2554

IEEE ELECTRON DEVICE LETTERS, VOL. 45, NO. 12, DECEMBER 2024

Y )

»

¥ S

A Large Window Nonvolatile Transistor Memory
for High-Density and Low-Power Vertical
NAND Storage Enabled by Ferroelectric

Charge Pumping

Zijian Zhao"', Graduate Student Member, IEEE, Yixin Qin**, Graduate Student Member, IEEE,
Jiahui Duan™, Member, IEEE, YuShan Lee, Student Member, IEEE, Suhwan Lim™, Kijoon Kim,

Kwangsoo Kim*, Wanki Kim, Daewon Ha
and Kai Ni

Abstract—In this work, we have developed a large
memory window (MW) ferroelectric field effect transistor
(FeFET) memory for vertical NAND storage. We demon-
strate that: 1) by inserting a top functional layer above the
ferroelectric, gate side injection pumped by ferroelectric
switching event can be enhanced, thus increasing the MW;
2) inspired by the charge trap flash, SiNy is chosen as the
charge trapping layer and the proposed structures have
been experimentally demonstrated to effectively increase
MW; 3) the MIFIS structure demonstrates a 6V-8V MW for
11V 1us write pulse and 8V-12V window for 15V 1us with a
SiOyx composite functional layer; 4) interestingly, the MIFIS
device shows immediate read-after-write capability, which
is not observed in the baseline FeFET, suggesting minor
channel side injection and relaxation.

Index Terms— Charge pumping, ferroelectric FET, NAND
storage, nonvolatile memory, quad-level-cell (QLC), SiNy,
zirconium doped hafnium oxide (HZO).

. INTRODUCTION
OWADAYS, data is being generated at an unprecedented
rate, calling for tremendous amount of data storage.
Vertical NAND flash, due to its high capacity, has become
the backbone for data storage. However, one of the serious
challenges of NAND flash is the poor write performance
(Fig. 1(a)) [1], [2], [3]- Due to the inefficient write mechanism,
i.e., tunneling, the required write pulse voltage and pulse
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Fig. 1. (a) Comparison of different types of transistor memories. The
proposed design features large MW and fast speed, and low write
voltage. (b) Pure FeFET suffers from MW and ferroelectric thickness
trade-off.

width for flash memory are significant, posing reliability and
power concerns. FeFET, on the other hand, has a much more
efficient write mechanism based on polarization switching,
which can be initiated via an applied electric field [4], [5].
However, one major roadblock for FeFET as storage technol-
ogy is that its memory window (MW) is proportional to its
thickness (tpg) (Fig. 1(b)) [6], [7], [8]. Since the gate stack
thickness is directly related with the memory density and
the gate dielectric thickness should be kept below 20 nm to
be competitive with the state-of-the-art flash [9]. To break
the fundamental trade-off between the MW and density in
FeFETs, a long proposed technique is receiving renewed inter-
ests, where the ferroelectric switching and charge injection
from the gate side are working synergistically to enhance
the MW [10]. In conventional FeFET design, channel side
injection is induced by write pulses, offsetting the polarization
induced MW (Fig. 2(a)) [11]. In contrast, if a functional
layer is inserted above the ferroelectric to facilitate gate side
injection, which adds to the polarization effect such that the
MW can be enhanced (Fig. 2(b)). In this work, we further
hypothesize that the ferroelectric switching acts a charge pump
and each switching event pumps charge from the gate into
the top functional layer and we call this type of devices as
FePFET. Based on this theory, we propose and experimentally
demonstrate a FePFET design.

II. DEVICE DESIGN AND FABRICATION
To illustrate the operation principles, TCAD simulations

on the write operation are performed on both the control
MFIS and the proposed MIFIS. Fig. 3(a) shows the control
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Fig. 2. (a) Channel-side injection of FeFETs degrades MW while
(b) the gate-side injection pumped by the polarization switching realizes
a large MW.
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Fig. 3. Device schematics of (a) the control and (b) proposed

designs. (c-d) TCAD simulated band diagrams during reset (HVT) and
set (LVT) operations. The blue arrows represent the impact of charge
trapping/detrapping on the V1 state.

design MFIS, which is a conventional FeFET featuring 10 nm
ferroelectric Hfy 5Zrp 50, layer. A 1 nm SiOx layer is used as
the interfacial layer (IL). Fig. 3(b) shows the proposed design
MIFIS. A charge trapping layer, i.e., SiNx, is inserted on the
top of the ferroelectric layer. TCAD simulated band diagrams
of the two designs for both reset and set operations are shown
in Fig. 3(c) and (d) for the control and proposed design,
respectively. For the control MFIS, the applied negative gate
bias repels electrons from the HZO layer to the channel while
the positive gate bias attracts electrons from the channel
to the HZO layer, resulting in a reduced MW. In contrast,
when a negative gate bias is applied to MIFIS, the electrons
are injected from the gate side into SiNy and get trapped.
When a positive voltage is applied, the trapped electrons in
the SiNx layer will detrap to the gate. The trapped electrons
will elevate the HVT and the de-trapped electrons will lower
the LVT. Both of these operations will increase the MW.
Moreover, the trapped electrons in SiNx can compensate
the polarization that points toward the channel, which
therefore helps retain the trapped electrons even without a
blocking layer, resulting in good retention [9]. Therefore,
the channel side injection in the control design reduces MW
while the top functional layer can enhance MW through
charge trapping.

