Digital IC Design and Architecture

Semiconductor
Memories




Semiconductor Memories

/ Read /Write (R/W) Memory

Read-only MEIHDI‘V (ROM) or Random Access Memory (ROM)

1. Mask pmgrammed /

2. Programmable ROM (PROM) Static RAM Dynamic RAM
b. Fuse ROM (SRAM) (DRAM)
a. Erasable PROM (EPROM)
c. Electrically Erasable PROM
(EEPROM)
d. Flash Memory
e. Ferroelectric RAM (FRAM)



MEMORY DEVICE CHARACTERISTICS

DRAM SRAM  UVEPROM  EEPROM FLASH FRAM

Data volatility Yes Yes No No No No
Data Refresh Op  Required No No No No No
Cell Structure IT-1C 6T 1T 2T IT2G) I1IT-1C
Cell Density High Low High Low High High
Power Consm High High/low High Low Low High
Read Speed =50ns =10/70ns =50ns =50ns =50ns =100ns
Write Speed =40ns =5/40ns =10LLs =5ms =10uUs-Ims =100ns
Cost per Bit Low High Low High Low Low
Application Ex Main Cashe/PDAs Game ID Card Memory  Smart
Memory Machines Card, Card,

Solid-State  Digital
Disk Camera



TYPICAL RANDOM ACCESS MEMORY ARRAY ORGANIZATION +
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‘s “¥emos Nonvolatile Memory
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ROM CIRCUITS
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Nonvolatile Memory
4 X 4 BIT NOR BASED ROM ARRAY
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BIT

LINES LINES
R1R2 R3R4|] C1 C2C3C4
1 0 0 O] 01 0 1
o 1 0 0L 0 0 1 1
O 01 0op1 0 01
O 0 0 11 0 1 1 O
default “0” default “1”

All word lines R, are kept
at logic “0” level, except
the selected line 1s pulled

up to “1” level.

Absent Xstr == store “1”
Present Xstr == store “(0”



LAYOUT OF CONTACT - MASK PROGRAMMABLE NOR ROM

metal column

(bit) lines to
ﬁig;;‘;’w load devices metal metal
lines ‘J { ’_I_l I
poly
' |
Rl I diffusion
to GND
R2 —] poly
e
/4 NO contact

To Outputs contact _
(0 bit) (1 bit)



£—d

il :

L
R1 ;r'_ll LAYOUT OF CONTACT -MASK
- 1 PROGRAMMABLE 4 X 4 BIT NOR ROM
R3 z_ :{ :
R4 —IC‘L_. | metal metal metal metal
||% . : : e
c1 @ 3 4
R1 poly
diffusion to GND
R2 pgl}r
metal-diff
contact
R3 pgl}r
diffusion to GND

R4 poly




IMPLANT - MASK PROGRAMMABLE NOR ROM ARRAY
Absent Xstr => store “1”
Present Xstr == store “0”

metal columns (bit)
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poly _»
rows (word)
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threshold voltage implant to activate 1 bit
Vo™ Vip

permanent OFF transistor <=> contact disconnect



R1

R2

R4

4 X 4 BIT NAND BASED ROM ARRAY 9

Vb Vb Vb Vi
oAl oAl A
»— *— *— e—  WORD BIT
Cl C2 C3 4 LINES LINES
T I RIR2 R3R4| C1C2C3(C4
= = 0 1 1 1]0o 1 0 1
1 01 110 0 1 1
1 1IC 1 1 0 111 0 0 1
I = 111 0l0 1 10
default “1” detault “0”
i E =E All word lines are kept at
logic “1” level, except the
e [ selected line is pulled
1 | down by “0” level.
< < < < Absent Xstr == store “0”

Present Xstr == store “1”



IMPLANT - MASK PROGRAMMABLE 4 X 4 BIT NAND ROM LAYOUT

Absent Xstr == store “0” (short)

1i"JTET[I'
Present Xstr == store “1”
5"";_5"'6‘_546]_ diftusion to LOAD devices
—ter—Je—tes e Cl C2 C3 C4
R1 iC
poly
R? IC R1
.
R3-E T~
» poly
[ 1
v
poly
R3
poly
R4
diffusion to GIND
threshold voltage

implant to make V__
negative to store “0”



