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Introduction

First demonstration of 2TOC-FeDRAM: a-ITZO FET
and double gate a-1TZO/a-1GZO FeFET with a
record-long multibit retention time of >4-bit

and >2000 sf¥
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Conventional DRAM, consisting of one transistor and one capacitor (1T1C), requires periodic data refresh
processes due to its limited retention time and data-destructive read operation. Here, we propose and
demonstrate a novel 3D-DRAM memory scheme available with a single transistor and a single ferroelectric
field-effect transistor (FeFET) DRAM (2TOC-FeDRAM), which offers extended retention time and non-
destructive read operation. This architecture uses a back-end-of-line (BEOL)-compatible amorphous
oxide semiconductor (AOS) that is suitable for increasing DRAM cell density. Notably, the device struc-
tures of a double gate a-1TZO/a-IGZO FeFET, used for data storage and reading, are engineered to
achieve an enlarged memory window (MW) of 1.5 V and a prolonged retention time of 10* s. This is
accomplished by a double gate and an a-1TZO/a-1GZO heterostructure channel to enable efficient polar-
ization control in hafnium-zirconium oxide (HZO) layers. We present successful program/erase operations
of the double gate a-ITZO/a-IGZO FeFET through incremental step pulse programming (ISPP), demon-
strating multi-level states with remarkable retention characteristics. Most importantly, we perform
2TOC-FeDRAM operations by electrically connecting the double gate a-1TZO/a-IGZO FeFET and the
a-ITZO FET. Leveraging the impressive performance of the double gate a-ITZO/a-IGZO FeFET techno-
logy, we have effectively showcased an exceptionally record-long retention time exceeding 2000 s and
4-bit multi-level states, positioning it as a robust contender among emerging memory solutions in the era
of artificial intelligence.

It is worth noting that the refresh process leads to a significant
portion of the power consumption during DRAM operation.*>

Dynamic random-access memory (DRAM) serves as the
primary memory device in modern computing systems owing
to its remarkable features, such as high speed, low power dissi-
pation, and high integration density. However, the inherent
leakage current of DRAM poses limitations on its role as a pro-
longed storage option, necessitating the frequent execution of
a data refresh process to restore the data to its original state."
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For improving the 1T1C DRAM performance, the raised capaci-
tor with a high height has been adopted to retain a sufficiently
large capacitance.® Additionally, the dimension scaling down
of a write transistor (W) has been performed to improve the
operation speed. However, the increased aspect ratio of the
raised capacitor and the scaling of the W, technology have
encountered physical limitations, constraining the number of
DRAM cells per chip. In addition, current DRAM technologies
cannot address the issue of limited retention time caused by a
sneak path of Si MOSFETs.”® Meanwhile, an amorphous oxide
semiconductor (AOS) two transistors (2T) DRAM to enhance
the data retention time and enable the non-destructive read
operation has been proposed to tackle these issues.”'® The
AOS 2T0C-DRAM with a back-end-of-line (BEOL) availability
can offer a 3D integration to effectively increase DRAM cell
density through a vertical stacking process. In addition, the
AOS transistors have the advantage of a low leakage current,
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thanks to the superior material properties of AOS, resulting in
improved retention time.''™* For high bandwidth memory
(HBM) processing-in-memory, AOS 2T0C-DRAM could be one
of the breakthrough technologies for energy efficiency and
memory density because it provides fewer data refresh oper-
ations and the capability of 3D integration, essential for AL
accelerators." Recently, the AOS 2TOC-DRAM has been
researched in this aspect and improved retention time and
multi-bit operations have been reported.>™"” However, due to
the leakage current caused by the W, of the AOS 2T0C-DRAM,
the gradual reduction in voltage stored at the storage node
(Vsn) results in a current of read bit line (Ixp;) degradation.
Moreover, the retention time of AOS 2TOC-DRAM is still
insufficient to dramatically reduce power consumption caused
by data refresh processes in terms of AI accelerator
applications.'® Additionally, it degrades the read operation
margin characteristics, impairing multi-bit operation.">*®

