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a Timing Parameters
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Q Access Pattern




Memory Size

a Depends on the level of abstraction

Q Bits: (used by circuli
to the number of Inc

t designers) are equivalent
Ividual cells (FFs or

Registers) to store data

Q Bytes: (used by chip designers) are groups of 8
or 9 bits or their multiples: Kbyte, Mbyte, Gbyte,

Thyte

a Words: (used by system designers) represent

a basic computation

al entity. For example, a

group of 32 bits represent a word in a computer

that operates on 32

bit data



Timing Parameters

0 READ-Access Time: time it takes to retrieve (read)
from the memory. This is equal to the delay between
the read request and the moment the data becomes
available at the O/P.

0 WRITE-Access Time: time elapsed between a write
request and the final writing of the input data into the
memory

0O CYCLE Time: minimum time required between
successive reads or writes




Memory Timing: Definitions

Read cycle
READ
| . Write cycle
| Read access | Read access < >
1 - - |
WRITE | |
| | " Write access
| Data valid| {L -
o | |
DATA

T

Data written
Note: Read and Write cycles do not necessarily have the same length but

are considered to be equal for simplicity of system design.




Function

0 Read-Only Memory (ROM):

» encode the information into the circuit topology-by removing or
adding transistors. The topology is hard wired and the data cannot
be modified....can only be read.

= They belong to the class of Non-volatile memories. Disconnection
of the supply voltage does not result in a loss of the stored data.

O Read-Write Memories (RWM): called as RAM (Random-
Access Memories).

= Static (retains data if Vdd is retained): example SRAM
= Dynamic (needs periodic refreshing): example DRAM

» They use active circuitry to store information and belong to the
class of Volatile memories.




Function....cont’'d

a Non-Volatile Read-Write (NVRWM):

= Recent Non-Volatile Memories can read and write-
---although write function is substantially slower

= Novel, cheap and dense: Fastest growing among
semiconductor memories

a Examples:
» EPROM: Electrically Programmable ROM

= E°PROM: Electrically Erasable and Programmable
ROM

* Flash memory




Access Pattern

0 Random-Access (RAM):

= memory locations can be read or written in a random manner

= Most ROMs and NVRWNMs allow random access....but “RAM” is used
for the RWMs only

O Serial Access:
= Restricts the order of access. Results in faster access times, smaller
area, or allows special functionality
= Examples: (Video Memories)
— FIFO (first-in first-out)
— LIFO (last-in first-out)
— Shift Register

0 Content-Addressable Memory (CAM): (non-random access)
= Also known as associative memory

= Doesn’t use an address to locate the data.....rather uses a word of

data itself as input... when input data matches a data word stored in
memory array, a MATCH flag is raised

= Important component of the cache architecture of most
Microprocessors




Semiconductor Memory Classification

|l!lll” ‘I! m!ml‘! Read-Write u!!l!m! m!mlll

Memory

Random Non-Random
EPROM Mask-Programmed

2

SRAM FIFO FLASH

Shift Register

CAM

Where does your brain’s memory fit into these classification schemes?




More Classification

2 1/O Architecture:
= Based on the number of data input and output ports
= Most memories use a single 1/O port
» Multiport memories offer higher bandwidth
— Example: reqister files used in RISC processors
— Adds more complexity to the design

a Application:
= Embedded Memories in SoCs

= For massive storage (multiples of Thytes and beyond), more
cost effective solutions are to use magnetic tapes and
optical disks---they however, tend to be slower and provide

limited access pattern




Memory Architecture

Decoders

M bits M bits
- - e A I
S
[ SO—> Word 0 Word 0
. Word 1 Word 1
S
2 Word 2 Storage Word 2 Storage
cell cell
N < -
words N
N2, Word N-2 Word N- 2
S
"=~ Word N-1 Word N- 1
Input-Output Input-Output
(M bits) (M bits)

Intuitive architecture for N x M memory
Too many select signals:
N words == N select signals

Decoder reduces the number of select signals

K =log,N




Decoder Basic

O Recall that a decoder is a combinational circuit with k
inputs and at most 2% outputs.

Q Its characteristics property is that for every
combination of input values only ONE output =1 at
the same time.

