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1. #$%&'()'*+,-.
2. ��/,01234567893:7SRAM;
3. embedded-SRAM(eSRAM),<=

%&'(���������

4. >,?,%&'(0@

5. ABC
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%&'(DE

1. 35FG

2. HIJKLM
3. N5OP (�Q5FP)
4. RS	TU (STI�FK�VW)
5. 
	X�%&'( (mismatch, LWR)
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%&'(DE -�(-
1. 35FG

2. HIJKLM
3. N5OP (�Q5FP)
4. RS	TU (����7STI�FK�VW)
5. 
	X�%&'( (mismatch, LWR)

��,SPICER
��S,��9���M���������
�"���t�7���Y�Z56%&'(,����)
�����2At����;)01�b%� V�¡
¢,£¤¥¦)§*7¨©|)J	ª«	:k(�¬­�
��"BV�+*�

Variability ®¯��efp���°± 2e.g. 
	X�;
Variation ®¯��²�cdk(�°± 2e.g.RS	TU;
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%&'(DE -
	X�>,� ��Y5N-

Vth Right

V
th

 L
ef

t

³����',F
	4�S,Vth�d´��Bµ¶�V*·¸
Vth¹�º»D¼7½(Vth¹)�Tox)¾¿s,À2LxW))Á¾¿��
(PelgromÂ, 1989)
ÃÄÅkA�t wxTr)ÆÇ+È7ÉÊË,ÌÍÎÏkVth�®Ð

ÑÒÓÔ

ÕÖÖ×Ø×ÕÙÙ

ÚÛÒÜÝÞßÔàÓ ÚÛÒÜÝÞáÜâãÓ
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%&'(DE -
	X�>,� LWR-
äLine Width Roughness2ån�Line Edge Roughness;
æ%&'(,çèéBêë�©´V&7
#$op��ì|)ÀLW)Á¾¿��

äK4�F,D$í�îk«�5Fïb�

ðñò ó ðñò ô
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%&'( )¶��-.

1. ª�õ	:kVth�ö÷��F
	4�Søj�ù*7Ä
=¯)��+LäW��ú�«	:��]�7ÉÊËÌÉ
û´ï)üý��mismatch (PelgromþÌ /ÀLW)�
�¯���B�û´s+*��7>bå�,%&'(�
�¯��B���k(V*

2. Mismatch���|)d´�����û	s+*�¡

��>,?,%&'(²2�Ð
VW;���� d´
����7d´��,����"

3. �ýÉ�V%&'(���
	X�%&'()'*+�7
��qr7z{Í��|V0@��"

4. F
	4�S%&'(���ïb����7Î�(C,R,L)7
��#$7�²#$)'*+È��qr����"
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��/,��ä01 -3456-
ä6356skew¥ôk�Ð 
�5�!"F#347GALS2ô$%wëÍ&�wë;k01

ä½Vth�¥ô��BVth%&'(�¥ôs7ON)V�(bV*F

	4�S�û�|)'(s)*Ð ,+,BV�

äVth%&'(�¥ô��Bskewed��(PN¾�8	�
	�)�
Ð sV V�(IonBIoff�-�s.G/0�'_)(b�;
ï&)Ä=¯�1�Vth%&'(�¥ô��B23,NAND7
�	��SkïÇÐ sV V�

4¨5STA�6���Y�4	75,Y�4	�8�B©9ï
:��B��|Bst��k��¡;<=��|û)�Æ��
�Bk��,Ð Y�4	�>ô���B�ef¡

%&'(�¥¦��B77
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-34561 ���Y�Z56B
	X�(SSTA) -
ä��,75�S�Mk
�STAk?6«�Z=
MR��75ö@å
A)V��B)75
�1C&b�

ä���Y�Z56%&'
(�CDVE_k�
�qr775���
�7ij
Z�ª�5
6�1C&b+*�

ä¨5STA(SSTA)
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-34562 
	X�%&'( -

OP

OQ

OP OP

OQ OQ

OP

OQ

OP

OQ

OR

OQR

S�P

S�T

S�Q

S�U

JKVG

'(W


XX
?JK�Ys V��B)R�Z´

JKVG,çè��[+Ys*�
�½\��Fé���)TU��]^_(�`�t��2S��7�;

