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1. Introduction

Synaptic plasticity is a fundamental prop-
erty of the human brain, which endows 
the neural network with intelligent infor-
mation processing that is far superior to 
the von Neumann architectures.[1] Mul-
tifarious plasticity grants various cortical 
functions in the human brain, including 
learning-experience, associative learning, 
habituation/sensitization, forgetting, 
probabilistic inference/fault-tolerant, and 
self-adaptive feature.[1c,e–h] In particular, 
plasticity enables computing-in-memory, 
thereby boosting the signal with cocktail 
party effect or filter background noise 
while keeping energy efficiency.[2] Inspired 
by this, achieving analogous neuromor-
phic hardware has attracted considerable 
attention to pursuing highly efficient 
information processing in the era of big 
data.[3] Recently, based on their operation 
history-dependent tunable and storable 
conductive states, memristive devices 
have been intensively studied to emulate 

Neural systems can selectively filter and memorize spatiotemporal 
information, thus enabling high-efficient information processing. Emu-
lating such an exquisite biological process in electronic devices is of 
fundamental importance for developing neuromorphic architectures with 
efficient in situ edge/parallel computing, and probabilistic inference. Here 
a novel multifunctional memristor is proposed and demonstrated based 
on metalloporphyrin/oxide hybrid heterojunction, in which the metal-
loporphyrin layer allows for dual electronic/ionic transport. Benefiting 
from the coordination-assisted ionic diffusion, the device exhibits smooth, 
gradual conductive transitions. It is shown that the memristive charac-
teristics of this hybrid system can be modulated by altering the metal 
center for desired metal–oxygen bonding energy and oxygen ions migra-
tion dynamics. The spike voltage-dependent plasticity stemming from the 
local/extended movement of oxygen ions under low/high voltage is identi-
fied, which permits potentiation and depression under unipolar different 
positive voltages. As a proof-of-concept demonstration, memristive arrays 
are further built to emulate the signal filtering function of the biological 
visual system. This work demonstrates the ionic intelligence feature of 
metalloporphyrin and paves the way for implementing efficient neural-
signal analysis in neuromorphic hardware.
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synaptic plasticity and construct artificial synapse arrays.[3,4] 
Although their key performance is comparable with that of 
synapses,[5] precisely controllable and highly repeatable ionic 
processes in the synapse,[6] which are critical for delicately emu-
lating plasticity, remain unattainable.

From a function perspective, the combination of pathway-
specific gating capacity with the multiple depression plasticity 
of synapses enables human brains to selectively focus on spe-
cific visual targets in complex, real-world environments and 
filter other perceivable but irrelevant information when per-
forming visual recognition tasks.[7] In contrast, current filtering 
units in artificial cognitive systems typically rely on fuzzy set 
extensions or low-pass filtering and suffer from high power 
consumption and complex configurations, which are funda-
mentally different from how the brain processes information.[8] 
These inspire us to leverage new memristor devices that are 
analogous to the brain to process noise or off-pathway signal 
filtering for future neural signal analysis in neuromorphic com-
puting systems.

Herein, inspired by the mechanism of voltage-gated 
ion channels and oxygen delivery in biological processes 
(Figure 1a), a memristor based on hybrid heterojunction met-
alloporphyrin (MTPP)/AlOx was investigated, which employed 
MTPP as molecular multimedia for oxygen transport. The 

measured electrical and microstructure data exclude the effect 
of metallization or filament, revealing that coordination-
assisted modulation contributes to the memristive character-
istics. Theoretical calculations and metal-dependent memris-
tive behaviors suggest that the metal–oxygen (M–O) binding 
energy and the resultant device properties can be delicately 
tuned by changing the MTPP species. Importantly, unipolar 
spike voltage-dependent plasticity (SVDP) generated by the 
interfacial counterbalance between ionic Coulomb forces and 
the external electric field was demonstrated. This behavior is 
fundamentally different from spike-rate-dependent plasticity 
(SRDP), spike-timing-dependent plasticity (STDP), and conven-
tional bipolar SVDP, which typically require an extra algorithm 
to guide the passive operation/execution. By programing posi-
tive-voltage spikes with fixed frequency and interval (Figure 1b), 
we achieved neuromorphic systems with signal filtering, closely 
resembling human visual recognition systems.

