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Materials and Methods:  

Device fabrication 

Devices were fabricated on commercial ITO-coated 3×3 cm glass substrates with a sheet resistance of 
approximately 10 Ω/sq. 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. 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, ensuring spontaneous oxidation of Al.1,2 That process 
resulted in an AlOx layer (~ 7 nm) with high resistivity, as verified by STEM and EDX analyses. Finally, a 
top Al electrode (~125 nm) was intentionally defined by utilizing a conventional evaporation process (0.5-
1.5 Å/s) 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.3 

 

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 was 
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 1,000 µm, was cathodically or anodically polarized by 
sweeping the voltage over ranges of 0 to 7 V or –7 V 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 resin4. 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 
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Our density functional calculations were performed using the Quantum Espresso (QE) package 5 with 
norm-conserving pseudopotentials and generalized gradient approximation (GGA) exchange-correlation 
functionals parameterized by Perdew-Burke-Enzerhof (PBE).6 The initial molecular structures were taken 
as the tetrabenzoporphyrin molecules in Ref. 7. We simulated the ‘single porphyrin molecule in vacuum’ 
geometry 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 

EMetal-O=|Emolecule-O-Emolecule-
1
2 EO2| 

where Emolecule-O, Emolecule and 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.  

To overcome the underestimation of band gaps arising from conventional DFT calculations, we 
performed a G0W0 approximation with the GWL code inside QE to calculate HOMO and LUMO energies 
of different MTPP species. A total of 2,048 bands (94% unoccupied) were included to converge the 
calculation of the dielectric functions entering the screened interaction. Table S2 illustrates that the HOMO-
LUMO gaps of all MTPP molecules were similar. The quantitative PBE underestimations of the gap were 
approximately 40-50%. More accurate HOMO/LUMO positions were achieved using the G0W0 
approximation. 
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LMetal-O/ 
EMetal-O 
(Å/eV) 

I1st (μA)† I10th (μA)† INDR/VNDR (μA/V) Saturation 
time (s) 

 
Critical 

voltage (V) 

ZnTPP 1.63/-1.866 270 778 -1351/-6.7 8490 6 

NiTPP 1.86/-1.110 612 1190 -558/-3.7 2580 6.5 

CoTPP 1.92/-0.266 777 1480 -240/-3 1600 6 

FeTPPCl -/- 11.9 58.3 -17/-5 2250 7 

TPP -/- 2920 3930 -3050/-2 61 7 

† The current value was extracted at 10 V after the 1st or 10th sweeps. 

Table S1 | Electrical data of devices and theoretical calculation of different MTPP. 
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 ZnTPP NiTPP CoTPP FeTPPCl TPP 

XC PBE G0W0 PBE G0W0 PBE G0W0 PBE G0W0 PBE G0W0 

HOMO -4.07 -4.72 -4.10 -4.71 -4.06 -4.71 -4.31 -4.95 -4.04 -4.69 

LUMO -2.20 -1.69 -2.38 -1.64 -2.15 -1.68 -2.86 -1.87 -2.27 -1.77 

Eg 1.87 3.03 1.72 3.06 1.91 3.03 1.44 3.08 1.76 2.93 

 
Table S2 | Calculated HOMO/LUMO energies and band gaps (Eg) in eV of ZnTPP, NiTPP, CoTPP, 
FeTPPCl, and TPP calculated using PBE exchange-correlation functional and G0W0 approximations. 
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Supplementary Figure 1 | a, Energy-level diagram of the pristine device. The energy values of HOMO 
and LUMO levels are listed in Table S2. b, The repeatable and highly stable hysteretic bipolar memristive 
switching characteristic for 100 consecutive cycles of ZnTPP/AlOx device. 
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Supplementary Figure 2 | Device performance of the ITO/ZnTPP/Al memristor, which exhibits a distinct 
diode feature without any notable hysteresis. 

  

-15 -10 -5 0 5 10 15

0

600

1200

1800

2400

3000

3600

C
ur

re
nt

 (μ
A)

Voltage(V)



8 

 

