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Methods

Device Fabrication: The devices were fabricated by using SOI wafers purchased from Soitec. The
thickness of the top Si NM and that of the buried oxide (SiO2) were 50 nm and 145 nm, respectively.
The top Si NM was doped with boron at the concentration of 10'> cm™, having a resistivity of about
10 Q-cm. SOI wafers were first cleaned by sonication in deionized water, isopropanol, acetone and
ethanol in sequence. After drying by blowing nitrogen gas, they were dipped into a diluted HF solution
to remove native oxide. 120 nm thick gold was then thermally evaporated on Si NM via a shadow
mask, leading to 25 um long and 500 pum wide channels. Ultraviolet/ozone (UVO) treatment was
carried out to improve the surface hydrophilicity of Si NM afterward. A perovskite thin film was
subsequently deposited on Si NM by spin-coating a 1.2 M precursor solution, which was a mixture of
CH3NH3I/Pbl2 in the mole ratio of 1:1 in a solution containing dimethyl sulfoxide and N, N-
dimethylformamide with the volume ratio of 1:4. PMMA (Mw = 350 kg mol™') dissolved in anhydrous
n-butyl acetate (45 mg mL ') was finally spin-coated at 800 rpm for 45 s to cover the perovskite film,
giving rise to a complete device structure. The deposition of both the perovskite and PMMA was
performed in a glovebox filled with nitrogen gas. In addition, a structure only without the deposition

of the perovskite film was used to make Si-NM transistors.

Characterization: The UV-vis spectrum was measured with a UV-vis spectrometer (HITACHI
U4100). The X-ray diffraction (XRD) patterns were obtained by using a SHIMADZU LabX XRD-
6000 diffractometer with Cu Ko (A = 1.5406 A) radiation. SEM investigation was carried out on a
Hitachi S4800 field emission microscope. UPS measurements were performed by using Thermo
Scientific ESCALAB 250Xi with a 21.2 eV He-la source. All the devices were measured with a

homemade system,??> which included a semiconductor parameter analyzer (FS480, PDA Co. Ltd), a



laser at the wavelength of 532 nm, TTL -controlled optical shutters and an arbitrary function generator
(RIGOL DG5100). A power meter (Thorlabs GmbH., PM 100D) was employed to obtain the power

density of optical spikes.

Simulation: The optical characteristics of a synaptic transistor was simulated by using a FDTD
software (Lumerical Solutions Inc.). The simulation model was based on the cross-sectional SEM
images of the synaptic transistor. The cross-sectional area of the device was defined as the x-z plane.
The incident light with the electric field intensity of 1 VV/m was set as a plane wave with the wavelength
of 532 nm and the direction along the z-axis. The boundary of the z direction was set as a perfect
matching layer, while the boundaries of the x and y directions were both periodic. All the materials
were divided into continuous and numerous meshes. The complex refractive index of Si NM was
chosen to be the same as that of bulk Si since the thickness of Si NM was not in the quantum
confinement regime.! The complex refractive index of MAPbIs was derived from L&per et al.’s work.?
The absorption distribution in a synaptic transistor was simulated by calculating the power absorption
per unit volume (Pabs) with the Pabs adv analysis group of FDTD. The optical power density of
absorbed light was normalized by assuming the maximum value as 1.

Letter recognition was simulated with the assistance of the program of Matlab. An image of the
letter “H” was taken as an example. The image was divided into 1960 squares. The image definition
increased with the increase of the quantity of the recognized squares. The maximum value of EPSC
evoked by 30 optical spikes at V¢ = -4 V was assumed to correspond to all squares being recognized.
The number of the recognized squares was obtained by considering the ratio of the real-time EPSC to

the maximum EPSC. The higher the EPSC was, the clearer the image would be.
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Fig. S1. Process flow of device fabrication with the AFM images of Si NM and MAPbI;.