2. Results

The proof-of-concept memristive devices are constructed as 
ITO/ZnTPP (≈25 nm)/AlOx (≈7 nm)/Al (Figure 1c,d). The non-
stoichiometric AlOx layer with oxygen vacancies is employed 
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Figure 1. Concept of a molecular memristor with SVDP. a) Bioinspired material selection. In vertebrate red blood cells, ferriporphyrin (a component 
of hemoglobin) can reversibly bind and dissociate oxygen, thus allowing continuous oxygen delivery. b) Visual summary of plasticity in synapses and 
memristors. The proposed SVDP with unipolar plasticity allows selective depression or potentiation by programming positive-voltage spikes with fixed 
frequency and interval. c) Schematic of ionic migration among MTPP molecules. M = Zn, Ni, Co, Fe-Cl, and 2H represent ZnTPP, NiTPP, CoTPP, 
FeTPPCl, and TPP, respectively. d) Configuration of ITO/MTPP/AlOx/Al device. The drift of internal O2− dictates the switching behavior.
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as an oxygen ions (O2−) reservoir and a current limiter to sup-
press the metallization of electrodes.[9] As indicated by the 
energy diagram (Figure S1, Supporting Information), the device 
preferentially transports holes, and the p-type ZnTPP layer is 
expected to modulate the conduction of mixed O2− ions and 
electrons, thus triggering memristive switching.[9,10] As shown 
in Figure 2a, the measured current–voltage (I–V) curve ranging 
from +10 to −10 V displays a typical “figure-8” pinched hyster-
esis loop. In contrast, no memristive hysteresis was observed in 
the cyclic sweeping curves of the ITO/ZnTPP/Al and ITO/AlOx 
(≈7 or ≈36 nm)/Al devices (Figure  2a, inset; Figure S2, Sup-
porting Information), indicating that the hybrid heterojunction 
dominates the memristive behavior.

The gradually changed conductive states of hysteresis loops 
reveal that the memristive characteristics in the ZnTPP/AlOx 
device are regulated by ionic movement (in contrast to local 
filamentary-determined conduction in insulators). The poten-
tiation and depression behaviors of the ZnTPP/AlOx device 
were examined in bipolar sweeping mode (Figure 2b, 10 cycles 
in the 0 →  +10 V range scanned at 0.01 V s−1, followed by 10 
cycles in the 0 → −10 V range scanned at 0.01 V s−1). The ulti-
mate currents of the ten positive and negative sweep cycles 
show marked variations ranging from ≈270 to 778 µA and from 
−80 to −10 µA, respectively. The negative differential resistance 
(NDR) appeared at −6.7 V during the first RESET sweep. Sig-
nificantly, smooth I–V curves are repeatable (Figure S3, Sup-
porting Information), making hybrid ZnTPP/AlOx a suitable 

model for robust neuromorphic computing. It should be 
noted that the device remained fully functional after one year 
of storage under ambient conditions (Figure S4, Supporting 
Information), illustrating its potential for environmentally 
robust electronic applications.[11] In addition, to evaluate device-
to-device reproducibility, we analyzed the distribution of ON/
OFF state resistances in 50 devices. All measurements showed 
comparable resistive switching and batch-to-batch performance 
with normal distribution of ON/OFF state resistances (Figure 
S5, Supporting Information).

