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Abstract

The dream of achieving a universal memory that can
provide robust non-volatile memory states along with low-
energy operation has been the key driving force of memory
research. Despite dominating the memory market,
conventional charge-based memories cannot satisfy these
requirements. However, UltraRAM, an oxide-free charge-
based memory cell, aims to achieve both of these
requirements. This device achieves non-volatility (with an
endurance of over 107 cycles and a retention of over 1000
years) along with switching at low-voltage (+2.3 V) utilizing
a triple-barrier resonant tunneling (TBRT) structure made of
InAs/AlSb. In this work, we propose an array design for
UltraRAM-based memory devices. Our proposed memory
array features separate read-write path and eliminates the
possibility of accidentally switching the memory states stored
in the array. Moreover, our design allows us to read all the
cells in a column in one cycle without imposing any limit on
the scalability. Besides, since the read operation in our
proposed design is independent of the write mechanism, there
is flexibility to optimize the read operation for memory and
in-memory computing applications.
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1. Introduction

Charge-based memories such as static random-access
memory (SRAM), dynamic random-access memory
(DRAM), and flash have dominated the memory market to
date for both room temperature and cryogenic applications
[1]-[3]. However, each of these memory technologies suffers
from their own challenges. Flash memories are essentially
metal-oxide-semiconductor field-effect transistors
(MOSFETs) with a floating gate (FG) to store charge [4].
Storing/erasing charge in the FG determines the memory
states and the non-volatile nature of the charge storage makes
the flash memories suitable for data storage. However, to
achieve this non-volatility, large voltage (typically + 20V
[5]) needs to be applied to the control gate (CG), which
induces voltage-accelerated failure in the oxide separating FG
and CG and consequently, limits the endurance of the flash
memories [5], [6]. Compared to the flash memories, DRAMs
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can operate faster and with smaller voltages but suffer from
destructive read [7]. Moreover, to preserve the data stored
against the charge leaking from the capacitor, DRAMs need
to be refreshed persistently (after every few tens of milli
seconds). SRAM is the fastest among the charge-based
memories and provides better data retention than DRAMs
which makes SRAMs well suited for cache [8], [9]. However,
the most efficient design of SRAM typically requires six
transistors and, therefore, adhere to a large footprint to store
one bit. Due to these issues, a number of emerging
technologies (such as resistive [10], [11], spintronic [12],
[13], ferroelectric [14], [15], phase change [16], etc.) have
been explored in pursuit to find a universal memory [17].

A universal memory should feature fast speed, non-
volatility, low voltage operation, low energy requirement,
high endurance, high retention, high cost-efficiency to satisfy
the memory requirements in different applications [17].
However, the apparently contradictory requirements of non-
volatility and low energy (fast and low voltage operation) led
to a conclusion that the realization of a universal memory is
unrealistic if not impossible [1], [18]. However, in 2019,
UltraRAM [19] was reported to achieve the contradictory
requirement of non-volatility and low energy operation
through a triple-barrier resonant tunneling (TBRT) structure
using InAs quantum wells and AlSb barriers (Figure 1(a)). In
UltraRAM, the memory states are defined by storing
(erasing) the charge in (from) FG, alike the flash memories.
However, the charges are stored in/erased from the FG of
UltraRAM through the InAs/AlSb TBRT structure which has
a conduction band offset of 2.1 eV. This barrier is larger than
that of the flash memories (1.6 eV) which proves the non-
volatility nature of the storage. Moreover, the device allows
resonant tunneling at low voltages (& 2.3V). The
combination of low voltage operation, non-volatility, and
small capacitance leads to orders of magnitude lower
switching energy compared to DRAMs and flash memories
[20]-[22]. UltraRAM also provides large data retention of
over 1000 years and high endurance of over 107 cycles [20].

Considering the immense prospects of UltraRAM, this
can be a potential alternative to flash and DRAMs. However,
to use any memory as data storage and active memory, the
most important feature is to be able to access (write/read) any
specific bit (cell) without disturbing other cells in the array.
Also, the capability of scaling the memory to a larger size is
of paramount importance. There is an existing design of
UltraRAM memory array [21], [22] but the read operation in
this array will face challenges (such as ), when the size of the
array is large and may even lead to a read failure in extreme
cases. Therefore, the scalability of this design will be limited
(discussed in section 3). In this work, we propose a novel
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Figure 1:(a) Schematic and (b) symbol of the II-V
semiconductor-based UltraRAM device. (¢) Dependence of
Is_p on Vi _pe and Vs_p which shows non-volatile memory

states and low-voltage switching [20].

array structure for UltraRAM memories with separate read-
write path capability which would not impose any limit on the
scalability. Also, due to the use of separate read-write paths,

the design provides high flexibility to optimize the read

operation for different in-memory computing applications.

