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The Impact of Parasitic Capacitance on the
Memory Characteristics of 2T0C DRAM

and New Writing Strategy
Liankai Zheng , Ziheng Wang, Zhiyu Lin, and Mengwei Si , Member, IEEE

Abstract— In this work, we systematically study the
impact of capacitive coupling effect on the memory
characteristics of 2T0C DRAM by both theoretical modeling
and experiments. Then, based on the insights on capacitive
coupling, we propose a new writing strategy for 2T0C
DRAM, which can effectively enhance the memory window
and retention at the same operation voltage. Finally, we
demonstrate a high performance ZnO-based 2T0C DRAM
cell with retention >1000 s under criterion of 1VSN = 0.1 V.
Through the proposed new method, the retention of 2T0C
DRAM cell can be improved from 1200 s to >10000 s under
criterion of VSN drop to a failure voltage of 0.5 V.

Index Terms— Zinc oxide, oxide semiconductor, thin-film
transistor, capacitorless DRAM, capacitive coupling effect.

I. INTRODUCTION

OXIDE semiconductor based 2T0C dynamic
random-access memory (DRAM) is considered as

a promising candidate for DRAM technology with the
capability on monolithic 3D integration, taking advantage of
its long retention time and area efficiency [1], [2], [3], [4],
[5], [6], [7], [8], [9], [10], [11], [12], [13]. Most research
have focused on improving the performance of 2T0C DRAM
by material and device engineering for lower leakage current
and novel architectures [6], [7], [8], [9], [10], [11]. However,
the problem of capacitive coupling in 2T0C DRAM cell
has been raised [7] but has not been fully understood. The
capacitive coupling effect causes a sharp voltage drop on
the storage node voltage (VSN), which results in narrower
memory window and higher operation voltage than expected,
which limited the performance improvement.

In this work, the impact of capacitive coupling effect on
the memory characteristics of 2T0C DRAM is systematically
studied by both theoretical modeling and experiments. The
impact of capacitive coupling on the storage node volt-
age (VSN) are derived mathematically. It is found the
unintentionally VSN change (1VSN) during read and write in
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Fig. 1. (a) ID-VGS characteristics of a planar ZnO transistor with LCH
of 5 µm and the schematic diagram on the cross-section of a ZnO
transistor. (b) ID-VDS characteristics of a planar ZnO transistor with LCH
of 5 µm.

2T0C DRAM cell is determined by write word line (WWL)
to storage node (SN) capacitance (CWWL-SN) and read word
line (RWL) to SN capacitance (CRWL-SN) coupling. Based
on the theoretical model, a new writing time sequence of
2T0C DRAM is proposed, utilizing the capacitive coupling to
enhance the memory performance. Finally, a high performance
ZnO FET-based 2T0C DRAM cell with retention of 1100 s
under criterion of 1VSN = 0.1 V is demonstrated experimen-
tally. Through the proposed new writing strategy, retention
of 2T0C DRAM cell can be improved to >10000 s under
criterion of VSN drop to a failure voltage (VF) of 0.5 V.

II. EXPERIMENTS

Fig. 1(a) presents the schematic diagram of a back-gate
ZnO transistor and the ID-VGS characteristics, exhibiting a
field-effective mobility (µFE) of 31.5 cm2/Vs. The gate stack
includes Ni as gate metal, Al2O3 as gate insulator, ZnO as
semiconducting channel by atomic layer deposition (ALD)
and Ni as source/drain (S/D) contacts. The fabrication of ZnO
transistor and 2T0C DRAM is similar as previously reported
in [14]. Fig. 1(b) shows the ID-VDS characteristics of a typical
ZnO transistor. The 2T0C DRAM cell consists of two ZnO
transistors with different sizes, as shown in Fig. 2(b). All
electrical measurements were done with a Keysight B1500A
semiconductor analyzer by source measurement unit.

