
SISPAD 2023, September 27-29, 2023, Kobe, JAPAN

SISPAD 2023 – http://www.sispad2023.jp

Modeling the Thermal Characteristics of Stacked
2T0C Memory Array Based on InGaZnO4 Thin-film

Transistors
Song He1, Haoxin Li1, Guangwei Xu1,*, Xinyi Tang1, Yuanbiao Li1, Jaewoo Kim2, Tingting Gu2, Xingkun Xue2, Zelun Li2,

Handong Xu2, Haiyang Dong2, Kai Zhou1, Xianqin Hu1,2, Shibing Long1
1School of Microelectronics, University of Science and Technology of China, Hefei 230026, China;

2Changxin Memory Technologies, Inc. Hefei 230601, China. Emails: xugw@ustc.edu.cn..

Abstract—For the first time, the electrothermal
characteristics of the stacked 2T0C memory array were
modeled based on the material properties, electron transport
mechanism of InGaZnO4 (IGZO) and basic Fourier heat flow
equation utilizing the technology computer-aided design
(TCAD) tool. According to the proposed electrothermal model,
the multi-layer stacked 2T0C memory array would bring
severe self-heating issue from the thermal crosstalk among
layers. The temperature rising of stacked 2T0C cells decrease
the retention time severely due to the temperature instability of
IGZO thin-film transistors TFTs. Furthermore, several
advanced device-level strategies were proposed to ameliorate
the heat accumulation problem.
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I. INTRODUCTION
Nowadays, the dynamic random access memory (DRAM)

is not only applied to the personal computer or server, but
also plays a crucial role in various emerging network
technology such as Artificial Intelligence [1], Cloud/Edge
Computing, Internet of Things, etc. The increasing
application scenes intensifies the demand for higher storage
density of DRAM. Since the area consumption of traditional
1T1C DRAM is strictly limited by the need of sufficient
capacitance, the new-type 2T0C configuration DRAM is
expected to increase storage density further because of its
potential for monolithic 3D stack [2]. InGaZnO4 thin-film
transistors (IGZO-TFTs) have been widely used in the drive
backplane of high resolution and low power display with
mature low temperature process and good large area
uniformity since it was firstly invented in 2004 [3, 4]. The
back end of the line (BEOL) compatibility makes the 2T0C
DRAM configuration more promising. The IGZO-TFTs are
introduced to 2T0C construction due to its extremely low
off-state leakage [5]. It is generally considered that the low
off-current of IGZO-TFTs is induced by the intrinsic low
carrier concentration of IGZO deriving from its relatively
wide bandgap (3.2 eV) and conduction restriction of
electrons of the potential barrier above the conduction band
[4]. Therefore, the specific storage capacitor is unnecessary
for 2T0C DRAM configuration, which brings its
stacking-compatibility. However, multi-layer stacked 2T0C
memory array may bring severe self-heating issue from the
thermal crosstalk among layers [6]. In addition, the thermal
conductivity of IGZO (0.014 W K-1cm-1) is far lower in

contrast to silicon (1.7 W K-1cm-1), which exacerbates the
heat accumulation in the channel.
In this work, the stacked 2T0C memory model was built

to predict the potential thermal issue utilizing the TCAD
Sentaurus. According to this model, we predicted the
potential self-heating issue in the scene of current-sensing
reading approach [7]. The storage performance of the 2T0C
memory cell degrades severely with the temperature rising.
We also bulit several different stacked 2T0C cell structures
and studied their thermal characteristics, which will give
advanced device-level strategies to ameliorate the
self-heating issue for 2T0C DRAM configuration.

II. ELECTROTHERMALMODELING

IGZO is normally a n-type semiconductor because of its
extremely low hole mobility and native oxygen vacancy (VO)
as donor-like states satisfying Gaussian distribution. The tail
states obey exponential distribution acting as electron traps
below the conduction band and hole traps above the valence
band [8, 9]. The density of tail states and VO states can be
expressed by
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where EC and EV are conduction and valence band edge
energies, gta and gtd are densities of tail states at E= EC and
EV acting as electron and hole traps, Ea and Ed are slopes of
conduction and valence band tail states, gd is the peak value,
λ is the mean energy, and σ is the standard deviation of VO

states. The tail states below the conduction band determines
the field-effect mobility of IGZO TFTs. In addition to the VO
states, the unintentional hydrogen diffusion from processing
also acts as an important role of donor-like states in IGZO
TFTs. In the effect of the ion scattering and phonon
scattering mechanism, the temperature-dependent mobility
of IGZO can be expressed by
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where T0 is the room temperature which is 300 K here, Nref is
the reference concentration for doping-dependent mobility
model, and μ0 is the constant electron mobility. It’s obvious
that the mobility degradation is mainly induced by phonon
scattering at higher temperature. Besides, the high-field
velocity saturation model is implemented in our simulation
as well. The basic material parameters of IGZO are shown in
TABLE I, which are adjusted by the agreement with
experimental transfer characteristics of IGZO-TFTs
proposed by IMEC [10], as shown in Fig. 1. The details of
the device model were illustrated in Fig. 2a.

