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Abstract— Single-poly embedded flash (eFlash) memory is a
unique category of embedded nonvolatile memory (eNVM) that
can be built in a generic logic technology. Several single-poly
eFlash cells have been proposed for cost-effective moderate
density eNVM applications. However, the optimal cell configuration of single-poly eFlash is still under debate. In this paper,
we compared various single-poly eFlash memory structures in
terms of disturbance, program/erase speed, endurance, and
retention characteristic based on simulated and experimental
data from two eFlash test chips fabricated in a generic
65-nm logic process using standard 2.5 V I/O transistors with
5-nm tunnel oxide. We conclude that a 5T eFlash cell structure
combining a pMOS coupling device, an NCAP tunneling device,
and an nMOS read/program device with two additional pass
transistors to support self-boosting is the most attractive option
for logic-compatible eNVMs.

TABLE I
L OGIC C OMPATIBLE NVM O PTIONS

Index Terms— Embedded flash (eFlash) memory, embedded
nonvolatile memory (eNVM), single-poly eFlash.

I. I NTRODUCTION

E

MBEDDED flash (eFlash) memory technology has
been adopted in a wide range of system-on-chip and
microcontroller applications [1]–[12]. Traditional dual-poly [2]
and split-gate [3], [4] eFlash technologies are optimized for
high-density nonvolatile code and data storage applications.
The former employs a floating gate (FG) device while the
latter utilizes charge trap material for achieving nonvolatile
storage. These special memory cell devices, along with the
high-voltage (e.g., >14 V) transistors required for the program
and erase operation, incur considerable process overhead
when compared with a standard logic process. Single-poly
eFlash [5]–[12] on the other hand can enable nonvolatile
memories with no such process overhead, as it can be
implemented using discrete I/O devices readily available in
both mature and leading-edge logic technologies. Typically,
leading edge system-on-chip platform technologies do not
provide a multiple-time programmable embedded nonvolatile
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Fig. 1. (a) Bird’s eye view and example schematic diagram of a single-poly
eFlash memory cell core consisting of three standard I/O devices M1 –M3 .
(b) Cross section and circuit symbol of the four possible device configurations.

memory (eNVM) option. For example, advanced high-k metal
gate logic technologies [13], [14] have provided only a moderate density (i.e., few kilobit) one-time-programmable (OTP)
memory option [14] using 1.8 or 3.3 V I/O devices.
Single-poly eFlash, on the other hand, is expected to play a
critical role in emerging postsilicon tuning applications, such
as in adaptive techniques for mitigating circuit variability and
reliability issues, memory repair schemes, and self-healing
systems that require multiple-time-programmable eNVM.
Table I compares various logic compatible eNVM options,
including OTP and single-poly eFlash. The core structure of
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Fig. 2. Eight possible single-poly eFlash cell core configurations considered in this paper. In all types, the coupling device (M1 ) is large compared with the
other two devices, and erase and program operations are performed via electron Fowler–Nordheim tunneling.

a single-poly eFlash cell typically comprises three standard
I/O transistors, as shown in Fig. 1(a). Here, M1 is the coupling
device, M2 is the tunneling device, and M3 is the read or
read/program device depending on the bias condition. The FG
node for nonvolatile charge storage is formed by connecting
the transistors in a back-to-back fashion. Note that the coupling
device M1 is large compared with the other two (M2 and M3 )
so as to maintain strong coupling between the control gate
(i.e., body terminal of M1 ) and FG node. This ensures that the
FG voltage closely follows the voltage applied to the coupling
device, generating sufficient voltage across the dielectric of the
tunneling device for efficient electron tunneling. For example,
a boosted high voltage is applied to write wordline (WWL)
while program wordline (PWL) is driven to 0 V during erase
mode to remove electrons from the FG. On the other hand, a
boost voltage is applied to PWL while WWL is driven to 0 V
during program mode to inject electrons into the FG node.
Depending on whether the cell is programmed or erased, the
effective threshold voltage of the read device M3 changes. This
can be simply read out by measuring the read current through
M3 for given PWL and WWL bias conditions and comparing
its value against a known reference. On the other hand, in
a polygate CMOS technology, a device with an n-type gate
typically has to be paired with an n-type junction. Similarly,
a p-type gate is constrained to a p-type junction. However, the
well can be either an n-type or a p-type, giving rise to four
possible device configurations as shown in Fig. 1(b), namely,
NCAP (n-type gate, n-type junction, n-type well), PCAP
(p-type gate, p-type junction, p-type well), pMOS (p-type
gate, p-type junction, n-type well), and nMOS (n-type gate,
n-type junction, p-type well). So far, single-poly eFlash memories have adopted various device combinations by different
groups [5]–[12]. For example, in [5], NCAP was used in the
coupling (M1 ) and tunneling (M2 ) devices while pMOS was
used in the read device (M3 ). In another design [6], pMOS,
NCAP, and nMOS were used in the coupling (M1 ), erase (M2 ),
and program/read (M3 ) devices, respectively, for the higher
coupling ratios during program and erase operations. A workfunction engineered n+ poly pMOS was used as the tunneling