To address this issue, we focused on the Hf-based ferroelec-
tric field effect transistor (FeFET) featuring non-volatile
memory behavior, low-power operation, fast switching speed,
and excellent reliability. In the FeFET, the memory state can be
modulated by spontaneous ferroelectric polarization, which
can be maintained for a long time after the programming
pulse is applied to the gate.'®' This behavior could allow
multi-bit operations for the AOS-based 2T0C-FeDRAM,
enabling applications in non-volatile memory and neuro-
morphic devices.”>** Furthermore, AOS-based FeFETs possess
superior reliability due to excellent Hafnium-Zirconium Oxide
(HZO)/AOS interface properties, while Si FeFETs suffer from
charge trapping issues because of the poor interface properties
of HZO/Si.>* Therefore, AOS channel-based FeFETs show prom-
ising potential for high-density, low-power DRAM applications.>>*®

In this work, we propose the AOS-based 2TOC-FeDRAM con-
sisting of an a-ITZO FET with an Al,O; gate insulator and a
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double gate a-ITZO/a-IGZO FeFET as a W, and a ferroelectric
read transistor (FE-R,), respectively. Fig. 1(a) shows the key chal-
lenges and key advantages of the proposed 2TOC-FeDRAM in
comparison with the traditional IGZO 2TOC-DRAM. In the exist-
ing 2TOC-DRAM, where data is maintained by storing charge in
the storage node (SN), setting Vgy to 0 V results in the inability
to preserve data. On the other hand, thanks to its non-volatility
in storing the threshold voltage (Vi,), our proposed
2T0C-FeDRAM scheme, which maintains the voltage between
the source and drains in the W;, at 0 V, minimizes the leakage
current of the W,.. This leads to ultra-long retention time with
negligible Iyzp;, variation. In addition, the significantly reduced
leakage current in the W, provides a better multi-bit read
margin.">'® We utilize the partial polarization of FeFETs as
read transistors (R,) to minimize charge loss and reduce Igg;,
degradation. Also, the improved gate bias stability enabled by
an optimized hetero a-ITZO/a-IGZO structure helps to suppress
Ip;, degradation. Fig. 1(b) shows the concept of structure for
the proposed 3-dimensional channel-all-around (CAA) AOS-
based 2TOC-FeDRAM memory array. Details of process flow can
be found in the ESI in Fig. S1.f The CAA structure enables 3D
integration and is beneficial for scaling. Increased electric field
applied to the HZO layer while scaling enhances polarization
switching efficiency and enables multilayer stacking at a lower
aspect ratio.”” A BEOL process-compatible AOS channel with
high mobility and a low thermal budget (<320 °C) is utilized to
enable 3D integration for next-generation memory, essential for
low-power processing-in-memory applications in AI technology.

Experimental

Before the demonstration of the AOS-based 2T0C-FeEDRAM as
illustrated in Fig. 2(a), we fabricated W/a-IGZO/a-ITZO/HZO/P"
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(a) The key challenges and key advantages of the proposed 2TOC-FeDRAM in comparison with the traditional IGZO 2TOC DRAM. This pro-

posed 2TOC-FeDRAM mainly highlights: (1) the FeFET read transistor can adjust and store the V4, after applying voltage, which enables operation at
Vsn = 0 V; (2) non-overlapping Irg. characteristics are achievable owing to the reduction of the leakage current of W,, prolonged retention times,
facilitating diverse multi-bit benefits; (3) to mitigate additional /rg, degradation from V,, variation caused by poor stress stability, an optimized hetero
a-1TZO/a-1GZO structure with superior stress stability can significantly reduce /rg, degradation while enhancing retention time. (b) Concept of struc-
ture and features for the proposed 3-dimensional CAA AOS-based 2TOC-FeDRAM memory array.

16468 | Nanoscale, 2024, 16, 16467-16476

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr02393e

Open Access Article. Published on 19 2024. Downloaded on 04/11/25 19:00:38.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
HZO FeFET
WBLe
a-ITZO FET (Read FET)
(Write FET)
(c) RWL (d)

Cleaning SiO,/P*Si substrate

W deposition by RF sputter

W Patterning

Al,O, deposition by ALD

AlL,O, Patterning

a-ITZO deposition by RF sputter
PDA, 250°C for 1 hour by hotplate
a-1TZO Patterning

W deposition by a RF sputter

Lift off

a0 \
Al,0,(50nm)
W(50nm) \

5i0,(200nm)
P*Si(1019cm?)

