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current versus time curves under different wave-
lengths22–24, they generally display consistent pattern
(either all overshoot or flatness), rarely reflecting the
complete evolutionary process mentioned above. Thus, it
becomes crucial to pinpoint a promising material,
wherein the device’s impedance is modulated under
diverse photon excitation conditions, aiming to optimize
the spectral richness of the device within the available
wavelength spectrum.
Due to the flexibility in component adjustment, metal

halide perovskites is promising25. It not only has a con-
tinuously adjustable band structure, its light absorption
coefficient26, the strength and distribution of the built-in
electric field in the body phase, can all be continuously
adjusted by a simple solution method27,28. In addition, as
shown in Figure S1 (Supporting Information), in the time-
resolved photoluminescence (TRPL) spectra of two-
dimensional (2D) perovskites under excitation of varying
wavelengths and light intensities, a pronounced wave-
length and intensity-dependent carrier lifetime can be
observed. Consequently, 2D perovskites have been selec-
ted as the design exemplar.
In this work, we propose a brand-new concept to dis-

tinguish the wavelength and intensity of monochromatic
light solely based on the photocurrent waveform without
any supplementary systems. The composition distribution
of the absorption layer, specifically (PEA)2MA3Pb4I13
(where MA represents methylammonium and PEA
denotes phenethylammonium), is strategically adjusted
along the direction of light propagation. This manipula-
tion controls the sites where carriers, excited by photons
of different energies, are generated. As a result, the device
exhibits a differentiated transmission impedance when
subjected to light injection of varying wavelengths. In
addition, the modulation of the charge transport layer
(CTL) against the direction of the 2D perovskite’s inher-
ent electric field induces diverse temporal variations in the
photocurrent waveform under different wavelengths
within the 350-750 nm range. The integration of machine
learning algorithms into waveform data analysis has led to
a remarkable 100% accuracy rate in identifying the
wavelength of unknown incident light, and a reduction in
the restoration error for light intensity to less than 0.1%.

Results
Design principle
As illustrated in Fig. 1a, the absorption of short-

wavelength light and the generation of carriers are
mainly confined to the bottom surface. While a large
number of defects are concentrated at the surface, the
carrier will be trapped by these defects during the trans-
port process, resulting in a slowly increasing photocurrent
curve waveform. The absorption of long-wavelength light
is mainly concentrated in the top bulk of the perovskite.

Due to the cavity effect, these lights will generate more
carriers with less recombination loss19. The thickness of
the perovskite film was initially considered for different
wavelength light absorption at different depths. The
finite-difference time-domain (FDTD) simulation was
conducted to analyze the optical field distributions in 3D
MAPbI3 and 2D (PEA)2PbI4 under different wavelengths,
as shown in Fig. 1b, c, respectively. The light penetration
depth of (PEA)2PbI4 perovskite before 530 nm wavelength
is below 100 nm, while the light penetration depth of
MAPbI3 perovskite at its absorption edge can reach about
1 μm. Considering that the absorption edge of three-
dimensional-like (3D-like) perovskite is slightly smaller
than the corresponding 3D perovskite due to the influ-
ence of quantum confinement effect29, it is preliminarily
believed that the thickness of the MA-based 2D per-
ovskite should be slightly less than 1 μm to achieve full
absorption of all available absorption spectrum. The
inverted structured devices can generate fast photo-
response under different wavelength light, and obtain
horizontal and vertical photo-dark current curves without
any spike or ramp. Due to the special nucleation and
crystallization process, the 2D perovskite will form a
gradient phase component distribution from large
n-phase to small n-phase from top to bottom30. The
resulting gradient bandgap determines that it is suitable
for the preparation of inverted structured devices for fast
carrier transmission. In short, by manipulating the light
absorption, charge transport and collection characteristics
in the perovskite and CTLs, it is feasible to distinguish
wavelength by the photocurrent waveform. The penetra-
tion depth of short-wavelength light is much shallower
than that of the long-wavelength light (Fig. 1b, c).

