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Supplementary Figures
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Supplementary Fig. 1 Optoelectronic properties of MAo.5FA0s5PbxSn1xl3
depending on the cationic ratio. a-c /-V curves of MAo.sFA0.5PbxSn1xls perovskite
photodiodes with various ratios of Pb:Sn (a 5:5, b 4:6 ,and ¢ 3:7) under dark and 940
nm illumination. In terms of photocurrent at zero bias, open-circuit voltage, and dark

current, the best device performance was revealed at the Pb:Sn ratio of 4:6.
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Supplementary Fig. 2 Investigation on optimized perovskite film thickness. a
Simulation of photoconductive gain ratio (Gos/Gs2s) with different perovskite
thicknesses. b Empirical and theoretical gain ratio values of the three devices; marked
in a. ¢ Steady-state currents of the device A, B, and C under 625 and 940 nm

illumination.
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Supplementary Fig. 3 XPS analysis of MAo.sFA0.5Pbo.4Sno.sls perovskite film. a
Wide XPS spectrum. b, ¢ Narrow XPS spectra representing Pb 4fand Sn 3d.
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Supplementary Fig. 4 Optical bandgaps of perovskites. a, b Tauc plots converted
from the absorption spectra of MAPbIs (Vis-Perov) and MAo.sFA0.5Pbo.4aSnosls (NIR-

Perov) perovskite films. The bandgaps of Vis-Perov and NIR-Perov were identified as
1.67 and 1.21 eV, respectively.



Intensity (arb. units)

& FAgsMA 5Pbg sSno gl

MAPbI,

m///:;‘e eV
Ju

3.0

35 40 45 50 55 6.0
Work function (eV)

Intensity (arb. units)

MAPbI,
\.
N\
\.
\‘
\;
\»
W,

....... e

-
0.88 eV %

20 15 10 05 00 -0.5 1.0 15 -2.0

Binding energy (eV)

Intensity (arb. units)

FA,;MA, Pb, ,Sn I,

20 15 10 05 00 -05 -10 -1.5 -2.0
Binding energy (eV)

Supplementary Fig. 5 UPS analysis of perovskites. a Secondary electron cutoff of
MAPDI3 (red) and MAo.sFAo0.5Pbo.4Snoels (blue) perovskite thin films prepared on Au-
coated Si substrate. b, ¢ Narrow-range binding energy spectra of MAPbIs and
MAo.5FAo.5Pbo.4aSno.sls.
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Supplementary Flg 6 DFT calculation results of PCBM/Vis-Perov interface. a The

optimized geometry of Vis-Perov surface. The colour codes of atoms are Pb—black, |-
purple, C—brown, N-light blue, H-light pink, and O-red, respectively. b The optimized
geometry of the perovskite surface when absorbing a PCBM molecule. ¢ The density
of states of Vis-Perov (top panel), PCBM molecule (middle panel), and PCBM/Vis-
Perov interface (bottom panel).
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Supplementary Flg 7 DFT calculatlon results of PCBM/NIR-Perov interface. a

Density of states (states/eV)

The optimized geometry of NIR-Perov. The colour codes of the atoms are Pb—black,
|-purple, C—brown, N-light blue, H-light pink, O-red, and Sn—yellow, respectively. b
The optimized geometry of the NIR-Perov surface when absorbing a PCBM molecule.
¢ The density of states of NIR-Perov (top panel), PCBM molecule (middle panel), and
PCBM/NIR-Perov interface (bottom panel).
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Supplementary Fig. 8 Operating speed of the SPPD with an active area of 0.04
mm?. a, b Rise and decay times under 530 nm light illumination at the irradiance of 1
mW cm™. ¢, d Rise and decay times under 940 nm light illumination at the same
irradiance. The rise time was defined as the time required for the current to reach 90 %
of the saturation level under light illumination, while the decay time was the delayed

time required to fall to 10 % of the saturation level.
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Supplementary Fig. 9 a Photoconductive gain and b specific detectivity of the SPPD
under wavelength from 400 to 1000 nm.
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Supplementary Fig. 10 Repeatability tests of the SPPD. a, b Steady-state currents
under light pulses (5 s on and 5 s off) at a wavelength of a 530 nm and b 940 nm. The
measurements were conducted for 3000 pulses under ambient conditions, and the
right inset figures represent the magnified current behavior after 4 hrs. The current
values for each figure were normalized with respect to the photocurrent recorded at

the first pulse.
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Supplementary Fig. 11 Long-term stability of the SPPD. a, b Steady-state currents

under illumination of a 530 nm and b 940 nm lights after 1 year under dry-air condition.
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Supplementary Fig. 12 Simulation of the optical field (E?) profile with respect to
full device position of SPPD under monochromatic light illumination at

wavelengths from 400 to 1000 nm.

