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Abstract— We offer design guidelines with a top–down
and bottom–up design approach for oxide semiconduc-
tor (OS) transistors, optimized for gain cell memory on a
logic platform. With high-density, high-bandwidth on-chip
gain cell memory, deep neural network (DNN) accelerator
execution times can be shortened by 51–66%, by minimiz-
ing access to off-chip dynamic random access memory
(DRAM). To balance retention time with memory band-
width (top–down), atomic layer deposition (ALD) indium tin
oxide (ITO) transistors are chosen (bottom–up). The exper-
imentally optimized device exhibits low off-state current
(2 × 10−18 A/µm at VGS = −0.5 V), good on-state current
(26.8 µA/µm for power supply <2 V), low subthreshold
swing (SS) (70 mV/dec), and good mobility (27 cm2V−1s−1).
Using this optimized device, a gain cell memory macro
with 64 rows (WL) × 256 columns (BL) is simulated at the
28 nm node operating at VDD = 0.9 V. The simulation results
show that hybrid OS-Si gain cell memory achieves 0.98×

frequency and 3× density of static random access memory
(SRAM), and the OS-OS gain cell memory is projected to
operate at 0.5× frequency with N times 1.15× density of
SRAM with N-layer of 3-D stacking.

Index Terms— 3-D integration, atomic layer deposition
(ALD), gain cell, indium tin oxide (ITO), on-chip memory,
oxide semiconductor (OS).

I. INTRODUCTION

THE energy and delay consumed by the off-chip
memory [dynamic random access memory (DRAM)]
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Fig. 1. Monolithic integration with logic of (a) OS–OS gain cell memory
and (b) hybrid gain cell memory (OS-Si) to achieve high memory density.

and memory-to-logic-chip data movement has become the
bottleneck (known as “memory wall”) for modern com-
puting systems, especially for neural network accelerators
and abundant-data computing [1]. Providing larger on-chip
memory capacity with high bandwidth is a solution. Oxide
semiconductor field-effect transistor (OSFET)-based gain cell
memory [2], [3], [4], [5] on a logic platform provides higher
density than static random access memory (SRAM) due to
3-D stacking (Fig. 1) and is an attractive complement to off-
chip DRAM. An OSFET with extremely low leakage [6], [7]
is used as the write transistor for long retention time, while
the read transistor can adopt either OSFET for multiple-layer
stacking [OS-OS gain cell in Fig. 1(a)] or Si FET for higher
read speed [hybrid gain cell in Fig. 1(b)].

Designing OSFETs for gain cell memory requires more
than simply choosing materials and device designs with the
lowest off-state leakage current for the longest retention time.
This article examines the complex interplay between memory
macro level performance, such as bandwidth, memory avail-
ability, refresh period, and logic chip voltage compatibility,
and device/materials targets, such as channel material, com-
position, thickness, and stability. To establish the interactions
and balance the design tradeoff, we adopt a top–down and
bottom–up design approach. The top–down design begins
with memory macro simulation, from which we obtain the
device specifications with the help of device modeling.
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The bottom–up design identifies the material and process
development targets that meet the memory macro specifica-
tions obtained in the top–down phase. Memory array macro
simulations at the 28 nm node using GEMTOO [8] indicate
diminishing return for memory availability and bandwidth
for retention time >10 s. This provides room to trade the
ultralow leakage of OSFETs for higher mobility OS materials
[e.g., indium tin oxide (ITO) versus IGZO] and higher ION
device designs (e.g., trading off threshold voltage, VTH) for
faster access and higher density. The gain cell memory can
achieve higher density and comparable bandwidth as SRAM.
Timeloop [9] simulations of deep neural network (DNN)
accelerators with the high-density gain cell on-chip memory
show 51%–66% reduction in execution time.

II. TOP–DOWN: FROM MEMORY MACRO TO DEVICE

A. Gain Cell Memory Macro Design Considerations
Gain cell memory stores information as the charge on the

read transistor gate capacitance and thus needs periodical
refresh operations to dynamically retain the data. During
refresh operations, the memory macro is blocked from write
and read random access. Memory availability is thus defined
as the percentage of time that the memory is available for
random access [Fig. 2(a)]. Bandwidth depends on frequency
as well as availability [8] [Fig. 2(a)], due to refresh operations
being an internal behavior without external data transfer.