 
Supplementary Figure 3 | HRS/LRS–current–value dependencies on cell sizes ranging from 5 × 103 µm2 
to 5 × 105 µm2 at –10 V/10 V. The current values at each cell size were calculated by averaging the 
measurements of 5 different devices. 
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Supplementary Figure 4 | Variable hysteretic I-V loops with various scan strides (vst) in the range of 0.01-
5 Vs-1. The numbers in each graph represent the hysteretic area (S) of the loop. 
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Supplementary Figure 5 | STEM images of the virgin (a) and �⃗� -energized (b) samples. No 
heterogeneous zone with a large contrast was observed in the cross-sectional image of ZnTPP/AlOx devices 
before and after 7 bias voltage, unambiguously excluding the formation of metal filament. 
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Supplementary Figure 6 | STEM-EDX elemental mapping images of Al (yellow) of the virgin (a) and �⃗� -energized (b) samples. 
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Supplementary Figure 7 | XPS spectra of O 1s. O 1s XPS data were collected from the pristine state after 
electrode polarization and the bare region. All spectra were calibrated by aligning C 1s to 284.6 eV. The O 
content increased markedly from 0.2% (a) to 1.0% (b) after anodic polarization and decreased to 0.6% (c) 
after negative polarization due to a fraction of oxygen ions that reentered AlOx. The O content was high 
(5.5%) in the bare region (d), which is attributed to the adsorption of water in the ambient atmosphere. 
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Supplementary Figure 8 | Impact of MTPP species on memristive behaviors. (a to j) Variable current and 
voltage versus time, and variable G versus sweep cycles of MTPP thin films with identical configurations, 
which are plotted from the data in fig. S11. (k) Variable G after the first sweep and rate of current change 
(r) after the 10th sweep: r=(I10th- I1st)/I1st × 100%. (l) Time-dependent conductive variations of disparate 
MTPP-based devices. The applied electrical pulses had V = 10 V and Tretention = 10,000 s. 
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Supplementary Figure 9 | Schematic diagrams of the modulation of the interface through redistribution 
of oxygen ions at 8 V (a, b), -8 V (c, d), 3 V (e, f) and -3 V (g, h) during a voltage-sweep cycle of 0 → 10 
V → −10 V → 0 and 0 → 4 V → −4 V → 0 (left figure-eight hysteretic loops show).  
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Supplementary Figure 10 | a, Memory retention data (dots) and fitted (solid lines) recorded after different 
numbers of identical voltage pulse stimulations (VS = 10 V, W = 100 ms, and T = 200 ms. Data have been 
scaled by a prefactor I0. b, Characteristic relaxation times (τ) obtained using the fitting in the panel of (a) 
and I0 plotted with respect to the number of stimulations (N). Notable improvements in the τ (~6.6 s to ~20 
s) and table synaptic weights (I0) (~0.03 μA to ~0.57 μA) with repetitive stimulation (N = 5 to N = 30 in 
steps of 5) can be observed, facilitating the transition from STM to LTM. 
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Supplementary Figure 11 | a, Demonstration of the ‘learning–forgetting–relearning’ process. Insets show 
the corresponding migration conduction front models. Decreasing learning pulses (N1 = 50, N2 = 15, N3 = 
8) and the reducing learning τ (τ1 = ~100 s, τ2 = ~ 90 s, τ3 = ~80 s) can trigger the same memory level while 
the forgetting τ undergo a significant enhancement (τ1 = ~29.1 s, τ2 = ~ 36.6 s, and τ3 = ~64.7 s) after 1,000 
s of spontaneous decays, indicating that subsequent relearning became easier. b, Wright's cumulative 
average model. In Wright's model, the learning curve function is defined as Y = aXb, where Y is the 
cumulative average time (or cost) per unit, which was obtained by extracting data from (a), and X is the 
cumulative number of units produced. a is the time (or cost) required to produce the first unit (5 s in this 
model), and b is the slope of the function when plotted as a log-log graph, namely, log of the learning 
rate/log of 2. 

  



17 

 

 

Supplementary Figure 12 | a, Spiking intervals applied to the device. Images of the letters ‘I’, ‘A’, ‘M’ 
were continuously stored three times using ten identical amplitude (V = 10 V) and width (W = 100 ms) 
inputs with intervals of TI = 1.5 s, TA = 7.5 s and TM = 15 s, respectively. b, Representative change in the 
conductance of an individual memristor as a function of various intervals and stored periods. The x-axis 
shows the input pulse sequences with identical amplitudes, in correspondence with (a). c, Visualizations 
of memorizing into an organic synapse array. To visualize the activity-dependent memory consolidation, 
images of three letters, ‘I’, ‘A’ and ‘M’, were stored in 8 × 8 memristor pixels that utilized ten identical 
inputs in each stage with different intervals (TI = 1.5 s, TA = 7.5 s and TM = 15 s). Expect for the learning-
experience enabled memory consolidation in each letter (e.g., the average G values of the letter ‘I’ after 
each learning stage were ~17.1 μS, ~23.1 μS and ~27.6 μS, respectively), the memorization level could 
also be enhanced by reducing the interval (~10.1 μS, ~16.9 μS and ~21.3 μS for the letter ‘A’; ~3.0 μS, 
~12.2 μS and ~18.3 μS for the letter ‘M’). Moreover, the letter ‘M’ was observed to persist slightly after 
20 s and only barely after 40 s from the last input, corresponding to the STM mode. In contrast, the letters 
‘I’ and ‘A’ were transferred to the LTM mode, which conformed to the SRDP rules. Subsequent store 
processes not only transferred STM to LTM (refer to the image of the letter ‘M’) but also remarkably 
consolidated the LTM mode (refer to the images of the letters ‘I’ and ‘A’). The change in conductance at 
each pixel corresponded to the result for a single synapse, and the respective conductance profiles in the 
pixels are shown in (b).  
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Supplementary Figure 13 | a, Typical changes in the conductance of an individual memristor’s response 
to multiple subsequent voltage pulses (N =10, VS = 10 V, W = 100 ms, and T = 200 ms), which were 
employed to emulate the memorizing processes in an ideal case. The inset shows the shape of the applied 
voltage pulses. b, Typical changes in the conductance of an individual memristor’s response to single 
voltage pulses (Vtrigger = 10 V, W = 100 ms and N = 1), which are employed to trigger residual background 
information. The inset shows the shape of the applied voltage pulse. c, Typical changes in the conductance 
of an individual memristor’s response to an intense stimulus with high voltage derived from the target 
image. The inset shows the shape of applied pulse stimuli (Starget = 10/5 V, W = 100 ms, T1 = 100 ms, T2 = 
300 ms and N = 30) where 10 V stimuli represent the signals for impression-assisted signal amplification 
and 5 V for the different plasticity. d, Typical changes in the conductance of an individual memristor’s 
response to a weak stimulus with low voltage derived from irrelevant surrounding information. The inset 
shows the shape of the alternative pulse stimuli (Snoise= 6/5 V, W = 100 ms, T1 = 100 ms, T2 = 300 ms and 
N = 30).  
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Supplementary Figure 14 | The corresponding histograms of device conductance measured after (a) single 
voltage pulse in case 2, (b) multiple subsequent voltage pulses in case 2, (c) single voltage pulse in case 3, 
(d) single voltage pulses in case 4, (e) modulated voltage pulses in case 3, (f) modulated voltage pulses in 
case 4.  
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