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https://www.youtube.com/watch?v=5BRlkCCL-hY
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A Flash Cell
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 Basically, it is a transistor
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A Flash Cell
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 Basically, it is a transistor

 w/ a special material: Floating gate (2D) or Charge trap (3D)
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A Flash Cell
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 Basically, it is a transistor

 w/ a special material: Floating gate (2D) or Charge trap (3D)

 Can hold electrons in a non-volatile manner
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A Flash Cell

8

 Basically, it is a transistor

 w/ a special material: Floating gate (2D) or Charge trap (3D)

 Can hold electrons in a non-volatile manner

 Changes the cell’s threshold voltage (VTH) 
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Threshold Voltage Distribution
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 VTH distribution of cells in a programmed page/block/chip

 Why distribution? Variations across the cells

 Some cells are more easily programmed or erased

#
 o

f 
ce

ll
s

Erased (E)
0

Programmed
1

VREF

Threshold voltage (VTH)

y

x

There are y cells
whose VTH = x V 



VTH Distribution of MLC NAND Flash
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 Multi-level cell (MLC) technique

 2m VTH states required to store m bits in a single flash cell

 Limited width of the VTH window: Need to

 Make each VTH state narrow

 Guarantee sufficient margins b/w adjacent VTH states
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VTH Distribution of MLC NAND Flash
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 Multi-level cell (MLC) technique

 2m VTH states required to store m bits in a single flash cell

 Limited width of the VTH window: Need to

 Make each VTH state narrow

 Guarantee sufficient margins b/w adjacent VTH states

 VTH changes over time after programmed

 Narrower margins  Lower reliability

 More bits per cell  higher density but lower reliability  
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Basic Operation: Page Program

12

…

BL0

…

BL1

…

BL2

…

BL3

…

BL132,095

SSL

Wordline
WLk-1

WLk

GSL

…

…

…

…

Target Page

Block

WLk+1
…

… … … … …

String Select Line

Ground Select Line



Basic Operation: Page Program

13

…

BL0

…

BL1

…

BL2

…

BL3

…

BL132,095

SSL

Wordline
WLk-1

WLk

GSL

…

…

…

…

WLk+1
…

… … … … …

String Select Line

Ground Select Line

 WL control – All other cells operate as a resistance
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Basic Operation: Page Program

14

 BL control – Inhibits cells to not be programmed
BL0 BL1 BL2 BL3 BL132,095
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 BL control – Inhibits cells to not be programmed
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Basic Operation: Page Program
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 Incremental Step-Pulse Programming (ISPP)
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 Incremental Step-Pulse Programming (ISPP)
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 Incremental Step-Pulse Programming (ISPP)
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 Incremental Step-Pulse Programming (ISPP)
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Basic Operation: Page Read
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 WL control – All other cells operate as a resistance
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Basic Operation: Page Read
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 BL control – Charge all BLs
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Basic Operation: Page Read
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 Sensing the current through BLs
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Basic Operation: Page Read - MLC
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 Sensing the current through BLs
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Basic Operation: Page Read - MLC
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 Sensing the current through BLs
BL0 BL1 BL2 BL3 BL132,095

WLk
…

111 101 001 110

#
 o

f 
ce

ll
s

111

E

110

P1

100

P2

000

P3

010

P4

011

P5

001

P6

101

P7

MSB LSB

CSB

VTH

VREF0 VREF1 VREF2 VREF3 VREF4 VREF5 VREF6

000

1 1 0 0 1VREF5

VTH < VREF

‘1’
VTH < VREF

‘0’



Basic Operation: Page Read - MLC
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 Sensing the current through BLs
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Basic Operation: Page Read - MLC
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 Sensing the current through BLs
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Basic Operation: Page Read – Takeaways
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 Bit-encoding affects the read latency! 

 Compare # of sensing for LSB
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 Bit-encoding affects the read latency! 
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 NAND Flash Page Read/Write

 Sensing Circuitry



Read Mechanism

 NAND flash read mechanism consists of three steps: 

 1) Precharge

 2) Evaluation 

 3) Discharge
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Read Mechanism: Precharge
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Read Mechanism: Evaluation
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Disconnect the BLs from VPRE and enable the latching 
circuit

Read Mechanism: Evaluation
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If VTH ≤ VREF , the charge in CSO quickly flows through the 
NAND string (Sensed as 1)

Read Mechanism: Evaluation
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Read Mechanism: Evaluation

❹
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Bitlines are discharged to return the NAND string to its 
initial state for future operations

Read Mechanism: Discharge
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Latching Circuit

 Before the evaluation step, the chip initializes the latching 
circuit

 Activating transistor 𝑀1

 𝑉𝑂𝑈𝑇 = 0

 𝑉𝑜𝑢𝑡 = 1

45



Latching Circuit

 The evaluation step 

 Disables 𝑀𝑃𝑅𝐸 and 𝑀1

 Enables 𝑀2

46



Inverse Read
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 Performing an inverse read by simply changing the 
activation sequence of 𝑀1 and 𝑀2

 The precharge step activates 𝑀2

 The evaluation step disables 𝑀2 and activates 𝑀1

𝐈𝐎𝐔𝐓



Flash-Cosmos, MICRO’22
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https://arxiv.org/abs/2209.05566.pdf

https://arxiv.org/abs/2209.05566.pdf
https://arxiv.org/abs/2209.05566.pdf
https://arxiv.org/abs/2209.05566.pdf
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 Yu Cai, Saugata Ghose, Erich F. Haratsch, Yixin Luo, and 
Onur Mutlu,
“Errors in Flash-Memory-Based Solid-State Drives: Analysis, 
Mitigation, and Recovery,”
Invited Book Chapter in Inside Solid State Drives, 2018
- Introduction and Section 1

 Jisung Park, Myungsuk Kim, Myoungjun Chun, Lois Orosa, 
Jihong Kim, and Onur Mutlu,
“Reducing Solid-State Drive Read Latency by Optimizing 
Read-Retry,” In ASPLOS, 2021

https://arxiv.org/pdf/1711.11427.pdf
https://people.inf.ethz.ch/omutlu/pub/Reducing-SSD-Read-Latency-by-Optimizing-Read-Retry_asplos21.pdf


Recommended Material
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 Arash Tavakkol, Mohammad Sadrosadati, Saugata Ghose, 
Jeremie Kim, Yixin Luo, Yaohua Wang, Nika Mansouri 
Ghiasi, Lois Orosa, Juan Gómez Luna, and Onur Mutlu,
“FLIN: Enabling Fairness and Enhancing Performance in 
Modern NVMe Solid State Drives,” In ISCA, 2018

https://people.inf.ethz.ch/omutlu/pub/FLIN-fair-and-high-performance-NVMe-SSD-scheduling_isca18.pdf
https://arxiv.org/pdf/1711.11427.pdf
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