I–V characteristics were further investigated by repeating 
low-voltage sweep cycles of 0 ↔  +4 V/0 ↔  −4 V based on a 
fresh device (Figure 2c). Interestingly, both positive and nega-
tive directions show clockwise hysteresis loops with ultimate 
currents decreasing from about 3 to 3.8 µA and from −2 to 
−0.96 µA, respectively. This indicates that the low voltage can 
induce a continuous transition to a higher resistance state. 
Figure S6a (Supporting Information) displays the fitting results 
of the first voltage loop in 0 ↔ +10 V and 0 ↔ +4 V, revealing 
that the device follows the space charge limited current (SCLC) 
model. The response current of the device converts from a low 
exponential SCLC (fit slope of about 2) to a high exponential 
SCLC (the fit slope greater than 6) as the voltage increases. Note 
that only with a high voltage, sufficient charges can occupy 
deep traps. In contrast, the low voltage sweeps of 0 ↔ +4 lead 
to the retentive trapping charges, thus enabling a clockwise 
hysteresis and a memory charge in the new scanning voltage 
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Figure 2. Electrical characteristics of ZnTPP/AlOx device. a) Typical I–V curve, which shows a pinched hysteresis loop at positive and negative bias 
voltages. The voltage was swept from zero to 10 (−10) V, then back to zero. Inset shows the device performance of the ITO/ZnTPP/Al memristor. The 
absence of AlOx enables the device to transport only electrons/holes, resulting in a distinct diode feature. b,c) Hysteretic I–V loops of the ZnTPP/
AlOx devices during 10 voltage-sweep cycles of 0 → 10/−10 V → 0 and 0 → 4/−4 V → 0, respectively. The device conductivity continuously increases 
(decreases) during the positive (negative) voltage sweeps. d,e) Conductance versus sweep cycles in potentiation and depression, respectively. f) 
Voltage-dependent endurance-cycling performance test. Bias stimuli above (Vhigh = 10, 12, 13, or 14 V) and below (Vlow = 1, 2, 3, or 5 V) the critical value 
were applied to two fresh devices, respectively. The applied voltage pulse consists of two segments: a Vhigh or Vlow/100 ms programming voltage and 
a 0.5V/100 ms read voltage.
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loops. Therefore, the potentiation and depression in ZnTPP/
AlOx memristors can be selectively operated at a unipolar 
voltage (e.g., 10 V for potentiation and 4 V for depression; see 
Figure  2d,e and Figure S6b,c, Supporting Information). Such 
features distinguish SVDP from other synaptic plasticity forms, 
such as SRDP and STDP, rendering the device relatively inde-
pendent of signal processing under a fixed rate frequency and 
time interval. To further confirm the SVDP behaviors, we car-
ried out additional measurements in biasing modes (Figure 2f). 
We found that the stimulus-response for a fresh device exhib-
ited an inverse trend with a critical value of ≈6–7 V. More 
specifically, bias stimuli above (10, 12, 13, or 14 V) and below  
(1, 2, 3, or 5 V) the critical value induce potentiation and depres-
sion, respectively. Hence, our device can selectively perform 
potentiation and depression of input signals, resembling action 
potentials in neurons. This behavior is reproducible, making 
the ZnTPP/AlOx device a promising candidate for constructing 
artificial neural hardware.

To shed light on the underlying mechanism of plasticity 
in the ZnTPP/AlOx devices, we performed a series of struc-
tural and stoichiometric characterizations with theoretical 
simulations and device evaluations. The measurements as 

