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ABSTRACT The RRAM-based array is one of the most promising core functional primitives to accelerate
the inference process of neural networks. However, the stress-induced disturbance can cause a significant
accuracy drop during inference process where input vectors with different voltage levels are fed to the
device. This kind of disturb can hardly be avoided by optimizing the fabrication process. Here, we
investigate this phenomenon based on TaOx-based devices with different electrodes. The results indicate
that the stress-induced disturb mainly appears in the intermediate resistance states when the voltage is
applied on the device. The simulation result by COMSOL reveals the relationship between read disturb
and electric field. Therefore, we propose a nonlinear weight quantification method to mitigate read disturb
effect on inference accuracy by reducing the number of devices in intermediate resistance states. The
simulation results based on the fully-connected networks for MNIST recognition indicate that stress disturb
phenomenon can be well suppressed by nonlinear weight quantification compared with the conventional
linear quantification method, which will advance the application of the RRAM-based accelerator.

INDEX TERMS Read disturb, multilevel RRAM, nonlinear weight quantification, neural network
accelerator.

I. INTRODUCTION
Nowadays, resistive random access memory (RRAM) is con-
sidered as one of the most promising candidates for the
construction of neuromorphic computing system to break the
bottleneck of Von-Neumann architecture [1]–[8]. Especially,
the TaOx-based RRAM exhibits great electrical character-
istic, including excellent endurance, high uniformity, and
good linearity, and thus has drawn lots of research atten-
tion [9]–[12]. Moreover, the multilevel RRAM-based array
has been adopted to accelerate inference process of deep
neural networks (DNN) and behaves well in various tasks,
such as image classification and object detection [13]–[15].
However, it is inevitable that read disturb phenomenon

reflected in the resistance drift will happen during
inference process when a read voltage is applied on

the device [16]–[18]. Read disturb will induce inference
accuracy drop. The RRAM-based array serves as the neural
network accelerator by speeding up the matrix vector multi-
plication [19]–[20]. The devices are used to store the weights.
Therefore, the resistance drift of the devices will have an
influence on the stored weights. As a result, the summated
current along the column will be affected. What is worse,
it cannot be solved by optimizing the fabrication process,
which will greatly restrict the application of RRAM-based
accelerator. To handle this dilemma, [16] proposed a bipo-
lar read scheme during inference process. The simulation
results indicate that this scheme can enhance the resilience
against the read disturb. However, this method will obviously
increase the complexity of the peripheral circuit, which is
unfavorable for the application.
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In this paper, we extend our previous work presented
in [21], where we investigate the read disturb effect on
resistance drift of multilevel RRAM with a structure of
TiN/TaOx/Pt and proposed a nonlinear weight quantifica-
tion (NWQ) method to reduce the number of devices in
intermediate-resistance states (IRS) to mitigate the read dis-
turb effect on inference accuracy of DNN. However, to speed
up the resistance drift phenomenon, high read voltages with
the width of 2 s (Vrs) are applied on the devices when they
are in different resistance states, which is a little uncon-
vincing because the read voltage adopted during inference
process is often small (e.g., 0.1 V or 0.2 V). Therefore, addi-
tional measurement experiments are carried out to explore
the read disturb phenomenon in this paper. In these experi-
ments, small Vrs (0.1 V, 0.2 V and 0.3 V) with the width of
100 s are applied on the devices of TiN/TaOx/Pt. Moreover,
to demonstrate the universality of read disturb, we fur-
ther investigate an alternative device with the structure of
TiN/TaOx/TaN. The measurement results indicate that read
disturb has a greater impact on devices in IRSs, which is con-
sistent with [21]. In order to better reveal this mechanism,
a simulation based on COMSOL is carried out in this paper.
The results show that the electric field related to gap distance
between fractured filaments plays an important role in the
appearance of read disturb. Finally, fully-connected neural
networks with different layers are constructed to demon-
strate the effect of NWQ method on mitigating read disturb
phenomenon. The simulation results indicate that NWQ can
effectively reduce the number of devices in IRSs. Compared
with traditional linear weight quantification (LWQ) method,
a higher accuracy can be achieved by adopting the proposed
NWQ mapping strategy when read disturb is considered,
which will greatly broaden the application of RRAM-based
neural network accelerator.