\ W(50nm)

‘W(50nm)

Fig. 2

View Article Online

Paper

Cleaning P* Si substrate

' (zonm HZO deposition by ALD (10nm , 320°C)
S aiG0 a-1GZ0/a-ITZO deposition by RF sputter
Hz?)H%nm Top metal (W) deposition by DC/RF sputter (50nm)

P+ S|(1019crn 3) Lift off

Cleaning P* Si substrate

HZO deposition by ALD (10nm , 320°C)
a-1GZ0/a-ITZO deposition by RF sputter
a-1GZ0/a-ITZO Patterning

S/D (W) deposition by DC/RF sputter (50nm)
Lift off

Al,O; deposition by PEALD (30nm)

Top Gate (W) deposition by RF sputter (60nm)
Lift off

AlLO; VIA Patterning

a-GZ0

a-ITZ0
HZO (10nm)
P+ Si(101%cm3)

W(50nm) ‘W(SOnm

Al,0;4 (30an 'ﬁ)’

(a) Layout of the AOS-based 2TOC-FeDRAM cell with schematic device structure and fabrication process flow of (b) W/a-1GZO/a-ITZO/HZO/

P* Si MSFM ferroelectric capacitors. (c) The a-ITZO FET as a W,, and (d) the double gate W/Al,0z/a-1GZO/a-ITZO FeFET as FE-Rq,.

Si MSFM ferroelectric capacitors to verify that the ferroelectric
polarization properties of the HZO by atomic layer deposition
(ALD) as shown in Fig. 2(b). First, a P* Si (10" cm™) substrate
was ultrasonically wet-cleaned in acetone and isopropanol. The
HZO films (10 nm) were deposited by ALD using Cp-based cock—
tail precursor (Hf[Cp(NMe,);] + Zi[Cp(NMe,);]) and ozone.”
Then, an a-ITZ0/a-IGZO was deposited as a semiconductor layer
for MSFM ferroelectric capacitors. Finally, top metals with W
(50 nm) were deposited and patterned to measure the electrical
characteristics of ferroelectric capacitors.

Next, we fabricated the a-ITZO FET as a W,,. Fig. 2(c) shows
the fabrication process flow of the W,,. First, a SiO, (200 nm)/
P" Si (10" em™) substrate was ultrasonically wet-cleaned in
acetone and isopropanol. Then, W (50 nm) was deposited and
patterned as a bottom gate by RF sputter. The Al,O; films
(50 nm) were deposited by ALD and patterned as an insulator
layer. A channel layer a-ITZO (10 nm) was deposited by RF
sputter and post-deposition annealing (PDA) at 250 °C for
1 hour by hotplate. We optimized the channel thickness to cor-
respondingly adjust the V., as shown in Fig. S2.t Finally,
source and drain electrodes with W (50 nm) were fabricated
through RF sputter. Then, the double gate W/Al,O5/a-1GZO/
a-ITZO/HZO/P" Si FeFETs were fabricated as storage transistors.

Fig. 2(d) shows the fabrication process flow of double gate
a-ITZO/a-IGZO FeFETs. The HZO films (10 nm) were deposited
on the Si substrate by ALD. The ALD-deposited HZO films at
320 °C present ferroelectricity without an additional post-
annealing process and a top stressor layer, because the crystal-
lized HZO films with the orthorhombic phase were directly
grown at the optimized deposition temperature.’® Our opti-
mized HZO-deposition technique allows easy fabrication pro-
cesses and compatibility with the BEOL process, as compared
to the previous reports that the crystallization process of ALD-

This journal is © The Royal Society of Chemistry 2024

deposited HZO films requires both top and bottom stressor
layers and post-annealing processes.”*™' An a-ITZO (4 nm)/
a-IGZO (8 nm) channel layer to feature high mobility and stabi-
lity was deposited by using RF magnetron sputtering and pat-
terning. W (50 nm) was deposited as a source and drain elec-
trodes by RF sputter. A 30 nm-thick Al,O; top gate insulator
was deposited on a-ITZO/a-IGZO channel layer. Finally, top
gate electrodes with W (60 nm) were constructed to control the
body potential.