0 Used to route input data to specific output line.

SO=a’b’c’
ave For example: for a=b=c=0,

S1=abc only SO =1

S2 =abc’

S3=abc

S4 = abc’

S5=ab’c

S6 = abc’

S7 =abc




Read-Write Memories (RAM)

O STATIC (SRAM)

Data stored as long as supply is applied
Large (6 transistors/cell)

Fast

Differential

Q DYNAMIC (DRAM)

Periodic refresh required
Small (1-3 transistors/cell)
Slower

Single Ended




6-transistor CMOS SRAM Cell

Major advantage of dual BL: Q is clamped to Vdd by BL

Should be minimum sized and prevents any inadvertent toggling of the INV pair

to achieve high memory
density.....

. WL o
READ Operation:

Assume 1 is stored at Q VDD

Assume both BLs are M, F _4 My

held high before the read.

asserting the WL,
enables PTs M5 and M6

During a correct read

operation values stored M 1 I ——| M 3
in Q and Q are

transferred to the bit lines
leaving BL at its —_—
precharge value and by BL BL
discharging BL through

M1-M5 1

Read cycle started by _ — ® Q |
| M. Q M

A“0”canbereadin a

similar manner (now BL ’ ) > SSIDIE.....
gets discharged through reliable operation requires careful sizing...

M6 and M3)




CMOS SRAM Analysis (Read “1” operation)

Transistor sizing is WL As difference
needed to avoid writing betwee_n BL and
1 accidentally, i.e., ] BLB builds up,
voltage at Q becomes the sense amp.

> V,, of Inv M3-M4 DI _E4 IS activated to
M BL — — | M4 -—I-_.BL accelerate the
| 'S — O Q _L— M reading process
M1 must be M 6

5 dy
stronger than
MS Voo Iv|1 I_ VDD Voo
— Cbit .
Q must stay T T Cu
low enough - 1 =
so that -
there is no
substantial V2 AV2
DSATH
current k[ (Vo= AV = Vi)V s = =238} = (Vo= VAV =S )
through M3- (M5 in saturation) (M1 in linear)
M4 INV
2 2 2
AV — Vpsara t CR(Vpp = Vi5,) - ‘\/VDSATH[I +CR)+ CR (Vpp—Vyp,)
CR
Value of the ripple voltage CR = cell ratio = M1/M5




CMOS SRAM Analysis (Read)

0.25 um CMQS

1 Py
\ W, /L,
o) CR = —

. \ W/Ls
.6
04 \\ Choose

Voltage Rise (V)
o O

M5 to be
size and
0 M1 > M5

O 05 11215 2 25 3
Cell Ratio (CR)

Node voltage must stay below the Vth of M3: CR must be >1.2




CMOS SRAM Analysis (Write)

. WL
Assume that Q=1
\
To write a 0 in the ob M3-M4 Reset
cell: set BL=1 and _,_—(1 My ll>1
BL=0 - — -
Similar to applying a M -Q=10 L Me |-—0 0
reset pulse to an SR ._-l 5 Q=1 NN
latch. FF will change ,/’v M2-M1
state if sized properly el
M j—
T — Vbp Reliable writing of the cell
Q cannot be pulled =~ BL=1 BL = 0 Is ensured if we can pul
high due to the node Q low enough—below
e the Vth of M1
sizing of M5 and ¢ °
M1 already done —
for reading 9
4 Visa Tp
N | th — S U - __D3alp
Wﬁn/e\lf]atl’l:l’eOUmuhSMGG kn,Mﬁ(( I"’rﬂ',[.'-‘ VTH}VQ 2 - kp, Md(( VD.D |VT;J|)VBSAT;J 2 )
9 (M6 in linear) (M4 in saturation)
u Vi
2 ) DSAT
VQ = Vop—Vou— [(Vpp—Vy¢,) — ﬁiPR((VDD_|VTp|)VDSATp_ 3 F)~

PR = pull-up ratio of cell = M4/M6




CMOS SRAM Analysis (Write)

Dependence of V, on Pull-up Ratio.....lower PR gives lower V,

=
L

0.25Um CMOS
5 (.4
— W,
% 0.3 PR= %4
3 g
= 0.2 I—6
2 o1 Should
be low
0 to keep
Vq low
() (.5 1 1.5 18 2

