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Advancing Machine Vision Technology:
Band structure of oxide semiconductors for optical neuromorphic devices 
to realize highly efficient and accurate machine vision



Outline

• Basic IDEA
- Synaptic behavior from light signal?

• Expanding to vision inspired optical synaptic transistors
- Appropriate electronic band structure for optical synaptic devices
- Pentachromatic-vision inspired optical synaptic transistors

• Advancing machine vision technology
- A brief insight into AI vision technology
- In-sensor & in-memory optical synaptic devices for enhancing vision systems and machine learning validation



Scientific issues: Neuromorphic device for AI

Nature Computational Science 2, 10 (2022)

Better architecture for massively parallel 
processing of “electrical signal”



Scientific issues: What about “light signals”?

Traditional neuromorphic 
devices for electrical signal
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Appropriate electronic band structure for optical synaptic devices

Multi-band structure exhibits a persistent photocurrent effect, which demonstrates synaptic behavior in 
response to the optical signals. 
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Figure 4

Input light signal

Multi-band structure Persistent photocurrent effect Optical synaptic behaviors



Optical synaptic transistors: Solution process of Cd doped IGZO
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Vertically diffused Cd doping process of IGZO
- Cd dopants were uniformly diffused into the IGZO film, and the film density was increased.

ACS Applied Electronic Materials 5, 6275 (2023)
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Figure 4

Input light signal

Optoelectronic synaptic behavior of the device under the green and blue light stimulation
Excitatory postsynaptic current (EPSC) and paired-pulse facilitation (PPF)

ACS Applied Electronic Materials 5, 6275 (2023)

Optical synaptic transistors: Solution process of Cd doped IGZO



Pentachromatic vision inspired optical synaptic transistor

UV-Vis-NIR pentachromatic vision for vision inspired optical synaptic transistor
Control gap states at the mixed zone of Ag2O and IGZO
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Pentachromatic vision inspired optical synaptic transistor

Excitatory postsynaptic current (EPSC) shows pentachromatic response
Paired-pulse facilitation (PPF) shows synaptic response
- Low working voltage & wide wavelength response (405 nm ~ 830 nm)

Advanced Functional Materials 34, 2402222 (2024)
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Scientific issues: Optical neuromorphic for massive visual data recognition

Optical synaptic device is a key technique for future visual information recognition systems 

In reality, incidents still occur due to insufficient visual information processing.
A new technological paradigm is needed for next-generation visual information recognition system.



In-sensor & in-memory optical synaptic device
Image overlapping pre-process via in-sensor & in-memory device
- Need suppressed spike-timing-dependent plasticity (STDP) characteristics and increase spike-number-dependent plasticity (SNDP) 
to reduce processing image data

Figure 1.

Figure 1.
Optical neuromorphic system을사용하여머신러닝시간을감축하는원리
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Figure 1.
Machine vision system using in-sensor computing system. a) Image preprocessing in a typical machine 
vision system consisting of an image sensor, memory, and processor (top) and in an in-sensor 
computing system consisting of an optoelectronic neuromorphic device (bottom). b) Data compression 
using in-sensor computing with pixel binning method and c) using in-sensor computing with image 
overlapping. d) Schematic of an optoelectronic neuromorphic device with (a) STDP characteristics and 
(b) suppressed STDP characteristics.
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Figure 1.
Machine vision system using in-sensor computing system. a) Image preprocessing in a typical machine 
vision system consisting of an image sensor, memory, and processor (top) and in an in-sensor 
computing system consisting of an optoelectronic neuromorphic device (bottom). b) Data compression 
using in-sensor computing with pixel binning method and c) using in-sensor computing with image 
overlapping. d) Schematic of an optoelectronic neuromorphic device with (a) STDP characteristics and 
(b) suppressed STDP characteristics.

Comparing the signal 
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To enhance accuracy, it is 
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Figure 3. IGTO TFT STDP억제및 SNDP 특성확인.
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Figure 3.
Optoelectronic properties of the fabricated IGZO and IGTO optoelectronic neuromorphic device. 
Transfer curves of a) IGZO, and d) IGTO device under dark and 635 and 520 nm wavelength light 
illumination. b-c) EPSC change of IGZO device under optical pulses. e-f) EPSC change of IGTO 
device under optical pulses. g) Schematic showing the conductance change of the device under ‘1001’ 
optical input with current-time curve. h) Current-time curves showing the conductance change of the 
device under optical input signal ranging from ‘0000’ to ‘1111’.
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illumination. b-c) EPSC change of IGZO device under optical pulses. e-f) EPSC change of IGTO 
device under optical pulses. g) Schematic showing the conductance change of the device under ‘1001’ 
optical input with current-time curve. h) Current-time curves showing the conductance change of the 
device under optical input signal ranging from ‘0000’ to ‘1111’.

STDP behavior SNDP behavior

ACS Nano 19, 13107 (2025)



Figure 2.