13



Vis-Perov "~ [NIR-Perov
207
. (MA__FA_ Pb .Sn_)
1.5- s 1.54 —o—n 05 o5t Po4aPos's
e —o—n (MAPbI;) e —o—k (MA, FA, Pb, SN, I.)
< 10 —o—k (MAPbI,) < 10
0.5 0.5- k
k
O.O- L) T T L T 0.0- T L T T L]
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Supplementary Fig. 13 Optical parameters of perovskites for simulating optical
field. a, b Complex refractive indices (n + ik) of the Vis-Perov and NIR-Perov that were
obtained using an ellipsometer. Complex refractive indices for the other layers (ITO',

Au', PEDOT:PSS'?, PCBM"3, and Spiro-OMeTAD') were gathered through literature
survey.
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Supplementary Fig. 14 Energy band bending of perovskite in the SPPD. a
Schematic of band bending of a perovskite. b Inherent parameters for each layers in
the SPPD; Vi is the relative Fermi-level difference with the PCBM; Na (Ng) is the hole
(electron) concentration; ¢ is the dielectric constant (o is the vacuum permittivity); and

Xp is the theoretical depletion width.
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Supplementary Fig. 15 Optoelectronic properties of the PCBM-less PD. a Steady-
state currents of the PCBM-less device under 625 and 940 nm irradiation (1 mW cm-
2). b Energy band diagram of the PCBM-less PD.
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Supplementary Fig. 16 Optoelectronic properties of the SPPD. a, b /-V curves and

steady-state currents at zero bias under dark and irradiation conditions (625 and 940
nm at 1 mW cm).
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Supplementary Fig. 17 Logic gate operation of the 50x50 um? pixel array using
a pair of 530 and 940 nm light sources. Three-dimensional bar charts for all the
outputs ("OR", "AND", "NAND", "NOR", and "NOT") obtained from the 16 pixels in
SPPD-OELG array.
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Supplementary Fig. 18 Optical microscope image of the 4x4 arrays with the pixel
size of a 100x100 ym? and b 50x50 um?, respectively.
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Supplementary Fig. 19 Logic gate operation of the 100x100 um? pixel array.
Three-dimensional bar charts for all the outputs ("OR", "AND", "NAND", "NOR", and
"NOT") obtained from the 16 pixels.
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Supplementary Fig. 20 Logic gate operation of the 50x50 um? pixel array. Three-
dimensional bar charts for all the outputs ("OR", "AND", "NAND", "NOR", and "NOT")

obtained from the 16 pixels.
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Supplementary Tables

Supplementary Table 1 Comparison of the Hall values (carrier mobility and

concentration) of Pb and Sn based perovskites.

Materials (C'\rf]‘;{)/i_'jtsﬁ) Carrier ?grr;_cs(;ntration Reference

MA"?;’?‘F%?EE;’;VS)”O'G':” 27 2.4x1015 This work

MAPbI3 (Vis-Perov) - ~101? This work
FASNI3 5-40 8x1015-7x10"6 21
FASNI3 19 2.4x10® 22
MAPDI3 15.9 1.02x101"? 23
MAPDI3 58.79 3.375x10" 24
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Supplementary Table 2 Comparison of the rise and decay time of vertical perovskite-

based photodetectors.

Materials Structure  Bias (V) Spectral Rise/Decay time o ¢
region (nm) (us)
Triazine-Th-
OMeTAD/MAPbI/PCB  Thin films 0 300 ~ 780 0.018/0.1 25
M
PTAAMAPbISFBIC/Cso  Thinfilms  -03~12 300 ~ 1000 35/20 26
_ » 0.78 ~
m:F-2/MAPbI3/Ceo Thin films o 400 ~ 780 0.0398 27
PEDOT:PSS/ .
RbMAPS tbcgy  Thin films 0.01 300 ~ 1100 0.09/2.27 28
PEDOT:PS? MAPDL/Cs  11in films 0.1 300 ~ 800 0.12 29
PEDOT:PSS/ »
MABELIECBM Thin films 0 400 ~ 750 1.7/10.3 30
PEDOT:PSS/CyBF-
FAo0.83Cs0.17Pb(lo.9Bro.1)s/ Thin films 0.5 400 ~ 1800 65/74 31
PCBM
TiO2/Cso.05F Ao.ssMAo.17P
b -
(l0.9Bro.1)s/Spiro- Thin films 0 300 ~ 750 19/21 32
OMeTAD
PTAA/MAPbI/ »
I faaait v Thin films 0.2 400 ~ 1000 107/5 33
PCBM/MAPbBr2.5Clos- .
MAPbBr-MAPbIs/Au Thin films 150 400 ~ 800 12.23 34
PEDOT:PSS/ .
MAPDbIs.Cl/PCBM Thin films 0~2 400 ~ 800 0.18/0.16 35
MAPbCl3 Single 0 300 ~ 400 0.015 36
crystals
PTAA/MAPbI3/Ceo Thin films 0 400 ~ 800 0.0065 37
MAPbI./ -
’ Thin films 0 300~ 1000 00/680 @530 nm - This