Pull-up Ratio

PR between the PMOS (M4) pull-up and the
NMOS (M6) Pass Transistor must be < 1.8 to
keep Vin< 0.4V




Performance of SRAM

Q Read operation is more critical. It requires
discharging of the large bit line capacitance
through the stack of 2 transistors (M1-M5)

a Write time is dominated by the propagation
delay of the cross-coupled inverter pair, since
the drivers that set BL and BL can be large

a Sense amplifiers used to accelerate Read
time....as the difference between BL and BL
builds up, sense amplifier is activated, and it
discharges one of the bit lines




Sense Amp Operation

Sense amp activated t
Word line activated




Resistive-load (4T) SRAM Cell

Reduce area using resistive load inverters...simplifies writing

WL

R, must maintain
the state of the
cell, that is
compensate for
the leakage
currents (~1015A)

BL

l,ag Must be two orders
of magnitude larger or
> 1013A to compensate
for leakage—puts an
upper limit on R,

| Tws

§RL Voo éRL’

oQ _M4|-—o

M,

BL

Replacing the
PMOSs by
resistors
reduces
wiring

SRAM cell

size reduced
by 1/3

Static power dissipation -- Want R | large (use undoped poly)
Bit lines precharged to V pp to address t, problem




SRAM Characteristics

Instead of PMOS
devices, use parasitic
devices on top of cell

Table 12-2 Comparison of CMOS SRAM cells used in 1-Mbit memory Structure using thin-film
transistors (TFTs)

(from [Takada91])
Complementary ,Z

CMOS Resistive Load TFT Cell
Number of transistors 6 4 4 (+2 TFT)
Cell size 58.2 um? 40.8 um* 41.1 um?
(0.7-pm rule) (0.7-ium rule) (0.8-pum rule)
Standby current 1071% A 10712 A 10~ A
(per cell) S
Use high Vt

However, embedded SRAM cells---used in microprocessor caches,
employ 6T cells.




6-T CMOS SRAM Cell: Static Noise Margin

Viq Vo1 =Vi2 Vo2
WL . DC D"

I
VDD _I |

Butterfly Curve
_| M noise
3 A VTC of

— Y -y INV2
BL BL 02 i1 /
L Reverse
INV1
The SNM (hold margin) can be estimated graphically by the length of the side
the square fitted between the VTCs and having the longest diagonal.
B

As noise increases at the two nodes above, the reverse VTC for INV1 moves >

upward, while the VTC for INV2 moves to the left (worst case)

Once they both move by the SNM value, the curves meet at only two points.....at v iy v o1




Static Noise Margin (SNM)

0 Hold Margin: How strongly the node storing ‘1’ and the node storing
‘0’ are coupled to V and V¢ respectively.

0 Read Margin: The difference between V;gp and Vgeap (Max.
voltage at Q)

QO Write Margin: The maximum voltage on a bit-line that allows writing
to the cell, while the other bit-line is at V5. (not determined by the

butterfly curve)
WL \%

e
Al




SNM Dependencies

1 Dependence on Vy, : SNMfor -  Dependence on sizing

a bitcell with ideal VTCs is still limited o |
to Vdd/2. Any noise > Vdd/2 will flip the Here, Cell ratlo = size of PD device
inverters.

Read margin increases with VVdd since Vitrip
(=Vdd/2) increases...

0s
— Hold Upper limjt of :
i T | SNM = vdi/2 =

Cell Ratio
Read-SNM increases with cell ratio (increasing
Pull-down device) since bigger PD device
reduces the V_Q




3-Transistor DRAM Cell (Early Days)

- : 1 Kbit memory: Intel
Periodic refresh operation y

consists of read followed Still used in some ASICs
BL1 by write BL2 Dynamic: since it involves
WWL charge storage on a
®

capacitor

RWL _L M

T™s [ RWL /N

M4 X M, X / Vpp- Vt
Co BLL / \ Voo

T BL 2 Vpp- V1 /A

Cell is written by placing value on BL1 and asserting Write Word Line (WWL=1)
Data retained as charge stored on Cs once WWL=0