The main contributions of this work are,

e Developing a circuit-compatible compact model for
UltraRAM to facilitate circuit/system-level simulations,

e Investigating the existing array design and identifying
the issues,

e Designing a novel array for UltraRAMs with separate
read-write paths that do not impose any limit on the
scalability of the array, and

e Demonstrating the operation of the proposed array
through simulation.

The rest of the paper is organized as follows. Section 2
provides a brief background and operation of UltraRAM,
Section 3 investigates the existing array design of UltraRAM
and presents our proposed array and its advantages. Section 4
demonstrates the simulated read and write operations with our
proposed array design, and Section 5 presents conclusions of
the study.
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Figure 2: (a) Overview of our approach to develop a compact model of UltraRAM. (b) List of the parameter values required to
mimic the UltraRAM behavior with Boltzmann growth function. (¢) Validation of our model with the experiment [20].
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2. Working principle and modeling of UltraRAM

In this section, we briefly discuss the structure,
organization and features along with the modeling principles
of UltraRAM.

Figures 1(a) and (b) show the schematic and symbol of
the UltraRAM device, respectively. As seen in Figure 1(a),
the device has four terminals- control gate (CG), back gate
(BG), source (S), and drain (D). As mentioned earlier, the
device stores the two logic states by storing (erasing) into
(from) the floating gate which is separated from CG with an
oxide (AlO3) layer. FG stores logic ‘1’ (‘0’) when the
charges are erased from (trapped in) the FG. The channel of
the device is made with an n-type InAs which determines the
current separation between the two states. Between FG and
the channel, multiple thin layers of InAs/AISb are used to
form the TBRT structure. Without any bias between CG and
BG (Veg_pe = 0), this structure does not allow any electron
to pass to FG. However, upon applying a strong enough bias
(Veg_pe = 2V), electrons can be stored in FG (writing ‘0).
Similarly, applying a bias with opposite polarity (Ve_pe <
—2V), the stored electrons can be removed from FG (writing
‘1”). Therefore, to write into a memory cell, only a suitable
bias between CG and BG is enough (Figure 1(c)).

Figure 1(c) shows the /-V characteristics of a UltraRAM
device, where we can see that even when Vi;_g; = 0, there
is enough separation between the currents of two logic states
under a certain source-drain bias (Vs_p). This characteristic
can be used for readout purpose. So, to read from a cell, only
a suitable Vs_p needs to be applied keeping Ve _ge = 0.

In this work, first, to facilitate the circuit/system level
simulation using UltraRAM, we develop a Verilog-A-based
compact model. Figure 2 shows the overview of our modeling
approach. Here, we utilize the curve fitting tool of OriginLab
software to mimic the /-V characteristics (separately for two
states) shown in Figure 1(c). In this process, we use the
Boltzmann growth function which is as follows-

flx) = 2222+ 4, (1)

X=X
1+e dxo

Where, A, 4,, x,, and dx are fitting parameters. Now, to

mimic the dependence of the source-drain current (Is_p) on

Vee—pe and Vs_p, we used a modified version of equation (1)
which is as follow-

A1—A;
0
Vc6-B6—Yc6-BG
av

IS D(VCG BG'VS D) -

Vs D

2)

Figure 2(b) shows the values of the fitting parameters of
equation (2) for two states. After achieving a reasonable fit
with this approach, we implement the model in Verilog-A to
make this model capable of being used in the major circuit
simulators such as SPICE, SPECTRE, etc. Figure 2(a) shows
the steps of the modeling approach in Verilog-A. After
getting the required inputs such as voltage biases, current
state of the device, etc., the model compares Vi;_ps of the
device with the suitable switching threshold and determines
if the state will be changed or not. After that, with the updated
state, the model chooses the values of the fitting parameters
(listed in Figure 2(b)) and plugs the values into equation (2)
which finally calculates the Is_p (Veg_pe, Vs—p)- Figure 2(c)
shows the validation of our developed model against the
experimental data reported in [20].