2D perovskite film characterization
2D perovskite films of varying thicknesses were fabri-

cated using the hot casting method with precursor solu-
tions of 0.6, 0.8, 1.0, 1.2, and 1.4M concentration. The
corresponding top-view and cross-sectional scanning
electron microscopy (SEM) images are depicted in
Figure S2 (Supporting Information). Notably, all films
exhibit dense and uniform surfaces, with thicknesses
ranging from 357 to 431, 594, 837, and 1025 nm,
respectively. X-ray diffraction (XRD) analysis was con-
ducted to examine the crystallinity and crystal orientation
of the 2D perovskite films. As illustrated in Fig. 2a, all
films exhibit distinctive diffraction peaks at 14.2° and
28.5°, attributed to the (111) and (202) crystal planes,
respectively31. The absence of other peaks suggests that
these films grow perpendicular to the substrate, facilitat-
ing efficient charge transport between different n-phase
perovskite layers32. Moreover, the peak intensity gradually
increases with increasing perovskite film thickness. UV-
vis absorption spectrum was employed to assess the phase
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Abstract
Deciphering the composite information within a light field through a single photodetector, without optical and
mechanical structures, is challenging. The difficulty lies in extracting multi-dimensional optical information from a
single dimension of photocurrent. Emerging photodetectors based on information reconstruction have potential, yet
they only extract information contained in the photoresponse current amplitude (responsivity matrix), neglecting the
hidden information in response edges driven by carrier dynamics. Herein, by adjusting the thickness of the absorption
layer and the interface electric field strength in the perovskite photodiode, we extend the transport and relaxation
time of carriers excited by photons of different wavelengths, maximizing the spectrum richness of the edge waveform
in the light-dark transition process. For the first time, without the need for extra optical and electrical components, the
reconstruction of two-dimensional information of light intensity and wavelength has been achieved. With the
integration of machine learning algorithms into waveform data analysis, a wide operation spectrum range of
350–750 nm is available with a 100% accuracy rate. The restoration error has been lowered to less than 0.1% for light
intensity. This work offers valuable insights for advancing perovskite applications in areas such as wavelength
identification and spectrum imaging.

Introduction
Traditional photodetectors only have the ability to

roughly calibrate the intensity of the source light1,2. In
recent years, by adding optical components such as fil-
ters3–5, polarizers6,7, metasurface structures8–10 to tradi-
tional photodetectors, or through in-situ voltage
modulation11–13 and systematized measures such as
multi-photodetector integration14–16, photodetectors
have been endowed with sensitivity to different dimen-
sional information such as wavelength, polarization, and
phase. Subsequently, by employing information recon-
struction techniques, these photodetectors have realized

the capability for multi-dimensional detection and com-
prehensive analysis of incident light17. However, these
strategies don’t make full use of the detected information.
Taking the wavelength-sensitive photodetector as an
example, whether employing optical dispersion or in situ
voltage modulation, only the spectral richness informa-
tion implied in the photoresponse current amplitude
(responsivity matrix) is extracted18–21, and the informa-
tion contained in the edge waveform during the light-dark
transition is neglected. As shown in Fig. 1a, with the
increase of photon energy, the transport and relaxation
process of carriers requires a longer transport distance,
which will increase the equivalent transmission impe-
dance of the device. Thus, the waveform of the response
edge can be regulated. Theoretically, this carrier transport
process characteristic that changes with wavelength can
serve as an indicator of the energy of incident light. It is
worth noting that although most photodetectors provide
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current versus time curves under different wave-
lengths22–24, they generally display consistent pattern
(either all overshoot or flatness), rarely reflecting the
complete evolutionary process mentioned above. Thus, it
becomes crucial to pinpoint a promising material,
wherein the device’s impedance is modulated under
diverse photon excitation conditions, aiming to optimize
the spectral richness of the device within the available
wavelength spectrum.
Due to the flexibility in component adjustment, metal