The device fabrication starts on a P-type silicon substrate.
Screen oxide is deposited for ion implantation. After phospho-
rus ion implantation and activation, the isolation oxide in the
gate area is removed and the gate area is cleaned for 10 nm
Hfy 5Zrp5s0O> and 5 nm SiNx gate dielectric deposition through
atomic layer deposition (ALD) at 250°C. Source/drain via is
opened by reactive-ion etching (RIE) and buffered oxide etch
(BOE). A 100 nm thick tungsten (W) layer is sputtered on the

b C
(a) , (b)), o (©) 1=
— —W Hf DC sweep
S o —2r 1075} Vo=S0mV
g — Si . J o
§ 60 310 g 7
S 40 107 ‘
€ -11
" 2 20 10
<
= NI 1071
0 10 20 30 40 -4 -2 0 2 4
Position (nm) Ve (V)
100 — — 107
S _— _ B}
£ 80j—« w 10- j er
o
= 60
3 107 Q‘% !
S 40 ®
£ -9
§ 2 A 10
o
0 107"

-6-4-20 2 4 6
G

0 10 20 30 40
Position (nm)

-2 » MW (V)
10 Pulse sweep: +4V 10us 20 Initialization: 4V, 10us 10 15
1073} Vo=50mV ] Reset pulse width: 10us .
- 1.5 z 10
s 2.0 '
T 2
F1.0 8 05
&
0.5 00
3 0 -1 -2 -3 -4 -2 -1 0
. VReset (V) VReset (V) i
Pulse sweep: +11V 10us Initialization : 11V 10us 7
107 ) Reset pulse width: 10us s 6
0
_ 1075F 10pnA*W/L, MW=9V = E 5
< .0 < ] 4
=10 = 0 B 3
RN G — 3 2
- S
107 & 1
107 4 . 0
6-4-20 2 4 6 0 -3 -6 -9 -12 -11-8-5-2 25811
Ve (V) Vreset (V)

Vreset (V) Vset (V)

Fig. 4. Comparison between MFIS (upper) and MIFIS (lower). (a) TEM
images for the gate stack. (b) Element fraction vertically along the gate
stack. (c) DC Ip-Vg curves. Counterclockwise for both. (d) Pulsed
Ip-Vg measured after reset/set pulses. (e) V1 as a function of reset
voltage amplitude. (f) Switching dynamics in terms of pulse width and
amplitude. W/L = 50pm/1um for all.

wafer for source, drain, and gate metal. The device is finally
annealed in the forming gas (N;+Hj, 350°C) and N; (500°C)
for ferroelectric crystallization. The control sample does not
have the SiNx deposition.

I1l. RESULTS AND DISCUSSION

Fig. 4(a) shows the transmission electron microscopy
(TEM) cross sections of MFIS and MIFIS FeFET gate stack.
It shows a crystalline ferroelectric film in both designs.
Fig. 4(b) shows the atomic composition vertically along the
gate stack. HZO and SiNx distribution is confirmed in the
MIFIS FeFET. Fig. 4(c) shows DC Ip-Vg sweeps in both
devices. Counterclockwise hysteresis are observed, suggesting
both devices are not observing significant channel side injec-
tion. The pulsed Ip-Vg curves are shown in Fig. 4(d). The
MFIS sample shows a MW of 1.4 V with pulses of 4 V
10 ps while the MIFIS sample shows a much larger MW.
Depends on the extraction standard (i.e., different constant
current), the MW can be between 7.3 V and 9.0 V. The
noise floor is high because the current measurement range
is set to be high in order to fully show the on state current.
The Vth as a function of voltage amplitude show a highly
efficient write process, where even 10 V, 10 us write pulse
can fully saturate the switching (Fig. 4(e)). Fig. 4(f) shows the
full switching dynamics, demonstrating different combinations
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V. CONGLUSION

In this work, we have demonstrated two effective designs
that can facilitate gate-side injection to enhance the FeFET
MW. With the help of SiNx in the MIFIS stack of the FePFET,
we have successfully demonstrated a MW between 6 V-8 V
with a write pulse of 11 V 1 us. Therefore this stack, with
further optimization, can be a promising candidate for next
generation vertical NAND.
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