Fig. 3.
Coupling ratios γEJ and γINJ for different width ratios
(= W M1 /W M2 ).

device (M2 ) in [7] for higher electron ejection efficiency and
better reliability. However, there has been practically no work
that provides an in-depth comparison between the cells in
terms of disturbance, program/erase speed, endurance, and
retention. We address this issue by analyzing the simulated
and experimental data to gain better insight into the optimal
single-poly eFlash cell configuration.
The remainder of this paper is organized as follows.
Section II investigates the control gate coupling strength
based on the simulation results of different single-poly
eFlash types and sizing. Section III compares disturbance,
program/erase speed, endurance, and retention characteristic
of the different single-poly eFlash cells based on measurement
results from two test chips fabricated in a 65-nm low-power
CMOS process. Finally, conclusions are drawn in Section IV.
II. C ONTROL G ATE C OUPLING S TRENGTH
The eight possible cell core configurations considered for
this paper, along with their bias conditions for electron ejection
and injection operations, are shown in Fig. 2. The nominal supply voltage (VDD) is 1.2 V in the process used in this paper,
and each single-poly eFlash cell is implemented using 2.5 V
standard I/O devices with a 5-nm oxide thickness. The findings
of this comparative study would be equally applicable to
eFlash cells built using different I/O devices such as 3.3 V
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TABLE II
C OMPARISON OF C OUPLING R ATIOS

Fig. 5. (a) and (b) Self-boosting bias conditions of 5T eFlash. (c) and
(d) Measured disturbance characteristic.

Fig. 4. Die microphotographs of the two single-poly eFlash test chips for
this paper fabricated in a 65-nm standard logic process. Layout of a 5T eFlash
array with a width ratio of 8 is shown on the right [10]–[12].

transistors [13]. The program voltages (i.e., 8.8 and −7.6 V)
are determined by the maximum voltage that can be supplied
by the high-voltage circuitry [10], [12]. Fig. 3 shows the
simulated control gate coupling ratios of the eight cell core
configurations for different width ratios (= W M1 /W M2 ) subject
to the bias conditions specified in Fig. 2. The coupling ratio
for electron ejection (denoted as γEJ ) and injection (denoted
as γINJ ) are defined as FG/PWL, assuming no initial
charge on the FG and a negligible interpoly coupling effect
in the eFlash array [15]. These ratios were calculated from
the simulated FG node voltage (i.e., VFG_EJ and VFG_INJ ) and
bias voltages applied to the cells. For fast electron ejection
and injection, higher γEJ and γINJ are preferred. The ejection and injection coupling ratios can be slightly different
due to several reasons. For instance, the strong inversion
capacitance of pMOS M2 device in Type I could reduce the
coupling from PWL during electron ejection, whereas the same
physical capacitance can increase the coupling from PWL
during electron injection. The simulation results show that
Type II and VII configurations using a nondepletion mode
coupling device M1 and depletion mode tunneling device M2
provide high coupling ratios for both electron ejection and
injection operations. A higher coupling ratio can be obtained
by upsizing W M1 , too. However, this will directly impact the
bit cell area. A summary of the simulation results for different
configurations with a width ratio of 8 is given in Table II.
III. D ISTURBANCE , P ROGRAM /E RASE S PEED ,
E NDURANCE , AND R ETENTION C HARACTERISTIC
Two test chips were fabricated in a 65-nm standard logic
process for this paper [10]–[12]. The die microphotographs