halide perovskites is promising25. It not only has a con-
tinuously adjustable band structure, its light absorption
coefficient26, the strength and distribution of the built-in
electric field in the body phase, can all be continuously
adjusted by a simple solution method27,28. In addition, as
shown in Figure S1 (Supporting Information), in the time-
resolved photoluminescence (TRPL) spectra of two-
dimensional (2D) perovskites under excitation of varying
wavelengths and light intensities, a pronounced wave-
length and intensity-dependent carrier lifetime can be
observed. Consequently, 2D perovskites have been selec-
ted as the design exemplar.
In this work, we propose a brand-new concept to dis-

tinguish the wavelength and intensity of monochromatic
light solely based on the photocurrent waveform without
any supplementary systems. The composition distribution
of the absorption layer, specifically (PEA)2MA3Pb4I13
(where MA represents methylammonium and PEA
denotes phenethylammonium), is strategically adjusted
along the direction of light propagation. This manipula-
tion controls the sites where carriers, excited by photons
of different energies, are generated. As a result, the device
exhibits a differentiated transmission impedance when
subjected to light injection of varying wavelengths. In
addition, the modulation of the charge transport layer
(CTL) against the direction of the 2D perovskite’s inher-
ent electric field induces diverse temporal variations in the
photocurrent waveform under different wavelengths
within the 350-750 nm range. The integration of machine
learning algorithms into waveform data analysis has led to
a remarkable 100% accuracy rate in identifying the
wavelength of unknown incident light, and a reduction in
the restoration error for light intensity to less than 0.1%.

Results
Design principle
As illustrated in Fig. 1a, the absorption of short-

wavelength light and the generation of carriers are
mainly confined to the bottom surface. While a large
number of defects are concentrated at the surface, the
carrier will be trapped by these defects during the trans-
port process, resulting in a slowly increasing photocurrent
curve waveform. The absorption of long-wavelength light
is mainly concentrated in the top bulk of the perovskite.

Due to the cavity effect, these lights will generate more
carriers with less recombination loss19. The thickness of
the perovskite film was initially considered for different
wavelength light absorption at different depths. The
finite-difference time-domain (FDTD) simulation was
conducted to analyze the optical field distributions in 3D
MAPbI3 and 2D (PEA)2PbI4 under different wavelengths,
as shown in Fig. 1b, c, respectively. The light penetration
depth of (PEA)2PbI4 perovskite before 530 nm wavelength
is below 100 nm, while the light penetration depth of
MAPbI3 perovskite at its absorption edge can reach about
1 μm. Considering that the absorption edge of three-
dimensional-like (3D-like) perovskite is slightly smaller
than the corresponding 3D perovskite due to the influ-
ence of quantum confinement effect29, it is preliminarily
believed that the thickness of the MA-based 2D per-
ovskite should be slightly less than 1 μm to achieve full
absorption of all available absorption spectrum. The
inverted structured devices can generate fast photo-
response under different wavelength light, and obtain
horizontal and vertical photo-dark current curves without
any spike or ramp. Due to the special nucleation and
crystallization process, the 2D perovskite will form a
gradient phase component distribution from large
n-phase to small n-phase from top to bottom30. The
resulting gradient bandgap determines that it is suitable
for the preparation of inverted structured devices for fast
carrier transmission. In short, by manipulating the light
absorption, charge transport and collection characteristics
in the perovskite and CTLs, it is feasible to distinguish
wavelength by the photocurrent waveform. The penetra-
tion depth of short-wavelength light is much shallower
than that of the long-wavelength light (Fig. 1b, c).