TABLE I
KEY PARAMETERS USED IN SIMULATION

Symbol Description Value Units

Nc/Nv Effective conduction/valence
band DOS

51018/51018 cm-3

gta/gtd Density of tails states at
E=Ec/Ev

41019/41019 cm-3eV-1

Ea/Ed Conduction/valence-band-tail
slope

35/35 meV

Eg Bandgap 3.20 eV
χ Affinity 4.16 eV
ԑ Permittivity 10
μn/μp Electron/hole mobility 20/0.1 cm2V-1s-1
Nref Reference concentration for

doping-dependent mobility
model

1.251018 cm-3

Vsat Saturation velocity 3.8105 cm∙s-1
τn/τp Electron/hole lifetime 10/2 ns
gd Peak of VO states 81019 cm-3eV-1

λ Mean energy of VO states 0.85 eV
σ Standard deviation of VO

states
180 meV

 Thermal conductivity 0.014 W∙K-1cm-1

Cp Specific heat capacity 2.50 J∙K-1cm-3

Rth Thermal resistance of
top/bottom boundary

2.0/0.21 K∙W-1cm-2

According to the Fourier heat flow equation, the thermal
behavior of stacked 2T0C memory array can be simply
described by,
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where κ is the thermal conductivity, T is the temperature, t is
time, Cp is the thermal capacity, ρ is the mass density of
material, and Q is the thermal power. The joule heat of
electron current occupies almost total heat of device which is
shown as
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where �n��� is the current density in channel, q is the electron
charge, n is the electron density and μn is the electron
mobility of IGZO. It is assumed that the double-side cooling
scheme with the heat dissipation paths of chip top and
bottom were adopted in the stacked 2T0C Memory array. In

addition, we only considered the thermal resistance of
packaging on top and bottom surface in our simulation [6,
11]. The thermal resistance per square centimeter is
calculated by
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where t and κp is the thickness and thermal conductivity of
packaging material. The packaging is described as 100 μm
epoxy molding compound (EMC 5×10-3 W∙K-1cm-1) and 20
μm die attach film (DAF 9.5×10-3 W ∙K-1cm-1). Then the
thermal boundary condition is expressed by

���� ∙ �� =
�������� − �0

��ℎ
(8)

where ��� is the unit vector in the direction of the outer normal,
Tsurface is the temperature of device boundary and T0 is the
constant temperature which is 300 K. Note that the periodic
thermal boundary condition on the left and right side of
device is adopted to simulate the 2T0C cells distribution
horizontally of large-scale memory array, which is
expressed by
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where �1���� and �2���� are the unit vectors in the direction of the
outer normal on both sides.

Fig. 1. Comparison between the experimental and simulated transfer
characteristic curves. The simulated on-state I-V curve shows good agreement
with experimental data [10]. The off-state region of the experimental transfer
curve does not fit well with the simulation one due to the detection limitation
of the test equipment.

III. RESULTS AND DISCUSSION

The 2T0C cell is implemented by connecting the source
electrode of the write transistor (Wtr) to the gate electrode of
the read transistor (Rtr) so that the oxide capacitance Cox of
the Rtr is used as the storage capacitor, as shown in Fig. 2a.
Firstly, we simulated self-heating characteristics of 2T0C
memory cell in single working cycle including a write
operation followed by a read operation. For the write
operation, the storage node (SN) is charged through the
write transistor by applying high voltage to the write
word-line (WWL) and write bit-line (WBL) during the write
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operation. Then the write transistor is switched off by
applying negative voltage on the WWL. During the read
operation, the SN voltage can be sensed by electric current
of read transistor by means of applying bias voltage on the
read word-line (RWL) and read bit-line (RBL), as shown in
Fig. 2b. The temperature distribution of device varying with
time is shown in Fig. 2c. The heat accumulation in write
operation is far lower than read operation and has almost
dissipated completely before the read operation begins. The
electron Joule heat in read operation is much more than write
operation because of the constant current of read transistor in
the scene of current-sensing reading approach. Therefore,
the maximum temperature rising in read operation is much
higher than write operation, as shown in Fig. 2d.