To confirm the device structure, transmission electron
microscopy (TEM), scanning transmission electron microscopy
(STEM), and energy-dispersive X-ray spectroscopy (EDS)
images were taken by Tecnai F20 G2 and TitanTM 80-300.
Fig. 3(a) shows a TEM image of the channel region for the

Fig. 3 Cross-sectional (a) low-magnification and (b) high-magnification
TEM, (c) STEM, (d) EDS image of fabricated FeFET. It shows a clear
W/ALL,O3/a-1GZO/a-ITZO/HZO/P* Si structure.

Nanoscale, 2024, 16, 16467-16476 | 16469
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FeFET. To verify the crystal quality of the HZO and a-ITZO/
a-IGZO, high-resolution TEM and STEM were also taken as
shown in Fig. 3(b) and (c). There is no significant interfacial
layer between a-ITZO and poly-crystalized HZO in the figures,
unlike the HZO/Si interface. This will lead to some advantages
compared to Si FeFET as discussed later. Significantly, the
nano-laminated HZO structure was also observed in the STEM
image. The separated layer structure of W/Al,O5/a-IGZO/
a-ITZO/Al,O5/HZO/P" Si substrate FeFET was shown in the EDS
analysis as shown in Fig. 3(d).

Measurement results & discussion

Ferroelectric capacitors

The electrical properties of the W/Al,03/a-IGZO/a-ITZO/Al,O3/
HZO/P" Si ferroelectric capacitor were evaluated by Keithley
4200 and Keithley 4225-RPM instruments. A triangular wave-
form at a frequency of 10 kHz was applied to the P" Si electro-
des. Fig. 4(a) and (b) show the polarization-voltage (P-V)
curves and the transient current-voltage (I-V) curves of the fab-
ricated W/a-IGZO/a-ITZO/HZO/P" Si MSFM ferroelectric capaci-
tors, respectively. Counter-clockwise P-V loops were observed
in MSFM ferroelectric capacitors, with a voltage range from
—4 V to 5.5 V. The remanent polarization (P,) increases with the
widening of the voltage sweep range, enabling the harnessing
of partially polarized states for multi-level states. However, in
the ferroelectric capacitors, larger polarization switching
current peaks and coercive voltages were observed under the
positive bias than under the negative bias. These asymmetric
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Fig. 4 (a) P-V and (b) I-V curves of W/a-IGZO/a-ITZO/HZO/P* Si

MSFM capacitor. (c) Variation of the remanent polarization as a function
of the number of cycles.
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polarization characteristics can be attributed to the difference
in the work functions of top and bottom electrodes, and
different charge injection behaviors arising from the
W/a-IGZO/a-ITZO and P' Si. This results in a differential poten-
tial drop across the HZO layer in W/a-IGZO/a-ITZO/HZO/P" Si
MSFM ferroelectric capacitors under negative and positive
biases.*?