MAG sF A 5PPy 4SNg el

40/72 @ 940 nm  work
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Supplementary Table 3 Comparison of the on-off ratio of optical logic gate (OLG)

and optoelectronic logic gate (OELG).

Type Materials Logic type On-off ratio (dB) Ref.
oLG Silicon (Si) OXFE é(g’R,\] /L\',\?J : 20 38
OLG Graphene AND, XNOR, NOR 18 39
OLG Au metamaterials OR, NOT,XNOR 24 40
OLG Au metamaterials AND, OR, NOT 9.4 ~28 41
OLG InP-AlGaAs nanowires NAND, NOR <10 42
OELG ZnO/GaN nanowires AND <6 43
OELG BiVO4 film OR <15 44
ofie  Shumesuenteenet  or Nor e s
OELG CNT-Si junction AND 40 46
OELG Perovskite.back—to—back AND, OR, NAND, Theore’gically infinite This
diode NOR, NOT (polarity change) work

24



Supplementary Notes
Supplementary Note 1. | Optimized perovskite film thickness.

Before the device fabrication, we simulated theoretical photoconductive gain (Gj)
by varying the thickness of perovskite films to explore an optimized condition. As
shown in Supplementary Fig. 2a, the color and tone represent the gain ratio (Gy4o/ Ge2s),
which is distributed on the plane as a function of perovskite film thickness ranging from
50 to 400 nm. The gain ratio can be obtained using the formula below:

[ P ¢ (940, x)dx

Tur-peov 925 1
| NC & (625, x)dx- | e (625, x)dx W
TVis—Perov 625 R TNIR—Perov 625 R

,where h and c are Planck constant and speed of light, respectively; Tnir-perov and Tvis-
perov represent the thickness of NIR-Perov and Vis-Perov, respectively; Cr(A,x) is the
charge generation rate at a certain depth position x of device under illumination of A

nm light source with unit irradiance (1 mW cm-).

Our logic gate works based on the offset of opposite photocurrents generated under
the two light sources. Therefore, the logic gate operation becomes more efficient and
controllable when the gain ratio becomes 1. The thickness condition (the combination
of 300 nm NIR-Perov and 200 nm Vis-Perov) used for our logic gate devices (‘Device
B’) locates within the optimized green zone (diamond symbol) at which the gain ratio

is ~1.

A validation test was performed by comparing the photoresponses of three devices

(denoted ‘Device A’, ‘Device B’ and ‘Device C’) and their photoconductive gain ratios

25



were investigated under 625 and 940 nm light illumination. Under the two light sources,
the photoresponses of both 'Device A' and 'Device C', having a perovskite layer
thickness less than 150 nm, are not as balanced as that of 'Device B', which is not
good for the logic gate operation. The combination of 300 nm NIR-Perov and 200 nm

Vis-Perov has the gain ratio of 1, optimal for the efficient logic gate operation.
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Supplementary Note 2. | XPS analysis of MAo.sF Ao.sPbo.4Sno.sls perovskite film.
The wide XPS spectrum revealed a series of sharp peaks corresponding to core
levels of | 3d, Sn 3d, and Pb 4f, while the peaks for N 1s and C 1s were weak or
negligible. This was due to the degradation of the organic component during argon (Ar)
etching process for XPS sample preparation. Judging from the peak area of Sn 3d and
Pb 4f (Supplementary Fig. 3a), the atomic ratio of Pb:Sn was estimated as 4:6, which
is coincided with that of the deposition rates for Pbl2 and Snl2. The peak location of Pb
4f doublet (138 and 143 eV for 4fs2 and 4f72, respectively, Supplementary Fig. 3b)
was exactly consistent with that for the general Pb%*. The Sn 3d doublet (3d32 and
3ds2, Supplementary Fig. 3c) were de-convoluted into two peaks corresponding to
Sn?* and metallic Sn° states. The over-oxidized Sn (Sn?*—Sn**), which impedes the
generation of photo-induced charges, was not observed, indicating the suppression of

undesirable oxidation within the perovskite film.