2D perovskite film characterization
2D perovskite films of varying thicknesses were fabri-

cated using the hot casting method with precursor solu-
tions of 0.6, 0.8, 1.0, 1.2, and 1.4M concentration. The
corresponding top-view and cross-sectional scanning
electron microscopy (SEM) images are depicted in
Figure S2 (Supporting Information). Notably, all films
exhibit dense and uniform surfaces, with thicknesses
ranging from 357 to 431, 594, 837, and 1025 nm,
respectively. X-ray diffraction (XRD) analysis was con-
ducted to examine the crystallinity and crystal orientation
of the 2D perovskite films. As illustrated in Fig. 2a, all
films exhibit distinctive diffraction peaks at 14.2° and
28.5°, attributed to the (111) and (202) crystal planes,
respectively31. The absence of other peaks suggests that
these films grow perpendicular to the substrate, facilitat-
ing efficient charge transport between different n-phase
perovskite layers32. Moreover, the peak intensity gradually
increases with increasing perovskite film thickness. UV-
vis absorption spectrum was employed to assess the phase
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Introduction
Traditional photodetectors only have the ability to

roughly calibrate the intensity of the source light1,2. In
recent years, by adding optical components such as fil-
ters3–5, polarizers6,7, metasurface structures8–10 to tradi-
tional photodetectors, or through in-situ voltage
modulation11–13 and systematized measures such as
multi-photodetector integration14–16, photodetectors
have been endowed with sensitivity to different dimen-
sional information such as wavelength, polarization, and
phase. Subsequently, by employing information recon-
struction techniques, these photodetectors have realized

the capability for multi-dimensional detection and com-
prehensive analysis of incident light17. However, these
strategies don’t make full use of the detected information.
Taking the wavelength-sensitive photodetector as an
example, whether employing optical dispersion or in situ
voltage modulation, only the spectral richness informa-
tion implied in the photoresponse current amplitude
(responsivity matrix) is extracted18–21, and the informa-
tion contained in the edge waveform during the light-dark
transition is neglected. As shown in Fig. 1a, with the
increase of photon energy, the transport and relaxation
process of carriers requires a longer transport distance,
which will increase the equivalent transmission impe-
dance of the device. Thus, the waveform of the response
edge can be regulated. Theoretically, this carrier transport
process characteristic that changes with wavelength can
serve as an indicator of the energy of incident light. It is
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components from 3D (top) to 2D (bottom). The GIXRD
patterns of other four thickness films are shown in Figure
S3 (Supporting Information), which has the same trend as
the 1.2M film. To further substantiate the gradient phase
distribution, cross-sectional Kelvin probe force micro-
scopy (KPFM) was employed to ascertain the contact
potential difference (CPD) in the vertical direction (Figure
S4, Supporting Information). The CPD value, which is
intrinsically linked to the Fermi level, exhibits a gradual
increase from the top surface towards the bottom, with a
maximum discrepancy of approximately 100meV. This
observation unequivocally validates the gradient phase
distribution from top to bottom.

Modulation of Perovskite and CTLs
For different photocurrent waveforms under different

lights, the normal structured device was constructed. The
device architecture of our n-i-p self-powered photo-
detectors is illustrated in Fig. 3a, wherein tin dioxide
(SnO2) and poly (3-hexylthiophene-2,5-diyl) (P3HT) act
as electron transport layer (ETL) and hole transport layer
(HTL), respectively. To elucidate the factors influencing
the waveform, the thickness parameter of each layer, from
bottom to top, was explored. Initially, commercially pur-
chased SnO2 colloidal dispersion with a weight ratio of
15% was diluted with various volumes of water to achieve

