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Figure S1. Device fabrication process of GZO optical CTMs.
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Figure S2. a. OM image of the GZO CTM device, b. Carrier concentration demonstration in I4-V, curve.
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Figure S3. a. X-ray diffraction profile of ZnO absorbing layer spin-coated on Si substrate. The measured pattern is
compared to simulated pattern based on the COD database (COD 1011258). b. Ultraviolet-visible light absorption of
ZnO NPs. ¢. Calculated Tauc plot to obtain the optical band gap. d. Steady-state PL spectrum of ZnO NPs.
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Figure S4. a. Highlighting increase region in Fig le, UV light was exposed with different power (purple box) b.

Near unity increase slope with iterative UV light exposure (power 1.131 mW cm™).

Table S1. Exponential grow fitting of the increasing region in Figure S4

Yo Ay ty
0.137 mW/cm? 7.36772 -8.42877 22.7878
0.421 mWicm? 10.5743 -16.5717 11.9662
1.131 mW/cm? 10.9201 -50.0192 3.65879
2 551 mW/cm? 13.7771 -122.251 268757
6.811 mWicm? 16.6452 -310.94 1.98744
11.04 mW/cm? 18.4536 -369.58 1.83495
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Figure S5. Retention time fitting by using Kohlrausch stretched exponential function.
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Figure S6. Retention with electrically doped carrier in GZO optical CTM
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Figure S7. a. Current level recovery tendency as electrically gate bias increases (pulse period = 6.89 s), b. Current
level recovery tendency as pulse period increases (gate bias = 60 V).
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Figure S8. Retention decay behavior of the GZO CTM under varying light pulse conditions, including different
intervals, pulse widths, and pulse intensities, respectively. The decay profile exhibits consistent trends across all

conditions, indicating that the decay dynamics are mostly governed by the magnitude of conductance change rather
than the specific pulse parameters.



Table S2. Comparison of previously reported optical charge trap memory devices.

Channel Materials Light Ret.entlon Learning simulation type ref
Source time
Culn;Se;, 543 nm ~50s - Interface trapping m
MoS, 450 nm ~ 10,000 s - Interface trapping 21
Graphe\;:leS/Mosz oF 532 nm ~1,000s Winner-take-all model | Interface trapping Bl
2
Graphene/MoTe, 635 nm > 86,400 s Edge detection Ferroelectric [
Single wall carbon L -
nanotube (SWCNT)/ > 10,000 s ANN Interface trapping Bl
; 1800 nm
Graphadiyne
GaAs/P;HT 261 = >100s Reservoir Computin Interface trappin ]
. 1550 nm P BEES
365 nm ~ :
SWCNT/PVP + Ag,S 650 Tifii ~1,200s Bell response Interface trapping m
Pentacene/ 400 nm ~ CNN based Image .
[8]
PTCDI-C, 700nm | ~1000s recognition InterFaEe HrEpRIng
. 365 nm ~ ] . ;
Porphyrine/ZnO 625 nm > 10,000 s Visual perception Interface trapping 9]
365 nm
d z i [10]
MAPbBr;/ZnO 532 nm >100s Interface trapping
395 nm ;
! = (1]
Graphene/MoS, 660 nm >200s Interface trapping
450 nm ~ Learning-Forgetting- : 12)
P5HT/AIO, 650 nm >100s Relearning Interface trapping
. This
Graphene/ZnO 365 nm ~195,790 s ANN Interface trapping

Work
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Figure S9. Nonlinearity of positive update and negative update in GZO optical CTM for ANN simulation.
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Figure S10 Recognition accuracy as a function of training epoch for different learning momentum values in the
MNIST simulation.
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Figure S11. Confusion matrices for noisy samples.

Table S3. MNIST recognition tests raw data for high noise image

Recognition rate

0.985

0.788

0.197

0.0

Qutput 0 1 8 2 8 11
Output 1 0 1111 3 0 2 3 3 7 5 6
Output 2 2 3 956 18 5 2 4 24 1
Output 3 2 2 14 953 1 36 1 5 25 1
Output 4 0 0 9 0 926 6 10 6 10 30
Output 5 4 2 0 9 0 790 11 1 18 6
Output 6 6 4 9 2 12 15 915 0 12 1
Output 7 2 2 12 14 2 6 2 968 12 23
Qutput 8 1 1 16 9 3 18 1 2 874 4
Qutput 9 0 0 4 3 30 8 0 13 4 916
Total test| 980 1135 1032 1010 982 892 958 1028 974 1009




Supplementary Note 1

Calculation of electron doping concentration using the parallel-plate capacitor model

For graphene transferred onto SiO», assuming the oxide layer as a parallel plate capacitor while neglecting the quantum
capacitance, the carrier concentration can be calculated as:
AV cnp _ Esio,

An=n—-—n;=AQ/e=C od — od

|VG - Vdiracl
Here, Q is the charge density, C is the capacitance per area, and d = 300 nm is the thickness of the SiO; substrate. If
we assume the carrier concentration at Dirac point (n;) to be zero, then:

Esio
n~An= 2

| VG Vdirac |

The Fermi energy can be calculated using a step function approximation. By substituting the density of states of
graphene into the Fermi-Dirac distribution function and simplifying, we can obtain:

1 1 1
(h F)ZJ' (h )2252 = Ghop)? B

By rearranging the equation in terms of the Fermi energy Ef, we derive

€sio
Eg = hvgmp = th\/ edz Ve — Vairacl
Here, A is reduced Planck constant and v is fermi velocity.

In Figure 3c, the energy barrier between graphene and ZnO is determined by subtracting the Fermi energy shift induced
by electrostatic gating from the Schottky barrier. The Fermi energy corresponding to each gate voltage was obtained
by substituting the gate voltage into the above equation.



Supplementary Note 2
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Figure S12. a. UPS spectra of Gr and GZO on ITO substrate. b. UPS spectra of Gr and Gr-etch.

Due to the monolayer graphene's thickness, which is much thinner than the conventional UV penetration depth (on
the nanometer scale), there exists a possibility that the measured spectrum may include contributions from the indium
tin oxide (ITO) substrate beneath the graphene. To validate this, comparative UPS measurements were conducted on
the ITO/Gr heterostructure before and after an etching process to remove the graphene layer. The UPS spectrum of
ITO/Gr was found to differ from that of bare ITO, confirming that the measured photoelectrons originate from the
graphene layer. Furthermore, after the graphene was etched away, the UPS spectrum of the ITO/Gr sample matched
that of bare ITO, as shown in [TO/Gr-etch and ITO-etch spectra in Figure S12b. This supports the conclusion that the
UPS spectrum of ITO/Gr represents photoemission from graphene itself and not from the underlying ITO substrate.
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