To associate memory macro performance with device
specifications, the key is the storage node (SN) degradation
curve [Fig. 2(b)], which illustrates how SN voltage degrades
versus time after charge is written onto the SN. The refresh
point on this curve [Fig. 2(b)] is the time point when the
refresh operation is performed. The choice of the refresh
point explicitly sets the refresh period and also impacts the
frequency, because the read on-current at the refresh point
decides the worst case read delay, which is the critical path
delay that determines frequency. Any time point before the
read current declines to the sense amplifier resolution limit
can be a possible refresh point. This time point should be
chosen to be long enough to make the impacts of refreshing
negligible while maintaining high enough SN voltage to
provide sufficient drive current to achieve high-speed read.

For OS–OS gain cell with both write and read transistor
OSFETs, the on-current (ION) and off-current (IOFF) of the
OSFET should be co-designed to meet the retention and
frequency requirements at the same time. While for hybrid
gain cell, the OSFET is only used as a write transistor with a
small SN capacitance load. As such, the OSFET on-current can
be relaxed (e.g., by suitable choice of the threshold voltage or
channel materials) to achieve lower off-current. Meanwhile,
to capitalize on high-bandwidth memory access on a logic
platform, OSFETs need to be designed to operate at logic
supply voltages (<1 V).

B. Gain Cell Design Space Exploration
To explore the design space of a gain cell memory macro,

we use GEMTOO [8], a gain cell memory macro simulation
tool that includes all the peripheral circuits (decoder, driver,

Fig. 2. (a) Definition of memory availability and bandwidth. (b) SN
voltage degradation curve on which the refresh point determines refresh
period and frequency. (c) Bandwidth saturates with refresh period due to
(d) memory availability saturation, based on 28 nm GEMTOO simulation
of 256 row × 32 column gain cell memory macro. (e) Conservatively
defining 99.9999% availability as the retention saturation point, which is
around 10 s for different frequencies. Baseline Si-only gain cell has a
maximum frequency of 66.5 MHz.

sense amplifier, etc.) and memory architecture, validated with
28 nm node Si gain cell tape-out. We chose 28 nm node
CMOS as a design example and conservatively took the
worst case array architecture 256 row × 32 column for the
simulations. For a given frequency, the bandwidth will saturate
with increasing refresh period due to the saturation of memory
availability with refresh period [Fig. 2(c) and (d)]. The refresh
period that provides 99.9999% memory availability is defined
as the saturation point, conservatively taking into consideration
the design margin for device nonidealities like variation and
degradation. Fig. 2(e) shows that the saturation point is around
10 s, which indicates that ∼10 s retention time is long
enough to make the impacts of refresh negligible and that
longer retention time offers diminishing return. Note that the
saturation retention time depends on frequency [Fig. 2(e)] in
a roughly inverse proportional relationship. Intuitively, the
product of refresh period and frequency is the number of
cycles for memory random access that is not blocked by the
refresh operation in a refresh period.
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Fig. 3. Design guidelines for OSFET VTH control. Simulations use a
coupled Poisson–Schrodinger solver with parameters calibrated based
on experimental device with 2 nm ITO and 10 nm HfO2 (NCH extracted
is 3.8 × 1019 cm−3). (a) Analytical approximation for OSFET VTH.
(b) Impact of gate dielectric thickness and in turn, CDE on VTH (simula-
tion for 10 nm HfO2 case calibrated to experiment). (c) Impact of channel
thickness on VTH for two different NCH values (high and low). VTH,quantum
becomes significant only for tCH smaller than around 2.5 nm. For larger
tCH with high NCH, VTH,dep dominates.

Based on the memory macro specifications of refresh period
and frequency as well as voltage, we can derive the OSFET
specifications with the gain cell SN voltage degradation curve.
Accordingly, the OSFET off-state current should be ∼1 ×

10−18 A at VDS = VDD = 1 V and VGS = −0.3 V, assuming
CSN = 0.1 fF and VSN drops by <0.1 V during the refresh
period. The VGS = −0.3 V is achieved using negative-level
shifter in [10], which adopted a dedicated design with small
hardware overhead and limited shift of −0.3 V. OSFET drive
current at VDS = VDD = 1 V and VGS = 0.9 V (after accounting
for 0.1 V VSN degradation) as a read transistor should be ∼10
µA to achieve the targeted frequency for OS–OS gain cell. For
hybrid gain cell, the OSFET on-state current can be relaxed to
∼1 µA, because the OSFET only serves as the write transistor
that has a small capacitive load (the SN capacitance).