DESIGN OF ROW AND COLUMN DECODERS

ROW ADDRESS DECODER FOR 2 ADDRESS
BITS AND 4 WORD LINES EXAMPLE

RA1 —R1
ROW | R
DECODER |—R3
RA2 R4
RA1RA2 | R1 R2 R3 R4
0 0|1 000
0 10100
1 0|00 10
1 1]00 01

2 address bits plus * Select 1 of 4 rows or
complements word lines



NOR BASED IMPLEMENTATION FOR A 12
ROW DECODER WITH 2 ADDRESS BITS

AND 4 WORD LINES q—vm
R1 -
¢ ’ DD
& %ﬁ Lo (2¥) NMOS + (N )pMOS =

(2N + N) Xstrs

p PLUS 2N INVERTERS

o—[on ¢[oft 4%7
R3

._létt —[on |q bp
R4

0 0
;«S__.—lan/\_r—lon For N =2
L3 RA2 |y RAT |1 RAT1 RA2 | R1 R2R3 R4

0 K

0 1 0 1
RA? RAI 1 0 0 0
1 1 0 0




REALIZATION OF ROW DECODER AND ROM ARRAY AS
TWO ADJACENT NOR PLANES

2N ROWS (WORD LINES)
R1
R2
NOR ROW 5 NOR ROM
DECODER ARRAY
RON
RA1 RA2 RAN Cl C?2 oM
N ROW ADDRESS BITs ~ 2¥ COLUMNS (BIT LINES)
For N =2
RATRA2 | R1 R2R3 R4
0 0|1 000
0 10100
1 0]0O0T1O0
1 1 ]00 01




REALIZATION OF ROW DECODER AND ROM ARRAY AS
TWO ADJACENT NAND PLANES

2N ROWS (WORD LINES)

NAND
ROW

DECODER

R1

R2

RON

N ROW ADDRESS BITS
RAT1 RA2

RAN

NAND
ROM
ARRAY

Cl C2 c2M
2M COLUMNS (BIT LINES)

R1 R2 R3 R4

—_ e O

—_0 = O

[}

_— O

1 ROW DECODER

1 TRUTH TABLE

1 FOR A 4X4 NAND
0 ROM ARRAY



COLUMN DECODER FOR 8 BIT LINES IMPLEMENTED AS BINARY™
TREE
Cl c2 (C3 c4 G5 Cce (7 C8

0 IHI HE IE tE
g T L I e
1 | - | = | = | =
i £
0, 1= IH
O3 IH
0, tE
COLUMN |
ADDRESS BITS DATA OUTPUT

serial or parallel
ADVG: Decoding is realized by tree structure; much reduced Xstr count.
DISADVG: Large number of series connected nMOS pass Xstrs.

Fix with buffers or use of a combined tree and pass-transistor design.
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Static Random Access
: ! Memory (SRAM)




STATIC READ-WRITE MEMORY (SRAM) CIRCUITS o

bitline (C it line C
(column) Rﬂ:h{}q%?} C
—<

chlc—}.

1 - BIT SRAM CELL
Complementary Column arrangement achieves more reliable operation

bit line Vop bit Line
|
(co unél) load load (0011111%1 )
® L] L '
word line word line
(row) (row)

BASIC REQUIREMENTS THAT DICTATE DESIGN:
1. DATA-WRITE OP -> MODIFY STORED DATA IN SRAM CELL
2. DATA-READ OP -> NOT MODIFY STORED DATA IN SRAM CELL



RESISTIVE-LOAD SRAM CELL

bitline C /

\, bit line T

R

e %4 \
'.“J’Drd llne % ’f “’Drd llllé' |

pass transistors to
activated by a row select
(RS) signal to enable
read/write ops

basic'cross-coupled
2-inverter latch with 2
stable op points for
storing one-bit

SRAM cell 1s accessed
via two bit (column)
lines C and its
complement for more
reliable and much
faster operation



CMOS 6-T SRAM

VDI:I
bit line C |°_ bit line C.
P o Full CMOS SRAM
L )
® | 9 —I— Cell
T |—| word line
word line




\Y pull-up transistors Vo

DD
— e (one per column) \—
MP1 I] \V4 —| MP2
DD bt ] C
bit line C e
R R
VC. M3 v, Vv, M4 d Viorc
— = J_
Cooe Ml |—)&—I M2 $ Crore
RS
write 17 read 17 write “0” read 0"
RS hold / \_hold /v -v_\ hold / \ hold .fvl _ I‘"TOT_H hold
V2= VoL 7=V
v = 35V Precharge i Precharge Prechar i\ar\'2 Vo
c
~35V Precharge Precharge Precharge =3PV

VNDTT\F =35V
=30V

~0V



CIRCUIT FOR CMOS SRAM CELL 32

psedo-nMOS pull-up v

DD B transistors . DD
el (one per column) Sy
5 | MP2
MP1 \% .,-Eol -
"3 > bit line C
bit line (C _
M5 1 M6
V M4 Vyore
1 T
Ceo= M1 I_ M2 _g CNGT-C
RS

word line

-> VERY LOW STANDBY POWER CONSUMPTION
-> LARGER NOISE MARGINS THAN R-LOAD SRAMS
-> OPERATE AT LOWER SUPPLY VOLTAGES THAN R-LOAD SRAMS

-> LARGER DIE AREA



SRAM WRITE CIRCUIT

34

bit line C

Write OP: force V ¢ Or V

from COLUM
DECODER

N ELM_%

to a logic low level when W = 0.