Supplementary Note 3. | UPS analysis of perovskites.
The UPS spectra determined the work functions: 5.03 and 4.76 eV for MAPbIs and

MAo.s5FA05Pbo.4Snosls, respectively. The onset of the narrow-range binding energy
spectra corresponded to the difference between Fermi level and valence band
maximum, which were measured as 0.88 eV for MAPbIs and 0.51 eV for

MAo.5FAo.5Pbo.4Snosls.
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Supplementary Note 4. | Density functional theory (DFT) calculation.

To corroborate the experimental results, density functional theory (DFT)
calculations were carried out using the plane wave pseudopotential code, Vienna
Abinitio Simulation Package (VASP)'2. We exploited the generalized gradient
approximation (GGA) within the Perdew Burke Eizenhoff (PBE) scheme? to account
for the exchange and correlation interactions. The kinetic energy cutoff for the plane
waves, included in the basis set, was chosen as 650 eV after convergence tests, while
the convergence criterion for electronic self-consistent loop was 10 eV with a force
tolerance of 0.001 eV A-'. The structures were relaxed with the conjugate-gradient
algorithm. The valence electrons, included in calculations for the atoms, were as
follows; oxygen (O)=6, carbon (C)=4, hydrogen (H)=1, nitrogen (N)=5, lead (Pb)=4,

iodine=7, and tin (Sn)=44.

1) DFT calculation results of PCBM/Vis-Perov interface.

The lattice parameters were set as a=6.463 A, b=6.415 A, and ¢=6.516 A, which
were coincided to those of the most stable perovskite surface reported in literature®S.
Furthermore, we considered the methyl ammonium terminated surfaces as they
possess more stability in the (001) orientation, compared to other orientations®. The
optimized structure of Vis-Perov before and after PCBM adsorption are shown in
Supplementary Fig. 6a and b, respectively. The surfaces were simulated using a 3x3x3
supercell, while vacuum layer of 25 A thickness was added along the ¢ axis to minimize
the interaction between the periodic slabs. A Monkhorst Pack K grid of 3x3x1 was
employed for the Brillouin zone integration. The density of states (DOS) for the Vis-

Perov, PCBM and PCBM/Vis-Perov interface are shown in top, middle and lower

28



panels in Fig. 6¢c. One significant finding is that the PCBM adsorption causes an
emergence of additional energy states between the conduction and valence band of

Vis-Perov.

2). DFT calculation results of PCBM/NIR-Perov interface

The NIR-Perov was modeled by replacing formamidinium (FA) ions with
methylammonium (MA) ions as well as Pb with Sn to match the experimental
concentrations. The optimized structures were stable with respect to the mixing of ions
and molecules and the optimized geometries are shown in Supplementary Fig. 7a and
b, respectively. We considered the Van der Waals interaction in the calculations as
implemented in VASP’ to account for the dispersion effects. The orbital-resolved DOS
distribution of the NIR-Perov, PCBM and PCBM/NIR-Perov interface is presented in
Fig. 7c. The obtained bandgap for the NIR-Perov (1 eV) was relatively narrow,
compared to that of Vis-Perov (1.6 eV). Furthermore, in the same manner as the Vis-
Perov, new energy states emerged in the band structure of the NIR-Perov as the
PCBM is attached to the top surface. Considering the energy level of the DOS of
PCBM, which appeared below the conduction band for the NIR-Perov, electron
transfer from the PCBM to NIR-Perov could be facilitated, thus resulting in a high-

performance photo-response even at zero bias.
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Supplementary Note 5. | Investigation of photoconductive gain and detectivity.
We calculated photoconductive gain (Gx) and specific detectivity (Da) using the

following formulas adopted in the literatures®®

-h-c
G = R’d. - @)
D, - ——— @)

Zal, A

,where R, is a responsivity of photodetector, recorded under a wavelength of light of
A., la and A are a dark current and active area of the device, respectively; h, ¢, and q
are physical constants representing Planck constant, speed of light, and unit charge,
respectively. Note that we employed specific detectivity (Da), with the assumption that
a shot noise dominantly determines a noise current of photodetector. The calculated
photoconductive gains under 530 nm, 625 nm, and 940 nm light illumination were 0.02,
0.007 and 0.008, respectively. The corresponding detectivities were calculated as

1.89, 0.76, and 1.27x10" Jones, respectively.
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Supplementary Note 6. | Repeatability test.

We conducted the repeatability for the SPPD under 530 and 940 nm light pulses
(5s on / 5s off). The photocurrent values are normalized with respect to the
photocurrent recorded at the first pulse. Each magnified photocurrent behavior
recorded after 4 hrs clearly shows the on-off current behavior without degradation. In
this test, the SPPD retained its initial responsivity even after 8 hrs (approximately 3000

pulse pulses) under ambient conditions.