a function of device area reveal a monotonic increase in cur-
rent (increasing from ≈74 to ≈1500 µA at high resistance state 
(HRS) and from ≈454 to ≈4048 µA at low resistance state 
(LRS)) with an increase in the device area from 5 × 103 to  
5 × 105 µm2 (Figure S7, Supporting Information). As evidence 
of the memorization of stimulus-dependent ion migration, the 
increasing scan strides (vst), which ranged from 0.01 to 5 V s−1, 
significantly reduced the overall conductive level (from ≈1112 to 
≈10 µA at LRS, and from ≈51 to 16 µA at HRS) and the hyster-
esis area (from ≈54.9 to 2.0 V µA cm−2) (Figure S8, Supporting 
Information). These results suggest that device behaviors with 
the SVDP feature are dominated by homogeneous ionic migra-
tion rather than local filamentary conduction.[12] Conductive 
filaments can also be excluded by the cross-sectional scanning 
transmission microscopy and energy-dispersive X-ray (STEM-
EDX) analyses of the memristor devices (Figure 3a,c; Figures 
S9 and S10, Supporting Information). After bias polarity at  
+7 V, the oxygen component in ZnTPP/AlOx devices was redis-
tributed in ZnTPP and AlOx layers. Notably, the thickness of 
the AlOx layer decreased from ≈7 to ≈5 nm, suggesting the par-
tial reduction of Al3+ to Al and the departure of oxygen at the 
AlOx/Al interface (Figure 3a). The cross-sectional line-scanning 
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Figure 3. STEM-EDX characterization and mechanism of the ZnTPP/AlOx devices. a) STEM images and corresponding STEM-EDX elemental mapping 
of O (blue) in the virgin (i and iii) and energized (ii and iv) samples under a voltage bias of +7 V. b) Elemental line-scanning profiles from the Al to 
ITO sides (marked by white lines in (a) (i and ii)). c) Typical high-resolution O 1s and Zn 2p XPS spectra. Data were collected from the pristine state 
after electrode polarization. d) Schematic of the proposed model. ZnTPP regulates memristive behavior by functioning as an ionic/electronic media. 
e) Schematic of O2− redistribution under a weak (upper panel) and intense (bottom panel) external electric field.
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profiles of O and Al in Figure 3b demonstrate that the O con-
tent (C) was markedly enriched throughout the ZnTPP film 
after applying the bias, either at the ZnTPP/ITO interface 
(Inbottom) (C0/C+7 = 48.5/134.4) or at the AlOx/ZnTPP boundary 
(Intop) (C0/C+7  = 51.5/61.4), whereas the Al profile remained 
consistent. The underlying interaction between ZnTPP mole-
cules and mobile O2− was further investigated by X-ray photo-
electron spectroscopy (XPS) (Figure 3c; Figure S11, Supporting 
Information). The greatly enhanced O 1s signals at 530.85 
(charged ionic oxygen species (O2−/O−) bonded with Zn2+) and 
531.21 eV (free O2− in the ZnTPP matrix) demonstrates that the 
bias induces the injection of O2− into the ZnTPP layer.[13] The 
Zn 2p spectrum presents a blue shift (100 meV) after electrical 
stimulation (Figure  3c), arising from the formation of coordi-
nation bonds between Zn2+ and O2−. Such coordination bonds 
can finely regulate the O2− distribution and migration, superior 
to the random and uncontrollable ion diffusion in the thus-far 
reported memristive media.[14]

To gain insight into the M–O interactions, we further exam-
ined the metal-atom effect of MTPP (M = Zn/Ni/Co/Fe/2H) 
on the memristive behavior (Figure S12, Supporting Informa-
tion), which are summarized in Tables S1 and S2 in the Sup-
porting Information. We observed that the initial conductance, 
conductance saturation, and change range largely rely on the 
type of MTPP, because different MTPPs possess different M–O 
bonding energies. Thus, the O2− migration can be identified 
as a hopping process through reversible binding and dissoci-
ation (Figure  3d). Such O2− kinetics in the MTPP matrix can 
be described by the Arrhenius equation v  = v0  exp[− (EM−O  − 
εqa/2)/kBT], where EM–O is the M–O bond energy, v is the 
escape frequency under the applied voltage, v0 is the attempt-
to-escape frequency, a denotes the average migration step, q 
is the charge of O2−, kB is the Boltzmann constant, and T is 
the temperature.[15] In this context, higher M–O bond energy 
gives rise to a lower concentration and migration rate of O2− in 
the MTPP layer. These results verify the significant role of the 
coordination bond in modulating memristive behaviors while 
offering intriguing opportunities to develop versatile neuro-
morphic circuits using MTPP/AlOx memristors with tailorable 
functionalities.

A general model for memristive switching behaviors is pro-
posed (Figure  3d,e). Typically, an applied voltage above the 
threshold will switch the device to a conductance state limited 
by the AlOx layer. This means that sufficient electric field ( extE



) 
across the device can attract O2− from the AlOx reservoir to the 
ZnTPP matrix. Those negatively charged ions would then bind 
immediately to ZnTPP molecules through M–O coordina-
tion. The calculated EZn–O is as low as −1.866 eV. Therefore, 
mobile O2− can successively hop from one ZnTPP molecule to 
another through binding and dissociation. The resultant redis-
tribution of the O2− enables a partial collapse of the Schottky-
like barrier close to the ZnTPP/ITO interface, thus increasing 
device conductivity (set to LRS) (Figure S13a,b, Supporting 
Information).[1e,16] The retraced sweep further reduces the 
Schottky-like barrier due to the more effective injection and 
movement of the O2−, thereby the device is maintained in LRS. 
Therefore, the switching is essentially nonlinear, which is fun-
damentally different from the filamentary conduction model. 
During the following cycles, the iterative effect of the mobile 

O2− supports new hysteresis loops with continuous increasing 
current. In the opposite case, the superposition of the extE



-energized ion migration and concentration gradient-enabled 
diffusion accelerates the retreat of the O2− toward the Al elec-
trode (corresponding to the rapidly increasing current before 
≈−6.7 V) until neutralization by positively charged vacancies or 
reenters the AlOx layer via self-limiting oxidation (accounting 
for the appearance of NDR). The device is then switched OFF 
as the original ion distribution and Schottky-like barrier are 
recovered, leading to the memristive characteristics of asym-
metrical and gradual resistance changes (Figure S13c,d, Sup-
porting Information).