For reading the cell, RWL=1

M2 can be on or off depending on stored value

BL2 is either clamped to Vdd or is precharged to either Vdd or Vdd-Vt

M2-M3 pulls BL2 low when X=1, otherwise BL2 remains high (cell is inverting:
senses the inverse value of the stored signal )




BL1 BL 2

3T-DRAM — Layout =

S

BL2 BL1 GND Cs

Unlike SRAM, no constraint
on device sizes

Read operation is non-
destructive

No special process steps
needed

Value at node X = V. - Vin

This reduces the current
through M2 during read
operation and increases read
access time: can use a higher
value of V,,,,, to avoid this




1- Trans:stor DRAM Cell o ervasivern

commercial memory design

WL Write 1 Read 1

_T_ WL / 0\ / N\

L My X GND _ Vpp2 VY _
1 Cs | .
— y |
= BL__ —2—
Vhn!/2 > Vhn/2
. bD sensing PP

Write: Place data on BL and assert WL, depending on data value, Cs is 1 or 0

Read: before read, precharge BL to Vpge

After WL=1, charge redistribution takes places between bit line and

storage capacitance resulting in a voltage change on BL
Cs Charge transfer
AV = Vg —Vpre = (Mir —Vere) Cat Cay ratio (1-10%)

Vgt is initial voltage on C. Vg, is final voltage on BL after charge redistribution.
Voltage swing is small since C,<<Cg; typically around 250 mV.

Note: From charge conservation, CsVgr + Cg Vpre = (Cs + Cg)Viinar @aNd Viing (& Vi)




DRAM Cell Observations

0 1T DRAM requires a sense amplifier for each bit line, due to
charge redistribution read-out.

d DRAM memory cells are single ended in contrast to SRAM
cells.

dThe read-out of the 1T DRAM cell is destructive; read and
refresh operations are necessary for correct operation.

4 Unlike 3T cell, 1T cell requires presence of an extra
capacitance that must be explicitly included in the design.

 When writing a “1” into a DRAM cell, a threshold voltage is
lost. This charge loss can be circumvented by bootstrapping
the word lines to a higher value than Vg




1-T DRAM Cell

Capacitor

M, word
line

Diffused
bit line

Inversion layer
Poly y

induced by Polvsilicon Polysilicon
plate bias gate plate
Cross-section Layout

Uses Polysilicon-Diffusion Capacitance
Expensive in Area




Advanced 1T DRAM Cells

Word line

Capacitor dielectric layer

Insulating Layer Cell plate

aa"a
.....

Cell Plate Si

Capacitor Insul-

Storage Node

pi
e

Refilling Poly

Si Substrate
2nd Field Oxide

Trench Cell Stacked-capacitor Cell




Non-Volatile Memory




Flash Memory (with Floating Gate (FG) Transistor)

NAND NOR

Programming

i Vg (>8 V)

Vd (>4 V)

Erasing

N-type device

CG: control gate
COX: control oxide
FG: floating gate
TOX: tunnel oxide

Read-out: by applying
A cellcurrent & smaltll read voltage

Jread current

Programmed/FG

Unprogrammed

—
low VT read voltage Control-gate

voltage




NAND vS. NOR circuit

NOR-EEPROM

I

NAND-EEPROM

" — Floating Gate

/ I Control Gate (g

Select Gate

Control Gate

/ —

Select Gat

)

SG (D) WLl WL2 WL3

‘_E_
JU LB B B

wL15 w16 SC ()

.

g-g---I

5 e e O

Devices can be
Randomly accessed

NOR: It's available for random access

Source N
Bit Line (BL)
SG (D) ()

WL 1 o
P it

WL 2 ' e

World Line (WL) = = =~/ Unit cell
WL 15 F®
WL 16 @
Source Line (SL)= SG () S ANTICH

\ 5 stor/-16.Bi ={

Both SG devices needed for read out
NAND: It's allowed to access one bit only per readout operation




Merits of NAND Merits of NOR

% Multiple cells at once

(D High speed programming (%) @ High speed random access
@ High speed erasing @ Bit programming
@ High CapaCity (Individual bit cell for programming/erasing process)

