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Energy-Efficient Hybrid Perovskite Memristors and Synaptic

Devices

Zhengguo Xiao and Jinsong Huang*

New parallel computing architectures based on neuromorphic computing are
needed due to their advantages over conventional computation with regards
to real-time processing of unstructured sensory data such as image, video,

or voice. However, developing artificial neuromorphic system remains a
challenge due to the lack of electronic synaptic devices, which can mimic all
the functions of biological synapses with low energy consumption. Here it is
reported that two-terminal organometal trihalide perovskite (OTP) synaptic
devices can mimic the neuromorphic learning and remembering process.
Various functions known in biological synapses are demonstrated in OTP
synaptic devices including four forms of spike-timing-dependent plasticity
(STDP), spike-rate-dependent plasticity (SRDP), short-term plasticity (STP)
and long-term potentiation (LTP)), and learning-experience behavior. The
excellent photovoltaic property of the OTP devices also enables photo-read
synaptic functions. The perovskite synapse has the potential of low energy
consumption of femto-Joule/(100 nm)? per event, which is close to the energy
consumption of biological synapses. The demonstration of energy-efficient

the synaptic plasticity, which is the basis of
remembering and learning in the brain.!!
However, not all the functions discovered
in biological synapses have been realized
on single artificial synaptic devices with
energy consumption of femto-Joule per
event, which has limited the building of
neuromorphic computing systems.”)
Organometal  trihalide  perovskites
(OTPs) including methylammonium lead
iodide (MAPDbI;) have recently emerged
as a new generation of earth abundant
semiconductor materials for solar cell
applications,'*]  which have demon-
strated a high certified efficiency over
20%M19 due to their superior optoelec-
tronic properties of strong absorption,!l
unusual defect physics,['”] extremely low
trap density, and long carrier diffusion
length.l'®l Besides, they have also been

OTP synaptic devices opens a new plausible application of OTP materials
into neuromorphic devices, which offer the high connectivity and high density

required for biomimic computing.

1. Introduction

Neuromorphic computing, combining information processing
and remembering, could eliminate the bottleneck of Von-Neu-
mann computing architecture limited by the data transfer speed
between memory and central processing unit.? Nanoscale
electronic synaptic device is an emerging research field aiming
at emulating biological synapses and is regarded as the basic
building blocks for artificial neuromorphic computing sys-
tems. Two-terminal memristors or three-terminal transistors
can emulate the functions of biological synapses due to their
similar transmission characteristics and have been proposed to
realize neuromorphic computers.?~®l The reproducible gradual
tuning of resistance/conductivity of the memristor represents
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demonstrated for applications in other
electronic devices, light emitting diodes,!
laser,?% photodetectors.l?!l In this work, we
demonstrated low-temperature, solution-
processed two-terminal MAPDI; devices
as ideal candidates of memristors and
synaptic devices to mimic the biological synapses. The two-
terminal OTP synaptic devices can mimic the neuromorphic
learning and remembering process. Many functions of bio-
logical synapses have been visualized in the perovskite synaptic
devices including four forms of spike-timing-dependent plas-
ticity (STDP), spike-rate-dependent plasticity (SRDP) short-term
plasticity (STP) and long-term potentiation (LTP)), and learning-
experience behavior etc. The perovskite synapse has potential
of low energy consumption of femto-Joule/(100 nm)? per event
due to the switchable p-i-n structure and low activation energy
for the ion migration in OTP material.?l A novel phenomenon
of photo-read SRDP was observed, which offer a novel readout
method using light in addition to the electric pulse.

2. Memristic Characteristics

Figure 1a shows the structure of the device with perovskite
layer sandwiched between two electrodes poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) covered
indium tin oxide (ITO) and gold (Au), which have comparable
work functions. PEDOT:PSS is considered as an anode and
Au as a cathode for the simplicity of following discussion.
It is a typical metal-semiconductor-metal (MSM) structure
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Figure 1. Memristive behavior of the OTP synaptic device. a) Schematics of the device structure. Under external applied bias, the charged ions/vacan-
cies will migrate toward the electrode and result in doping of the perovskite near the electrode. b,c) Memristive characteristics of the device under the
positive and negative biases scanning, the scanning rate is 0.1V s7'. d) Voltage trains applied on the device and e) readout current density of the device
at—0.75 V read pulse. The —=2.0 V and +2.0 V pulse will switch the device to n-i-p and p-i-n direction, respectively, where the readout current at —0.75 V will
increase and decrease, respectively. Poling pulse duration: 0.5 s, read pulse duration: 0.5 s, time interval between the poling pulse and read pulse: 0.6 s.