Fig. 4(c) illustrates the endurance of the W/a-1GZO/a-ITZO/
HZO/P' Si MSFM ferroelectric capacitors. For endurance
measurements, we optimized the write voltages to achieve not
only superior endurance but also large P,. While the positive
coercive voltage is larger than the negative coercive voltage, we
found that a higher negative voltage is required for the stable
endurance of MSFM ferroelectric capacitors. This result indi-
cates that the electron trapping/de-trapping process is one of
the important keys to stable endurance for W/a-IGZO/a-ITZO/
HZO/P" Si MSFM ferroelectric capacitors.*® Our MSFM ferro-
electric capacitors exhibit nearly constant 2P, values even after
107 cycles by applying asymmetric write pulses with amplitude
voltages of —4.4 V and 4.25 V for 10 ps for programming and
erasing, respectively. Generally, the polarization of HfO,-based
ferroelectric films tends to increase up to a certain number of
cycles and then decrease until the breakdown. These phenom-
ena are referred to as wake-up effects and fatigue,
respectively.>*® The wake-up phenomenon occurs as oxygen
vacancies migrate to the bulk during initial cycles, inducing a
phase transition to the ferroelectric state. Subsequent electric
field application further drives these vacancies into the film
bulk, thereby reducing voltage asymmetry and enhancing the
hysteresis loop. Fatigue arises after prolonged cycling when
trapped charges from excessive vacancies obstruct the internal
electric field, diminishing ferroelectric properties.>” However,
in our research, the HZO ferroelectric thin films, which were
implemented without post-annealing processes, effectively
inhibited the formation of oxygen vacancies.*® This resulted in
exceptionally stable ferroelectric properties, eliminating wake-
up effects and significant fatigue for up to 10’ cycles. The non-
volatile characteristics of HZO materials were validated by
their stability under voltage stress, ensuring ultra-long reten-
tion times. Further optimization could bring 2T0C-FeDRAM’s
endurance closer to that of commercial DRAM.?**°

AOS multilayer channel

In our investigation to enhance the retention time of DRAM,
we explored the efficacy of using a-ITZO, an amorphous oxide
semiconductor, as a channel layer. This material was selected
for its high electron mobility and low leakage current, traits
crucial for  high-performance ~DRAM  applications.*
Nevertheless, a notable challenge emerged regarding the
material’s stability under operational stress conditions, includ-
ing positive bias stress (PBS) and negative bias stress
(NBS).*"*? In the proposed 2TOC-FeDRAM, Vi, is stored at 0 V,
and the gate voltage in Ry, is also 0 V. However, the non-volatile
nature of the ferroelectric material in the polarized state
induces an internal electric field, even without an external
field. Thus, PBS and NBS instability also leads to variability in

This journal is © The Royal Society of Chemistry 2024
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Vin and degradation of the Ixg;, in 2TOC-FeDRAM. The instabil-
ity is attributed to the incorporation of oxygen-related defects,
such as oxygen vacancies and loosely-bound oxygen within the
oxide semiconductor layer.*® Bias stress generates unfavorable
traps as water and oxygen molecules infiltrate the channel
layer. Traditionally, the mitigation of these defects and the
enhancement of device stability are achieved through surface
passivation of the channel or the implementation of a multi-
channel layer strategy.***® Advancing beyond conventional
methodologies, we introduce the application of a hetero-
structure channel FET, integrating a-ITZO with a-IGZO. As
shown in Fig. 5, we present the transfer characteristics of both
the a-ITZO single-layer FET and the a-ITZO/a-IGZO FET under
stress conditions (Viyess = 20 V for 3600 s, Vpg = 1 V), sub-
jected to PBS and NBS. The heterostructure FETs exhibited sig-
nificantly enhanced stability under both stress conditions
compared to their single-channel counterparts. The deposition
of the a-IGZO layer results in the passivation of the a-ITZO
channel layer interface, protecting it from humidity, moisture,
and oxygen molecules in the air. Also, the band alignment and
conduction band offset create a high 2DEG structure near the
a-ITZO and a-IGZO boundary, resulting in superior interface
properties due to the higher electron concentration at the
interface.”” The improved stability is attained by preventing
oxygen molecule adsorption on the back-channel surface or
minimizing electron trapping at the interface of channel and
gate dielectric for PBS and NBS, respectively. The improved
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Fig. 5 Transfer characteristics under (a) PBS and (b) NBS for a-ITZO
single-layer FET, and (c) PBS and (d) NBS for a-ITZO/a-IGZO FET. Stress
conditions: Vgyess = +20 V for 3600 s, Vps = 1 V. Enhanced PBS/NBS
stability achieved through reduced electron trapping at the channel/gate
dielectric interface or oxygen molecule adsorption at the back-channel
surface.
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stability is attained by minimizing electron trapping at the
interface of channel and gate dielectric or preventing oxygen
molecule adsorption on the back-channel surface for PBS and
NBS, respectively.*> Our optimized hetero a-ITZO/a-IGZO struc-
ture marks a pivotal advancement in achieving superior stress
stability. This development will not only mitigate Ixp; degra-
dation but also significantly enhance the retention time.

