

By RLSA plasma the average value and variability are
Improved compared with conventional plasma.
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Random Telegraph Noise
(RTN)




Random Telegraph Noise (RTN)

Carrier Capture & Emission in Traps in Gate Insulator
= Change of Carrier Number & Mobility
= |y (Vgg) randomly and discretely changes

0.847 - — - ]
0.83} Capture hﬁher State ]
emission < 0-82) \
>
trap u-Mn 50-811 /
S > o.80l o
Capture . L emISSIOn I t t
0.79} ower state
. - 0.78! lbs=1-27pA - - ]
gate | Sio, p-Si 0 200 400 600 800 1000
Time[us]
4 Increase of RTS by shrinkage of MOS devices causes... )
« CMOS Image sensor” * Flash memory™

Signal amplitude changes in time Vth variation in read time
domain = Image Degradation by = Difficult to multi-bit
Twinkle noise
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— y T e

y a R o

i
> y2 _; Q’T_|

! .
B SRERTOER

NOR
3
Input Output
2 [ s [ ot
0 0 1
1
0 1 0
0
1 0 0
LB R
Comparison :D_ NOR 1 1 0
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CMOS image sensor

J— \ S—— :
| Nttt
: I B4 -9 -9 -9 -9 @) ‘?EE
THREAA—H] oo I o [ |
Photo diode / l*T*T*T*T*T %@
:_ ________ 7/ ---------- ; -9 ad =) B -9 % Ft%
%7:/70 | | T | T | T | T }| T S
B amplifierin pixel AT T T T1T IS
pixe! T g <
MOStEUHERLDR L bl el el Ll el
T7OT47ES+®IL Active pixel FPNP& & EIER
BERRNIZTUTEEHT 5, FPN cancel circuit
.A.-E appllfier IS In a pixel. A =ty
*l= El\/)-l_/lgf%i_ ] output Column selection circuit
FPN cancel circuit EPN: El5E/ SA— =

Fixed pattern noise
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RTN Evaluation

Problems in RTS evaluation
€ Appearance Probability of MOSFETs having RTS is relatively
small. > Long searching time is required for unit MOSFET
measurement.
€ RTS characteristics show large variation for each MOSFETSs.
Amplitude, time constant, temperature dependence, bias

dependence _
Location, energy state and cross section of traps
*non-uniformity of channel _ Variation of RTS
(Gate insulator thickness, Localization of impurity atoms) characteristics
*Degradation and recovery characteristics for stress

RTS must be statistical phenomenon!!
It Is essentially required that

RTS Is statistically evaluated.

2022/1/13 SPRING-8X S i &/ S in M AR #T 7 — o avT



Definition of or — Indicator of RTN

0.53 0.56
Is=1.0pA, |V, |=1.0V
I,s=1.0pA, |V, |=1.0V c. .. o
o52| o LOMA IVl 0.55 hfes S’ 2 b oa Ly o
2 | >
St Phasdnefenpaiitmniasedinn S | ,
0.51F Y >0.54 | wif oo s ”’..‘z..z:g "*."‘”i&.{!,. |
0.50 | | 0.53 | |
1 100 200 300 1 100 200
Number of Sampling Number of Sampling
v 7

cg=1.15mV cr=9.09 mV

2022/1/13

SPRING-8R (X FEImBAZL R /S s FI AT T — o> avT



Relation between RTN waveforms and or Distribution

0.55
IB_QI 99 999} No. of Samples: 131,072 '
e W/L=0.28/0.22[urr
> —
£ 99.99 Z, 0.54]
'_‘Eu >
8 o99r
O o53— . . .
o 909F %0 100 200 300 400 500
() Time[psec]
P 90} 0.48 . : .
LS
3 ig_ g S P o]
g 1E 2, 0.47} -
S ol 1os=108A, |V, |=1.0V E
0O 1 2 3 4 5 6 7 046 o
V "0 100 200 300 400 500
c_[mV] .
Time[usec]

* Oy distribution is NOT normal distribution.
« A characteristic tail spreads to the right-side. (less than 1 %)
 RTS appears in the tail part.
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Gate Size Dependence of or Distributions

999999 '1.5/0.24 03/024
— 1.5/0. R :
S 99.999 4\.,. A :
> N3 :
= 09.99}
§ 1510 94 0.3/0.22
o B - ]
5 99.9 \ :
QJ o
% 99| W/L=0.28/0.22[pum] ]
§ 90| lps/(W/L)=1.0[pA]]
O |Vbs| 1. O[V]

50, . & . . L]
1. O 2.0 3.0 4 O 5 O 6 O 7.0
Or[mV]

Smaller gate size, Larger oy tail.
The tails follow Gumbel distribution.
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Measurement system & Accuracy

Probe Card
Y T . i
v v Eﬁ s Q. €, S )