device. Such a simple sandwich structure is good for building
large-scale synaptic arrays.l!l It was reported that the halide
containing perovskites are good ion conductors.?3-2% In our
previous study of OTP photovoltaic devices, giant switch-
able photovoltaic effect was observed because the ion migra-
tion in OTP layer induced the formation of switchable p-i-n
structure.l?’] Positive bias pulses (or spikes, defined as elec-
tric field pointing from PEDOT:PSS to Au) cause the migra-
tion of positively charged V;* or MA;* to the Au side and/or
negatively charged Vi, or Vi, to the PEDOT:PSS side.l?>?]
Therefore, the diode polarity of the device will be switched to
p-i-n direction with p-type doping region near the PEDOT:PSS
and n-type doping region near the Au, respectively. Nega-
tive bias pulses switch the device to n-i-p direction. It has
been demonstrated that the switching time is correlated to
the morphology of the hybrid perovskite films. An OTP film
with smaller grains makes the switching easier, because the
ion migration is much faster along grain boundary due to its
more open structure.l?’] In this study, the perovskite film with
a thickness of 300 nm was annealed at 100 °C for 30 min,
which was shorter than the optimized annealing time of 1-2 h
for solar cells,?®l to intentionally increase the grain boundary
density in the films to facilitate the ion migration for mem-
ristor and synapse applications.

The memristive characteristics of the devices in the dark
are shown in Figure 1b,c. When consecutive negative bias
(0 to —2.5 V) sweeps were applied on the device, the ampli-
tude of dark current continuously increased. This indicates
that the negative bias scanning gradually switches the device
to n-i-p polarity because negative bias works as forward bias
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for the n-i-p polarity. When consecutive positive (0-2.5 V)
sweeps were applied on the devices, the dark current also
continuously increased, indicating that positive bias scanning
gradually switches the device to p-i-n polarity because positive
bias works as forward bias for the p-i-n polarity. It also should
be noted that there might be a small Schottky barrier at both
sides of the device before poling at the MS interfaces. After
positive bias poling, the device will be poled to p-i-n direc-
tion. In this case, the electron injection barrier at the cathode
side and/or the hole injection barrier at the anode side will
be smaller. Therefore, the current density of the device would
be larger at positive bias after positive poling compared with
the case that there is no ion migration. As a result, the shift
of the Fermi level due to the formation of the p-i-n structure
will benefit for the memristic effect. The conductivity/resist-
ance of the devices could also be gradually tuned by applying
a train of poling spikes, which is a typical behavior of mem-
ristors. Figure 1d shows the applied poling spikes with fixed
amplitude of 2 V or -2 V, and read pulses of —0.75 V. The read
voltage was selected at —0.75 V because of the largest on—off
ratio of the devices around —0.75 V, as shown in Figure S1
(Supporting Information). Figure le shows the current den-
sity readout at =0.75 V. The negative voltage spikes tend to
switch the device to n-i-p direction, which results in increased
readout current, while the positive spikes tend to switch the
device to p-i-n polarity, which results in decreased readout cur-
rent. The conductivity of the device has been repeatedly tuned
for more than 500 cycles. The fluctuations of the conductivity
at each of the seven states measured in Figure le are between
9.4% and 14.6%.
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Figure 2. STDP of the OTP synaptic device measured in the dark. a) Schematics of a biological
synapse. The voltage spikes for b) asymmetric Hebbian rule, c) asymmetric anti-Hebbian rule,
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3. Synaptic Functions