different thicknesses of ETLs at the same spin-coating
speed (Figure S5, Supporting Information). Devices with
varied thicknesses of ETLs exhibited consistent wave-
forms under different wavelength lights, with the ETL
thickness solely affecting the photocurrent magnitude—
the thicker the ETL layer, the higher the photocurrent. In
pursuit of optimal photoelectric performance, undiluted
SnO2 stock solution was chosen as the precursor solution
for ETL preparation. Compared with the ETL, the thick-
ness of HTL notably influences the waveform. By selecting
P3HT with low hole mobility as the HTL and adjusting its
thickness, holes cannot be efficiently extracted, leading to
hole accumulation at the interface, resulting in an ‘h’-
shaped photocurrent waveform. As shown in Figure S6
(Supporting Information), when the HTL is too thin
(5 mgmL−1), it does not hinder the carrier transport, and
the photocurrent at any wavelength shows a fast response
without any spike or ramp. While the HTL is too thick
(≥15mgmL−1), it will significantly hinder the carriers
transport at any wavelength, manifesting a slow trapping
process in the corresponding photocurrent waveform.
When the HTL concentration is 10 mgmL−1, the pho-
tocurrent curves at different wavelengths exhibit distinct
waveforms. Optical simulation in Fig. 1a suggests that for
effective light absorption below 770 nm for the 3D-like
phase, the perovskite layer’s thickness should exceed
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distribution of the 2D perovskite films along the vertical
direction. As shown in Fig. 2b, the absorption peaks
appear at 514, 566, 606, 644, and 750 nm, corresponding
to n= 1, 2, 3, 4, and 3D-like phase components, respec-
tively33. Notably, as the perovskite thickness increases, the
absorption intensity also rises. Additionally, stronger
absorption from the back side (glass side) compared to the
front side (upper surface of perovskite) is observed, par-
ticularly for wavelengths corresponding to n ≤ 4 compo-
nents, indicating a concentration of 2D perovskites
primarily on the side near the substrate. Photo-
luminescence (PL) spectrum analysis is also an effective
means to characterize the phase distribution. Since the
excitation light with a wavelength of 470 nm and an
incident angle of 45° has a limited penetration depth (less
than 100 nm), the information in the PL spectrum is
limited to the incident surface. Excitation peaks corre-
sponding to 3D-like components near 750 nm are evident
on both front and back sides (Fig. 2c, d). On the back side,
distinct excitation peaks corresponding to n= 1, 2, and 3
phase components are observed at 518, 572, and 618 nm,
respectively, whereas no such peaks are observed on the

front side, indicating that all perovskite films are com-
posed of different phase components, and more 2D per-
ovskite phase components with small n values are
concentrated at the back side of the film34. To delineate
the depth profile of the these 2D perovskite films,
glancing-angle XRD (GIXRD) analysis was performed35.
The 1.2M perovskite film was selected as a representative
in Fig. 2e, f. It is evident that with an increase in glancing-
angle, the (111) peak position shifts gradually to higher 2θ
angles. The peak position of (110) crystal plane for
MAPbI3 is around 14°36. With the insertion of large 2D
cation ammonium salt, the peak position will have a
displacement toward higher 2θ angles. The concentration
of PEA exerts a significant influence on the lattice para-
meters of the 2D perovskite, encompassing both the
magnitudes and orientations of the lattice vectors31,37.
Consequently, any alterations in the phase components
along the vertical direction will induce modifications in
the interplanar distances of the (111) crystallographic
plane. This observation suggests that there is a gradual
reduced crystal lattice from the upper surface to bottom
of the film, consistent with the distribution trend of phase
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components from 3D (top) to 2D (bottom). The GIXRD
patterns of other four thickness films are shown in Figure
S3 (Supporting Information), which has the same trend as
the 1.2M film. To further substantiate the gradient phase
distribution, cross-sectional Kelvin probe force micro-
scopy (KPFM) was employed to ascertain the contact
potential difference (CPD) in the vertical direction (Figure
S4, Supporting Information). The CPD value, which is
intrinsically linked to the Fermi level, exhibits a gradual
increase from the top surface towards the bottom, with a
maximum discrepancy of approximately 100meV. This
observation unequivocally validates the gradient phase
distribution from top to bottom.