II. EXPERIMENTS
To investigate the read disturb on multilevel RRAM, two
kinds of devices were fabricated, including TiN/TaOx/Pt
and TiN/TaOx/TaN. For the TiN/TaOx/Pt device, Pt bot-
tom electrode (BE) was deposited on silicon substrate and
a 40-nm TaOx film was deposited by reactive sputtering.
Finally, TiN top electrode (TE) was deposited and pat-
terned. The electrical measurement was conducted with an
Agilent B1500A semiconductor analyzer and the voltage was
always applied on the TE with the BE grounded. For the
TiN/TaOx/TaN device, the BE (TaN) was deposited on sili-
con substrate firstly. The TaOx film of 30 nm was deposited
by reactive sputtering. Finally, the TE (TiN) was deposited
and patterned. The electrical measurement was conducted
when the voltage was always applied on the BE with the
TE grounded.

III. RESULTS AND DISCUSSION
Fig. 1(a) shows the typical I-V curve of TiN/TaOx/Pt device.
The set process can be observed when the positive voltage
reaches 0.6 V with a compliance current (Icc) of 500 µA. The

FIGURE 1. (a) The typical I-V curve of the device of TiN/TaOx/Pt. (b) The
cumulative probability distribution of four states obtained by varying reset
voltages.

FIGURE 2. (a) The typical I-V curve of the device of TiN/TaOx/TaN. (b) The
cumulative probability distribution of four states obtained by varying reset
voltages.

reset process can be accomplished by applying a negative
voltage of −1.5 V. The transition between high resistance
state (HRS) and low resistance state (LRS) is associated with
formation and fracture of the filament. Moreover, four states
can be obtained by varying Vreset (−1 V, −1.5 V and −2 V
for State 3, State 2 and State 1 respectively) while the set
voltage (Vset) and Icc were kept unchanged, as indicated in
Fig. 1(b). The same operation is carried out on the device of
TiN/TaOx/TaN. Fig. 2(a) shows the I-V curve of the device.
As can be seen, Vset is about 1.02 V and Vreset is −1.7 V.
The Icc is not needed. By varying Vresets, four states can
be achieved as shown in Fig. 2(b). The resistances of the
device in State 1, 2, 3 and 4 are about 300 k�, 100 k�,
50 k� and 33 k� respectively.
Read disturb will emerge when the multilevel RRAM-

based inference accelerator works for a long time, which
will affect inference accuracy of the network. Therefore,
a comprehensive research is made on read disturb phe-
nomenon based on these two kinds of devices. In these
experiments, small Vrs (0.1 V, 0.2 V and 0.3 V) with the
width of 100 s are applied on the devices of TiN/TaOx/Pt
and TiN/TaOx/TaN in different resistance states. The results
of resistance drift of four states of TiN/TaOx/Pt device are
shown in Fig. 3. Fig. 3(a) and Fig. 3(d) indicate that read
disturb has little effect on the device in HRS or LRS. When
the device is in IRS, read disturb has a significant effect
on resistance drift, as shown in Fig. 3(b) and Fig. 3(c). As
can be seen from Fig. 3(b), the resistance of the device in
State 2 will decrease when Vr of 0.1 V is applied on the
device. What is worse, the resistance will shift from level 3
to level 2 when Vr of 0.2 V is applied on the device for
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FIGURE 3. Read disturb effect on TiN/TaOx/Pt devices in State 1 (a),
State 2 (b), State 3 (c), and State 4 (d) when different Vrs are applied on
the devices for 100 s respectively. Read disturb phenomenon has
a significant effect on the devices in State 2 and State 3.