�7>bå�,YJKS�B¾[
�Bz{aÌ�bV*tC
	X
�%&'(�çè¯ïb) *
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��/,��ä01 -893:-
ä1.0VVWMÇt V*!!
ä�ú�«	:s+Ècdeó��fös+VddgAD�his
t�pf�ju��
ä©k)lToxF
	4�S�m*�B*BnopÈ��
ä�4SM�qrVs$��4SM)t:+7893:�u"k
D)�_��¡�4SMk,�ú�«	:�cdä/_�ú�«
	:Bs+vw
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0%&'(,x2(��)��
1. op%&'(�óï*F
	4�S���7ym��

Native-device (non-dope)
(Vth�z�F{|,¬°¶Ìkö÷ef)

zero-Vth Tr, low-Vth Tr
multi-gate-Tr  (?)
FD-SOI (?)

2. }~��7ôðñ)��çè¯
3. 6
�5F ��	�M(auto-zero)
4. Vdd���F, Clock���F
5. ����8�ö÷k�D,op�����
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��/,��ä01 -eSRAM-
eSRAM,U�r��
�;3456O3��B��

�;3456BwY,cd�ú�«	:

�;*
�ú�«	:
�;3456��g/_2active, standby;
¢;�´Ð 

�;��75)��)���

��bitÌ¥ô(�ÌMbit)B
	X�%&'(¥ô
)��7�;�¢;�wV)�t:V V�t¡¡¡


	X�%&'(,��
p.10,�B)7]^�`�+*�JKS��
	X
�%&'(,���ô(*2SRAM�5F��
�";

R�Ì�SRAM�5FÌk��tCMN�[(½
Ì�ô(*

6Tr�M

/ BL BL
WL

V2 V1
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SRAM� “�'s”)��P���
/ BL BL

WL

V2 V1

�M)B�+7�'sÐ B���Ð 
)�ô(V�*�V*¡

�'sV)��5F��&�a��/�
� �îk��7�bk�	��S¡8�
Á¢sV*�"���

���V)��5F��&�a��/�
���Sk��7�,��S)��+�
	��S¡8�Á¢���"���

/ BL BL
WL

V2 V1

/ BL BL
WL

V2 V1

�'s� �î)£Ç��"��

�����(�Ab��"��
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SRAM� «�ªY�4	 (SNM)
/ BL BL

WL

V2 V1

V2

V1

V1

V2 V1

V2

INV2 INV1

V2

V1

SNM

�S

�=��

�'sY�4	�¤B��'s¥ kP
����ïb��B�¦�


�FY�4	(WM)ÈwC)´�k(�
�7��",WM´��º»D¼sV
*,k§s*´��¨©ïb+*�
2Takeda, et. al., ISSCC 2006)
���Y�4	�¤7B�©´VGkª
2At��;)�(�CV*�Mk���
B�¦�
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SRAM� VthBSNM, WM
6Tr-SRAM,�op�Vthk®¯s7SNMBWM�«,_j�¦�¡

�M/�2�'s*
;�WMBwx_j�¦�
«�6/��SNMBwx_j�¦�

SNMBWM,Vthop[%&'(\s]

0

1

2 WriteY�4	
¬­®¯

ReadY�4	
¬°R®¯

0.35

Margin (normalized)

Vth [V]0.25
SRAM3456k
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op�º»D¼)�B�B,u"p

1. ��a±kd´efV#$Ì�²]k��)È¶³&´7\��F
ú��)µµ��#$,op�cd���"���¡
{¶|)��½(1.5k·)��½(64k·),d´��S�&¢½7�½,o
p�cdk(��B�¸As*¡

��,���Y�4	�º»D¼
)�³´7-4½7-5½)µµ��
��S��"k7¹Ì,d´�º
B�"���t¡

º»D¼)�B�B»¼st��
�Y�4	�´����Bk��
V)�"BV�d´·Ì�½¾�
��B�k(�¡

(Takeda, et. al., ISSCC 2006)-4

-2
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2

4

0 0.2 0.4 0.6

Logic Middle Vth Tr.