ITO is chosen as the OS channel material, as ITO has
sufficiently high mobility [11] to meet the ION target as
well as low IOFF [5]. To achieve the desired IOFF = 1 ×

10−18 A at VGS = −0.3 V, threshold voltage (VTH) control is
critical. As shown in Fig. 3(a), VTH needs to be positive and
consists of three main components: VFB (flat-band voltage),
VTH,dep (VGS required to deplete the channel), and VTH,quantum
(corresponding to conduction band shift caused by quantum
confinement). VFB needs to be high enough to ensure positive
VTH and is limited by the maximum achievable metal work-
function (φM) corresponding to that of platinum with φM of
5.65 eV [12]. However, one can push for a higher effective
work function by adopting techniques like addition of a dipole
layer between the gate metal and dielectric [13]. VTH,dep has
a negative contribution and is minimized by increasing the
gate dielectric capacitance, CDE [Fig. 3(b)] and most impor-
tantly by reducing the OS channel thickness tCH [Fig. 3(c)],
especially for a heavily n-doped OS with higher mobility,
such as ITO, IWO [14], and In2O3 [15]. VTH,dep has a strong
negative dependence on tCH, suggesting that ultrathin channels

are desired for OSFETs. Ultrathin OS channels can also
leverage the positive VTH shift due to quantum confinement
[Fig. 3(c)] with a t−2

CH dependence. Although both VTH,deep and
VTH,quantum lead to a more positive VTH for thinner channels,
their relative contributions depend on the effective mass (m∗)

and channel doping (NCH) values. We assume m∗
= 0.3 m0 for

our calculations [16] and neglect any second-order effect, such
as the tCH dependence of m∗. Based on this, we observe that
the quantum confinement effects become significant only for
tCH less than around 2.5 nm, where VTH starts to show a t−2

CH
dependence for smaller tCH. For larger tCH, VTH,dep dominates
with its value strongly dependent on NCH as suggested by
the two curves in Fig. 3(c). When NCH is large (3.8 × 1019

cm−3), VTH shows a strong (∝ − tCH) drop with increasing
tCH, whereas the low NCH case (1018 cm−3) shows negligible
tCH dependence for thicker channels. Thinner channels also
help mitigate short-channel effects when channel length is
scaled down to 28 nm and below, providing better immunity
to VTH and subthreshold swing (SS) roll-off. However, thin
tCH is also accompanied by mobility degradation that is
mainly attributed to increased surface roughness and thickness
fluctuation scattering [17]. This analysis leads to the choice of
tCH = 2 to 4 nm as the design target and the need for precise
control of tCH.

III. BOTTOM–UP: FROM MATERIAL TO DEVICE

A. ALD ITO Material and Process Development
The mobility of ITO transistors with sputtered ITO films

degrades significantly for ultrathin sputtered films due to
surface roughness scattering [18]. Ultrathin sputtered films
also face challenges in achieving good uniformity, especially
in the case of large-scale integration. Thus, we target atomic
layer deposition (ALD) for ITO thin films [20].

The ALD ITO process uses n-supercycle of m-cycle ALD
In2O3 and one-cycle of ALD SnO2 [21], [22]. O2 plasma is
used as the oxygen precursor to avoid H doping during depo-
sition. Tetrakis(dimethylamino)tin(IV) (TDMA-Sn) precursor
is chosen for SnO2 ALD. Indium cyclopentadienyl (CpIn)
precursor [21] and trimethylindium (TMIn) precursor [22] are
compared for the In2O3 ALD process. Based on preliminary
X-ray photoelectron spectroscopy (XPS) tests, TMIn precursor
temperature of 40 ◦C gives enough vapor pressure for In2O3
film deposition, while CpIn precursor needs 125 ◦C. With the
precursor temperature set to produce the same vapor pressure
and precursor pulse time set at the ALD self-saturation point,
the ITO films deposited by CpIn and TMIn precursor with
various compositions are characterized by XPS. ITO with
TMIn precursor shows better incorporation of Sn doping and
thus lower indium concentration [23], resulting in transistors
with better stability and reliability [24]. Thus, TMIn precur-
sor is used as the standard process in the following device
optimization. Growth rates for 19:1 and 9:1 composition are
1.23 and 1.31 Å/cycle, respectively.