Modulation of Perovskite and CTLs
For different photocurrent waveforms under different

lights, the normal structured device was constructed. The
device architecture of our n-i-p self-powered photo-
detectors is illustrated in Fig. 3a, wherein tin dioxide
(SnO2) and poly (3-hexylthiophene-2,5-diyl) (P3HT) act
as electron transport layer (ETL) and hole transport layer
(HTL), respectively. To elucidate the factors influencing
the waveform, the thickness parameter of each layer, from
bottom to top, was explored. Initially, commercially pur-
chased SnO2 colloidal dispersion with a weight ratio of
15% was diluted with various volumes of water to achieve

different thicknesses of ETLs at the same spin-coating
speed (Figure S5, Supporting Information). Devices with
varied thicknesses of ETLs exhibited consistent wave-
forms under different wavelength lights, with the ETL
thickness solely affecting the photocurrent magnitude—
the thicker the ETL layer, the higher the photocurrent. In
pursuit of optimal photoelectric performance, undiluted
SnO2 stock solution was chosen as the precursor solution
for ETL preparation. Compared with the ETL, the thick-
ness of HTL notably influences the waveform. By selecting
P3HT with low hole mobility as the HTL and adjusting its
thickness, holes cannot be efficiently extracted, leading to
hole accumulation at the interface, resulting in an ‘h’-
shaped photocurrent waveform. As shown in Figure S6
(Supporting Information), when the HTL is too thin
(5 mgmL−1), it does not hinder the carrier transport, and
the photocurrent at any wavelength shows a fast response
without any spike or ramp. While the HTL is too thick
(≥15mgmL−1), it will significantly hinder the carriers
transport at any wavelength, manifesting a slow trapping
process in the corresponding photocurrent waveform.
When the HTL concentration is 10 mgmL−1, the pho-
tocurrent curves at different wavelengths exhibit distinct
waveforms. Optical simulation in Fig. 1a suggests that for
effective light absorption below 770 nm for the 3D-like
phase, the perovskite layer’s thickness should exceed
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distribution of the 2D perovskite films along the vertical
direction. As shown in Fig. 2b, the absorption peaks
appear at 514, 566, 606, 644, and 750 nm, corresponding
to n= 1, 2, 3, 4, and 3D-like phase components, respec-
tively33. Notably, as the perovskite thickness increases, the
absorption intensity also rises. Additionally, stronger
absorption from the back side (glass side) compared to the
front side (upper surface of perovskite) is observed, par-
ticularly for wavelengths corresponding to n ≤ 4 compo-
nents, indicating a concentration of 2D perovskites
primarily on the side near the substrate. Photo-
luminescence (PL) spectrum analysis is also an effective
means to characterize the phase distribution. Since the
excitation light with a wavelength of 470 nm and an
incident angle of 45° has a limited penetration depth (less
than 100 nm), the information in the PL spectrum is
limited to the incident surface. Excitation peaks corre-
sponding to 3D-like components near 750 nm are evident
on both front and back sides (Fig. 2c, d). On the back side,
distinct excitation peaks corresponding to n= 1, 2, and 3
phase components are observed at 518, 572, and 618 nm,
respectively, whereas no such peaks are observed on the

front side, indicating that all perovskite films are com-
posed of different phase components, and more 2D per-
ovskite phase components with small n values are
concentrated at the back side of the film34. To delineate
the depth profile of the these 2D perovskite films,
glancing-angle XRD (GIXRD) analysis was performed35.
The 1.2M perovskite film was selected as a representative
in Fig. 2e, f. It is evident that with an increase in glancing-
angle, the (111) peak position shifts gradually to higher 2θ
angles. The peak position of (110) crystal plane for
MAPbI3 is around 14°36. With the insertion of large 2D
cation ammonium salt, the peak position will have a
displacement toward higher 2θ angles. The concentration
of PEA exerts a significant influence on the lattice para-
meters of the 2D perovskite, encompassing both the
magnitudes and orientations of the lattice vectors31,37.
Consequently, any alterations in the phase components
along the vertical direction will induce modifications in
the interplanar distances of the (111) crystallographic
plane. This observation suggests that there is a gradual
reduced crystal lattice from the upper surface to bottom
of the film, consistent with the distribution trend of phase

a

b c

Perovskite

Valence band

Conduction band

1.5

1.0

0.5

0.0
500 600 700 900 1000800

Wavelength (nm)

Po
si

tio
n 

in
 p

er
ov

sk
ite

 (��
m

) 0.7
Intensity (a.u.)