3. Array design for UltraRAM memories

Scalability - capability of accessing individual cells in the
array and preserving the stored information of the unaccessed
cells from the accidental manipulation are the key
characteristics that any memory device should possess for the
practical use-cases. As a result, designing an array with all the
above-mentioned characteristics is one of the most important
tasks for any memory device. Figure 3(a) shows the
schematic of the existing UltraRAM array reported in [21],
[22]. In this array, the drain (D) contacts and BG contacts of
all the UltraRAM devices are shorted together and serve as
the common ground. Along the row (column), the CG (S)
contacts of all the devices are connected together through

word lines, WLs (bit lines, BLs). Now, to write into a memory
VWRITE

cell, half of the write voltage (——) is applied to the

suitable WL (CG) and the other half'i 1s applied to the suitable
BL (S) (Figure 3(b)). Upon applying these WL and BL biases,
only the accessed cell gets Vi pirr as Veg_pe and the cells in

the same row and column of the accessed cell gets @.
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Figure 3: (a) Schematic of the existing array design for UltraRAM reported in [21], [22]. Mechanisms of (b) write and (c) read
operations of a specific cell (marked with purple dashed box) in the array.
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Figure 4: (a) Schematic of our proposed array design for UltraRAM memories. (b) Biasing scheme to write into and read from
a specific cell (marked with blue box in (a)) in the proposed array. (¢) Vys_pe and Vs_p of accessed, half-accessed, and
unaccessed (marked with blue, orange, and gray boxes in (a), respectively) cells during write and read operations, respectively.

VWRITE
2

Since, cannot change the state of the memory cells,

only the accessed cell gets written to the intended state. Now,
for read operation, the shift in the threshold voltage (Viy)
corresponding to the device state is leveraged. Here, a voltage
(Vrgr) is first applied to the WL so that it only makes the cell
storing logic ‘1’ conducive (Figure 3(c)). For this, Vggp
should be in between the two Vi corresponding to two states.
Then, a voltage is applied to the BL to get a current (Is_p)
based on the state stored in the accessed cell (Figure 3(c)).
This design has been reported to work experimentally for a
2 X 2 array [22]. However, the read mechanism used in this
design will limit the scalability of the array. For example, as
shown in Figure 3(c), when we apply BL voltage to read from
a specific cell, all the cells in the same column gets the same
Vs_p. Even if other cells except the accessed one get 0 V
between their CG and BG, there should be a significant
amount of Ig_p through these cells according to the
characteristics shown in Figure 1(c) [20]. Also, as all the drain
contacts in the array are tied together to ground, these
I5_p currents will be added to that of the accessed cell which
will eventually lead to a read failure. Also, the currents that

flow through the other cells in the column of the accessed cell
depend on the state stored in those cells. This will necessitate
more complicated peripheral circuit design and the choice of
the reference to sense the memory state of the accessed cell.
To circumvent these issues of the existing array design,
we propose a new array design for UltraRAM memories that
allows the user to write into/read from any individual cell in
the array using two separate paths and hence, without
disturbance to other cells. Also, our proposed array and
accessing technique does not impose any limitation on the
scalability of the array. Figure 4(a) shows the schematic of
our proposed array design. Unlike the existing array, in our
design, we do not connect the BG and D contacts of the
UltraRAM devices. Here, for write operations in any specific
cell, we directly apply the write voltage between the CG and
BG contacts of the cell through the BLs and write word lines
(WWLs) but do not need any bias between the S and D
contacts. And, for the read operation, we apply the read
voltage between S and D contacts of the cell keeping
Vee—ge = 0. Here, the sense line (SL) current during read
operation depends on the values of Vs_p and Alg_p (marked
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Figure 5: Applied V;;_p¢ across the accessed, half-accessed, and unaccessed cells during (a) write ‘1’ and (b) write ‘0’
operations. SL currents with a Vs_j of 0.2 V for (¢) write ‘1’ and (d) write ‘0’ operations. (e) Applied Vs_j, across the accessed
cell for read operation. (f) SL currents corresponding to the accessed cell storing logic ‘0’ and ‘1°. Note, our proposed memory
array and biasing scheme allows the user to read all the cells in a column in a single cycle without causing any adverse impact.

in Figure 1(c)). The value of Al;_j is crucial since it
represents the sense margin and directly affects the read
performance of the memory. One way to increase Alg_p is to
increase the applied Vs_p across the cell. However, in the
existing design presented in Figure 3 (a), since both

Vee-pe and Vs_p are applied during read operation, the value

WRITE

of Vs_p must be less than 4 S to prevent any accidental

write. In our design, since we only use Vs_j, to read from a
cell in the array, we can use any value for Vs_p and hence, we
can optimize the read performance to the fullest. As
mentioned earlier, our proposed array uses two completely
separate paths for write and read operations eliminating any
possibility of accidental switching.