B. ALD ITO FET Device Optimization
To optimize the ALD ITO material for transistor and gain

cell memory, back-gated ITO FETs were fabricated with the
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Fig. 4. (a) Device cross section and process flow for back-gated
ALD ITO FET. (b) Measured transfer curve and extracted, (c) SS, and
(d) field-effect mobility for pristine nonannealed ALD ITO FET with
different ALD ITO films by varying the In:Sn composition and thickness.
Device LG = 2 µm measured with VDS = 0.5 V.

device structure shown in Fig. 4(a), with ITO composition
of 19:1 and 9:1, and thickness of 4 and 2 nm deposited by
ALD with the substrate temperature at 200 ◦C. Pt, deposited
by e-beam evaporation at room temperature, is used as the
gate metal for its high work function, and Ni is used as the
contact metal for low contact resistance [18], [19]; 10 nm
HfO2 is deposited by ALD at 200 ◦C as the gate dielectric
for lower gate leakage. ITO is patterned and wet etched with
diluted HCl, and HfO2 is dry etched by inductively coupled
plasma (ICP). The whole fabrication process is under 200 ◦C,
compatible with back-end of the line (BEOL) integration.

The measured ID–VGS curve for pristine nonannealed
devices in Fig. 4(b) shows that VTH is very negative for ALD
ITO FET with 4 nm ITO films, while positive for the 2 nm
ones, in agreement with analysis shown in Fig. 3. SS and field-
effect mobility are extracted and shown in Fig. 4(c) and (d).
ALD ITO FET with 9:1 composition has better SS and
field-effect mobility than 19:1 composition. ALD ITO FETs
with 4 nm ITO films have higher mobility but worse SS
than 2 nm films. Note that ALD ITO films already have
better mobility than sputtered ITO films due to smaller film
roughness and thus less surface scattering.

Annealing the 4 nm ITO device at 300 ◦C in O2 can
shift VTH positively, but with annealing time >5 min, VTH
still saturates at negative voltage −1 V and −0.5 V for
19:1 and 9:1 composition, respectively [23], which leads
us to the final choice of 2 nm ITO films for a gain cell
demonstration. To further study the effects of temperature, the
2 nm ITO device is annealed at 300 ◦C in Ar. After annealing,
the device with 9:1 composition shows less shift in VTH and
less degradation in SS [23], which indicates better temperature
stability than 19:1.

Fig. 5. (a) Transfer and (b) output curves of the W /L = 4/1 µm/µm
nonannealed ALD ITO FET with 9:1 composition and 2 nm ITO that
shows VTH = 0.4 V, on-current of 26.8 µA/µm, and small hysteresis
<45 mV. (c) Small device variation with median VTH = 0.42 V for
34 devices fabricated at different times. (d) VTH shift <0.2 V under
125 ◦C temperature stability test. OS–OS gain cell measurement setup
and measured retention at (e) room temperature and (f) 85 ◦C.

From the above results and discussion, the ALD ITO
process with TMIn precursor, 9:1 composition, and 2 nm
thickness yields the optimized materials for the target design
of OSFET and gain cell.

IV. OPTIMIZED OSFET AND GAIN CELL

A. Experimental Results of Optimized Device

Fig. 5(a) and (b) shows the transfer and output curves of
LG = 1 µm optimized ALD ITO FET without annealing.
The device has a positive VTH of 0.4 V, defined as VGS at
ID = 100 nA × W /L , as well as small hysteresis <45 mV
and small SS of 70 mV/dec. The on-state current is also as
high as 26.8 µA/µm at VDS = 2 V and VGS–VTH = 1.6 V,
due to good field-effect mobility of 27 cm2V−1s−1. Device
variation is shown in Fig. 5(c), with VTH spread within 0.15 V
and median VTH of 0.42 V for a sample size of 34 devices
fabricated at different times.

