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ABSTRACT Obtaining symmetrical and highly linear synapse weight update characteristics of analog
resistive switching devices is critical for attaining high performance and energy efficiency of the neural
network system. In this work, based on the two-terminal one transistor-one memristor (1T1M) block, the
improvement of the symmetry and linearity of synaptic weight update is demonstrated by combining the
InGaZnO synaptic transistor and memristor. Due to the symmetric and linear weight update characteristic,
a pattern recognition accuracy of 88% is achieved after 50 epochs in the on-chip learning simulation of the
hand-written digit images (MNIST) data set. The proposed 1T1M device saves the hardware burden and
additional power consumption required to implement non-identical programming pulses.

INDEX TERMS InGaZnO thin-film transistors, analog resistive switching synapse, symmetric and linear
synaptic weight update, synaptic transistor, memristor, neural network.

I. INTRODUCTION

Amorphous indium-gallium-zinc-oxide (a-IGZO) thin-film
has been recently demonstrated as the promising material for
either the active layer of thin-film transistor (TFT) [1], [2],
[3], [4] or the resistive switching (RS) layer of analog RS
synapse device [5], [6], [7]. On the other hand, in today’s data-
centric era, numerous patterns as unstructured data, such as
images, voices, letters, and movement, need to be measured
and classified. If a large amount of unstructured data has
to be processed through the cloud server system, energy
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consumption will become uncontrollable, and the limitation
of the bandwidth of data processing may lead to serious
latency problems. Therefore, the need for an edge device
with pre-trained learning results is emerging to infer vast
amounts of unstructured data quickly and energy-efficiently.
Here, symmetry and linearity are the most crucial figure of
merits (FoMs) of analog RS synapses [8], [9], [10], [11].
For obtaining better FoMs for analog RS synapses, several
programming voltage schemes for improving the linearity
and symmetry have been investigated, such as pulse-pair
scheme [12], pulse-width and amplitude modulation [13],
[14], [15], [16], [17], [18], hybrid programming scheme [19],
and codesign of cell structure and programming scheme [20].
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FIGURE 1. (a) I — V characteristic and the device structure (inset)
of Pd/IGZ0/Si0,/Si memristor. (b) Cross-section TEM image of
Pd/IGZ0/Si0, /Si memristor. Energy band diagrams of the
Pd/IGZ0/Si0,/Si memristor under (c) before junction and (d) SET
(potentiation) conditions.

However, to implement non-identical pulses, additional
complicated circuits are required, which increases the hard-
ware burden. Indeed, a read-before-write method makes
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parallel operation unacceptable, and the complex circuitry
significantly increases energy consumption and degrades the
learning efficiency [8], [9], [10], [17]. Therefore, the sim-
ple two-terminal block of which synaptic weight update is
symmetric and linear under the identical programming pulse
is critical for the hardware implementation of efficient and
reliable neural network applications.

In this work, the 1T1IM (one-transistor one-memristor)
block is proposed for a synaptic weight element by com-
bining the a-IGZO synaptic transistor and memristor. The
voltage applied to the 1T1M was divided into the introduced
transistor and memristor. In particular, the threshold voltage
(Vr) of the transistor was tuned by sequentially addressed
pulses, so that the effective voltage across the memristor
continued to increase or decrease even though the identical
pulse scheme was used. This allowed synaptic weights to be
updated linearly and symmetrically.

Il. DEVICE STRUCTURE AND FABRICATION PROCESS

The a-IGZO-based memristor and TFT devices were fab-
ricated on a SiO, (300 nm)/p™-Si substrate. First, the
IGZO memristor was fabricated. The 40-nm-thick p*-Si was
deposited as a bottom electrode (BE) using e-beam evapora-
tion. After annealing in the oven at 110 °C for 15 minutes,
the 60-nm-thick a-IGZO film was sputter-deposited at room
temperature (RT) as the RS layer with a gas flow of
Ar/Oy = 3:2 sccm. Finally, the 30-nm-thick Pd was deposited
and patterned as a top electrode (TE) using e-beam evap-
oration and lift-off. The area of the IGZO RS layer is
200 um x 200 pm.

