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Abstract

Optical neuromorphic computing offers advantages such as high speed, parallel processing, large
capacity, and strong resistance to interference, making it promising for visual perception, intelli-
gent speech systems, and biomedical image processing. However, for sensories of tactility, olfac-
tory, and auditory, electrical responses converted from sensory inputs cannot be inputted into
frameworks of optical neuromorphic computing. It is a tremendous challenge for optical neuro-
morphic computing to achieve electrical-optical conversion. In this paper, a pathway of electrical-
optical conversion based on artificial electrochromic synapses is proposed. The synapse, consist-
ing of Prussian blue and tungsten oxide, exhibits tunable optical transmittances under different
voltages. Based on the transmittance responses under voltage pulses, typical synaptic behaviors,
including short-term memory, long-term memory, and paired-pulse facilitation, can be demon-
strated. Next, a 3 x 4 array of artificial electrochromic synapses is fabricated to display images of
Braille numbers. For Braille recognition, the images are input to a diffractive deep neural network,
an optical neuromorphic computing framework combining the principle of optical diffraction
with deep learning. The recognition accuracy of Braille numbers 0~9 reaches 100%. The results
imply that integrating artificial electrochromic synapses with optical neuromorphic computing
provides a new direction for realizing low-cost, fast, and efficient multimodal artificial intelli-
gence systems.
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S 2 2 B H R ) S feb 4T, 8 36 JE 12 12 (Short-Term Memory, STM). K #iic 12 (Long-Term Memory,
LTM)FIXL ik 55 4. (Paired-Pulse Facilitation, PPF). # F K, ARHEFFER T —Fok N TR AR5
D?NN AHEE & DG A M A TR T BN, PASCHIN & S0 td i A5 5 iRl o fiE T —A> 3 x 4 B AR,
Fm A H G R B E R E RO E SCECE 09 EIE . kRIS, 2T DPNN R HEmh R
IEF] 100%, RHIPEREE T A T4 45 (Artificial Neural Network, ANN).

2. SCIGERSY
2.1. #l#& PB/WO; A TE B %5 2 38

S FH CBEFN 25851 /K % —3t 2.5 cm x 5.0 cm 5 L2 (Fluorine-Doped Tin Oxide, FTO) 33347
HEFE G Ve K FTO BRI S 4 AR AR AT H 7R 2 Ll sl — 2R A& 0.01 M FeCls. 0.01 M K3 [Fe(CN)e]
A10.05 M KCI (7K . $R)5, 1E 0.05 mA [1EE I E T, ¥ Rh 2.4 ecm x4 cm ) PB i H
DURRAE FTO 3584 I 300 #. #AJ5, F 857 /Kihids PB M - 2 RIVERGF AT, 0 —Huaiik
1T FTO 338 5 X AR AN 2 L BBl —292 N &4 0.005 M Na,WO,-2H,0. 0.6 ml H,0, AT 1.0 ml & HNO;
FIZKIEH . 75 0.9V HITEE RS E T, KRN 2.4 cm x 4 cm (1) WO, 5 TR E FTO 33 L 300
o B, Ml PB . WOs LK 0.5 M KCI il 15% wt % LG EE(PVAVE 25 5 /K 1 HE AR 4L
BT —AHIUTELE.,

2.2. HHEREZE &SRS

BN 1064 nm FIEOEHRZ] FTO BN, TEM 3 x 4 FIIEJT RS, R5Fv 0.3 cm x 0.3
om. 75 B 22 18] (R 7K P AN SR ELIA] PR 23 5908 2.0 222K F0 1.0 222K . FTO BE IS (1A g ih %I pk 12 4> 0.1cm x 0.6
em (AR . IX 12 N HAIEIT 58S N 0.3 22K FTO B4k 5 FME RAE . (8 FH 5% ) 5 2 5 vy ks
12 A EA S TAE R E R S e — 2. o, TE—HUEMRm 12 ME &= Lyl T PB i, 765
— BRI 12 MEER LU T WO . ] PB FE41. WO3 FE5 A1 KCIPVA HL# R 4% T — ik
o

2.3. NIRRT &RMARIE

N T B R AR AE . AR TS i AR 25 440 i Rigaku Smartlab X 52847441 (X-Ray Diffraction,
XRD)HEATHl & . f#H TESCAN MIRA 34 Hi i #f8% (Scanning Electron Microscopy, SEM)M%E T JE 4 .
{4 A4 5%, Dimension Icon AFM R4 7 J& -1 7 B 1455 (Atomic Force Microscope, AFM) B 5. 484t - AT I,
(Ultraviolet-Visible, UV-vis)Z3 66 HH(SHIMADZU UV-2600i)ics5% T 23 GFE 5 R4l . 454 ik
T A4 (Gamry Interface 1010B), & 7 A Al HUE T i 661 nm (135 5 242 1k