3.1. Spiking-Timing-Dependent Plasticity

Biological synapse acts as a bridge to transmit
electrical or chemical signals between two
nerve cells.’! A biological synapse is com-
posed of a pre-synaptic neuron, a post-syn-
aptic neuron, and a synapse, as illustrated in
Figure 2a. In artificial synaptic devices made
of memristors, the bottom and top electrodes
work as the pre- and post-synaptic neurons,
respectively.*) The conductivity/resistance
of the devices represents connection strength
between the neurons (synaptic weight), and
the increase or decrease of conductivity/
resistance represents potentiation or depres-
sion of the synaptic weight in response to the
potentiating and depressing spikes. Synaptic
plasticity is the basis of learning and memory
in the brain,?% referring to the change of
synaptic weight (AW) over time in response
to the activity spikes. One essential function
of the synapse is spike-timing-dependent
plasticity (STDP), also known as Hebbian
learning rule, referring to the sign and
magnitude of the synaptic weight change is
closely related to the relative timing between
the pre- and post-spikes. Four forms of STDP
behaviors have been discovered in the bio-
logical synapse.l'3% They have different func-
tions regarding to the information processing
and storage, which are indispensable in
neural circuit design.®32 Taking the most
famous asymmetric Hebbian learning rule
as an example, when a post-synaptic spike
arrives momentarily (milliseconds) after
the pre-synaptic spike (At > 0, At = tpog—tpre),
the spikes will lead to long-term potentiation
(LTP) of the synapse, which is represented by
the increase of conductivity in the artificial

d) symmetric Hebbian rule, and e) symmetric anti-
Hebbian rule. The total voltage applied on the device
at each time point is defined by the voltage differ-
ence between the pre-spike and post-spike (V.—

Vpost)- The conductivity of the device was read by
—0.75 V pulse before and after the spike pairs with
interval of 3 s, which is “short term” measurement
and during the decay process. Four forms of STDP,
f) asymmetric Hebbian rule |aw = Aexp( 4% |+ W,

(T =100-300 ms), g) asymmetric anti-Hebbian
AW:Aexp(—%)JrWo] (t = 200-300 ms),

h) symmetric Hebbian rule (AW:Aexp(—ZA—;)JrWO)

rule

(r = 200 ms) and i) symmetric anti-Hebbian rule
[AW:Aexp(—zA—;j+Wo) (z = 80 ms). The increase of

conductivity after each pre- and post-spike pair will
lead to LTP of the synaptic device, while decrease
of conductivity after each pre- and post-spike pair
lead to LTD.
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synaptic devices. Repeated post-synaptic spike before pre-
synaptic spikes (At < 0) leads to long-term depression (LTD)
represented by the decrease of conductivity in the artificial syn-
aptic devices. The shape of pre-spike and post-spike applied on
the devices is shown in Figure 2b—e. The total voltage applied
on the device is defined as V,—Vpos Figure 2f-i shows the
readout current change at —0.75 V versus the timing difference
At between pre-spike and post-spike in our OTP devices. Four
different forms of STDP were realized in these OTP synapses
by modifying the shape of the pre-synaptic and post-synaptic
spikes. The key idea of realization of different types of STDP
is to translate timing difference into voltage amplitude differ-
ence. The AW of asymmetric Hebbian and anti-Hebbian can

be fitted by the equation of Aw = Aexp(—%)JrWo, and that of the
symmetric Herbian and anti-Hebbian behavior (Figure 2d.e)
can be fitted by a Gaussian function of AWZAEXP(*%)-FWO,

where 7 is the fitted time constant of the synaptic function, A
and W, are constants.? It is noted that the 7 of our OTP syn-
aptic devices for different STDP forms are =80-300 ms, which
is in the same range with biological synapses.!’!

3.2. Spiking-Rate-Dependent Plasticity

The SRDP, another essential function of the synapses,’**l was
also demonstrated in our OTP devices. In analogy to biological
synapses, the OTP device showed short-term plasticity (STP)
where the device rapidly returned to its original state when
the interval between the repetition spikes was long, and long-
term potentiation (LT'P) where the device conductivity changed
when the interval between the repetition spikes was short. The
devices were preset at p-i-n direction so that the readout current
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at —0.75 V was small due to the small reverse-bias saturation
current of the p-i-n structure. Figure 3a,b show two trains of
spikes applied on the devices, which include ten poling spikes
with amplitude of 2.5 V and an interval of 20.1 s or 1.5 s, respec-
tively, and duration of 0.8 s. In order to avoid additional poling
effect by the read spikes, the read spikes were only applied
on the devices before and after the train of poling spikes. The
STP and LTP functions of the OTP devices can be observed by
comparing the dark current at different ranges as shown in
Figure 3c,d. First, the backflow current peaks after each poling
spike measured at zero bias, shown in panel I, explained the
origin of the STP and LTP function of the device. The amount
of charges calculated by integrating the peak is around 1.4 X
10" cm™2, which is much larger than the discharge of the capac-
itor of around 2.6 X 10'2 cm™2. And the decay time of the peak
(=5 s) is much longer than the resistance—capacitance time con-
stant of the device (microseconds range, considering the device
resistance: 50 ohmecm?, capacitance: 170 nF cm™2). Therefore,
those dark current peaks should be attributed to the back dif-
fusion of charged ions/vacancies. When the applied voltage
spikes have an interval of 20.1 s, the backflow current decreased
to zero before the next poling spike came in. So the drifted
ions/vacancies could diffuse back, which compensated the
drift effect under the applied spikes. However, when the next
spike came before the back diffusion finished, the continuously
applied spikes induced the net diffusion of ions/vacancies.
After ten short-interval spikes, the device was switched from
p-i-n to n-i-p polarity. Second, the readout current at —0.75 'V,
shown in panel II, directly shows the STP and LTP function
of the OTP synaptic devices. After poling by the voltage spikes
with the long interval of 20.1 s, the readout current density
of the device kept almost unchanged at 5.5 x 10> mA cm?,
which is the STP function. On the contrary, after poling by the