Figure 4(b) shows the biasing scheme to access (write
into/read from) any specific cell in our proposed array. For
ease of discussion, we assume that we want to access the (2,
2) cell in the array (marked with blue dashed box in Figure
4(a)). Now, to write into this cell, we utilize the VV /2 biasing
scheme [23], [24] for the BLs and WWLs. First, we apply

Virere (£2.3 V) to BL, and Z#RI7E (41,15 V) to other BLs.
w. 2

Then, we apply 0 V to WWL, and ngﬂ to other WWLs.

These biases to BLs and WWLs make sure that the (2, 2) cell

gets Viyrire, the half-accessed cells (marked with orange

VWRITE
2

dashed box in Figure 4(a)) get (not enough to

manipulate the state of the device), and the unaccessed cells
(marked with orange dashed box in Figure 4(a)) get 0 V
between the CG and BG contacts. Next, to read from the same
cell, we apply Vggap to RWL, and 0 V to all the other control
lines (RWLs, WWLs, BLs, and SLs). Due to this biasing, the

accessed cell will get Vggap between the S and D contacts,
and a current will flow through the corresponding SL based
on the memory state stored in the cell. Note, our proposed
array also allows to read from all the cells in one column in a
single cycle without causing any issue since the cell currents
will flow through separate SLs and hence, will be fed to
separate sense amplifiers. Figure 4(c) shows the voltages
dropped across the accessed, half-accessed and unaccessed
cells during write and read operation of any specific cell in
the array.

4. Simulated write and read operations

In our work, we adapt the simulation-based approach to
demonstrate the memory operations in our proposed array.
We discuss the simulated write and read operations in this
section. Here, we simulate a 4 X 4 array in HSPICE. In the
simulation framework, we utilize the developed Verilog-A-
based compact model of UltraRAM device. First, we simulate
the write operation. Figures 5(a) and 5(b) show Vi;_gs of the
cells during write ‘1’ and ‘0’ operations, respectively
resulting from the application of suitable biases to the WWLs
and BLs. Note, during write ‘0’ (write ‘1”) operation before
applying the biases, we initialize all the cells in logic ‘1’
(logic ‘0’) state. Now, to show that the intended write
operations have been successfully performed, we apply a
Vs_p of 0.2 V with the help of RWLs and SLs (not necessary
to perform the write operation). For the same Vs_p, the cell
storing logic ‘1’ leads to larger current flow than the cell
storing logic ‘0’. Figures 5(c) and 5(d) show the SL currents
(Ig,) corresponding to the accessed cell which show the
successful ‘0’ = ‘1’ and ‘1 - ‘0’ write operations,
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Figure 6: (a) Effects of Vzg,p on read distinguishability (Als_p) and average read power that can be leveraged to optimize the
read operation. (b) Comparison of our proposed memory array with the existing design from [21], [22].

respectively. Figures 5(c) and 5(d) also show that the half-
accessed cells get @ between CG and BG but that cannot

switch the state of the cell. Next, we simulate the read
operation. Here, we apply Viypap between the suitable RWL
and SL so that the accessed cell gets Vs_p, = Vgpap (Figure
5(e)). As a result, the SL corresponding to the accessed cell
shows two levels of current based on the state stored in that
cell (shown in Figure 5(f)).

Here, we use Vggap = 0.2 V and we get a Als_j of 28 uA
which provides enough distinguishability to sense the
memory states with a current-based sense amplifier [25], [26].
In our simulation, we measure an average read power of
1.26 mW for Vggap = 0.2 V. Next, we also simulate the read
operations with different values of Vgyg4p and show its effect
on the average read power and the distinguishability (Als_p)
in Figure 6 (a). Here, it is seen that increasing Vg 4p improves
Alg_p, but leads to more power consumption. Note, unlike the
existing design, our proposed array does not impose any limit
on the value of Vzz,p. Therefore, our design provides more
flexibility to optimize the write and read operations separately
for other applications like in-memory computing. Figure 6(b)
summarizes the improvements our design offers compared to
the existing design.