@ Low cost per bit

1 Demerits of NOR

1 Demerits of NAND

@ Slow programming

@® Slow random access @ Slow speed erasing

@ Bit programming cannot be performed ® Low capacity

®) Slow read operation @ High cost per bit

(Serial access => sequential data readout) (NOR must be erased in large “chunks”. Those

chunks can often be subdivided and erased in
smaller subunits resulting in a performance penalty)

- Applications - U - Applications - []

« Suitable for Data Memory (Handy terminal, * Suitable for replacement of EPROM
Voice recorder, DSC, Fax modem, etc) * Suitable for control memory (BIOS,
Cellular, HDD, etc)

ECE 225 / Kaustav Banerjee



Scaling issues

Major obstacles for Bit Line
FG transistor scaling: (0) ¢
CG CG

: COX cox

1. COX/TOX  _ ___----- FG FG
thickness o Channel Channel

2. Cell-to-cell Source
interference  "~~.____

Substrate

» thin COX/TOX -> leakage current -> short retention time

» small cell-to-cell distance -> Vth perturbation by adjacent cells

Promising solution: 2D materials....

Can 2D-Nanocrystals Extend the Lifetime of Floating-Gate Transistor Based Nonvolatile Memory?
Wei Cao, Jiahao Kang, Simone Bertolazzi, Andras Kis and Kaustav Banerjee
IEEE Transactions on Electron Devices, vol. 61, No. 10, pp.3456-3464, 2014.




Phase Change RAM

set

X R
time
amorphous / crystalline amorphous

- - | m
V, V ' v

Works on repeated switching of phase change material between the amorphous (high-resistance)
and crystalline (low-resistance) states by application of a suitable electrical current.

time

A large current pulse is applied to an amorphous material which heats it up, leading to a threshold
voltage shift to a lower value, causing a sudden increase in current. Joule heating from this heats

up the material beyond crystallization temperature (T,) and the material changes to a crystalline
state.

Under application of an even larger sharp current pulse, the crystalline material melts (melting
temperature T,,) and then solidifies to an amorphous state.




Phase Change RAM

| g g of) o o S

] —«—reset
e L

Normalized Resistance

sonthacaall o aalh oo aall o d ol ol ol

® Phase Change Materials
a AY g
<
" AV M SiO
s Ay
B AVeycY
o AVe)cy
GeO»
P .,
. 3
o ¥°Si
A e te,
.:‘ e . .
o b o0 eGeS ’: A
A. AN ."
L) o A o :A S G
3 ... i - o* A 2 oSNNS
s ‘ Al 0'.. -
K
“"L’ . Sk
St?eTe Q: oSnTe A oPb

-

«PbTe
Bi

Switching from an amorphous to a crystalline state and vice-versa happens in nanoseconds,
much faster than a flash memory, and is comparable to SRAMs

PCRAMSs can endure a read/write cycle of up to 100 million times while a set/reset resistance

ratio of 3 orders ensures robust noise margin

Main challenges to implementation are the requirement of a large cell size (small cell size can
cause appreciable heating during a read operation), electromigration due to increased heating,
and CMOS compatible crystallization and melting temperatures.




Spin Torque Transfer RAM

STT-AFM-MRAM
Bitline

Electrode

e scattering }

Electrode
@®-FM

Fixed B Free

Unpolarized
current

Spin polarization by Free layer

no e-scatte ring fixed layer polarization by STT

Read Operation Write Operation

STTMRAM is a building component of a
MRAM. Polarization of one fixed layer of
Ferro-Magnet (FM) and one free FM are
tuned to change from a low-resistance to a
high resistance state

Spin polarized electric current can tune the
polarization of the free layer of FM by
exerting Spin Transfer Torque (STT)

During a read operation a small current is
pulsed from the bottom to the top electrode.
Electrons passing through the bottom layer of
spin polarized FM are spin polarized and
scatter off from the top layer of FM if it has an
opposite spin polarization leading to a high
resistance. Same spin electrons suffer no
scattering and register a low resistance.



Spin Torque Transfer RAM

Figure of merit of STT-MRAM is defined by a Giant Magnetoresistance (GM) ratio given by
R4p — Rp
Rp
where, Rp = resistance when the FM layers have parallel polarization
Rap = resistance when FM layers have anti-parallel polarization

GM =

Has the potential to be scaled down to sub-10 nm regimes without sacrificing performance as
the relatively huge GM of STT-MRAMs guarantees adequate performance

Switching speeds can be as low as few tens of nano-seconds at only 7.5 microamps of
current.