III. RESULTS AND DISCUSSION

Fig. 2(a) presents the circuit diagram of the 2T0C DRAM
cell, including write bit line (WBL) to WWL capacitance
(CWBL-WWL), CWWL-SN, CRWL-SN and read bit line (RBL)
to SN capacitance CRBL-SN. For write transistor, the channel
length (LCH) and width (WCH) are 10 µm and 40 µm. For
read transistor, LCH and WCH are 165 µm and 100 µm.
Fig. 2(b) exhibits a photo image of a 2T0C DRAM based on
ZnO transistor. Fig. 2(c) presents a timing diagram for read
and write operations of 2T0C DRAM, as traditional writing
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Fig. 2. (a) Circuit diagram of a 2T0C DRAM considering parasitic
capacitors. (b) A photo image of a 2T0C DRAM based on ZnO tran-
sistor. (c) Traditional timing diagram of write and read operations for
2T0C DRAM. (d) IRWL and (e) VSN versus time characteristics after
writing. The retention is about 1100 s under criterion of ∆VSN = 0.1 V.
(f) A voltage timing diagram and the corresponding VSN versus time
measurements for ∆VSN testing. Region 1 shows CWWL-SN coupling
and region 2 shows the CRWL-SN coupling. (g) The information of all the
capacitors.

method. VRWL remains at 0.1 V to monitor the IRWL and VSN.
Fig. 2(d) and Fig. 2(e) show the measurement results of read
current at RWL (IRWL) and VSN respectively, exhibiting a long
retention of 1100 s under criterion of 1VSN = 0.1 V. VSN can
be obtained referring to the ID-VGS characteristics of the read
transistor. The initial VSN is less than 1 V due to capacitive
coupling. Fig. 2(f) shows a typical measurement on the impact
of capacitive coupling on 1VSN. The waveform in Fig. 2(f)
is used to highlight the VSN change caused by the capacitive
coupling effect. It is worth noting that RC effects may also
affect VSNchange during write operation in high-speed but for
simplicity of discussion, this work only focus on quasi-static
effect of capacitive coupling. As can be seen, there is an obvi-
ous voltage drop at SN due to CWWL-SN coupling and 1VWWL
as illustrated in region 1 and voltage increase at SN due
to CRWL-SN and 1VRWL as illustrated in region 2. Fig. 2(g)
shows the information of all the capacitors. The impact of
capacitive coupling on VSN is derived, according to voltage
divider rule of series and parallel capacitors:

1VSN =
1VWWLCWWL-SN+1VRWLCRWL-SN

C6

+
α1VRWLCOX

C6

(1)
where C6 = CWWL-SN + CRWL-SN + CRBL-SN + COX, COX
is the gate oxide capacitance of read transistor, 1VWWL is the
voltage change at WWL and 1VRWL is the voltage change at
RWL. α equals to 0 and 0.5 when the data of the 2T0C DRAM
is data ‘0’ and data ‘1’, respectively. When data ‘0’ is loaded,
VSN is a low voltage and the read transistor is in off-state,
so the COX is independent of the capacitive coupling effect
and α = 0. When data ‘1’ is loaded, VSN is a high voltage
and the read transistor is turn on. In this case, half of COX
participates in the capacitive coupling effect and α = 0.5. Note
that in data ‘1’ case, channel resistance may affect α, for the

Fig. 3. (a) The specially designed waveform to characterize CWWL-SN
coupling. To prevent the impact of CRWL-SN and CWBL-SN coupling,
the voltage of WBL and RWL remains at constant 2 V. The high level
of each WWL pulse is the same (3 V), and the low level decreases
gradually (from 1 V to −4 V in 1 V step). (b) Testing results on IRWL.
(c) The relation between ∆VSN and CWWL-SN under different ∆VWWL,
containing measured data (discrete points) and estimated curves (solid
lines). (d) The specially designed waveform to characterize CRWL-SN
coupling. To prevent the impact of CWBL-SN coupling, the voltage of
WBL remains at constant 2 V. Each WWL pulse is the same (from
−2 V to 3 V). The high level of each RWL pulse is the same (2 V)
and the low level decreases gradually (from 1 V to −3 V in 1 V
step). (e) Testing results on IRWL. (f) The relation between ∆VSN and
CRWL-SN under different ∆VRWL, containing measured data (discrete
points) and estimated curves (solid lines).