In contrast, when ZnTPP/AlOx devices are operated below 
the critical voltage, the resulting weak extE



 cannot effectively 
influence either O2− injection or movement, which can be 
respectively ascribed to the Coulombic force between Al3+ and 
O2− and M–O coordination[1e,17]. As a result, the restrained O2− 
will progressively accumulate near their equilibrium positions 
or ZnTPP/AlOx interface, and the inverse internal electric field 
( inE


) is then established to weaken extE


.[18] In this context, the 
prolonged weak stimuli tend to enhance inE



 to neutralize extE


 
and induce a degressive conductive state.

To estimate the potential of our devices in constructing neu-
romorphic hardware, paradigmatic ZnTPP memristors, which 
feature a wide range and high density of intermediate states 
available for computation, are exploited to emulate multiple 
synaptic functions (e.g., short-term memory (STM)/long-term 
memory (LTM), “learning–forgetting–relearning” behaviors and 
visual activity-dependent memory consolidation) by applying 
specific programming stimuli (Figures S14–S16, Supporting 
Information). All synaptic responses remained smooth and 
exhibited gradual changes under long-term, repeated stimula-
tion with different pulse numbers, intervals, and intensities, 
demonstrating the superiority of coordination-assisted ion 
migration and consolidation for neuromorphic emulation.
Figure  4a shows the working process of visual recogni-

tion systems in the human brain. As a proof-of-concept dem-
onstration, we then emulate the information filtering and 
memorizing based on the unipolar SVDP feature of MTPP/
oxide memristors.[19] Toward this end, we conducted a valida-
tion study using three 8 × 8 ZnTPP memristor arrays. In our 
design, the black and violet arrays of the word “Hi” represent 
the input image stimulation and the memorized electrical 
pattern, respectively. Assuming sufficient conversion of the 
photonic signals into electrical signals, the graphic word “Hi” 
with and without background interference was repeatedly 
inputted to the memristor array. Meanwhile, the filtering capa-
bility of the array was evaluated. In the commonly emulated 
case 2 without background (Figure 4b), only memristor pixels 
corresponding to the word were triggered with stimulations 
(Vtarget = 10 V, W = 100 ms, T = 100 ms). In this context, a cer-
tain number of image stimuli was inputted, and the graphic 
word “Hi” was memorized and consolidated by a continuous 
increase of conductance from 30.7 to 66.7 µS (Figure S17, Sup-
porting Information). Figure 4c presents two contrasting cases 
that affirm the superiority of SVDP in the signal filtering pro-
cess. Analogous to the biological visual nervous system, the 
array retained a residual impression of signals that were pre-
sented earlier, mimicking the persistence of vision. In case 3, 

Adv. Mater. 2021, 33, 2104370



© 2021 Wiley-VCH GmbH2104370 (6 of 8)

www.advmat.dewww.advancedsciencenews.com

only the pixels of target “Hi” were applied with pulse stimuli 
(Vtarget = 10 V, W = 100 ms, T = 100 ms, and N = 30). Thus the 
off-pathway signal filtering relies only on spontaneous decay 
that represents one noneffective selection. After 30 inputs, 
the impression level of the pixels of target “Hi” was gradually 
enhanced from 31.5 to 59.6 µS, whereas the off-pathway pixels 
spontaneously relaxed to 18.4 µS. In contrast, the target “Hi” 
pixels were operated with 30 identical inputs in Case 4, but the 
off-pathway pixels were applied with pulse stimuli (Vop = 6 V,  
W  = 100 ms, T1  = 100 ms, N  = 30) (Figure S17, Supporting 
Information). This case more closely represents the real bio-
logical situation than the other cases. The changing conduct-
ance values in each pixel are shown in Figures S17 and S18 
(Supporting Information). As expected, the impression of the 
word “Hi” in Case 4 changed from 32.1 to 58.0 µS, whereas 
the surrounding background information was considerably 
weakened to ≈7.4 µS. Consequently, the target signal-to-off-
pathway contrast ratio of Case 4 filtered by unipolar SVDP 
was ≈8, far beyond that of Case 3. This demonstrates that the 

newly developed unipolar SVDP allows signal filtering to be 
performed more efficiently, thereby holding the potential for 
developing high-performance visual recognition systems.