4. Conclusion

UltraRAM memories offer a great potential to satisfy the
contradictory requirement of robust non-volatile memory
states and low energy operation of a universal memory. In this
work, we proposed a novel memory array design for
UltraRAM memory devices that uses two separate paths for
write (CG and BG) and read (S and D) operations and hence,
eliminates any possibility of accidental manipulation of the
stored states. Moreover, our proposed design does not impose
any limit on the scalability of the array as well as allows the
user to read all the cells in a column in a single cycle without
having any adverse impact on the performance. Finally, our
design allows the use of any values of V5 4p Which facilitates
the optimization of the read operation for memory and in-
memory computing applications.

5. References
[1]  H.S.P. Wong and S. Salahuddin, “Memory leads the
way to better computing,” Nat. Nanotechnol. 2015

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

103, vol. 10, no. 3, pp. 191-194, Mar. 2015, doi:
10.1038/nnano.2015.29.

Z.Shen, S. Srinivasa, A. Aziz, S. Datta, V. Narayanan,
and S. K. Gupta, “SRAMs and DRAMs with separate
read-write ports augmented by phase transition
materials,” IEEE Trans. Electron Devices, vol. 66, no.
2, pp- 929-937, Feb. 2019, doi:
10.1109/TED.2018.2888913.

S. Alam, M. S. Hossain, S. R. Srinivasa, and A. Aziz,
“Cryogenic Memory Technologies,” ArXiV Prepr.,
Nov. 2021, doi: 10.48550/arXiv.2111.09436.

R. Bez, E. Camerlenghi, A. Modelli, and A. Visconti,
“Introduction to flash memory,” Proc. IEEE, vol. 91,
no. 4, pp- 489-501, 2003, doi:
10.1109/JPROC.2003.811702.

S. K. Lai, “Flash memories: Successes and
challenges,” IBM J. Res. Dev., vol. 52, no. 4-5, pp.
529-535, 2008, doi: 10.1147/RD.524.0529.

S. Aritome, R. Shirota, G. Hemink, T. Endoh, and F.
Masuoka, “Reliability issues of flash memory cells,”
Proc. IEEE, vol. 81, no. 5, pp. 776-788, May 1993,
doi: 10.1109/5.220908.

B. Jacob, D. Wang, and S. Ng, Memory systems:
cache, DRAM, disk. Morgan Kaufmann Publishers
Inc., 2010.

S. Alam, N. Amin, S. K. Gupta, and A. Aziz, “Monte
Carlo Variation Analysis of NCFET-based 6-T
SRAM,” in Proceedings of the 2021 on Great Lakes
Symposium on VLSI, 2021, pp. 467-472, doi:
10.1145/3453688.3461742.

M. Qazi, M. E. Sinangil, and A. P. Chandrakasan,
“Challenges and directions for low-voltage SRAM,”
IEEE Des. Test Comput., vol. 28, no. 1, pp. 32-43,
Jan. 2011, doi: 10.1109/MDT.2010.115.

A. Zeumault, S. Alam, Z. Wood, R. J. Weiss, A. Aziz,
and G. S. Rose, “TCAD Modeling of Resistive-
Switching of HfO2 Memristors: Efficient Device-
Circuit Co-Design for Neuromorphic Systems,”
Front. Nanotechnol., vol. 0, p. 71, Oct. 2021, doi:
10.3389/FNANO.2021.734121.

S. Alam, M. M. Islam, J. Hutchins, N. Cady, S. Gupta,
G. Rose, and A. Aziz, “Threshold Switch Assisted
Memristive  Memory  with  Enhanced Read

Authorized licensed use limited to: Lancaster University. Downloaded on January 19,2024 at 18:08:17 UTC from IEEE Xplore. Restrictions apply.



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

Distinguishability,” pp. 531-534, Nov. 2022, doi:
10.1109/NANO54668.2022.9928710.

A. Aziz, N. Shukla, S. Datta, and S. K. Gupta, “Read
optimized MRAM with separate read-write paths
based on concerted operation of magnetic tunnel
junction with correlated material,” in Device Research
Conference - Conference Digest, DRC, 2015, doi:
10.1109/DRC.2015.7175544.

T. Andre, S. M. Alam, D. Gogl, J. Barkatullah, J. Qi,
H. Lin, X. Zhang, W. Meadows, F. Neumeyer, G.
Viot, F. Hossain, Y. Zhang, J. Janesky, M. Deherrera,
and B. Kang, “ST-MRAM Fundamentals, challenges,
and outlook,” 2017 IEEE 9th Int. Mem. Work. IMW
2017, Jun. 2017, doi: 10.1109/IMW.2017.7939104.
D. Takashima, “Overview of FeERAMs: Trends and
perspectives,” 2011 11th Annu. Non-Volatile Mem.
Technol. Symp. NVMTS 2011, pp. 36-41, 2011, doi:
10.1109/NVMTS.2011.6137107.