The devices are further characterized with stability tests
under temperature and bias stresses. Good stability is shown
with low VTH shift <0.2 V under temperature stress up
to 125 ◦C [Fig. 5(d)], low positive bias stress (PBS) shift
<0.35 V under 2 V bias stress for 1000 s, and low negative
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Fig. 6. (a) Calibrated TCAD model with extracted traps from the experimental results of W/L = 4/1 µm/µm device and simulated fitting curve. ECM:
Conduction band mobility edge. (b) Simulated ITO FET with L = 28 nm, based on experimentally calibrated model including traps.

bias stress (NBS) shift <0.1 V under −2 V bias stress for
1000 s [23]. Although OSFET PBS shift is a problem for
OS-OS gain cell when storing data “1” with positive gate
voltage on the transistor, the hybrid gain cell is much less
impacted because Si FET is used as the read transistor. For
the OSFET write transistor, ∼ns positive write pulse may
induce small stress and shift, which can be recovered during
the standby state without any treatment [25].

With the optimized device, OS–OS gain cell was fabri-
cated and measured under standby write wordline (WWL) of
−0.5 V. After a 5000 s retention test, the read current dropped
from 24 to 7 µA [Fig. 5(e)]. By converting read current to SN
voltage with the read transistor ID–VGS curve, the off-current
is extracted to be 2 × 10−18 A/µm. The SN degradation
curve at 85 ◦C was also measured as shown in Fig. 5(f).
Initially, the SN voltage degradation rate decreases with time
due to smaller voltage difference between SN and WBL. After
VSN degrades below VTH, the read current dropped quickly
due to exponential dependence on VSN in the subthreshold
region. VTH has a positive shift after ∼500 s stress time when
measuring long retention of data “1,” which is a critical issue
for OS–OS gain cell and can be solved by hybrid gain cell
instead. After excluding PBS shift, the off-state current at
85 ◦C is extracted to be 4 × 10−17 A/µm, which is attributed
to the negative VTH shift of 0.1 V at 85 ◦C [Fig. 5(d)] as well
as SS degradation at higher temperature.

B. Modeling, Simulation, and Benchmark
Based on the experimental results of the 1 µm long channel

ALD ITO FET, we develop and calibrate an OSFET TCAD
model in Sentaurus, based on a custom material parameter file
for OS. We consider a bottom-gated structure similar to our
experimental devices with an n-type OS channel with uniform
doping (including the regions under the source/drain contacts).
Parameters, such as mobility (µ) and doping (NCH), have been
calibrated to match the experimental data. OSFETs operate
as junctionless transistors, where the on state corresponds to
accumulation mode and off state corresponds to depletion
mode, with the model considering this mode of operation
for OSFETs. The model also accounts for the trap-like tail
states inside the channel due to the amorphous nature of OS,
as well as the interface traps. This is done by incorporating

TABLE I
GEMTOO MEMORY MACRO SIMULATION BASED ON SIMULATED

28 nm ALD ITO FET INDICATES THAT OS–OS GC AND

HGC HAVE LONG RETENTION AND HIGH FREQUENCY

TABLE II
USING GC MEMORY WITH HIGH DENSITY, DNN EXECUTION TIME IS
REDUCED ∼50% COMPARED WITH SRAM BASELINE FOR DIFFERENT

“DNN MODEL:LAYER,” SIMULATED USING TIMELOOP, A DNN
ACCELERATOR SIMULATOR WITH DATA FLOW OPTIMIZATION

FOR ARCHITECTURE DESIGN

acceptor-type traps with exponential density of state (DoS)
distribution based on experimental extraction to our model,
which fits the experimental data well [Fig. 6(a)]. With the
experimentally calibrated model, we simulated a scaled 28 nm
short-channel transistor assuming the same ITO material prop-
erties and the HfO2 gate dielectric reduced from 10 to 5 nm.
The simulated device in Fig. 6(b) can meet the specifications
that we set in Section II. Note that this projection is under
the assumption that the ITO material properties (such as µ

and NCH) remain unaltered on scaling down channel length.
In addition, we assume ideal contacts and neglect any velocity
saturation. Also, scaling down the dielectric thickness comes at
the risk of increased gate leakage, time-dependent dielectric
breakdown (TDDB), stress induced leakage current (SILC),
PBS/NBS of the read as well as write transistors leading to
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potential failure of gain cell operation. Accounting for all the
above factors is critical for OSFET development to enable the
scaling of gain cell memory.