Fig. S2. SEM image of the surface of MAPbI;s. The inset shows the high-magnification SEM image.
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Fig. S3. (a) Transfer curve of a MAPDI;3 transistor. Vg was swept from 20 to -30 V at a fixed Vp of 5 V. (b)
Transfer curve of a Si-NM transistor. Vg was swept from 6 to -12 V at a fixed Vp of 1 V. The devices are
measured in the dark. The MAPbI; transistor exhibits poor gate tunability, which is due to the ion-screening
effect induced by ion migration and accumulation in MAPbI; (Senanayak et al, Sci. Adv.,, 2017, 3, 1-11).
Nevertheless, we manage to obtain that the field-effect mobility of the MAPbI; transistor is 1.2x10° cm®> Vs
"in the linear region. The field-effect mobility of the Si-NM transistor is found to be 45 cm” V''s™ in the linear

region.
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Fig. S4. a) Output characteristics of a synaptic device under the illumination of a 532 nm laser with various

power densities. Vp was swept from O to 1 V at a fixed ¥ of 0 V. b) Transfer characteristics of a synaptic device

under the illumination of a 532 nm laser with various power densities. V¢ was swept from 0 to -6 V at a fixed

Vpof0.01 V.
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Fig. S5. a) Effect of the duration time of an optical spike on the decay of the EPSC. The wavelength and power

density of the optical spike are 532 nm and 1 .MW/cm?, respectively. b) Effect of the power intensity of an optical

spike on the decay of the EPSC. The wavelength and duration of the optical spike are 532 nm and 200 ms,

respectively.
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Fig. S6. a) The gain (g(f)) of EPSC (As0/A1) is fitted with a sigmoidal-shaped function g(f) = (ai-

a)/(1+(flif-¥)+aa, where p is the order of the function, f: is the cut-off frequency, a1 and a, are the initial and

final amplitude. The gain curve can be best fitted with p =1. The fitting gives rise to the value of 0.41 Hz for f..

b) Schematic illustration of high-pass filtering. The input signal has frequencies varying from low to high. The

magnitude of the output signal varies with the frequency of the input signal. For the input signal with the

frequency lower than f; it is weakened at the output. In contrast, it is enhanced at the output if the input signal

with the frequency higher than f;. This is the so-called high-pass filtering.
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Fig. S7. Tauc plot used to determine the direct bandgap of MAPbI;.



Working Mechanism

The behavior of photogenerated carriers in the hybrid structure of Si NM and MAPbIs during the
operation of a synaptic transistor at /' =0 V can be depicted by using the energy band diagram in Fig.
4c. An optical spike absorbed by MAPDI3 gives rise to photogenerated holes and electrons. The built-
in electric field between Si NM and MAPbI; effectively moves the photogenerated holes into Si NM,
leaving the photogenerated electrons in MAPbIs. This means that heterojunction-induced photogating
now takes place.>* As a result of the photogating, the concentration of holes in Si NM increases,
leading to the increase of the drain current of the synaptic transistor. Hence, the EPSC is observed with
the optical spike. Since photogenerated holes transferred into Si NM are spatially separated from
photogenerated electrons remaining in MAPbIs, they have prolonged lifetime. Therefore, we see the
slow decay of the EPSC after the optical spike stops.

When the synaptic transistor works at V6 < 0, the Fermi level moves toward the valence band
maximum in Si NW. This causes both the conduction band and valence band of Si NM to more
seriously bent at the Si-NM/ MAPbIs interface, enhancing the built-in electric field between Si NM
and MAPDI; (Fig. 4c). Hence, more significant photogating effect is produced. The resulting more
effective extraction of the photogenerated holes of MAPDI3 into Si NM explains the increase of the
EPSC with the change of the backgate voltage toward the negative direction (Fig. 4a). Additionally,
the enhanced built-in electric field in the more significant photogating leads to more effective spatial
separation between photogenerated holes transferred into Si NM and photogenerated electrons
remaining in MAPbIs. This makes photogenerated holes that have reached Si NM have even longer
lifetime. Therefore, we see the decay time of the EPSC increases with the change of the backgate

voltage toward the negative direction (Fig. S8).
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Fig. S8. Effect of the backgate voltage on the decay of the EPSC triggered by an optical spike. When the

backgate voltage increases from 0 to -4 V, the decay time increases by a fact of ~ 3. The wavelength, duration

and power density of each optical spike are 532 nm, 200 ms and 1 W/cm?, respectively.