S Array test
4'\\, circuit
19cm
Y. Kumagai et al., Jpn. J. Appl. phys., 50, p. 106701, 2011. S. Watabe et al., Jpn. J. Appl. phys., 46, p. 2054, 2007.
K. Abe et al., VLSI. Technol. symp., p. 210, 2007. A. Yonezawa et al., IRPS, XT-11, 2013.
O On-Wafer Measurement System Floor noise 400 pV
0 On-Board Measurement System Floor noise 67 uV
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Effect of accurate measurement system

T. Obara, A. Yonezawa et al., SSDM, p.722, 2013.

o T T 71— 14

Time(usec)

) 0280 : : . 0536 - -
é : : : : : : : Y 0275(A) o=1WA, Vaus=0.330mV] g l,=1pA, Vyyc=0 338mV
—_ O - B 0276 0.532
= 99.999 New system ., © @ ] o _ 0274 _ 05%

LL.,_; 99.99F .. > 1 8 . z 0270l g 0526
E | E L 4 ,:-1 026?5 Tusec, 100000 sampling 2:;4‘,} Hsec, 6 % 108 points sampling
o) 99-?[;)_ " Previous system | 6 — 0200 2500 5000 7500 10000 0 10000 20000 30000
8 : : : : ] ’:_1 Time(usec) Time(usec)
ol 1, oo
09_ W ~ 131072ANMOSFETs, (4 o 0.482(C) et s
N  wWL=028022(uum) = ], = . 0.480

o OFF - i=omavesy, 12T JAXHE: 5 0
= 50 (A) o s=15v. 1o — 7
© 10 B G ZN (V YV )2 0.474
S 1 - 0.7sec, 300 points sampling | Vo o = i=1\ " OUT.i ouT 0472 _ _
= O1ME 1 gy -2 RMS N—1 0 470 #15€¢, 6 > 10° points sampling
= 001y 4 5 3 4 5 6 7 8 0 10000 20000 30000
@)

(mV)

VRMS

(B):We can observe the RTN wave form at the same Vg5 as
former system.

(C):Over 2 states RTN wave form can be observed,
=New system can observe the RTN wave form having low Vyys.
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Dependency of Drain Current to Vgyg

99.999

99.99

99.9

99

Cumulative Probability [%]

® Previous reports!?

1.27pA 1 ;(/JZ'pA 0.64pA
3.82 - ‘
SN

Ips=6.37pA ¥ &

¢V A @

nMOSFET |
W/L=0.28/0.22[um]
[Vps|=1.0[V] '

| ’ 1 | T T 12
W/L=0.34/0.52 pm/um 1
Tox=7.8nm A 110 399.999
Va 18 2
| { | 2 99.99f
18,048 -MOSFETs J6 35 -8
(Buried Channel) | a
- Vp=3.3V, Vgs=-1.9V |, 3 v 99.9:
Ips=0.1pA, 1.0pA, 11pA |7 g =
[ Sampling Rate=1psec = =
i 100,000 sampling 42 E 99t
* lps=0.1pA ! (&)
i 4 lps=1.0pA 40
B " |ps=T1PA 4 90t
i i L -2 0.0
400 800 1200
VRvMS [UV]

20 4.0

6.0 8.0 10.0 12.0

VRMS [mV]
[2] K. Abe, et al., Proc. Int. Image Sensor Workshop, p.62, 2007.

» VRMS In this graph is input referred value at floating diffusion node.

» Cumulative probability of about 99.9%-
— VRMS becomes larger for smaller drain current.

» Cumulative probability of about 90% - 99.9%
— VRMS becomes larger for larger drain current.

Previous
reports

New data
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Amplitude of RTN in Non-Uniform Channel (Simulation)

0.5um
% P
Source N _SOURCE
7
11.4%
Iloc § 0,
_[Site B S 5.0%
Iloc
‘4 |
D& DRAIN
ram .
RTS Amplitude: Site A > Site B Relative Subthreshold

Switching Amplitude

H. H. Mueller, et al., “Random telegraph signal: An atomic probe of the local current in field-effect transistors,” J.
Appl. Phys. Vol.83, pp.1734-1741, 1998
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Impact of Drain Current to RTN

® [DsS=0.1y ; ® [Ds=11pA

| Drain
: § | Empty trap
Case:
5 y  HpA 01pA
A ¢ 2
RTNwith large RTNwith small S =
Source | [amplitude occurs. amplitudeoccurs. E§
(@}
| Drain Oa
Case: ©
e E Percolation
RTNdoes || RTNwith small
Source notoccur. | i amplitude occurs. path
Small RTN
More @ amplitude
Large Ipg E> percolation Large | |
paths ® DEEAITEE E:> High proportion
probability of multiple trap RTN

Case A : Impact of the traps to the percolation path increases.
Case B : Probability which traps influence percolation path increases.
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Stress Induced Leakage Current

SILC limits a shrinking tunnel oxide thickness

CURRENT DENSITY (A/cm?2)

103

104}
Tond=
10°€
07T+

S
@
|

1O~ -
|o'|o

I 1 | T |
Stress: 100 mA/cm?, Ssec

1 | | ] 1

| I 1 !