Time (s)

Figure 3. SRDP of the OTP synaptic device measured in the dark. Voltage trains applied on the device with a) long-time interval and b) short-time
interval between the spikes. The duration of each spike is 0.8 s. The read spikes were only applied before and after the poling spikes to avoid additional
poling of the device. c,d) The measured dark current through the device. The three panels show different range of the measured current. Panel I:
back diffusion of the charged ions/vacancies at zero bias; Panel II: the readout dark current at —0.75 V; Panel III: Poling current at —2.5 V poling bias.
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voltage spikes with the short interval of 1.5 s, the dark current
increased to 4.9 X 1072 mA cm™2, which is the LTP function. It
is noted that the readout current was decreasing with time. It
is exactly the famous function of forgetting and remembering
of human brain. Third, the poling current at —2.5 V in panel
111, which includes the leakage current and ion migration cur-
rent, also showed STP and LTP behaviors. For the long-interval
poling spikes, the poling current kept almost unchanged, which
indicates the device kept at p-i-n polarity. However, for the
short-interval poling spikes, the poling current increased gradu-
ally from 60.0 to 141.0 mA cm™2, indicating that the device was
switched gradually from p-i-n to n-i-p polarity.

The photovoltaic effect in these OTP synaptic devices ena-
bled a novel readout method of SRDP by light. The device with
p-i-n and n-i-p structure can output an open-circuit voltage (Vo)
of 0.50 V and —0.75 V, respectively, under one sun illumina-
tion, as shown in Figure S2 (Supporting Information). A train
of 20 poling pulses with long interval of 5.0 s or short internal
of 0.8 s were applied on the device, and the V¢ of the device
after each poling spike was recorded. The duration of each
poling spike is 0.12 s. Figure 4a,b show the performance of the
device preset at p-i-n polarity with negative poling spikes, and
Figure 4c,d show the device performance preset at n-i-p polarity
with positive poling spikes. It is clear that the poling spikes
with long interval could not switch the device, which is an STP
behavior, while the poling pulses with short interval switched
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the device, consistent with the LTP behavior. The statistics of
Voc of the device based on ten devices of each category are
shown in Figure 4e,f. It should be noted that our OTP synaptic
devices measured at V¢ condition worked as bi-stable memris-
tors, both the p-i-n and n-i-p structures are stable under light
illumination, which is different from the readout current shown
in panel II of Figure 3d. The stable readout photovoltage is due
to the light poling effect of the perovskite device.** The photo-
voltage works in the same way as the applied external bias. The
photovoltage-induced additional electric field can also cause
drift of the ions/vacancies; the migration of ions will increase
the doping level of the perovskite materials, which results in the
photovoltage increase.?* The drift of ions will stop when it is
balanced by the back diffusion of ions. The photovoltaic prop-
erty of the OTP synaptic device may have potential application
in visual information prosthesis. The OTP device can detect
light and the generated photovoltage 0.5-0.8 V is high enough to
stimulate the retinal ganglion cells. Therefore, the photodetec-
tion by the photoreceptor and signal processing by the synapse
in human visual system can potentially be combined together
in single OTP synaptic device. The current response speed is
shorter than 0.1 ms (Figure S3, Supporting Information), which
is much faster than the speed of processing in the human visual
system of 150 ms.?>! Another advantage of MAPbI; materials is
that its absorption covers the whole visible light up to 800 nm,
which matches well with that of human eyes.
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Figure 4. Photo-read SRDP of the OTP synaptic device measured under one sun illumination. a,b) The photo-read SRDP of the device with the device
preset at p-i-n polarity. c,d) The photo-induced SRDP of the device with the device preset at n-i-p polarity. The duration of each poling spike is 0.12 s.
After each spike, the V¢ of the devices were recorded. e,f) Statistics of the Vo before and after the spike trains, and 30 s after the spike trains.
g) Schematics of the psychological model of human memory proposed by Atkinson and Shiffrin.(¢l
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Figure 5. Forgetting and learning-experience behavior of the OTP synaptic devices. a) Forgetting behavior of the OTP synaptic devices. The poling
voltage of each pulse is —2 V (duration: 0.2 s), the time interval between each pulse is 1.5 s. The device was read at —0.75 V. The curves were fitted by
exponential decay. The memory retention increased with the number of rehearsals (pulses). b) The learning-experience behavior of the OTP synaptic
devices. The pulse duration is 0.12 s, the time interval between pulses is 0.8 s.