5T DNN & EE RN TSR R i, AT ERE CEB, 3 x4 =5 PG E
FE 1.0V HE NE T 5 7. 5,000 iiE E SCERBBENL I AC, 3 80%F1 20% 73 5 1F 9 Il SR A Al sl 4k -
D?NN MEEHELLH — NN Z . 1A 784 WA JTHTI E A — MM S R, T F 50 EATH N 25
FIN Rt RE A, (6 AR 2 I A 46 5 i30T T IR . %2135 0.0005, IZRH 2k s EU N B K38 X
J% (Softmax-Cross-Entropy, SCE)#i 2% ek . S 7 Uk BRI I&E B, 3B Fhr e 5 H AR5 B
(Mixed National Institute of Standards and Technology, MNIST)] V& & ¥4 45 Fh ik B T 20,000 7kl 25 &4
110,000 5KXEE, XEEGE 0 B 9 KT E5HT, BEN 28 x 28, {ERXLEEIBGHINA T HiHLLE
Fo NTHMTHE, BT —NEA—MANE. AL T BN 128 1 64 [(FRRZ AL — A
B R ANN SRACF S SCEMR . 8 Adam (3% 2] %09 0.0001), IR BN E L E RN 10)
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Figure 1. PB/WOs artificial electrochromic synapses for optical neuromorphic computing: (a) A biological nervous system with
a typical synaptic structure; (b) Schematic of a PB/WOs artificial electrochromic synapse; (c) Principle of optical neuromorphic
computing based on an artificial electrochromic synapse array; Braille numbers 0~9 are recognized using a D?NN
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3.2. PB/WO; B T @54 M F 51t

PB I WOs TR E T AN T B E A (58 i) FTO £ E. 18 2(a)M& 2(b) 7R T PB Al WO3 i fiE
[T SEM EI&, JE R 373N 480 nm 1580 nm. €] 2(c)fian T FTO BEFSHN FTO B4 L PB (1) XRD
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Figure 2. Characterization of PB/WOs electrochromic devices: (a) A cross-section SEM image of a PB film;
(b) A cross-section SEM image of a WOs film; (c) XRD patterns of FTO glass and a PB film on a FTO glass;
(d) An AFM image of a PB film; (e) A XRD pattern of a WOs film; (f) An AFM image of a WOs film

2. PB/WO; BT & RMHAIRIE: (a) PB ERAVEEE SEM Elf%; (b) WOs HRAVEEIE SEM
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Figure 3. Performance of PB/WOs electrochromic devices: (a) Transmittance spectra of the PB/WO3
device under different voltages of 1.2, 1.0, 0.8, 0.6, 0.4, and —2.2 V; (b) 661 nm transmittance changes
once the device is bleached and colored for 100 cycles
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Figure 4. Synaptic transmittance responses of PB/WOs electrochromic devices: (a) Transmittance changes under a voltage
pulse of —2.2 V with durations and a pulse of 1.0 V; (b) Transmittance changes under a voltage pulse ranging from —1.9 to
—2.2 V for 8 s and a pulse of 1.0 V; (c) Images of a “USST” letter pattern under various stimulation durations and voltages.
The pixel grayscale is derived from normalized transmittance change; (d) (e) Transmittance changes of the PB/WOs device
under intervals between the two stimulations of 0.2 and 0.4 s. The stimulation voltage is —2.2 V and the interval voltage is 1.0
V. (f) Relationship between PPF ratio values and interval durations
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Figure 5. Display of braille numbers on a PB/WOs electrochromic array: (a) Braille character charts for numbers 0~9; (b)
Photos of PB/WOs arrays displaying braille numbers 0~9; (c) Transmittance values of each pixel of the array displaying braille
number 6; (d) A greyscale image for braille number 6 converted from the transmittance values; (¢) D2NN-based recognition
of the greyscale image for braille number 6
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Figure 6. D’NN-based braille number recognition using a PB/WO3 electrochromic array. (a) Recognition accuracies under
various noises within 50 epochs; (b)~(e) Confusion matrix at the 50th epoch under different noise deviations of 0, 0.004, 0.005,
and 0.006, respectively. (f)~(i) Output distribution images and values at the 50th epoch once the image for braille number 6
under different noise deviations of 0, 0.004, 0.005, and 0.006, respectively
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