3. Conclusions

In conclusion, we have demonstrated unprecedented MTPP/
oxide hybrid memristors with voltage-regulated potentia-
tion and depression behavior. Coordination-regulated ionic 
dynamics in the memristors were unveiled by STEM-EDS and 
XPS measurements. The coordination sites of MTPP molecules 
as a molecular multimedia can regulate oxygen migration, 
enabling the as-fabricated devices to exhibit smooth, gradually 
changing memristive responses with durative characteristics. 
Additionally, the electrical properties of the memristors can be 
finely modulated by varying the metal constituents. Further, we 
show that the MTPP/oxide memristors exhibit SVDP behaviors, 
thus ensuring a signal filtering function. Our studies present a 
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Figure 4. Proof-of-principle design of SVDP-based filtering with unipolar plasticity. a) Working process of visual recognition systems in the human 
brain. Photonic signals are converted into an electric signal, and background or off-pathway signal is efficiently filtered by the neuron-synapse network. 
b) Visualizations of the memorizing processes in an ideal case. The response of the devices at the position corresponding to the word ‘Hi’ recorded 
during the applying of ten stimulation pulses (V = 10 V, W = 100 ms, T = 100 ms). c) Off-pathway signal filtering with and without the SVDP mode. 
Each pixel represents a single memristor. Initially, all memristive pixels were inspired to a specific conductive state (≈31.8 µS) as residual background 
information. The applied pulse stimuli and the conductance in the pixels are shown in Figures S17 and S18 (Supporting Information). The pixels of 
target ‘Hi’ in both case 3 and case 4 were applied with 30 spiking pulses (Vtarget = 10 V, W = 100 ms, T = 100 ms). Subsequently, the processing without 
any positive/negative pulse bias voltage program at the off-pathway pixels in case 3, while the off-pathway pixels were applied with 30 spiking pulses 
(Vop = 6 V, W = 100 ms, T1 = 100 ms) in case 4 that represents the real biological situation. The changing conductance values in each pixel were recorded 
at a read voltage of 1 V.
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new type of platform for realizing efficient neural-signal anal-
ysis in neuromorphic hardware. It should be noted that further 
experiments are required to understand the influence of device 
area, as well as the thickness and morphology of MTPP and 
AlOx layers on the device performance, such as power opera-
tion, operational voltage, data retention, and endurance. More-
over, the development of hybrid memristor devices with a 
molecular design approach will not only expand the range of 
applications but also will advance neuromorphic circuits with 
memristors as programmable building blocks.

4. Experimental Section
Device Fabrication: Devices were fabricated on commercial ITO-

coated 3 × 3 cm glass substrates with a sheet resistance of ≈10 Ω sq−1.  
The etched ITO acts as the bottom electrode, and the area of the 
memristor device is 0.01 mm2, as defined by 0.1-mm-wide ITO 
stripes crossed over by 0.1-mm-wide top Al stripes. Substrates were 
washed in an ultrasonic bath with acetone, ethanol, and deionized 
water for 10 min each and then dried in a vacuum oven at 120  °C 
for 30 min. MTPP (5,10,15,20-tetraphenyl-21H,23H-porphyrin 
zinc(II), ZnTPP; 5,10,15,20-tetraphenyl-21H,23H-porphyrin nickel(II), 
NiTPP; 5,10,15,20-tetraphenyl-21H,23H-porphyrin cobalt(II), CoTPP; 
5,10,15,20-tetraphenyl-21H,23H-porphyrin iron(III) chloride, FeTPPCl; 
and 5,10,15,20-tetraphenyl-21H,23H-porphyrin, TPP) were obtained 
from Sigma Aldrich without further purification. MTPP films with a 
thickness of ≈25 nm were first grown using a thermal vacuum method 
with an evaporation growth rate of ≈0.3 Å s−1. The film thickness was 
measured by employing a Step Profiler and verified using STEM. AlOx 
films were then fabricated at ≈10−4 Torr using a slow evaporation method 
with a rate of 0.1–0.3 Å s−1, ensuring spontaneous oxidation of Al.[20] 
That process resulted in an AlOx layer (≈7 nm) with high resistivity, as 
verified by STEM-EDX analyses. Finally, a top Al electrode (≈125 nm) 
was intentionally defined by utilizing a conventional evaporation process 
(0.5–1.5 Å s−1) that employed a shadow mask (to obtain strips of Al) to 
form Ohmic contact at the metal/oxide interface via the generation of a 
large number of oxygen vacancies.[21]