Vop Voo
MP1 il"% Vop <|7_°|| MP2
bit li .
SHAREDBY ¢ &V 1 - bit Vaore |
SEVERAL SRAM Cell
COLUMNS RS ]
) Wh i word Time
A7 ]
W |—D E L M2
DATA E ||:|M1
WB

NOT-C
NOT-W  DATA  NOT-WB_WB OPERATION (M3 ON)
0 1 0 1 | MI1OFE,M20ON->V,___LOW
0 0 1 0 = MI ON, M2 OFF ->V_LOW
1 X 0 0 = M1 OFF, M2 OFF->V_=V___HIGH




CMOS SRAM DESIGN STRATEGY
BASIC REQUIREMENTS THAT DICTATE (W/L) RATIOS:
1. DATA-WRITE OP -> MODIFY STORED DATA IN SRAM CELL
2. DATA-READ OP -> NOT MODIFY STORED DATA IN SRAM CELL
1. CONSIDER DATA-READ OP with “0” STORED I]kl'/ CELL:
DD

_VDD
i MP2
MP1 \Y _
:"‘% DD 50' bit line C
bit line C l“’l M6
\Y v
. pp M4 DD
JV V2 |___| ¢
_E-(:NOTC

RS=V,
a. @ t=0" M3, M4 OFF; OFF & M1, M6 LIN
b. @ t = 0: M3 SAT, M4 LIN; OFF & M1, M6 LIN

slow discharge of large C_and V| increases
REQUIRE V £V_ = =>LIMITS M3 W/L wrt M1 W/L



DESIGN FOR NON-DESTRUCTIVE DATA-READ*0” OP

Vv 34
VDD DD
5 F"” MP2
MP1 \Y B
Py, DD bit line C
bit line C M6
— l_ql Vo M4 Vpp
~ VDD M3 0OV V L 4
) g g ) 2 T
_’, .
| - __(I
Coa \ M1 % NOT-C

RS=V__
DESIGN CONSTRAINT:VlmaX = VTUE = VTUII 1e KEEP M2 OFF
M3 SAT, M1 LIN =>

k 2 _k |
%S(VDD— Vi—Vron) = %1(2(VDD_VTOH)V1_V12)
[Ej SYMMEIRY:
V. <V, : kus 1}\1 3 _ (VoD —1-5VTon)\;T0n <1 SAME for Knd
knl (T] (VDD = 2""rTOn) kn 2
1

(M1 & M6 OFF
for Read “17)



2. CONSIDER DATA-WRITE “0” OP with “1” STORED IN CELL.:
V

DD

bit line C

[

RS - —
RS = VDD att =0
VIS SET “0” BY DATA-WRITE CIRCUIT
a. @ t=0": M3, M4 OFF; M2, M5 LIN & OFF (717 stored)
b. @ t=0: M3 SAT, M4 SAT; M2, M5 LIN & OFF

WRITE “0” => VIZ VDD >0 (< VTOH) AND V2: 0-> VDD (M2 -> OFF)
DESIGN CONSTRAINTivflmax = VTUZ = VTUI[ 1.e. KEEP M2 OFF

WHEN V =V, =V_ :M3LIN & M5 SAT =>
k 2 k.
_5n3

%S(O—VDD—VTOP) = (2(Vpp=VT01) VTon= VTon®)




DESIGN FOR ROBUST DATA-WRITE"0” OP cont.
VDD

v _
op bit line C

ov
bit line
M5 )
ov %@H ter{”\ B 4 VoD
Cc—lv- V 5:\42 -‘V g‘ NOT-C
RS

RS = VDD att=0
V. ISSET “0” BY DATA-WRITE CIRCUIT
a. @ t=0": M3, M4 OFF; M2, M5 LIN & OFF ("17 stored)

b. @ t=0: M3 SAT, M4 SAT; M2, M5 LIN & OFF
WRITE “0” =>V: V, ->0 (< V,, ) AND V,: 0 -> V(M2 ->OFF)

1.e. M2 (M1) forced OFF
DESIGN CONSTRAINT: Vyax = V02 = VTon i-e. KEEP M2 OFF

Vl < VTOn’
kpS _ kp6 e Z(VDD_I-SVFOH);/TOH =i
kns kg (VDD+ VTOp)

BY SYMMETRYto WRITE “1” when “0” 1s stored 1n cell.