# of points : 5,120

SRAM Tr.

Logic High Vth Tr.

Measured write margin [V]
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SRAMB%&'(�
1. w©Y63P,?SRAM�M,�M/�hSNM, (¿À)´�ïb

t)WM�º»D¼)�*op�¦�
2. Ä=¯�1�cd��ú�«	:ïb�BVth%&'(�¥¦s-5½7-

6½)ÁÏ��Â�é��¯��

½
ÃÄ

�M/�×ÅÆÇÆ

ÈÉÝÊ×ËÒÛâÔ×ÌÔËË
°ËÍÎ�ÏÐÑ�àÒÙÓ

QÒÝÊ×ÙÊÒËË×ÌÔËË
°ËÍÎ�ÏÐÑ�àÒÙÓ

[×PÉ®×ÏÛ
[×P®×ÏÛ

ÈÉÝÊ×ÙÊÒËË×ÌÔËË
°ËÍÎ�ÏÐÑ�àÒÙÓ

ÃQ

É

ÓQ

ÓÄ

°R®��t��¸

�'s�G)¤B�¸
����G)¤B�¸

cd¥7)*7
%&'(g¾

cdó7)*7
%&'(¥

ÈÉÝÊ×Âó�M ÈÉÝÊ×ÔÕ�M QÒÝÊ×Âó�M
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SRAMB%&'(�
1. Ö×Ø,Âó�M,���Y�4	7��'sY�4	�O35F¡ÙÚ�çèé7«Û	

�¢��½æ,%&'(�¦�¡#$eó)��
	X�%&'(�¥¦s7#$Ì¥¦k
½Ì�¥¦��¡Y�4	�¤)V�t×Øk�«X	X	�VskÜÝ�q&bV*¡

2. 1.8V×ØAk����Y�4	�ÞD) 7Vth�) �b%«�ªY�4	�ûß���
B�k(t¡90�65nmk�ij%&'(�MN��B7Vth,noàá)âã
�V V
�¡ä)Ä=¯�1åB
	X�%&'()0���½æ�MNst�vk��'s7At
����Y�4	�¤)V�7ij%&'(�ªkÈÜÝ��ª)V�VØ�æ���e
fp���¡

×Ø

���Y�4	

�'sY�4	


	X�%&'(
>,?%&'(

Y�4	×çÕè

�Ð 
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SRAM� �'sé���Y�4	 (êë)

/ BL BL
WL

V2 V1

�M)B�+7�'sÐ B���Ð 
)�ô(V�*�V*¡

�'sV)��5F��&�a��/�
� �îk��7�bk�	��S¡8�
Á¢sV*�"���

���V)��5F��&�a��/�
���Sk��7�,��S)��+�
	��S¡8�Á¢���"���

/ BL BL
WL

V2 V1

/ BL BL
WL

V2 V1

�'s� �î)£Ç��"��

�����(�Ab��"��
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SRAM� «�ªY�4	 (SNM)
/ BL BL

WL

V2 V1

V2

V1

V1

V2 V1

V2

INV2 INV1

SNM

�S

�=��


	X�%&'(�ô( V�B7�	
��S¡8�8	�
	�)V�7�



�=���®^��

SNM<ª)V�B7��'s¥ k�Ð 
��

V2

V1

1

0

1

0

Time

V2

V1

WL

�Ð 
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SRAM,%&'(£pju���
DFMK�8HF
oìV
Z�Mª^��í'SRAM�7
î^
Z�Mª�í'F
	4�S��
mismatchô
[ 
Z�MªI54Bz�FPoly,
�´b�op¹Bs+(b�

_(=PelgromþÌ ï��M

ð��MRAM

Logic

É

É

½

½áÅ®
½

(ñ
V

th
) [

A
U

]

1/ÀLW

î^,>òó

oì^�,>òóSplit-word-line SRAM�M
[î^>òó,¿]

/BL

BLN2

N4

WL

WL

VLSI sympo., IEDM��

�´bk/�¹¥¦
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SRAM,%&'(£pju���
1. 6Tr-SRAM,ô<�7�'sB���B*BµÁ��¥ �Eì,��

�ù�+8(s�BB���B�&õx+*�¡

2. �'sVB���Vk\�ª�/0�®ä��7
�M/0�®ä��7�BkÐ Y�4	�>ôk(�

ISSCC 2005, SE5

READ WRITE

VDDVDD - �

SRAM cellDecoder

���V)�Vdd�7�'s
V)�Vdd��ö÷g*/
0�\�ª�)øÇ�¡�'
sV)�5F��&�M)�
a��/�2 �î;�fö�
��Bk��'s���ü�
�)  V�¡

�'s/��¾bs*
�g
A��B*Bùú���
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1

0

1

0

Time [ns]

V2

V1

WL

/ WL
¨©7T�M

“0”��'s

�	:M�5F�k,��'s

�	��SM�OÀ�,tC,
��Sßû#$ N5�ü¦

�	��SM�O�Ð|)À����Bk7
%����'sÐ �ýþ

��Sßû

N56
)��ßí�����

Read
Y�4	

«�

WL

BL

"1"

V1 (="0")

/WL N5

N5

WBL BL
WL

WWL

/ WL
V2 V1

��Sßû#$

SRAM,%&'(£pju���
�'sVB���Vk�MÐ �®ä��

�Ð 
º3Ð 
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SRAM,%&'(£pju��� -�(-
cd6����5ª½¾,��

�	���,R���Dòs+ÎÏ

+ 9%

6T-SRAM block
(8 word x 2 bit)

7T-SRAM block
(8 word x 2 bit)

�	��� �	���

�	��S

'_NMOS
�(��mNMOS

'_
NMOS

�	��S

BL

WBL

N5

WWL

/ WL

W L

N2

N4

7Tr �M

N5

WBL BL
WL

WWL

/ WL
V2 V1

��Sßû#$
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SRAM,%&'(£pju��� -�(-
øþ:

O3����:

Y63í�î:
�Mí�î:

4Kword x 16b
90-nm ASPLA CMOS,
NMOS Vth:  0.32V,
PMOS Vth: -0.33V

0.4 mm x 0.7 mm
2.03 mm2

(3456�Õk75)

�!�O35F

64kbY63 x8

V
dd

20 60

1.0
[V]

Access time [ns]

0.9
0.8
0.7
0.6

40 80

0.5
0.4

0 100

Pass

Fail

@25oC

�Mcd:w©×Ø,6T�M,+13%
«�6/�:w©×Ø,3456Tr}�

(�«�OTr,�akSRAM})
�	CMOS
?�� (VthN!��	:)
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SRAM� VthBSNM, WM 2êë;

6Tr-SRAM,�op�Vthk®¯s7SNMBWM�«,_j�¦�¡

�M/�2�'s*
;�WMBwx_j�¦�
«�6/��SNMBwx_j�¦�

SNMBWM,Vthop[%&'(\s]

0

1

2 WriteY�4	
¬­®¯

ReadY�4	
¬°R®¯

0.35

Margin (normalized)

Vth [V]0.25
SRAM3456k

ReadY�4	
«��8(�
b%VthN!��	:(Vth�A
,�)k
�FY�4	�lm
k(�¡�'sVG�lmï
b�¡
«�6/_��¯���7«�
6/_�½¾�������
ym���Bk01��¡
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z{��,%&'(£pju
1. 
	X�%&'(�����z{z�FaÌk
�ïb�2SSTA�ù�

+*��6�56;
2. )*¯äR�O
�	¯)§*FFGz{z�FaÌ��es+(t¡
3. ô»�¯)§*6«�Z=MR�Ì�¥ôst¡At/_Â¿¯,�·

�&775��M,pfju)§*6«�Z=MR�,JKD¼�JK
75ö@,u])�.¡

4. 6356,y*�¸

6356skew, jitter���	�M�
�tC)��st
5NL��7
5,!"
=�
R�O
�	)�v�FFG
z{aÌ�>ôs
	X�%&'
(,���g¾�������

FF0

latch_designA

FF1 FF2

FFL��75


5NL��75

latch1 latch2FF0 FF2

0.5�cycle

skew,jitter��²

hold

thr hold

holdthr
FF0

latch1

latch2

0.75�cycle
-�Ù�ÔÎÓ��ÜÓÓÔÛ
Ó�ÙÔÓ�ÑØT

0.75�cycle
-�setup/2
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K�8HFMN�568 ���Q	

1. 8�F\�6u,ðñ)¤³:+ij��B*BMÇ��&,¢�
���Y�Z56%&'(���M¯s75)Á���¡

2. SPICE�MOS,>òó�²�K�8HFTUR
��SBs+����
k(t�(ADhPS)7�b�>Þ��¡K�8HFTUR
��S�LPE
��M�H'��¡
¿�
Z�Mª^�)��+�FK��õxF
	4�Sop�®¯

3. ê�,��S�)��+Î��l7æ����Y�Z56)®Ð��,
k´�¯s+LPE��M)���å

>òó

z�F

°Å °�

BSIM4 �	�S	�R
��S(SA,SB),¿

MOS00  Drain Gate Source Body PMOS  
+ l=0.06u w=1u ad=0.6p as=0.5p pd=7u
+ ps=6u sa=300n sb=200n
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z{|V0}

1. ��75éÏ�
��FVÏ�
3V��Fé 2ê�º orÏ�;

2. 3VI
�hº(ECCY)

2�r;��75�Y� «�Z2~�7�;�,0@� V�|k��7
	X
�%&'(,�BVY4Q«�Z)¶s+�2�����È,,;!"|
V0@k�V*¡

Ï(�Ç#Á
#$7SRAM�M73456�M7Y637O3�5í�87LSI7Û�ª7$%
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ABC

1. ���Y�Z56%&'(�¿À)qrs��M¯�b%7
5
3�,.k��	�M���B�k(��7qr'�V
vb%
	X�%&'(Bwxy*)V�¡

2. 
	X�%&'(�z{|7��|)0}���"���¡

3. &cd7*
7/_7ij�'p77(B*�t)é�,?+
�wV)�t���8��8�*'���B�+s*¡* 
'�,op�,-)s'')é,çèé�¥ôï:7,-
)V�top�juï:�.,�a�MÇ��B�/Z,
�0)V�,k�V*�1B�

4. 130nm�65nm×Ø,
	X�%&'(¥¦_j�22nm
×ØAk�v%CMOS�23�4Ç�¡56��,+,0
@��"k��
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h�
1. ª�õ	:kVth�ö÷��F
	4�Søj�ù*7Ä
=¯)��+LäW��ú�«	:��Bmismatch)��
Vth%&'(�vkVdd,ô(V£¤)ý��

2. �M�,�	��Sk�õ��nMOS,pMOS8	�
	
��½Ìk7(��B 6.7 (N1+N2=6.7)

3. L, VddFK	ªVW�89,cd

ÏÔÌã×ÝÍÖÔ×çÝÊè ÈÉ ÄÒ UÒ QT TT

ßÔàà×Íà×°áÅ®×ç�Êè ÉÆÉ:ÒÉ OÉÆ: OÉÆ: OÉÆ: OÉÆ:

­Ôàà×Íà×°áÅ®×ç�Êè ÉÆPÈÉÉ OÉÆ: OÉÆ: OÉÆ: OÉÆ:

ÕÖÖ×çÕè PÆÉÉ PÆÉÉ ÉÆÈÒ ÉÆÈÒ ÉÆÈÉ

Å;Ó×çÊÕ�Êè UÆÉÉ UÆÉÉ QÆ<É QÆ<É QÆÄÉ

½ÕÓã×çÊÕè TQÆÄÈ QQÆ<Ò UÒÆÈU ÄÒÆÄT <<Æ<T

¬RP½ÕÓãPLRT½ÕÓãT¯ØÕÖÖ×ç=è

°áÅ®P�	��S PÒÆÈ= TTÆ:= QTÆU= UÄÆQ= ÄÄÆP=

ÔÕßÍâÜÌ�	��S×¬>M¯ :ÆP= PÉÆP= PÒÆT= TPÆ<= QTÆ<=