Electrical Measurements: All electrical measurements were performed 
using a Keithley4200 semiconductor parameter analyzer with self-
designed testing software under ambient conditions and without any 
encapsulation. A defined voltage bias was applied to the ITO bottom 
electrode while the Al top electrode remained grounded.

STEM-EDX Analysis: The ultrathin samples before and after 100 
cycles of the I–V curve under 7 V STEM-EDX analysis were prepared 
using a focused ion beam (Hitachi FB-2100). The STEM-EDX analysis 
was performed using a JEM-ARM200F scanning transmission electron 
microscope and a JED-2300T analysis station operating at 200 kV. The 
line profiles of O were corrected by subtracting the background noise as 
determined from the Al electrode, whereas the Al profile was determined 
without any processing.

X-Ray Photoelectron Spectroscopy: The Al top electrode, which had 
a diameter of 1000 µm, was cathodically or anodically polarized by 
sweeping the voltage over ranges of 0–7 V or −7 to 7 V to create an 
unbalanced oxygen ion distribution. XPS (PHI Quantera II) was then 
performed on the bare surface of the polarized films after removing 
the Al electrode and AlOx layers, which were precision stripped using 
epoxy resin.[12] Binding energies of the core levels are calibrated against 
adventitious C1 s Peak (284.6 eV) in our case. The surface of the prepared 
film was checked using XPS to eliminate Al or AlOx contaminants on the 
surface of ZnTPP films.

Computational Details: Our density functional calculations were 
performed using the Quantum Espresso (QE) package[22] with norm-
conserving pseudopotentials and generalized gradient approximation 
(GGA) exchange-correlation functionals parameterized by Perdew–
Burke–Enzerhof (PBE).[23] The initial molecular structures were taken as 

the tetrabenzoporphyrin molecules.[24] The “single porphyrin molecule 
in vacuum” geometry is simulated by constructing a simple tetragonal 
unit cell centered by the metal ions of the MTPP molecule. The size 
of the unit cell was selected such that spacings between molecules of 
adjacent images exceed 25 Bohr in all directions. The total energy of 
the systems was tested to converge within a 10−5 Rydberg window using 
this unit cell. A convergence criterion of 10−7 Rydberg was used for all 
self-consistency calculations. The molecular structures were relaxed 
until all of the force components were less than 10−4 Rydberg/Bohr. All 
calculations were performed at the Γ-point. We studied the oxygen ion 
adsorption mechanism on the metal centers of the ZnTPP, NiTPP, and 
CoTPP molecules. EMetal–O was calculated using

= − −− −
1
2Metal O molecule O molecule O2

E E E E  (1)

where Emolecule–O, Emolecule, and O2
E  are total surface energies with 

one adsorbed oxygen ion, the porphyrin molecule, and the gas phase 
oxygen molecule, respectively. The EMetal–O and LMetal–O of the oxygen 
ion adsorptions on three different molecules are listed in Table S1 in the 
Supporting Information.

To overcome the underestimation of band gaps arising from 
conventional DFT calculations, G0W0 approximation was performed with 
the GWL code inside QE to calculate HOMO and LUMO energies of 
different MTPP species. A total of 2048 bands (94% unoccupied) were 
included to converge the calculation of the dielectric functions entering 
the screened interaction. Table S2 (Supporting Information) illustrates 
that the HOMO-LUMO gaps of all MTPP molecules were similar. The 
quantitative PBE underestimations of the gap were ≈40–50%. More 
accurate HOMO/LUMO positions were achieved using the G0W0 
approximation.

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