Relatively large cost of implementation is the bottleneck right now for their implementation




Memristor

2H + 1T MoS, Superlattice

%

—P

- i o

..........

S5 2H AT, 2HAT: 2H AT 2HA S

&

SiO,

Si Back Gate y

A memristor is an electrical device whose
electrical resistance is not constant, but
instead, is dependent on the history of
electrical current flown through it.

Various classes of memristor proposed —
titanium dioxide, polymeric, layered,
ferroelectric and so on..

A memristor can retain most of its memory of
resistance even when power is switched off —
non volatile memory

A memristive transistor (shown of the figure)
was shown by selectively irradiating specific
spots on a MoS, crystal with e-beam to
induce a phase transformation of a metallic
1T- phase from semiconducting 2H-phase

Quantum dots thus produced can store
charge when current is pumped through,
thereby altering the resistance state



Memristor

a
10°
« As seen from the voltage sweeps on the e f;jfj;‘;e
right, the resistance of the memristor is % 0] ERLs
dependent on the direction of the sweep. %103 backward
This hysteresis behavior also changes the ® 10“‘| \\ \
resistance of the transistor during both 10; ,
forward and reverse sweeps. A \ ~5|
0 5 \
« Light excitation can also pump charge into b i
the system thereby modulating the
electrical resistance. 10
S 10°
- Can offer very low latency times for g:g;
read/write (in order of few ns) with potential £
for ultimate scalability in the order of sub- 104
10 nm i




ReSIstlve RAM (RRAM):

Non-volatile memory element whose “ON state” “OFF state”
resistance states are dependent on
past programming.

O Works on the principle of creation
and rupture of conducting filament.

O Generally, a transistor connected in
series is used to source the

Top electrode (V¥)

Top electrode (V-

HRS

Bottom electrode (V¥)

rogramming current.
prog g (a) (2)
10? £100 On/off >10*
> <+
WL BL 210.4 % 80}
? = 10° .§ 60} LRS HRS
= el
Gate oxide £ 10° @ 41
U10-10 '(_% 20.
Channel 1072 A . g of
\-/1oltagg(V) : R W o Igg;s'gg;cé 70)10a o
Substrate

RRAM switching characteristics
Traditional RRAM




Resistive RAM (RRAM): courer o
@50 .BL

O The transistor and memory units were uniquely
coupled in the 0.5T0.5R-RRAM device,
demonstrating enhanced scalability, lower energy
and record performance

O Can further be used for demonstrating synaptic
behavior in neuromorphic (NM) circuits and

multiply-accumulate  operation in  in-memory edge contacr 5
computlng. switching layer
0.5T0.5R-RRAM
Vi V Vi
(a) (b)2 5 Width= 10 ni G U G@ o (_;_Q
(Pre-synaptic cell)  (Post-synaptic cell) 22:0 (';?;etn;iza.tsi(:;‘l = | Wi, I)@~ IJ-@- "; .)-@“5
< 3 Depression '\l '\l : H SLy
) : =15 -1.9t0-2.6 V) » e .= h
§ 1.0¢ f ¥ WLz./ Y see o~
: 505} ™ ) N st
I (@) —_— 2
E.T@]__ 00} 00000°° . | .
- 0 10 20 rEH pEH r@u
PuIse number "
o | S Lo ls
Application in NM computing S -
MAC operation in in-memory
computing




FerroeIGCtric RAM a Utilizies a ferro-electric layer with

free polarization charges to induce
carrier formation in the access
transistor channel. This modulates
the electrical resistance of the
transistor, thereby acting as a
memory element.

O Used ferroelectric material is

Ferroelectric

b generally lead zirconate titanate
(PZT)

P

QO Switching speed of FeRAM depends
on the speed of the physical
movement of polarization charge
which can be as small as few
nanoseconds.

Once a particular state is written, the polarization
charges are held across the Ferroelectric.

Because of the absence of periodic refresh as in
DRAM cells, the power consumption is substantially
smaller. Main drawback is the robustness, with
extensive cycling leading to a loss of polarization
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