Next, the synaptic a-IGZO TFT fabrication process with
bottom gate (BG) structure is as follows. The 30-nm-thick Cu
was deposited and patterned as a BG electrode by the e-beam
evaporation and lift-off process. Then, the 40-nm-thick
Al>,O3 as a gate insulator (GI) was deposited at a low tem-
perature (LT) of 80 °C using atomic layer deposition (ALD)
with Al(CH3)3 (trimethylaluminum; TMA) and H,O as a
precursor.

Subsequently, the  35-nm-thick a-IGZO  was
sputter-deposited at RT with 150 W rf power, a gas flow
of Ar:Oy = 3:0.1 sccm, and pressure of 5 mTorr, and was
patterned as the TFT active layer. The 40-nm-thick Cu was
then deposited and patterned as a source/drain (S/D) electrode
by the e-beam evaporation and lift-off. The channel width
(W) and length (L) of TFT are 50 um and 50 pm.

Ill. RESULT AND DISCUSSION

RS characteristic of the Pd/IGZO/p™*-Si memristor is shown
in Fig. 1(a), as the TE voltage (VTg) versus the current flow-
ing through memristor (/mem) curve with the grounded BE.
After forming with a negative bias, a gradual and reasonably
symmetric RS behavior is observed at a compliance current
(Icc) = 1 mA. In Fig. 1(b), the cross-sectional transmis-
sion electron microscope (TEM) image of the IGZO/p™-Si
interface suggests that a thin SiO, layer (~2.1 nm) is
grown during the annealing at 110 C° for 15 minutes.
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FIGURE 2. (a) Transfer characteristic and the BG TFT structure (inset) of
a-1GZO synaptic TFT. (b) XPS spectra of the Al, 05 Gl layer in a-1GZO TFT.
(c) Schematic view of the a-IGZO synaptic TFT under a positive gate bias
(potentiation) condition. (d) Transfer characteristics of the a-1GZO

synaptic TFT under the initial and after applying 50 potentiation pulses.

Hence, the device structure is illustrated in Fig. 1(a) inset
as the Pd/IGZO/SiO,/p*-Si memristor. Energy band dia-
grams of the Pd/IGZO/SiO,/p™-Si memristor under before
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FIGURE 3. (a) Schematic view of the proposed 1T1M block. (b) The Vyyise
conditions of P/D and readout pulses.

junction and SET (potentiation) conditions are shown in
Fig. 1(c) and (d).

The memristive characteristic originates from the Schottky
barrier (SB) between the Pd TE layer and IGZO RS
layer. The SB height (®p) is modulated by applying a
potentiation/depression (P/D) pulse.

On the other hand, the transfer characteristic of synap-
tic IGZO TFT at a drain-to-source voltage (Vps) = 0.1 V
is shown in Fig. 2(a). The device structure is illustrated
in Fig. 2(a) inset. The Vt and hysteresis of 1.6 V and
—0.08 V are observed at the drain current (Ip) =107% A.
In Fig. 2(b), the X-ray photoelectron spectroscopy (XPS)
spectra of the Al,O3 GI layer in a-IGZO TFT suggests
that the LT ALD-deposited Al,O3 layer contains a large
number of hydrogens [21], which plays a role in synaptic
behavior [22], [23].

As shown in Fig. 2(c), by applying positive gate
bias, the migration of hydrogens in the Al,Os GI layer
toward the IGZO channel lowers V1 because these H ions
induce the channel to more accumulated. Transfer character-
istics of the a-IGZO synaptic TFT under the initial and after
applying 50 potentiation pulses (15 V for 20 ms as seen in the
inset) are shown in Fig. 2(d). A negative Vt shift of 6.1 V is
observed. It suggests that the migration of hydrogens toward
and away from the IGZO channel by applying the P/D pulses
lowers/heightens Vr, respectively.