3.3. Forgetting and learning behavior

Both the electric-read SRDP in the dark and photo-read SRDP
under light illumination are in high similarity with the psycho-
logical model proposed by Atkinson and Shiffrin regarding to
the remembering and forgetting process in human brain.33¢
As illustrated in Figure 4g, information detected by the sense
organs enter the sensory memory (SM), all the information
paid attention to is transferred to short-term memory (STM),
and is stored for a short time. Frequent rehearsal before com-
plete forgetting results in long-term memory (LTM), while
rehearsal with long-time interval leads to STM. Similar to the
psychological model, spikes with short interval (representing
frequent rehearsal) can change the diode polarity of the OTP
synaptic devices (representing L'TM) while the spikes with long
interval cannot change the diode polarity of the devices (repre-
senting STM), as shown in Figure 3 and Figure 4a—f. The for-
getting process of the device measured in the dark is shown in
Figure 5a.

The learning-experience behavior of human was also dem-
onstrated in OTP synaptic device. As shown in Figure 5b, three
poling cycles with short-time interval of 0.8 s were applied on
the device to examine how fast the device can be switched from
p-i-n to n-i-p polarity. After each cycle, the device was set to p-i-n
polarity again by applying a +2 V pulse for several seconds. This
process is different form some other reports that the synaptic
weight relax to a mid-state after the initial learning process
and less number of pulsed was need to achieve the synaptic
weight change for the re-learning process.[”! The device can be
switched more easily at the third poling cycle. This indicates
that, the device can do the learning process faster after the orig-
inal information was forgotten.

4. Energy consumption

The OTP synaptic device based on switchable p-i-n structure
caused by the ion-migration-induced doping is distinct from
other reported synaptic devices based on phase change,?” fer-
roelectric tunnel junction,*® ion-motion-induced resistive
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change,?% and atomic conduction bridge.?¥ It is noted that
the doping effect needs only parts per million (ppm) range
atoms. It is more efficient than the synaptic devices based on
conducting bridge effect and ion-motion-induced resistivity
change, which require the migrated ions form conducting fila-
ments.>3 The switchable p-i-n structure results in low energy
consumption of the perovskite device due to the small amount
of atoms needed for the doping and low activation energy of
0.36 eV for the ion migration in OTP material.?2 The main
energy consumption is from the poling process due to the
large poling current. The device resistance can be modulated
at higher voltage with much shorter poling time, which can
potentially reduce energy consumption. As shown in Figure 6,
the readout current of the device at —0.75 V increased by 100%
after poling by —11 V bias for 100 ps. The poling current was
500 mA cm™?, corresponding to a poling energy consumption
of 0.3 ] per event, which indicates it has potential of low energy
consumption of 55 f] for a device area of (100 nm)? supposing
a linear relationship of the poling current with the device area.
The vertical structure device with small device area cannot be
fabricated currently because both the resist and developer solu-
tion can damage the perovskite film. Nevertheless, the lateral
structure device might also be a good choice for the synaptic
device. In our previous work, the lateral structure devices
were fabricated by depositing lateral gold electrode bars with
different channel length from 100 to 8 pm using photolitho-
graphy, followed by spin coating of perovskite layers on top.?2%7]
The lateral structure device can also be gradually switched by a
small electric field of 1.5 V pm™!, which is similar with the ver-
tical structure device.l?l Considering that the human brain has
more than 10™ synapse, the lateral structure device can make
the building of the synaptic network much easier than the ver-
tical structure devices. Although the processing speed of 100 ps
of OTP synaptic device is slower than ferroelectric memristor
(accumulation of 300 ns of 2.7 V pulse for resistivity change
of 100%)1%¥ and phase change memristor®”} (accumulation of
5 ps of 2—4 V pulse for resistivity change of 100%), it is already
three orders faster than the processing speed of human brain
of 100 ms range. The advantage of brain-inspired computa-
tion is its parallel computing. Both the processing speed and