HZO ferroelectric FET

It is crucial to achieve a larger MW, specifically by increasing
the V4, difference between the programmed and erased states.
However, the AOS-based FeFETs generally show poor erase
operation due to insufficient potential drop across the HZO
layer, leading to a limited MW.?*** To mitigate this issue, we
introduce the double gate to enhance the potential drop across
the HZO layer. Please note that the a-IGZO capping layer in
a-ITZ0/a-IGZO heterostructure channels also has a benefit for
the double gate structure because the Al,O; passivation on
a-IGZO is more stable than that on a-ITZO.*® Fig. 6(a) shows
drain current-voltage (Ip—V;) characteristics of the double gate
a-ITZ0/a-IGZO FeFET under the floated body and with body
potential fixed using the top gate. For the measurement under
the floated body, the bottom gate voltage (Vz ) is swept from
—4 V to 5.8 V and back to —4 V with the Vpg of 0.1 V and the
top gate voltage (Vrg) floated. The transistors operate well
despite different MWs, exhibiting efficient on/off operation
with a steep slope. The reverse current observed from —1.5 V to
1 V is attributed to HZO maintaining a nfegative polarization
state under negative voltage, resulting in leakage current from
the gate to the drain. When HZO is programmed with a posi-
tive gate voltage, the drain current flows positively, indicating
that the gate current is induced by the polarization in the
HZO. As expected, single gate operation under the floated
body shows a limited MW of 0.5 V in the double gate a-ITZO/
a-IGZO FeFET. On the other hand, when the body potential is
fixed through applying 0 V to the top gate, the double gate
a-ITZO/a-IGZO FeFET improves their MW up to 1.5 V. To
deeply understand the difference between floated and fixed
body potentials, we conducted a simulation study using
Sentaurus TCAD simulator. Fig. 6(b) and (c) present simulated
band diagrams for erased and programmed states, respectively.
When the body potential is floated, the applied gate voltage
does not efficiently influence the potential drop across the
stacks of a-IGZO/a-ITZO/HZO. It can be attributed to the
effects of parasitic capacitance due to the floating capacitors.
In contrast, fixing the body potential using the top gate
increases the potential drop across the stacks of a-IGZO/
a-ITZO/HZO. We found that a significant potential drop across
the HZO layer occurs with the negative gate bias in erase
mode, which shows a good agreement with previous
research.”® Therefore, the ferroelectric polarization switching
of double gate a-ITZO/a-IGZO FeFETs primarily occurs by
carrier depletion modes. Additionally, simulation results
reveal that thickness scaling in the a-ITZO/a-IGZO channel
layer and Al,O; top gate insulator would enhance the potential
drop across the HZO, resulting in a larger MW. To achieve the
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Fig. 6 (a) Ip—Vg characteristics of a double-gate a-ITZO/a-IGZO FeFET. Fixing the body potential with the top gate expands the memory window

(MW) from 0.5 V to 1.5 V. Band diagram AOS channel layer in (b) erase and (c) program modes (floating body, body potential fixed). Fixing the body
potential using a top gate makes the electric field effectively affect HZO. Incremental step pulse programming (ISPP) of double gate a-ITZO/a-1GZO
FeFET. Transfer curves show partial polarization switching after applying (d) a voltage pulse of increasing amplitude and constant width (200 ns) or
(e) a voltage pulse of increasing width and constant amplitude (6.5 V) to the gate contact. (f) The performance of intermediate state retention pro-

perties of double gate a-1TZO/a-IGZO FeFET.