and array layout are shown in Fig. 4. The unit cell area for
Types I–III and V–VIII configurations is identical at 8.62 μm2 ,
whereas that for Type IV configuration is larger because of the
high-voltage column circuits required for proper operation.
Due to the short design time and limited die area, Type II–IV
configurations were not implemented in this paper.
Program/erase speed and endurance/retention characteristic of
5T eFlash having Type I configuration were already discussed
with the detailed description of the peripheral circuits, such
as the WL driver, charge pump (CP), and sense amplifier
in [10]. In this paper, we focus comparing the fundamental
characteristics of various eFlash cells starting with the
disturbance behavior. As we do not have the measured
data for the Type II–IV configurations, the results from the
Type V–VIII configurations were used to theoretically predict
the characteristics of the Type II–IV configurations.
A. Disturbance Characteristic of Single-Poly eFlash Cells
5T eFlash cells having Type I–III and VI–VIII configurations can be selectively program-inhibited without a boosted
BL voltage via the self-boosting method described in [16] as
shown in Fig. 5. Type IV and V configurations on the other
hand, do not support self-boosting inhibition since the Type IV
operates in an accumulation mode during program operation
while the Type V programs or erases the entire WL regardless
of the VSD level (Fig. 2). For Type I–III and VI–VIII,
two additional devices are connected to the program
device (M3 ), forming a 5T eFlash cell structure and thereby
allowing both junctions of the program device to float for
the inhibited cells while the other cells sharing the same WL
are being programmed. For the inhibited cells, the channel
voltages of program device need to be boosted sufficiently
while the leakage currents from/to the boosted channel should
be suppressed to minimize disturbance of these cells [17].
A longer channel pass transistor connecting the program
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Fig. 7. (a) Bias condition for measuring wordline voltage-induced degradation. (b) Cell VTH shift under voltage stress. (c) Measured degradation time
with the sensing failure point of 0 V at 25 °C.

Fig. 6.

Multilevel programming result of Type I 5T eFlash cell.

device to BL and shorter program pulse width are preferred
to maintain the boosted channel voltages high enough during
the inhibition mode. The measured data in Fig. 5(c) shows
a voltage margin of 4 V between the electron injected and
inhibited cells for 10 k precycled cells. A negligible cell
VTH disturbance up to a ∼1s program pulse was verified
in Fig. 5(d). The disturbance effect of the erased state cells
during multilevel cell programming is shown in Fig. 6 for
the Type I 5T eFlash cells. Here, the entire flash array
was first precycled 10-k times, then erased, and then programmed in the following order: 1) P3; 2) P2; and 3) P1.
Measured data shows that the erased cell VTH tail is shifted
by ∼0.27 V after the whole programming sequence has been
applied.
The setup and measurement data from a wordline voltageinduced degradation test are shown in Fig. 7. Here, a bias voltage VSTR was applied to both PWL and WWL to measure the
degradation time it takes for the erased cell VTH tail to reach
the sensing failure point under a dc bias condition. The bias
voltage levels used in this experiment were 3.2, 4, 5, and 6 V.
The measured results in Fig. 7(c) shows that the cell VTH
shift becomes significantly worse for VSTR >5 V causing
the degradation time to eventually drop <10 ms for a precycle
count of 10 k. The voltage stress condition used in this experiment corresponds to that of unselected WL cells without selfboosting capability which means that those cells are exposed
to a boosted BL voltage during write operation [8], [9].
On the other hand, 5T cells that support self-boosting are not
affected by any voltage stress when the WL is unselected [10].
These results confirm the effectiveness and necessity of
the self-boosting technique in an eFlash memory. Although
Types I–III and Types VI–VIII all support self-boosting opera-

Fig. 8. (a) Measured electron ejection speed of various eFlash memory cells.
(b) Energy band diagram of the tunneling device and bias condition of the
coupling device that explain the fast ejection of Type V and slow ejection of
Type VIII.

tion, Types I–III are preferred as they do not require a negative
boosted supply, which can cause junction breakdown concerns
in the high-voltage driver and CP circuits [12].
B. Program and Erase Speed of Single-Poly eFlash Cells
The measured electron ejection speeds of the Type V–VIII
cells are shown in Fig. 8 along with energy band diagrams
of the tunneling device and cross sections of the coupling
device. The bias conditions described in Fig. 2 were used
for testing the electron ejection speed. Results show that the
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Fig. 9. (a) Measured electron injection speed of various types of eFlash
memory cells. (b) Energy band diagram and bias condition of the tunneling
device that explain the fast electron injection of Type V and VI configurations.