FIGURE 4. Read disturb effect on TiN/TaOx/TaN devices in State 1 (a),
State 2 (b), State 3 (c), and State 4 (d) when different Vrs are applied on
the devices for 100 s respectively. Read disturb also has a significant effect
on the devices in State 2 and State 3.

50 s. Fig. 3(c) indicates that the resistance of the device in
State 3 will change more when the Vr of 0.2 V with the
width of 100 s is applied on the device. Similar phenom-
ena happen on the devices of TiN/TaOx/TaN, as shown in
Fig. 4. Read disturb has little effect on the devices in HRS
or LRS. However, Fig. 4(b) shows that when Vr of 0.1 V is
applied on TiN/TaOx/TaN device in State 2, the resistance
of the device will decrease. When Vr of 0.2 V is applied on
the device in State 3, the resistance of the device will shift
to level 1, as indicated in Fig. 4(c).
To better reveal the mechanism of read disturb, a simu-

lation by COMSOL is carried out, as shown in Fig. 5. The
simulation is constructed based on TiN/TaOx/Pt device. As
can be seen from Fig. 5(a), the fractured filaments can serve
as virtual electrodes. Therefore, the electrical potential on the
top filament is nearly equal to the voltage applied on TE and
the potential on the bottom potential is 0, equal to BE. Here
the voltage applied on the device is set as 1 V. Therefore,

FIGURE 5. (a) The simulation result of TiN/TaOx/Pt device by COMSOL.
The electrical potential of top filament is nearly equal to the voltage
applied on the device (1 V). (b) The relationship between the electrical
field (E) and distance (d).

FIGURE 6. The schematic mechanism of read disturb phenomenon on the
TiN/TaOx/Pt device in HRS (a), IRS (b) and LRS (c).

the electric field (E) between fractured filaments can be
calculated using (1):

E = V

d
(1)

where V is the applied voltage (1 V) on the device and d
is the distance between the fractured filaments. As shown
in Fig. 5(b), E decreases with the increase of d. Read
disturb is mainly associated with the driving of residual
oxygen vacancy by electrical field between fractured fila-
ments. Therefore, when the device is in HRS, d is relatively
large so that E is small and cannot drive the oxygen vacancy
to move, as shown in Fig. 6(a). However, when the device
is in IRS, the distance becomes smaller so that the electric
filed is bigger and thus can drive oxygen vacancy to move
towards BE to refill the filament, leading to resistance drift
(Fig. 6(b)). When the device is in LRS, read disturb has
little effect on it because a stable filament is generated, as
indicated in Fig. 6(c).
We designed two fully-connected neural networks

(FCNNs) with different layers (three and four layers) for
MNIST recognition task to investigate the impacts of read
disturb. The schematic structure of four-layer FCNN is
shown in Fig. 7(a), in which there are 784 input nodes and
10 output nodes. The first hidden layer consists of 100 nodes
and the second hidden layer has 50 nodes. For the three-layer
FCNN, there are 784 input nodes and 10 output nodes. The
hidden layer consists of 100 nodes. Fig. 7(b) indicates that
weight values in a well-trained four-layer FCNN are basi-
cally in the interval between −0.12 and 0.12. Therefore, we
quantify the positive weight into four values, which are 0,
0.04, 0.08, and 0.12. During training process of the network
based on LWQ method as shown in Fig. 8(a), the weight
values greater than 0.12 are normalized to 0.12, while the
weight values between 0.08 and 0.12 are normalized to 0.08.
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FIGURE 7. (a) The schematic structure of four-layer fully-connected neural
network. (b) The cumulative probability distribution of weights. (c-d)
Inference accuracy curves against training cycles of the neural networks
based on analog weights and linear weight quantification (LWQ) method.

FIGURE 8. The schematic of linear weight quantification (LWQ) method (a)
and nonlinear weight quantification (NWQ) method (b).