multilevel storage capabilities of FeFETs in 2T0C-FeDRAM, we
performed partial polarization switching analysis utilizing
incremental step pulse programming (ISPP) for voltage pulse
with increasing amplitude in Fig. 6(d) or increasing width in
Fig. 6(e), where the pulse width could only be measured up to
100 ns due to the limitations of the measurement system.
With the increment in the amplitude or width of the program-
ming pulse, the polarization of the HZO material progressively
increases. This increment leads to a consistent negative shift
in the Vy of the FeFET. The difference between Vi, in its
erased state and its maximum shifted state reveals a maximum
MW of approximately 2.8 V for amplitude-modulated program-
ming and about 2 V for width-modulated programming. It
shows partial polarization, resulting in Vi, and conductivity
changes. Fig. 6(f) shows the retention of the intermediate mul-
tilevel state for double gate a-ITZO/a-IGZO FeFET V;, over time.
Negligible Vj, shifts were observed for 10* s, demonstrating
stable HZO polarization. Vg, retention properties can be
further improved by optimizing the structure and gate
material.*>*® As a result, the Vi, of the FeFET is effectively con-
trolled by modifying the voltage pulse conditions. The stored
Vin Temained stable over time making it suitable for use as a
read FeFET with maintained Izg;. Additionally, the ability to
achieve multi-level states was evidenced by the incremental
pulse amplitudes ranging from 4.5 V to 9 V (with a 0.5 V step),
suggesting a promising transition from traditional binary to

16472 | Nanoscale, 2024, 16, 16467-16476

multi-leve]l memory cells through diverse HZO polarization
states.

Measurement of 2T0C-FeDRAM

In this section, we experimentally demonstrate a 2TOC-
FeDRAM that can be utilized as a multi-level cell with ultra-
long retention time. The AOS 2TOC-FeDRAM consists of one
a-ITZO FET and one double gate a-ITZO/a-IGZO FeFET as a W,
and a ferroelectric read transistor (FE-Ry), respectively. The
a-ITZO FET were fabricated and electrically connected to the
double gate a-ITZO/a-IGZO FeFET. Details on the a-ITZO FET
can be found in the ESI Fig. S31 shows the I~V characteristics
of the a-ITZO FET W, confirming a high saturated field-effect
mobility of 25.5 em® V™' s7, a steep subthreshold swing (S.S.)
value of 88.4 mV dec™, and an off current below 10™'* A pm™.
Finally, we introduce a novel retention measurement meth-
odology termed the multi-level cell (MLC) model, designed
specifically to assess the retention under the multi-bit oper-
ation of 2TOC-FeDRAM. Fig. 7(a) and (b) show circuit and
timing diagrams of the 2TOC-FeDRAM operation for 19 multi-
level states. Unlike typical 2TOC DRAM, the write operation
here is divided into two stages to enable the implementation
of MLC. The program stage is to write ‘0’ to ‘18’ data. A positive
write word line (WWL) voltage activates the W,,. The write bit
line (WBL) voltage ranging from 6.1 V to 7.9 V with a step of
0.1 V induces partial polarization to modulate the Vy, of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) Circuit diagram of proposed 2TOC-FeDRAM operation. Program-write operation: apply Viyw. = 2 V to turn on the W,, and determine the

FE-R:, Vi using varied Vg, . Vieag-Write operation: with W, turned on and Viyw = 0 V (V,caq) applied to WBL, 0 V is stored in SN. Read operation:
apply VwwL = —2 V to turn off the W,, and V\yg = 0 V to read the /. (b) Timing diagram of write and read operations of data "0 to 18". (c) The Ip—Vg
characteristics of the FE-Ry, after measuring the 2TOC-FeDRAM. The retention time over 2000 s of 19-level memory states, 00000 to 01001 for (d)

and 01010 to 10001 for (e).