W)
[L 6/ M 2(Vpp—1.5Vgn) Vron <1
W >

4




Vv

DD

-

SR

1 - bit
AM Cell

CMOS SRAM

E;/IPZ

A"

VDD

NOT-C

SRAM READ CIRCUIT

Differential Sense
Amplifier (one per column)

d

word line

"NOT-C

<

Read
Seled

!

ﬁ—[!Ml

from COLUMN
DECODER

M3

I M2

Sense Amp Gain:

_gm2 (rozl IroS)

S€NSC
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DYNAMIC READ-WRITE MEMORY (DRAM) CIRCUITS

SRAM ->4 - 6 TRANSISTORS PER BIT
3 -5 LINES CONNECTING EACH CELL
DRAM ->DATA BIT IS STORED AS CHARGE ON CAPACITOR
REDUCED DIE AREA V5. SRAM
REQUIRES PERIODIC REFRESH

bit line C

line
C. and C >>(C

NOT-C
bit line (write)

2 parasitic storage

bit line C

o capacitors \ 4 - Transistor

? DRAM Cell

7

‘ (earliest cell,
W Old 1; ||:| —| g “’; Old based on 6 Xstr
ne

SRAM cell)
RS (read select)

1 parasitic stomgP 1
capacitor

¢ L_J

I
g WS

bitline (read) 3 _ Trapsistor

DRAM Cell
(first widely

S (write select)  used cell)



1-T DRAM Memory Cell

word line

A1 (read/write select)
—I L—o 1 - Transistor
J_ _explicit DRAM Cell
g C stora ge (most widely
bit line capacitor used cell)

(data read/write)

-> INDUSTRY STANDARD FOR HIGH DENSITY DRAM ARRAYS

> SMALLEST COMPONET COUNT & SILICON AREA PER BIT
-> SEPARATE OR “EXPLICIT” CAPACITOR (DUAL POLY) PER CELL



OPERATION OF 3 - TRANSISTOR DRAM CELL

v

DD

MP II:” Precharlge devices IH NP2

PC

read select
(RS)

CC%_I Illi_lf %lim "g Crore

write select
(WS)

bit line 1
DATA—Ii Data_in bit line
Data_out
Ce. Cuore > C (>10C)

Uses two-phase non-overlapping clock scheme where ¢1 = PC = precharge
and 02 = RS =read or WS = write.



\Y

DD 40
MPIl:H Prechalrge devices IH MP2
read select PC
(RS)

write select

(WS)

st bit line bit line

DAIA iData—m Data_out write read write read
P(:j “1” P(:‘J '-'(13'.' P(:1 ;‘03.} P(:" '-CO?'-'

1 2 3 4 5 6 |7 8
pc— M~ — S =

ws—/ '\ /TN
DAT, A_\ /\
Data_in—/ __/
Stored Data ———/ \
/\ [

RS
Data_out—/ N__/




v

DD

MP II:H Precharge devices IH MP2

PC

PRECHARGE CYCLE

DD TMP1
= I M1_, WRITE “1” OP
It LT DATA =0
i C WS=1:RS=0
WS C..C SHARE
bit line CHARGE DUE TO
bit line M1 ON

Data_1in
Data_out



RS 0
— ] Voo~ Viuer
M3 < READ “1” OP
i | Nf 'g Cyore DATA=0
$C WS=0:RS=1
Cyor DISCHARGES
bit line THROUGH M2 AND
Data in bit line M3
- Data_out
VDD _VTMPI
1= Mle WRITE “0” OP
ch | T DATA = 1
gc WS=1:RS=0
WS C,,C DISCHARGED

bit line ) TO O THROUGH M1
DATA —||'l Data_in bit line AND DATA-IN nMOS

Data_out



RS
— .VDD - Vv
0V M3 READ “0” OP
T T Crorc DATA=1
@C WS=0:RS=1

C.r o DOES NOT

bit line DISCHARGE
bit line DUE TO M2 OFF

Data_1n
Data_out



R (R/W select)

Bit-line

D (data 1in/out)
C.>C

Uses two-phase non-overlapping clock scheme where ¢1 = bit-line 1s
precharged and ¢2 = R = read/write.
WRITE “17OP: D=1,R=1 (M1 ON) =>C CHARGES TO 1"
WRITE “0” OP: D=0,R =1 (M1 ON) => C DISCHARGES TO “0”

READ OP: DESTROYS STORED CHARGE ON C => REFRESH IS
NEEDED AFTER EVERY DATA READ OP