J. Vaidya, R. S. S. Kanthi, S. Alam, N. Amin, A. Aziz,
and N. Shukla, “A three-terminal non-volatile
ferroelectric switch with an insulator—metal transition
channel,” Sci. Reports 2022 121, vol. 12, no. 1, pp. 1—
7, Feb. 2022, doi: 10.1038/s41598-021-03560-w.

H. S. P. Wong, S. Raoux, S. Kim, J. Liang, J. P.
Reifenberg, B. Rajendran, M. Asheghi, and K. E.
Goodson, “Phase change memory,” Proc. IEEE, vol.
98, mno. 12, pp. 2201-2227, 2010, doi:
10.1109/JPROC.2010.2070050.

J. Akerman, “Toward a universal memory,” Science
(80-. )., vol. 308, no. 5721, pp. 508-510, Apr. 2005,
doi:
10.1126/SCIENCE.1110549/ASSET/E79FD10E-
DE66-4D47-90D3-
7D61F65F68F1/ASSETS/GRAPHIC/508-1.GIF.

S. Yu and P. Y. Chen, “Emerging Memory
Technologies: Recent Trends and Prospects,” IEEE
Solid-State Circuits Mag., vol. 8, no. 2, pp. 43-56,
Mar. 2016, doi: 10.1109/MSSC.2016.2546199.

M. Hayne, “Electronic memory devices,” US Patent,
US10243086B2, 2019.

P. D. Hodgson, D. Lane, P. J. Carrington, E. Delli, R.
Beanland, M. Hayne, P. D. Hodgson, D. Lane, M.
Hayne, P. J. Carrington, and E. Delli, “ULTRARAM:
A Low-Energy, High-Endurance, Compound-
Semiconductor Memory on Silicon,” Adv. Electron.
Mater., vol. 8, no. 4, p. 2101103, Apr. 2022, doi:
10.1002/AELM.202101103.

D. Lane and M. Hayne, “Simulations of Ultralow-
Power Nonvolatile Cells for Random-Access
Memory,” IEEE Trans. Electron Devices, vol. 67, no.
2, pp- 474-480, Feb. 2020, doi:
10.1109/TED.2019.2957037.

0. Tizno, A. R. J. Marshall, N. Fernandez-Delgado,
M. Herrera, S. 1. Molina, and M. Hayne, “Room-
temperature Operation of Low-voltage, Non-volatile,
Compound-semiconductor Memory Cells,”  Sci.
Reports 2019 91,vol. 9, no. 1, pp. 1-8, Jun. 2019, doi:
10.1038/s41598-019-45370-1.

S. Alam, M. S. Hossain, and A. Aziz, “A non-volatile
cryogenic random-access memory based on the

[24]

[25]

[26]

quantum anomalous Hall effect,” Sci. Rep., vol. 11,
no. 1, pp. 1-9, 2021, doi: 10.1038/s41598-021-87056-
7.

S. Alam, M. M. Islam, M. S. Hossain, K. Ni, V.
Narayanan, and A. Aziz, “Cryogenic Memory Array
based on Ferroelectric SQUID and Heater Cryotron,”
2022 Device Res. Conf., pp. 1-2, Jun. 2022, doi:
10.1109/DRC55272.2022.9855813.

M. F. Chang, S. J. Shen, C. C. Liu, C. W. Wu, Y. F.
Lin, Y. C. King, C.J. Lin, H. J. Liao, Y. Der Chih, and
H. Yamauchi, “An offset-tolerant fast-random-read
current-sampling-based sense amplifier for small-cell-
current nonvolatile memory,” [EEE J. Solid-State
Circuits, vol. 48, no. 3, pp. 864-877, 2013, doi:
10.1109/JSSC.2012.2235013.

A. Aziz, X. Li, N. Shukla, S. Datta, M. F. Chang, V.
Narayanan, and S. K. Gupta, “Low power current
sense amplifier based on phase transition material,”
Device Res. Conf. - Conf. Dig. DRC, Aug. 2017, doi:
10.1109/DRC.2017.7999425.

Authorized licensed use limited to: Lancaster University. Downloaded on January 19,2024 at 18:08:17 UTC from IEEE Xplore. Restrictions apply.