simplicity of discussion, here we assume the channel resistance
is low so that can be modelled like a conductor by estimation.
According to eqn. (1), 1VSN due to the capacitive coupling
effect mainly consists of two parts: CWWL-SN coupling and
CRWL-SN coupling, and CWWL-SN coupling is the major origin
of VSN drop in 2T0C DRAM [7], [13]. To reduce the coupling
capacitance, such as to use a self-aligned top-gate structure,
may effectively alleviate the VSN drop problem, but in some
2T0C DRAM structures, the coupling capacitance cannot be
ignored such as channel-all-around IGZO 2T0C DRAM cell
with a high density of 4F2 in [8].

To further understand the capacitive coupling effect and ver-
ify the theoretical model in eqn. (1), pulse measurements with
special designed waveforms are performed. Fig. 3(a) shows a
waveform with different 1VWWL. The current at RWL (IRWL)
is measured as shown in Fig. 3(b). Fig. 3(c) presents the rela-
tion between 1VSN and CWWL-SN under different 1VWWL.
The other capacitances except CWWL-SN are the same as
those in Fig. 2(g). Referring to eqn. (1), the estimated slopes
of the 1VSN versus CWWL-SN curves (1VWWL/C6) can be
calculated. Based on the slopes and the measured 1VSN of
the device whose CWWL-SN = 2.01 pF, the estimated curves
of 1VSN versus CWWL-SN are obtained. The small difference
between the measured data and estimated curves confirms the
theoretical model in eqn. (1). Note that, the intercepts of the
estimated curves are not equal to zero, which is caused by
other non-ideal effects (such as charge trapping) except capaci-
tive coupling effect. Fig. 3(d) shows the waveform with differ-
ent 1VRWL. The corresponding IRWL is presented in Fig. 3(e).
Fig. 3(f) presents the relation between 1VSN and CRWL-SN
under different 1VRWL. The other capacitances except
CRWL-SN are the same as those in Fig. 2(g). Like the method
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Fig. 4. Illustration of ∆Vdata on WBL, ∆VWWL on WWL and the
corresponding ∆VSN on SN.

Fig. 5. (a) Writing time sequence of traditional method and the
proposed new method. (b) IRWL versus time characteristics after writing
at Vc = 0 V and Vc = 1 V. (c) VSN versus time characteristics at
Vc = 0 V and Vc = 1 V. Retention time at different Vc under criterion
of (d) ∆VSN = 0.1 V and (e) VF = 0.5 V.

in Fig. 3(c), the estimated slopes of the 1VSN versus CRWL-SN
curves (1VRWL/C6) can be calculated. Based on the slopes
and the measured 1VSN of the device whose CRWL-SN =

9.66 pF, the estimated curves of 1VSN versus CRWL-SN are
obtained. The linear relation between measured 1VSN and
CRWL-SN also confirms the theoretical model in eqn. (1).

In above discussion, capacitive coupling effect can have a
significant impact on the operation voltage of 2T0C DRAM.
The operation voltage, defined as 1VWWL when turn on/off of
the write transistor, which is the largest voltage used in 2T0C
DRAM operation, can be expressed as eqn. (2):

1VWWL =1Vdata+1VWWL
CWWL-SN

C6

=
1

1 −
CWWL-SN

C6

1Vdata

(2)

where 1Vdata is the difference between the voltage level of
data ‘1’ and the data ‘0’ at WBL and 1VWWL is the sum
of 1Vdata and 1VSN caused by capacitive coupling, as shown
in Fig. 4. As can be seen, the operation voltage is affected by
the capacitive coupling factor CWWL-SN/C6 , so it is essential
to reduce the operation voltage by decreasing CWWL-SN.
Note that the operation voltage is also affected by the threshold
voltage due to voltage lose when transmitting high voltage
and off-voltage (VOFF) of the write transistor, but is neglected
here for the simplicity of discussion, which does not affect the
conclusion.