The weight values between 0.04 and 0.08 are normalized
to 0.04. The weight values smaller than 0.04 are normalized
to 0. The same method is employed on negative weight val-
ues. The inference accuracy curves against training cycles
of the networks based on analog weights and LWQ method
are shown in Fig. 7(c) and Fig. 7(d), respectively. The max-
imum accuracy (Amax) of LWQ-based network is 93.8%,
which is tolerable compared with the analog-weight-based
network.
The impact of resistance drift caused by read disturb

on inference accuracy is investigated, as shown in Fig. 9.
The accuracy drops significantly if large resistance drift
appears. Resistance drift makes devices transform from
IRS to LRS, which induces the increase of current along
the column. Therefore, we propose the NWQ method to
mitigate the effect on inference accuracy. The schematic
of nonlinear quantification method is shown in Fig. 8(b).
Unlike LWQ method, during training process, the weight
values greater than 0.11 are normalized to 0.12, while
weight values between 0.08 and 0.11 are normalized to
0.08. The weight values between 0.045 and 0.08 are nor-
malized to 0.04. Weight values smaller than 0.045 are
normalized to 0. The inference accuracy based on NWQ
method is shown in Fig. 9(a). The Amax of NWQ-based
network is 93.4%, which is similar to that of LWQ-based
network. Moreover, the number of devices in IRSs is greatly

FIGURE 9. (a) The inference accuracy against training cycles of the
NWQ-based network. (b) The histogram of number of devices storing
quantized weights of LWQ-based network and NWQ-based network.
(c) The inference accuracy of NWQ-based network and LWQ-based
network when read disturb is considered.

FIGURE 10. (a) The cumulative probability distribution of weights of
three-layer neural network. (b) The histogram of number of devices storing
quantized weights of LWQ-based network and NWQ-based network.
(c) The inference accuracy of NWQ-based network and LWQ-based
network when read disturb is considered.

reduced compared with LWQ-based network, as shown in
Fig. 9(b). Finally, read disturb effect on NWQ-based and
LWQ-based FCNNs is studied, as shown in Fig. 9(c).
With the number of devices in IRSs suffering from read
disturb increasing, the inference accuracy of NWQ-based
FCNN and LWQ-based FCNN both decreases. However,
the inference accuracy of NWQ-based network is nearly
always higher than that of LWQ-based network, due to the
decrease of devices in IRSs of LWQ-based network. The
simulation results of three-layer FCNN also demonstrate
that. As can be seen from Fig. 10(a), the weight values
in the well-trained network are also basically in the interval
between −0.12 and 0.12. Therefore, the same quantification

1260 VOLUME 9, 2021



WU et al.: NWQ FOR MITIGATING STRESS INDUCED DISTURB EFFECT

method shown in Fig. 8 is adopted. Fig. 10(b) indicates
that the number of devices in IRSs of NWQ-based network
is greatly decreased compared with that of LWQ-based
network. Moreover, as can be seen from Fig. 10(c), the
inference accuracy of NWQ-based FCNN is always higher
than that of LWQ-based FCNN when read disturb is consid-
ered. These results demonstrate that NWQ-based network
possesses better resilience than LWQ-based network and
NWQ method can effectively mitigate the read disturb
effect on multilevel RRAM-based neural network acceler-
ator, which will advance the application of RRAM-based
accelerator.

IV. CONCLUSION
In this paper, we investigate the read disturb effect on
multilevel RRAM-based neural network accelerator. Two
kinds of devices are comprehensively studied. The mea-
surement results indicate that read disturb can induce the
resistance drift when the device is in IRS. The simulation
result based on COMSOL reveals that the electrical field
plays a vital role in the appearance of read disturb phe-
nomenon. When the device is in IRS, the electrical field
is so big that the oxygen vacancy can be driven towards
BE to refill the filament. Therefore, we propose an NWQ
method to reduce the number of devices in IRSs to mit-
igate read disturb effect on the DNNs. The simulation
results indicate that the influence of read disturb can be
effectively mitigated by the NWQ method compared with
traditional LWQ method, which will give an important guid-
ance to enhance the stability of multilevel RRAM-based
accelerator.
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