Figure 2.
IGTO transistor에대한분석진행
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Figure 2.
Characteristics of optoelectronic device based on IGTO active layer. a) Schematic illustration of the 
fabricated optoelectronic neuromorphic transistor under green light illumination. b) Cross-sectional 
HR-TEM image and c) corresponding EDS line scan spectra. d) Direct Tauc plot derived from the UV-
vis absorption spectrum of IGTO. UPS spectra of IGTO films in the e) SEC and f) valence region. g) 
Energy band structure of p++Si/SiO2/IGTO/Al device based on the UPS measurements and Tauc plot. 
h) Schematic illustration showing the operating mechanism of the IGTO optoelectronic neuromorphic 
device.

InGaSnO synaptic device to suppress STDP and increase SNDP 
- Strong bonding energy between Sn and O & Slow recombination
- InGaZnO vs. InGaSnO

Figure 4.

Figure 4. IGTO, IGZO박막비교
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(a) (b)

Figure 4.
Differences in chemical bonding between IGZO and IGTO. Schematics showing a) the fast 
recombination of photoexcited electrons in IGZO and b) the slow recombination of photoexcited 
electrons in IGTO. XPS spectra of O 1s c) of  IGZO film and d) IGTO film. e) XPS spectra of In 3d of 
IGZO and IGTO films.

Figure 2.

Figure 2.
IGTO transistor에대한분석진행

(a) (b) (c)

(h)

(d) (e) (f) (g)

Figure 2.
Characteristics of optoelectronic device based on IGTO active layer. a) Schematic illustration of the 
fabricated optoelectronic neuromorphic transistor under green light illumination. b) Cross-sectional 
HR-TEM image and c) corresponding EDS line scan spectra. d) Direct Tauc plot derived from the UV-
vis absorption spectrum of IGTO. UPS spectra of IGTO films in the e) SEC and f) valence region. g) 
Energy band structure of p++Si/SiO2/IGTO/Al device based on the UPS measurements and Tauc plot. 
h) Schematic illustration showing the operating mechanism of the IGTO optoelectronic neuromorphic 
device.

In-sensor & in-memory optical synaptic device

ACS Nano 19, 13107 (2025)



In-sensor & in-memory optical synaptic device

STDP behavior

SNDP behavior

ACS Nano 19, 13107 (2025)
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Figure 3.
Optoelectronic properties of the fabricated IGZO and IGTO optoelectronic neuromorphic device. 
Transfer curves of a) IGZO, and d) IGTO device under dark and 635 and 520 nm wavelength light 
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Prove the concept via Machine Learning
- 28 x 28 pixels image data input to the machine learning (480,000 images)
- Reduce the training time according to increase the number of overlapped images without change the accuracy

In-sensor & in-memory optical synaptic device
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Figure 5. 시뮬레이션결과
머신러닝학습시간단축확인
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Figure 5.
In-sensor computing based on IGTO device for MNIST recognition. a) Schematic of the fast model 
training mechanism using in-sensor computing with the image overlapping method. b) Training time 
and accuracy curves of MLP model based on overlapped images using in-sensor computing. 
Recognition of c) accuracy, d) loss and e) epoch time in the MLP model trained on overlapped images. 
f) Schematic of overlapped moving MNIST images for the ideal chase, IGTO device and IGZO device. 
g) MLP recognition of accuracy curves for the ideal case, IGTO device, and IGZO device with 7 
correct images and 1 incorrect image overlapped.

ACS Nano 19, 13107 (2025)



Prove the concept via Machine Learning
- Image recognition via a device with the STDP (IGZO TFTs).

In-sensor & in-memory optical synaptic device
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Prove the concept via Machine Learning
- Image recognition via a device by the SNDP (InGaSnO TFTs).

In-sensor & in-memory optical synaptic device
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Transfer curves of a) IGZO, and d) IGTO device under dark and 635 and 520 nm wavelength light 
illumination. b-c) EPSC change of IGZO device under optical pulses. e-f) EPSC change of IGTO 
device under optical pulses. g) Schematic showing the conductance change of the device under ‘1001’ 
optical input with current-time curve. h) Current-time curves showing the conductance change of the 
device under optical input signal ranging from ‘0000’ to ‘1111’.
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Prove the concept via Machine Learning
- Compare the result of image recognition of ideal/InGaSnO/IGZO device, with the wrong information at the end

Device with the SNDP (InGaSnO) gives more accurate image recognition result
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Figure 5.
In-sensor computing based on IGTO device for MNIST recognition. a) Schematic of the fast model 
training mechanism using in-sensor computing with the image overlapping method. b) Training time 
and accuracy curves of MLP model based on overlapped images using in-sensor computing. 
Recognition of c) accuracy, d) loss and e) epoch time in the MLP model trained on overlapped images. 
f) Schematic of overlapped moving MNIST images for the ideal chase, IGTO device and IGZO device. 
g) MLP recognition of accuracy curves for the ideal case, IGTO device, and IGZO device with 7 
correct images and 1 incorrect image overlapped.

More accurate and fast image recognition system is possible with InGaSnO in-sensor devices!

Conclusion

ACS Nano 19, 13107 (2025)



Summary

• We have suggested an appropriate electronic band structure of 
oxide semiconductor for optical synaptic devices.

• We have demonstrated a pentachromatic vision inspired 
optical synaptic transistor with 512 conduction states to the 
light signal.

• More accurate and fast image recognition system is possible 
with SNDP in-sensor devices!

• We believe that optical synaptic devices could be a key 
technique for developing fast and accurate machine vision.
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