FE-R,.”* After the program, in the read voltage write (Vieaq
write) stage, 0 V is applied to WBL. This approach minimizes
leakage current by eliminating the voltage difference between
the drain and source of the W,, during subsequent read oper-
ations when the W,, is turned off. Therefore, it is expected to

Table 1 Benchmarking table for state-of-art DRAM and 2TOC-FeDRAM

have a much longer retention time compared to typical 2T0C
DRAM, which inherently has a multi-level potential difference
between source and drain. Here, the high-voltage driving con-
ditions in the program stage can be addressed by attaining
high ferroelectricity with low polarization switching voltage.”*

AOS 2T AOS 2T
CONV 1T1C ™! Si 2T DRAM ** DRAM >*° DRAM 7 2TOC-FeDRAM (This work)
Cell schematic RBL
wi — S,'“:‘L | WwL wwL RBL
—
g 1 channe; J ;
1 z J_I & _|_ J_ FeFET
SN
DL _I —L WBL _I L.4 Rtr WBL sN
Si channel _| Witr Rtr
-l a-1GZO0 channel _| a-IT20/a-1GZ0
BL ; =
vp WBL channel
Retention time 100-2000 ps 100-1000 ps ~1000 s 10000 s >2000 s (potentially
unlimited)
Destructive read Yes No No No No
Bit cell FEOL/BEOL FEOL BEOL BEOL BEOL
Current memory N/A N/A ~5 10 >10°
window
Multibit retention N/A N/A N/A 3-bit 2000 s@19 states (>4-bit)

This journal is © The Royal Society of Chemistry 2024

Nanoscale, 2024, 16,16467-16476 | 16473


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr02393e

Open Access Article. Published on 19 2024. Downloaded on 04/11/25 19:00:38.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

During the verification of the 2T0OC-FeEDRAM system, the pulse
time was relatively long similar to the previous report.” This
limitation was due to the system’s constraints. However, it is
possible to achieve as short as a few nanoseconds or less in
terms of HZO’s high-speed transition capability.>®

During the read operation, the stored information can be
read by turning off the W;, and measuring Izg;. Fig. 7(c) shows
the In-Vg characteristics of the FE-R, after measuring the
2T0C-FeDRAM. It was observed that the Vi, of the FeFET shifts
according to the programming voltage, resulting in varying
current values read at a Vge,q of 0 V.

The Izp;, measured during the read operation and the Vgy
extracted from the Irg;, are shown in Fig. S4.7 Retention time
measurements were limited to 2000 s due to equipment con-
straints. Nevertheless, the excellent retention time with the
Izpr, was maintained without dropping for 2000 s at 19 multi-
level states as shown in Fig. 7(d).

We summarize the memory characteristics of the pro-
posed 2TOC-FeDRAM, compared with the current literature
on DRAM technologies in Table 1. We believe the retention
time could be potentially unlimited due to the theoretically
near-zero leakage current of the Wy at 0 V for Vi.,q and
the non-volatile properties of ferroelectrics. Our AOS
2T0C-FeDRAMs achieve ultra-long retention times over
2000 s, support multiple memory states, and integrate
effectively into low-thermal, 3D DRAM stacks, marking a
significant advancement toward next-generation DRAM
technology.

Conclusion

In this work, we proposed a BEOL-compatible AOS-based 3D
2T0C-FeDRAM with low thermal budget processes including
channel structure and ALD-deposited HZO ferroelectrics.
First, we showed superior ferroelectric properties with stable
polarization switching without wake-up and fatigue up to
10”7 cycles for W/a-IGZO/a-ITZO/HZO/P* Si ferroelectric
capacitors. We fabricated the double gate a-ITZO/a-IGZO
FeFET as a read transistor. Here, the a-IGZO capping layer
was exploited to improve the gate-bais stress stability and
MOS interface properties between Al,O3 top gate insulators.
We obtained the enlarged MW of 1.5 V from the double gate
a-ITZO/a-IGZO FeFET by fixing the body potential to 0 V
through the top gate. Moreover, we presented multi-level
states in the double gate a-ITZO/a-IGZO FeFET enabled by
partial polarization controlled by the ISPP. We also observed
that each multi-state in the double gate a-ITZO/a-IGZO
FeFET maintains without current drops for 10* s. Finally, we
successfully demonstrated 2TOC-FeEDRAM operation with a
record-long multibit retention time of more than 2000 s and
4-bit(19 states) for the first time thanks to the Vgy of 0 V
using non-volatile properties of ferroelectrics. Our results
release the feasibility of 2TOC-FeDRAM bit-cell based on
a-ITZO/a-IGZO FeFET for low-power and high-density 3D
DRAM applications.
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