Type V cell has the fastest electron ejection speed which
can be attributed to the nMOS tunneling device having more
conduction band electrons compared with the pMOS tunneling
devices used in Types VI–VIII. This is visualized in the left
of Fig. 8(b). Note that the conduction band electron tunneling
in Type V is roughly an order-of-magnitude faster than the
valence band electron tunneling in Types VI–VIII, though the
oxide field applied to the tunneling device is higher in the
latter [18]. On the other hand, the Type VIII cell shows the
slowest electron ejection speed. This is because the PCAP
coupling device in this cell operates in a deep depletion mode
during electron ejection, reducing the cell coupling ratio. In
contrast, the nMOS coupling device in Types V–VII operates
in an inversion mode, offering a stronger coupling effect as
shown on the right in Fig. 8(b). Similarly, Type II and III
cells utilizing n-type gate tunneling device are expected to
have a faster ejection speed due to the higher number of
conduction band electrons compared with Types I and IV.
In fact, the faster electron ejection speed of the Type II cell
compared with Type I was previously theoretically predicted
by other groups [6]. Similarly, the higher electron ejection
current of an n+ poly FG compared with a p+ poly FG was
reported in [7], which agrees with our measurement results
in Fig. 8.
The measured electron injection speeds of the Type V–VIII
cell are shown in Fig. 9 along with the energy band diagrams
and device cross sections of the tunneling device. Again,
we apply the bias conditions mentioned in Fig. 2 for this
experiment. According to our test data and analysis, the
Type V and VI cells show the fastest electron injection speed
because the nMOS tunneling device operates in a strong
inversion mode. This is in contrast to Types VII and VIII,
where a PCAP in deep depletion mode is used as the tunneling
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Fig. 10. (a) Measured endurance characteristics of Types VI–VIII. (b) Energy
band diagram of the tunneling device with a trapped electron in oxide after
cycling. (c) Measured cell VTH distributions of Types VI, VII, and VIII after
100 P/E cycles.

device, which has fewer electrons in the conduction band
available for tunneling as shown in Fig. 9(b). On the other
hand, Type VIII is faster than Type VII because the coupling
device of the former type quickly falls into the accumulation
mode, producing a higher coupling effect from the body of
the coupling device to the FG. This in turn generates a higher
oxide field in the electron injection device. It is important
to note, however, that the marginal improvement in electron
injection speed due to the depletion mode coupling device
is outweighed by the significant improvement of the electron
ejection speed by the nondepletion mode coupling device as
shown in Fig. 8(a). Among Type I–IV cells, Type III cell is
expected to have a slow injection speed due to the depletion
of coupling device. This is in contrast to Type I, II, and IV
cells, where a strong inversion capacitance is formed during
electron injection.
C. Endurance and Retention Characteristics
Fig. 10(a) shows the measured endurance characteristic of
Types VI–VIII. The negative cell VTH shift after a large
number of program and erase cycles can be explained by
the trapped electron in the oxide of the electron injection
device (M2 ) under stress [19] affecting the shape of the
tunnel barrier as shown in Fig. 10(b), which in turn slows
down the electron injection speed. The Type VI cell shows
the least amount of cell VTH degradation. The measured cell
VTH distributions after 100 P/E cycles in Fig. 10(c) indicate
that the VTH variation in program state (i.e., electron injected
into FG) worsens for Type VII and VIII cells, further reducing
the sensing margin. The larger variation can be attributed to
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TABLE III
C OMPARISON B ETWEEN D IFFERENT S INGLE -P OLY eFLASH C ELL C ORE C ONFIGURATIONS

IV. C ONCLUSION

Fig. 11. (a) Measured retention results of Type VI–VIII cells. (b) Energy
band diagram of nMOS (for Types VI and VII) and PCAP (for Type VIII)
coupling devices that explain the slower charge loss of the latter type with a
p-type gate coupling device.