Please note that defects such as isolated oxygen vacancies (Vo) may trap electrons in SiOx° at the
surface of Si NM, probably giving rise to photogating as well.® In order to further clarify the working
mechanism of our devices, we have compared the threshold-voltage shift and the decay of photocurrent
between a Si-NM transistor and a Si-NM/MAPbI; transistor under illumination. It is found that the
threshold voltage of the Si-NM transistor hardly changes when it is illuminated (Fig. S9a). This means
that the ultra-thin SiOx at the surface of Si NM introduces negligible photogating in the current work.
In contrast, the threshold voltage of the Si-NM/MAPDIs transistor shifts in the positive direction when
it is illuminated (Fig. S9b). The shift of the threshold voltage (AVin) increases with the increases of the
power density (P) of the illumination. Such a changes can be well fitted by using AVi=aP?, where a

and S are constants (Fig. S9c¢). The fitting gives rise to the value of 0.31 for . Since S is smaller than
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Fig. S9. a) Transfer characteristics of a Si-NM transistor in the dark and under the illumination of a 532 nm
laser with the power density of 200 mW/cm?. Vg was swept from 0 to -6 V at a fixed Vp of 0.01 V. The threshold
voltage (Vi) is determined by the x-intercept point of the tangential line for the linear region of a transfer curve.
It is found that the values of Vi, are both ~ -5.12 V for the Si-NM transistor in the dark and under illumination.
b) Transfer characteristics of a Si-NM/MAPDI; transistor in the dark and under the illumination of a 532 nm
laser with varying power density. Ve was swept from 0 to -6 V at a fixed Vp of 0.01 V. Vy, is ~ -5.20 V for the
Si-NM/MAPDI; transistor in the dark. Vi changes from -4.98 to -4.16 V when the power density of the
illumination increases from 2 to 200 mW/cm?. ¢) Dependence of the shift of the threshold voltage (AVs) of the
Si-NM/MAPDI; transistor on the power density of the illumination. Such a dependence is fitted by using AV
=aP’, where a and f are constants. The fitting gives rise to the value of 0.31 for 4. d) Normalized photocurrent
decay of the Si-NM or Si-NM/MAPDbI;3 transistor after the stimulation of an optical spike with the wavelength
of 532 nm and the duration of 200 ms at Ve =0 V and Vp = 1 V. The power density of the optical spike for the
Si-NM (Si-NM/MAPDI;) transistor is 6 mW/cm? (1 pW/cm?). The decay time for the photocurrent of the Si-

NM transistor is 0.1 s, while that for the photocurrent of the Si-NM/MAPbI; transistor is 12.0 s.



1, photogating now indeed occurs.® Hence, it is the Si-NM/MAPbI3 heterojunction that introduces the
photogating. In addition, we find that the decay time for the photocurrent of the Si-NM transistor is
two orders of magnitude smaller than that for the photocurrent of the Si-NM/MAPDIs transistor (Fig.
S9d). This implies that the ultra-thin SiOx at the surface of Si NM plays a negligible role in the present
photogating once more. Please note that carrier transport may be also hardly affected by the ultra-thin

SiOx because tunneling readily operates.
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Fig. S10. a) Dependence of the EPSC triggered by an optical spike on the source-drain voltage (V). Error bars
represent standard deviation obtained from five independent tests of a synaptic transistor. b) EPSC of a synaptic
transistor at Vp = 0.01 V triggered by an optical spike. ¢) PPF behavior of a synaptic transistor at V', = 0.01 V
triggered by a pair of optical spikes with an interval time (4¢) of 200 ms. d) Transition from STM to LTM for a
synaptic transistor at ¥ = 0.01 V with the increasing quantity of optical spikes. The wavelength, duration and

power density of the optical spike are 532 nm, 200 ms and 1 |WW/cm?, respectively.
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