/Initial (514) _
I,"\Inifiol 68~961)

1 | | |

0

I 2 3 4 5 6 7 8 9

10

ELECTRIC FIELD (MV/cm)

0.999999
0.99999

0.9999
0.999

0.99
L
0.95

0.8
0.5

0.2

1010 10™ 10" 10™° 10° 10° 10

Bit A -

O 6.5nm
o 88nm
A 9.7nm

7 6

10
Current Density [A cm 7]

-Stress Induced leakage current (SILC) causes severe bit errors
-Tunnel oxide is thinner, SILC becomes larger.
- Localized leakage spot (trap) indicates large SILC

D. lelmini, et al., Microelectron. Eng., 59, p.189 (2001).
R. Degraeve, et al., IEE Trans. Electron Devices, 51 p. 1392 (2004).
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FENDEK

Large Area MOSFET 10000 Small Area MOSFET

(104 cm?) (108 cm?)
100pm tum
e SIH00. OO
'\ : O
Ve O =« - -
3| oot oy T ENEen Rl |t is essentially required
" / D L] to measure
: 0 ™ e
. < g i - Sufficiently Small Size
Current Density(10-7 A/cm?) 100 - Sufficient number of

Current at localized

C t at localized
|e:Lraelgjeip§:%;Zfo-u A leakage spot: 1x10-'4 A MOSFETs

A\ Average Current:
Average Current: 107 (A/cm?2)x108 (cm?2)=10-15 A
107 (A/lem2)x104 (cm2)=10-11 A

However, Probability : 3/10000, Too small!!

Large leakage current (leakage spot)cannot be detected!
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Test pattern for SILC measurement

Horizontal Shift Register Unit cell
Output buffer
. |>_° DUT
B H'%,Reset switch |Stess § .. Stress
T T switch ( Ii‘i,"'t"h
Blo Ia = Y Analog memory
)
'06.)30 _____ ~25 pF |—°
X —@—!g @—!g < Arrayed Read switch Read switch
% T T cells Common gate circuit
n Unit cell Re_iert] e >
© switc
S @_@ W__ o | |[ Source follower
9| | 1| Integration
. ”_il Irer~10 MA capacitor;l_ll —I
° ||% ||%,|,
Current source .
Row select switch
ref

Sufficient number of DUTs

Unit cells are arranged in matrix pattern->212Vx412H=87344/shot
Short integration time and high accuracy

| IS converted to voltage signal in unit cell by a capacitor (~14 fF)
High-speed sampling

87344 cells can be measured in 80 sec
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lc-Eox Characteristics of SILC

13

10° —r—— Large SILC
Gate Area=1pm’  (Individual MOSFETSs)
T,=5.8 nm
ress / QOO
10 | Eox =+9.58 MVicm -0
Temperature=-30 °C
®
o’..

g ]
1015IE= o°

I (A)

1078 ® AA v et © ‘ Initial(average)_

P A vV.’ O e o® 3
F v O . :
- L 4 . After 10000 s stress |
- 9 (average) A
1 0-17 . 1 s 1 A | A 1 A 1 A

E_, (MVicm)

-By evaluation of very low current of 101’ A, a large variety of leakage
current can be observed.

-Even at 2 MV/cm, very large leakage current of 10-1° A flows the tunnel oxide.
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Distribution of SILC

Distribution of SILC Gumbel Plot with Linear plot (Ic)
12
Gumbel PIot W|th Iog(le) 12 1.
99.999; Gate Area-1 o OI A o
T_=5.8nm EIP——Inltla\I Current 4 e - 18
(FN current IeveI)D,u' g s 10 ls

stress

99 99 | EO =+9.5 MV/cm

(Qu)uy-

Temperature=-30 °C

w95 Mviem 12

99.9 | E:;asure=5.4 MV/cm LIL.u-LLI I_ ) ) ) Temperalture:-so °c o
2 0 5 10 15 20 25
| o I, (x10™ A)
|
99} . 3.
' |
| S’
A S~
9Qf - !

hldden by
background current

(ex. FN tunnel
current)

50| 61M\Hcm 67MIcm .
1017 1015

Cumulative Probability (%)

¢ (A)
Distribution of log(lc) (not linear Ic) at low Eox region is on
straight line on Gumbel plot. 2The leakage current is
defined by the current at a leakiest spot.
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