OS–OS gain cell (GC) and hybrid gain cell (HGC) memory
macros based on this 28 nm device are simulated with GEM-
TOO at the 28 nm node and compared with SRAM (Table I).
Hybrid gain cell has 3× density and comparable speed with
SRAM. In contrast, the OS–OS gain cell has lower speed
(0.5× frequency of SRAM) and can achieve much higher
density (N times 1.15× density of SRAM) with N layers
provided by 3-D stacking. Both OS–OS and hybrid gain cell
memories exhibit long retention of 9 s, much higher than Si
gain cell and enough to make the impact of refresh negligible.
To evaluate the system performance with our high-density gain
cell on-chip memory, we used Timeloop [9], a DNN acceler-
ator simulator with data flow optimization. The gain cell with
high density achieves 51%–66% reduction in execution cycle
time (Table II) by minimizing off-chip DRAM accesses.

C. Scalability
As observed and discussed in Section II-B, saturation reten-

tion is inversely proportional to frequency, assuming that the
number of cycles for memory random access in a refresh
period remains constant. For more advanced technology nodes,
if the clock frequency is scaled up by k, then the required
retention time can be scaled down by k. According to the
retention equation tR = Cox WL × 1V /IOFF, because the
equivalent oxide thickness (EOT) and VDD almost saturate
for very advanced technology nodes [27], the off-state current
density IOFF/W of OSFET write transistor should stay constant
to satisfy the required retention. Similarly, the on-state current
density ION/W of write OSFET should also remain constant
to meet the required frequency. The read transistor scaling
depends on bitline interconnect scaling, because τ = CBL ×

1V /ION. For a fixed wire aspect ratio, the bitline capacitance
is scaled down by k [28]. Thus, the read transistor on-state
current ION should remain the same with scaling to achieve
target frequency. In terms of this, hybrid gain cell with Si FET
as the read transistor has better scalability. Wire resistance
will increase with scaling and with larger array size, and
thus, wire RC delay may dominate, which can be addressed
by interconnect material and process engineering [28] and
memory architecture optimization. The 3× density benefits
over SRAM can be scaled down to 28 nm node with planar
transistor layout design. For FinFET technology below 28 nm,
the array layout needs to be redesigned with process design
kits (PDKs) not readily available to academia and subject to
further study. In any case, the estimated density of the gain
cell will still be higher than SRAM because gain cell memory
has fewer transistors per cell and employs 3-D stacking.

For the scalability of OSFET, although a scaled channel
length of 8 nm was experimentally demonstrated with small
short-channel effect [29], several challenges still need to be
addressed within gain cells. With ultrathin OS channel films,
the source/drain series resistance may limit ION for scaled
devices. The process optimization of special treatment to
channel contact region can be used to reduce the series resis-
tance [30]. The gate leakage will increase for scaled devices

with thin gate dielectric and may lead to reduced retention.
High-κ gate dielectric [31] with good interface to OS channel
material should be studied. Voltage scaling and VTH control is
the most challenging with SS limit of 60 mV/dec, especially
for very advanced technology node with low operation voltage.
More research on physics understanding is needed to improve
voltage scaling and VTH control. Higher voltage domain (e.g.,
I/O transistor) and/or chiplet integration [32] are possible
avenues for exploration.

V. CONCLUSION

This work established design guidelines for gain cell mem-
ory on logic platform using a mixed top–down and bottom–up
design methodology. With the co-design from memory macro
to device and from material to device, we studied gain cell
design trade-offs and provided experimental proof-of-concept
for OS transistors to be used in high-density gain cell memory
on logic platform operating at VDD = 0.9 V. The optimized
gain cell achieved good trade-off with high density, high
bandwidth, and long retention compared to SRAM. This
motivates further research on OS-based gain cell memory,
potentially providing relief for the memory wall by providing
large-capacity on-chip memory with adequate bandwidth. The
same design procedure can be generally used for memory
macros optimized for other applications, as well as gain cell
memory using other OS materials. Variation control for large
memory arrays and integration costs must be further studied
because these are key factors for industry adoption.
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