the difference of the minority career generation rate between
cells, as a PCAP electron injection device operates in a deep
depletion mode where the depletion width varies depending
on the doping concentration of each cell. At the same time,
holes in the channel of the read device (M3 ) can be activated
and trapped into the gate oxide of the same read device
during electron ejection for Types VI–VIII, causing the VTH
to shift in the negative direction as shown in Fig. 10(a).
However, this so-called anode hole injection theory [20] cannot explain the larger variation occurring in program state of
Type VII and VIII cells.
Fig. 11 shows the measured retention results of
Type VI–VIII cells. A small precycle count of three
was used to match the initial cell VTH between the different
cell types without causing damage to the gate oxide. Results
show a smaller cell VTH shift for Type VIII compared with
Types VI and VII, which can be explained by the superior
intrinsic retention characteristic of cells containing a coupling
device having a p-type gate. The Fermi level in the p-type
gate is close to the valence band edge, which in turn reduces
the number of conduction band electrons participating in the
charge loss process [18]. According to this insight, we can
conclude that the Type I, II, IV, and VIII cells containing a
p-type gate coupling device will have a significantly lower
gate leakage than the other types and hence are preferred for
longer retention times.

Single-poly eFlash can be built using standard I/O devices
readily available in a generic logic process, making it an
attractive eNVM option for moderate density applications
where a dedicated eFlash process is not available. In this paper,
we present a comparative study of various single-poly eFlash
cells. The results summarized in Table III show that the Type
II 5T eFlash cell composed of a pMOS coupling device (M1 ),
an NCAP tunneling (or electron ejection) device (M2 ), and
an nMOS read/program device (M3 ) with two additional pass
transistors to support self-boosting is the preferred choice
among the eight possible configurations, when coupling ratios,
disturbance, performance, and retention characteristics are all
considered.

R EFERENCES
[1] R. Strenz, “Embedded flash technologies and their applications: Status
& outlook,” in Proc. IEEE Int. Electron Devices Meeting (IEDM),
Dec. 2011, pp. 211–214.
[2] H. Kojima et al., “Embedded flash on 90 nm logic technology & beyond
for FPGAs,” in Proc. IEEE Int. Electron Devices Meeting (IEDM),
Dec. 2007, pp. 677–680.
[3] S.-T. Kang et al., “High performance nanocrystal based embedded flash
microcontrollers with exceptional endurance and nanocrystal scaling
capability,” in Proc. 4th IEEE Int. Memory Workshop (IMW), May 2012,
pp. 1–4.
[4] T. Kono et al., “40 nm embedded SG-MONOS flash macros for
automotive with 160 MHz random access for code and endurance over
10M cycles for data,” in IEEE Int. Solid-State Circuits Conf. Dig. Tech.
Papers (ISSCC), Feb. 2013, pp. 212–213.
[5] J. Raszka et al., “Embedded flash memory for security applications in a
0.13 μm CMOS logic process,” in IEEE Int. Solid-State Circuits Conf.
Dig. Tech. Papers (ISSCC), Feb. 2004, pp. 46–47.
[6] Y. Yamamoto et al., “A PND (PMOS-NMOS-depletion MOS) type
single poly gate non-volatile memory cell design with a differential cell
architecture in a pure CMOS logic process for a system LSI,” IEICE
Trans. Electron., vol. E90-C, no. 5, pp. 1129–1137, May 2007.
[7] B. Wang, H. Nguyen, Y. Ma, and R. Paulsen, “Highly reliable 90-nm
logic multitime programmable NVM cells using novel work-functionengineered tunneling devices,” IEEE Trans. Electron Devices, vol. 54,
no. 9, pp. 2526–2530, Sep. 2007.
[8] H. Dagan et al., “A low-power DCVSL-like GIDL-free voltage driver
for low-cost RFID nonvolatile memory,” IEEE J. Solid-State Circuits,
vol. 48, no. 6, pp. 1497–1510, Jun. 2013.
[9] H.-M. Chen, S.-C. Wang, W.-H. Ching, Y.-H. Lai, and C.-S. Yang,
“Single polysilicon layer non-volatile memory and operating method
thereof,” U.S. Patent 8 199 578, Jun. 12, 2012.