Fig. 2 (a) Schematic diagram of 2T0C configuration. (b) The waveform of
write operation followed by read operation. (c) The temperature distribution
and (d) maximum temperature rising of our 2T0C cell through write and read
operation.

Several stacked 2T0C memory array structures were
modeled to simulate the different thermal characteristics in
device level. We keep SN voltage constant by applying
constant positive voltage on the WWL and WBL and apply
periodic pulse voltage on the RWL to imitate the DRAM
cycle operation. Then the dynamic equilibrium working
temperature was simulated. Note that we simply considered
the heat generation of reading operation here according to
the simulation results above and adopt the “worst case” that
all the DRAM cells are read out at the same time. Therefore,
every cell in the same layers is equivalent and the periodic
thermal boundary condition is activated in simulation.
The equilibrium temperature is approximately linear

rising with the increasing of stack layers since the total
power of all layers linearly increase and the main thermal
resistance originates from packaging of top and bottom
surface, as shown in Fig. 3a. The decreasing of duty cycle of
the pulse voltage applied on the RWL reduces the
equilibrium temperature as the average power consumption
lowers, as shown in Fig. 3b. With the oxide interlayer
between 2T0C memory array layers getting thicker, the
equilibrium temperature is almost unchanged but the critical
time to reach thermal equilibrium extends since the total
power and thermal resistance are nearly unchanged but the
thicker oxide slows down the thermal crosstalk among

layers, as shown in Fig. 3c. At last, the extra width of oxide
sidewall between neighboring 2T0C cells in the same layer
decreases the equilibrium temperature on account of the
reduction of the thermal crosstalk between horizontally
neighboring 2T0C memory cells, as shown in Fig. 3d. The
thermal characteristics of different stacked 2T0C cell
structures we proposed may give advanced guidance for the
thermal management scheme of 2T0C DRAM
configuration.

Fig. 3 The average temperature of stacked 2T0C memory array varying (a)
number of layers, (b) duty cycle of periodic pulse voltage, (c) thickness of
SiO2 insulator interlayer, (d) width of SiO2 sidewall. Default simulation
parameters are 5 layers, 0.1 duty cycle, 0.5 μm thickness of SiO2 interlayer and
50 nm width of SiO2 sidewall, unless otherwise specified.

The temperature rising is deadly to the storage
performance of the 2T0C memory cell. The temperature
rising leads to the negative shift of threshold voltage and
increasing off-state leakage of IGZO-TFTs, as shown in Fig.
4a. As temperature rises, the hydrogen emitted from the
oxide layer introduces extra donor states and natively
oxygen vacancy generates more electrons [12, 13], which
are the main inducements of the temperature instability of
IGZO-TFTs. Since the retention time of 2T0C memory cell
is mainly determined by the off-current of the IGZO-TFTs,
the temperature rising results in retention time decreasing
greatly.
The storage performance in different temperature were

simulated by applying voltage waveform on the 2T0C
memory cell for retention time test as shown in Fig. 4b. The
parasitic coupling disturbance between the WWL and SN
results in the SN voltage decreasing with the WWL voltage
lowering. The retention time is extracted at 0.1 V dropping
of the written SN voltage, which is the SN voltage after the
write operation finishes. As shown in Fig. 4c, the retention
time of 2T0C cell degrades severely with temperature rising.
As shown in Fig. 4d, with the temperature rising the written
SN voltage rises a little due to on-state current increasing but
fall greatly due to leakage current boosting of write
transistor. More importantly, the increasing leakage leads to
severe degradation of retention time which drops below 64
ms (typical fresh time) at 360 K and this critical temperature
can be easily reached in seven-layer stacked 2T0C memory
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array.

Fig. 4 (a) The transfer characteristics degradation of IGZO TFTs with
temperature rising. (b) The waveform of retention time test. (c) The storage
node voltage decreasing over time. (d) The temperature-dependent
characteristics of retention time and storage node voltage.

IV. CONCLUSION
In conclusion, a coupling electro-thermal model of

multi-layer stacked 2T0C memory array was built based on
the material properties and electron transport mechanism of
IGZO, as well as Fourier heat flow equation. The model
indicates the temperature of the stacked 2T0C memory array
boosts rapidly with the number of layers increasing. Since
the temperature rising may results in severe storage
performance degradation of 2T0C cell, the current-sensing
reading approach needs further optimization to overcome
the potential self-heating issue. The self-heating
characteristics of different stacked 2T0C memory array
structures we proposed may give advanced device-level
guidance for the future design and fabrication by suggesting
the potential thermal management scheme of 2T0C DRAM
configuration. And there is on-going further research for
thermal management and operation scheme of 3D stack
structure which fits the actual application scene better.
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