Adv. Electron. Mater. 2016, 1600100
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which corresponding to 100% change of the conductivity. The positive current peak just after the poling spike is due to the discharging of the device.

the energy consumption can be potentially decreased by com-
position and/or morphology engineering of the OTP layer to
decrease the charge carrier conductivity as well as increase the
ion conductivity.

It might be possible that the ion motion in the perovskite
layer toward the electrode may cause conductivity change of the
PEDOT:PSS layer.*l But this should play a neglected role in
our perovskite memristor devices. One direct evidence is that,
for PEDOT:PSS memristor, the positive and negative biases
will increase and decrease the device conductivity, respectively,
due to the migration of metal atoms into and back from the
PEDOT:PSS layer.* But for our perovskite memristors, both
positive and negative biases increase the device conductivity.
This is because the negative bias (defined in the main text)
switches the device to n-i-p polarity, and then negative bias
works as FORWARD bias. Similarly positive bias switches the
device to p-i-n polarity, and then positive bias works as FOR-
WARD bias. Therefore, the conductivity/resistivity change of
the perovskite memristor mainly results from the switchable
p-i-n structure. In addition, the device without PEDOT:PSS
layer, with a structure of ITO/MAPbI3/Au also shows memristic
behavior, as shown in the Figure S4 (Supporting Information).
This also proves that PEDOT:PSS does not contribute to the
memory characteristics of the perovskite memristor devices.

5. Conclusion

In summary, we demonstrated that the ion-conducting OTP
materials are ideal candidates for memristor and synaptic
devices, which can mimic the biological synapse. Compared
with other reported materials including oxides, chalcogenides,
and Si-based materials, the advantages of OTP materials rely on
its low-cost, solution processable, low activation energy for ion
migration and formation of switchable p-i-n structure, etc. In
addition to MAPDI;, other OTP materials including MAPbBr;,
FAPDI;, MAPDI;Cl;_, etc. and inorganic lead halide perovs-
kites like CsPbl; were also demonstrated to be ion conducting
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materials,?*%”] which can also be used for memristor and syn-

aptic devices. Those perovskite materials have lower or compa-
rable conductivity with MAPDI; so that they can also potentially
operate with low energy consumption. Further improvement
should be to decrease the dimension of the device using photo-
lithography technique, and further decrease the energy con-
sumption to sub-femto-Joule per event by device and materials
engineering.

Experimental Section

PEDOT:PSS (Baytron-P 4083) was spin-coated on clean ITO substrates at
a speed of 3000 rounds per minute (rpm). The films were then annealed
at 105 °C for 30 min. Lead iodide (Pbl,) and methylammonium iodide
(MAI) were first dissolved in dimethylformamide (DMF) and 2-propanol,
respectively. The MAPbI; films were formed by spin coating Pbl,
(450 mg mL™" in DMF) and (50 mg mL™" in 2-propanol) sequentially at
6000 rpm for 35 s respectively at room temperature, followed by thermal
annealing at 100 °C for 30 min. The devices were finished by the thermal
evaporation of 50 nm Au as electrode. The device area is 0.06 cm?.

A Keithley 4200 semiconductor analyzer was used to apply scanning
bias and test the output current simultaneously. The pulse mode function
of Keithley 4200 was used for the pulse mode measurement in Figure 6,
other measurements used the function of current or voltage list scanning,
where the lists can be programmed manually. All the electrical tests for
vertical devices were conducted in glove box. For the photo-read SRDP, the
devices were measured under AM 1.5 G illumination (100 mW cm~?) using
a Xenon-lamp-based solar simulator (Oriel 67005, 150 W Solar Simulator).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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