Utilizing the capacitive coupling effect of CRWL-SN, this
work proposed a new writing time sequence to enhance the
memory window of the 2T0C DRAM cell. Fig. 5(a) shows
the comparison between traditional writing time sequence
and the proposed new time sequence. In the writing region,
WBL loads data ‘1’ (high voltage level, VDD) and data ‘0’

(low voltage level, VSS). WWL generates a pulse from VSS−

to VDD+ to turn on the write transistor. RWL remains as
measurement voltage (Vm, 0.1 V in this work) to monitor
IRWL and VSN. The value of Vm does not affect the measured
value of VSN. For the proposed new time sequence, in the
writing region, VRWL will swing depending on the data loaded
at WBL. When WBL loads data ‘1’, VRWL will be set to
(Vm – Vc) and when WBL loads data ‘0’, VRWL will be set to
(Vm + Vc) inversely. Here, Vc is a compensatory voltage. The
swing of VRWL contributes to enlarge the voltage window of
SN due to the CRWL-SN coupling as predicted by the capacitive
couple equation in eqn. (1). After writing, VRWL remains
at Vm to monitor IRWL and VSN. VDD and VSS are related
to the operation voltage of DRAM cell and the value of Vc is
reasonable when Vm + Vc ≤ VDD and Vm − Vc ≥ VSS.

Fig. 5(b) shows the comparison of IRWL versus time
characteristics after writing between traditional writing time
sequence (same as Fig. 2(c)) and the proposed new writing
time sequence. For data ‘1’, IRWL increases from about 5 nA
to about 60 nA by the proposed new write method at the
same operation voltage. The corresponding VSN versus time
characteristics are shown in Fig. 5(c). The initial VSN is
about 0.6 V for traditional method and over 1.2 V for the
proposed method in this work, which verifies memory window
can be enhanced as predicted. Fig. 5(d) shows the impact
of Vc on retention under criterion of 1VSN = 0.1 V. For
traditional method, the ZnO 2T0C DRAM in this work has a
long retention time of 1100 s. For Vc = 0.5 V and Vc = 1 V
condition, the retention in this criterion is shorter because of
a higher initial VSN.

Note that, criterion of 1VSN = 0.1 V may not be suitable
to compare the retention at different initial VSN because the
data lose in DRAM is determined by how much VSN remains
in the storage capacitor. So, in this work we propose to use
a criterion by VSN decreasing to a failure voltage of VF.
In practical applications, the value of VF need to be deter-
mined by specific technical scenarios. In this work, we chose
VF = 0.5 V as an example. Fig. 5(e) presents impact of Vc
on the retention characteristics under the new criterion. The
retention is improved from 1200 s at Vc = 0 V to >10000 s
at Vc = 1 V, indicating new writing strategy is effective to
enhance the retention performance of 2T0C DRAM cell.

This proposed method can effectively enlarge the memory
window of 2T0C DRAM without increasing the operation volt-
age, which can compensate the VSN drop caused by CWWL-SN
coupling. In other words, the proposed writing strategy can
reduce the operation voltage without narrowing the memory
window, which is important for 2T0C DRAM in applications.
It’s also worth noting that extra power consumption will appear
when adopting the new write scheme due to the additional
pulse on RWL. Thus, there will be a tradeoff between memory
window and power consumption.

IV. CONCLUSION

In summary, the impact of capacitive coupling on 2T0C
DRAM cell is systematically studied by theoretical model
and experiments. A new writing strategy for 2T0C DRAM is
proposed according to the theoretical understanding to enhance
the memory window and retention. A high-performance ZnO
2T0C DRAM cell with retention >10000 s under criterion
of VF = 0.5 V is demonstrated taking advantage of the new
writing strategy.
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