Figure 3(a) shows the proposed 1T1M block, which com-
bines the Pd/IGZO/SiO,/p™-Si memristor and the a-IGZO
synaptic TFT through wiring connections. The amplitude and
duration of P/D pulse are used as 4 V/ —1 V for 20 ms, and the
memristor readout pulse of 2 V for 30 ms is used. They are
applied to memristor as Vpulse as shown in Fig. 3(b). The TFT
gate voltage (V) P/D and readout pulses can be synchronized
with Vjuise by using a simple circuit, e.g., level shifter. In this
work, instead of the level shifter, the synchronized Vpyuise
and Vg pulses are applied by using the Keithley 4200A-SCS
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FIGURE 4. (a) Synaptic weight update characteristic of the 1T1M block
compared to 1M. Measured Vp and Vmem during the consecutive

50 pulses in (b) potentiation (SET) and (c) depression (RESET) conditions.
Inset illustrates the pattern of changes of Vmem and Vp with the increase
in the number of programming pulses.

semiconductor parameter analyzer. The condition of V pulse
can be optimized considering the characteristic of IGZO
synaptic TFT, and in our case, the P/D pulse of 15 V/-5V
and the readout pulse of 1 V are used, as seen in Fig. 3(a).
The Imem 1s measured during the readout pulse.

Synaptic weight update characteristics of Ipey flow-
ing through the stand-alone Pd/IGZO/SiO,/p™-Si memristor
(1M) and that through 1T1M block are comparatively shown
in Fig. 4(a), where 50 potentiation pulses followed by
50 depression pulses are applied as denoted by Fig. 3(b).

As shown in Fig. 4(a), the large current of the single
memristor was initially increased by the first few pulses,
and the current quickly saturated (see the “black’ curve),
resulting in non-linear synaptic behavior. In addition, during
the depression, the current was found to be decreased abruptly
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as soon as a negative pulse was applied. The non-linear
response of the current has been described by the lower
pulse amplitude required to change the current in the mem-
ristor during the identical pulse. The switching mechanism
of the memristor has been explained by interfacial barrier
modulation. Therefore, the amount of vacancies needs to be
increased as a function of applied pulse. However, as the
resistance of the IGZO memristor was decreased, less voltage
drop occurred and the pulses became ineffective at generating
more vacancies. This caused current changes to saturate,
making the synaptic response non-linear and asymmetric.
These results imply that an incremental pulse scheme is
preferred to achieve the desired synaptic behavior.

To mitigate this challenge, the synaptic TFT was addition-
ally introduced to transfer progressively larger (or smaller)
voltages to the memristor during potentiation (or depression),
respectively. In this 1T1M configuration, where two elements
are connected in series, the Vpyse is applied to the synaptic
TFT first. When the synaptic TFT is turned on, most of
the Vpulse is sent to the memristor. Note that the Vt of the
synaptic TFT is adjusted to lower values, as the Vpyise is
applied, as shown in Fig. 2d. In the next pulse cycle, the
voltage drop across the synaptic TFT becomes smaller, which
means that the magnitude of the voltage delivered to the mem-
ristor steadily increases. This resulted in improved linearity
of the synaptic behavior (see the “red” curve), as shown in
Fig. 4(a).

To numerically analyze this improvement in 1TIM con-
figuration, the drain voltage (Vp) of synaptic TFT and the
voltage across the memristor (Vinem) are monitored during
the consecutive 50 P/D pulses, as shown in Fig. 4(b) and (c).
In the 1T1M block, Vp can be calculated as follows:

RTFT 1

Vb= —— T  Viygge =
Rmem + RTFT P (Rimem/RTFT) + 1

X Vpulse

ey

where Rrpr and Rpem are the resistances of TFT and
memristor.