SONG et al.: SINGLE-POLY eFLASH MEMORY DISTURBANCE, PROGRAM/ERASE SPEED, ENDURANCE, AND RETENTION CHARACTERISTIC

[10] S.-H. Song, K. C. Chun, and C. H. Kim, “A logic-compatible embedded
flash memory for zero-standby power system-on-chips featuring a multistory high voltage switch and a selective refresh scheme,” IEEE J. SolidState Circuits, vol. 48, no. 5, pp. 1302–1314, May 2013.
[11] S.-H. Song, J. Kim, and C. H. Kim, “Program/erase speed, endurance,
retention, and disturbance characteristics of single-poly embedded
flash cells,” in Proc. IEEE Int. Rel. Phys. Symp.(IRPS), Apr. 2013,
pp. MY.4.1–MY.4.6.
[12] S.-H. Song, K. C. Chun, and C. H. Kim, “A bit-by-bit re-writable
Eflash in a generic 65 nm logic process for moderate-density nonvolatile
memory applications,” IEEE J. Solid-State Circuits, vol. 49, no. 8,
pp. 1861–1871, Aug. 2014.
[13] C.-H. Jan et al., “A 22 nm SoC platform technology featuring 3-D
tri-gate and high-k/metal gate, optimized for ultra low power, high
performance and high density SoC applications,” in Proc. IEEE Int.
Electron Devices Meeting (IEDM), Dec. 2012, pp. 3.1.1–3.1.4.
[14] S. H. Kulkarni et al., “A 32 nm high-k and metal-gate anti-fuse array
featuring a 1.01 μm2 1T1C bit cell,” in IEEE Symp. VLSI Technol. Dig.,
Jun. 2012, pp. 79–80.
[15] J.-D. Lee, S.-H. Hur, and J.-D. Choi, “Effects of floating-gate interference on NAND flash memory cell operation,” IEEE Electron Device
Lett., vol. 23, no. 5, pp. 264–266, May 2002.
[16] K.-D. Suh et al., “A 3.3 V 32 Mb NAND flash memory with incremental
step pulse programming scheme,” IEEE J. Solid-State Circuits, vol. 30,
no. 11, pp. 1149–1156, Nov. 1995.
[17] S. Satoh, H. Hagiwara, T. Tanzawa, K. Takeuchi, and R. Shirota,
“A novel isolation-scaling technology for NAND EEPROMs with the
minimized program disturbance,” in Proc. IEEE Int. Electron Devices
Meeting (IEDM), Dec. 1997, pp. 291–294.
[18] Y. Shi, T. P. Ma, S. Prasad, and S. Dhanda, “Polarity dependent gate
tunneling currents in dual-gate CMOSFETs,” IEEE Trans. Electron
Devices, vol. 45, no. 11, pp. 2355–2360, Nov. 1998.
[19] J.-D. Lee, J.-H. Choi, D. Park, and K. Kim, “Effects of interface
trap generation and annihilation on the data retention characteristics of
flash memory cells,” IEEE Trans. Device Mater. Rel., vol. 4, no. 1,
pp. 110–117, Mar. 2004.
[20] Y. Yeo, Q. Lu, and C. Hu, “MOSFET gate oxide reliability: Anode hole
injection model and its applications,” Int. J. High Speed Electron. Syst.,
vol. 11, no. 3, pp. 849–886, Sep. 2001.

3743

Seung-Hwan Song Song received the B.S. and
M.S. degrees from Seoul National University, Seoul,
Korea, and the Ph.D. degree from the University
of Minnesota, Minneapolis, MN, USA. He was
with the Samsung Advanced Institute of Technology,
Osan, korea, and Samsung Electronics, Hwasung,
Korea. He is currently a Research Staff Member with
HGST, San Jose, CA, USA. His current research
interests include nonvolatile memory and storage
systems.

Jongyeon Kim (S’12) received the B.S. and M.S.
degrees in electrical engineering from Yonsei University, Seoul, Korea, in 2005 and 2008, respectively.
He is currently pursuing the Ph.D. degree in electrical engineering with the University of Minnesota,
Minneapolis, MN, USA.
He was with Samsung Electronics Company, Ltd.,
Hwasung, Korea, from 2008 to 2011.

Chris H. Kim (M’04–SM’10) received the B.S.
and M.S. degrees from Seoul National University,
Seoul, Korea, and the Ph.D. degree from Purdue
University, West Lafayette, IN, USA.
He spent a year with Intel Corporation,
Santa Clara, CA, USA. He is currently an Associate
Professor with the University of Minnesota,
Minneapolis, MN, USA. His current research
interests include digital, mixed-signal, and
memory circuit design in late- and beyond-CMOS
technologies.