Supplementary Note 7. | Long-term stability.

For long-term stability testing, we analyzed another SPPD that had been stored in
laboratory for one year under dry-air condition. The saturated on-current, recorded
under 530 and 940 nm lights, was reduced to 90% and 50% of the initial value,

respectively.
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Supplementary Note 8. | Band alignments of the SPPD.

A built-in potential caused by a Fermi-level difference leads to band-bending at
material interfaces’®-'7, as shown in Supplementary Fig. 14a. Herein, we may ignore
the band-bending at the interfaces between the perovskites and hole transport layers
(PEDOT:PSS or Spiro-OMeTAD) because of the minute Fermi-level difference. Then,
we can simply consider the heterojunction between the PCBM and perovskite
regarding on this matter. The built-in potential across the perovskite can be estimated

as

V09 =+ T (xx, )’ @)

Perov

,where V;is the Fermi-level difference between the PCBM and perovskite; eperov and
Na are the dielectric constant and doping concentration of perovskite, respectively;
q is the unit charge; x is the perovskite depth from the interface’®-'7; and x, is the

thickness of depletion zone (energy-bending region) and can be defined as

2
X, :|: A &pcamEpao N :r (5)
AN, (Ercam Ny +Epaor N2)

,where ercem and Ny are the dielectric constant and doping concentration of PCBM
layer, respectively. We measured the hole concentration of NIR-Perov (2.40%x10'° cm-
3) and Vis-Perov (1.00%x10'? cm-3) through Hall measurement. The other parameters
(Vi and €) were investigated through UPS (Supplementary Fig. 5) and literature
survey'®20_ All information on the perovskites and PCBM are summarized in
Supplementary Fig. 14b. From the formula above, we confirmed that the theoretical

depletion width (xp) of Vis-Perov is above 10 ym which is much thicker than the actual
32



thickness (~200 nm). It implies that the film was fully depleted, rendering the inclined
energy band through the entire film. This estimation can be well accepted considering
the intrinsic Vis-Perov. The x, of NIR-Perov was calculated as ~220 nm, which is more
than two-thirds of the NIR-Perov thickness. Thus, the energy band of NIR-Perov is

also expected to be bent across the film.
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Supplementary Note 9. | Optoelectronic properties of the PCBM-less PD.

The PCBM layer serves as an intermediate n-type semiconductor playing a key role
for realizing the bipolar photoresponse of p*-i-n-p-p* device. To confirm the role of
PCBM layer, we fabricated a PCBM-less device (the inset of Supplementary Fig. 15a).
Both NIR and visible lights drove photocurrents in the same direction (Vis-Perov>NIR-
Perov). The photocurrent was markedly suppressed to < 0.1 pA, 20 times smaller than
that of the PCBM-interposed device.

The unidirectional photocurrent generation in the PCBM-less device can be
explicated based on the energy band diagram depicted in Supplementary Fig. R15b.
The large valence band offset (AEv) between the two perovskites can influence hole
transport. The deep HOMO level of the Vis-Perov, located at 0.64 eV lower than that
of the NIR-Perov, facilitates hole transport from Vis-Perov to NIR-Peroy,
simultaneously hindering the reverse flow. Therefore, photo-generated holes are

allowed to flow in only one direction regardless of incident wavelength.
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Supplementary Note 10. | Logic gate operation of the 50x50 um? pixel array.
The photoconductive gain for 530 nm light is 0.02, much larger than that (0.007) for

the 625 nm. In this case, the irradiance of 530 nm, equivalent to a third of that of the

625 nm, should be used to achieve optimal logic outputs. Then, the five logics were

faithfully implemented in the same SPPD device under 530 and 940 nm illumination.

Supplementary Note 10. | Hall measurements of the perovskite films.

From the Hall measurements, we confirmed that the NIR-Perov has a mobility of 27
cm?V-'s! and a hole concentration of 2.4x10'® cm, which are very similar to the
reported values (p-type Sn-based perovskites)?'22. Considering the location of Fermi-
level (Fig. 1d) and the hole concentration level of ~10'5 cm3, the NIR-Perov is a lightly

doped p-type semiconductor.

The carrier concentration of Vis-Perov was measured as ~10'? cm3, but the mobility
was not reliably measured due to its low carrier concentration. We found in literature
that intrinsic MAPDI3 thin films had a concentration of 10''-10"2 cm 2324, Therefore,

the Vis-Perov film is regarded as an intrinsic semiconductor.
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