When the potentiation pulse is applied to the 1TIM
block, both Rtpr and Ryem decrease by ARtpr and ARmem,
respectively, with the increase in the number of potentiation
pulses. At this time, Vp decreases and Vpep increases due
to ARTFT > ARmem, as shown in Fig. 4(b). In contrast,
when the depression pulse is applied, both Rtpr and Rpyem
increase by ARtpr and ARmem. Then, Vp increases, and
Vmem decreases with the increase in the number of depression
pulses, as shown in Fig. 4(c), due to ARTFT < ARmem-
Insets of Fig. 4(b) and (c) illustrate the pattern of changes of
Vmem and Vp with the increase in the number of P/D pulses.
Therefore, the symmetry and linearity of 1TIM improve
since the amplitude of Ve increases during P/D program-
ming. These results indicate that achieving a progressively
tuned Vpem plays an important role in enhancing the synaptic
behavior, which is why the synaptic TFT exhibiting tunable
V1 was used in this study. Meanwhile, since the memris-
tive characteristics were obtained by pulses with a width
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FIGURE 5. Synaptic weight update characteristics of (a) 1 M and (b) 1TIM
blocks. (c) Comparison between 1M and 1T1M of MNIST pattern
recognition accuracy.

of several tens of us, improved synaptic behavior can be
achieved by further reducing the duration of the P/D pulses to
20 ps in the 1T1IM block. In this work, measurements were
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performed by external wiring connections between 1T and
1M, so unwanted voltage losses due to parasitic components
may be involved. We thus used the relatively long pulse width
(~20 ms) to characterize 1 T1M block to clarify the impact of
the introduced 1T on the weight update. Direct integration
is expected to eliminate this side effect, thereby allowing
linearly controlled weight update driven by shorter pulses.

The symmetry and linearity of synaptic weight update
characteristic of conductance G can be quantified as [24]:

G ={(Ghux = Grin) X w+ G} @)
where Gpax and Gpin, are maximum and minimum con-
ductance values, respectively, « is a nonlinearity factor that
controls P/D, and w is the internal variable which ranges
from O to 1.

Normalized synaptic weight update characteristics of 1M
and 1T1M blocks are shown in Fig. 5(a) and (b). The « in
potentiation () and that in depression operation (ag) are
3 and —4.51in 1M, while they are 1.3 and —1.6in IT1M block.

Furthermore, the simulation of pattern recognition is per-
formed using hand-written digit images (MNIST) consisting
of 28 x 28 pixels to evaluate the training behaviors of 1TIM
and 1M. For the input images, 784 input neurons were con-
nected to 10 output neurons to extract answers from O to 9.
Thus, the neural network consists of 784 x 10 single-layer
fully connected by synapses. The achieved synaptic behav-
iors of 1ITIM and 1M were used, and each weight was
updated through a back propagation algorithm. Then, the
10,000 datasets were inferred through forward propagation
after training of 50,000 datasets. Pattern recognition training
is conducted with obtained weight values (Fig. 4a) for P/D
pulses. As shown in Fig. 5(c), it is found that the asymmetry
and nonlinearity of 1M affect not only the recognition accu-
racy but also the convergence rate in training. When an error
occurs during the inference stage, the weight values begin to
be tuned during the back propagation to extract the correct
answer. Thus, assuming that the weights obtained from the
1M are mapped to the neural networks, it is difficult to update
the weights to the target value, degrading accuracy. On the
other hand, the linearly modulated weight indicates that the
degree of the change in the weight as a function of pulse
becomes constant. This problem is solved by predictably
controlled weights in 1T1M block, and a pattern recognition
accuracy of 88% is achieved after 50 epochs. Here, although
the dynamic range of the current was limited, improved lin-
earity ensured high recognition accuracy, which was good
agreement with many simulation studies [11]. This means
that obtaining constantly tunable weights to reduce the errors
plays a crucial role in neural network training.

IV. CONCLUSION

Our result suggests that the a-IGZO memristor combined
with the a-IGZO synaptic TFT is a potentially promising
ITIM block for the two-terminal circuit burden-free analog
RS device with high symmetry and good linearity of synapse
weight update.
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