0.6
0.5
0.5
0.4
0.3
0.2
0.1
0.0

1.5

1.0

0.5

Po
si

tio
n 

in
 p

er
ov

sk
ite

 (��
m

)

500 600 700 900 1000800
Wavelength (nm)

0.7
0.6
0.5
0.5
0.4
0.3
0.2
0.1
0.0

Intensity (a.u.)

CTL
+ + + +

CTL

+

+

+

+

Defectrecombination

Hole
accumulation

- - - -
- - - -

Fig. 1 Device design principle. a Schematic diagram of photogenerated carrier transport routes and photocurrent waveforms under long
wavelength and short wavelength irradiation. The optical field distributions in b 3D MAPbI3 and c 2D (PEA)2PbI4 under different wavelengths
analyzed by FDTD simulation

Min et al. Light: Science & Applications ���������(2024)�13:280� Page 3 of 11



2828  | Light Sci Appl | 2024 | Vol 13 | Issue 11 LSA

measures the efficiency of the device in responding to
optical signals. It is defined as the ratio of photocurrent to
incident light intensity:

R ¼ Iph � Id
Plight � S

where Iph, Id, Plight, and S represent the photocurrent, dark
current, light intensity, and device active area, respec-
tively. Figure 3e shows the responsivity spectrum of the
photodetectors with varying perovskite thickness at 0 V
bias. As the perovskite thickness increases, there is a
decline in responsivity for wavelengths below 500 nm,
while responsivity tends to increase for wavelengths
exceeding 600 nm. The increase of perovskite layer
thickness enhances light absorption, leading to a gradual
increase in photocurrent generated by longer wavelength
light. However, photocurrent generated by shorter
wavelength light must traverse a longer distance to reach
the opposite electrode, resulting in reduced conversion
efficiency from charge to current, hence, the attenuation
of responsivity. When the perovskite layer becomes
excessively thick, even with adequate light absorption,
the transport and collection of carriers become increas-
ingly challenging. Hence, at a concentration of 1.4M, the
overall responsivity diminishes entirely. Notably, despite
the unfavorable thickness of perovskite and the energy
level structure of the device for carrier transport, the
device based on a 1.2M perovskite precursor still exhibits
a considerable responsivity of 0.137 AW−1. The electro-
chemical impedance spectroscopy (EIS) measurement was
conducted to analyze the carrier transport and recombi-
nation behaviors (Fig. 3f). The fitted charge transport
resistance (Rct) and charge recombination resistance (Rrec)
for all these devices are presented in Table S1 (Supporting
Information). The Rct first decreases to the minimum
value for 1.2M and then increases, while the Rrec exhibits
the opposite trend, indicating a relatively faster carrier
transport and reduced carrier recombination for 1.2M
perovskite precursor-based device. To thoroughly under-
stand the impedance information of charge carriers
generated under different monochromatic lights, we
conducted EIS measurement under the condition that
the device was irradiated with the same number of
photons for each monochromatic light (Figure S8,
Supporting Information). As the wavelength increases,
the Rct of the charge carriers gradually decreases, while
the Rrec progressively increases, which is consistent with
the design principle shown in Fig. 1a. The space-charge-
limited current (SCLC) measurement is widely employed
to assess trap density and carrier mobility in semiconduc-
tors. Electron-only and hole-only devices were fabricated
with the following architectures: ITO/SnO2/Perovskite/
PCBM/Ag and ITO/PEDOT:PSS/Perovskite/P3HT/Ag, as
depicted in Fig. 3g and h, respectively. The trap density of

perovskite film can be quantitatively determined with the
following equation:

N t ¼ 2ε0εrVTFL

eL2

where ε0, εr, VTFL, e, and L represent the vacuum
permittivity, the relative dielectric constant of perovskite,
the onset voltage of the trap-filled limit region, the
elemental charge, and the thickness of the perovskite film,
respectively. In the J-V curves, J is proportional to V in the
ohmic region at low voltage, while J is proportional to V2

obeying Mott-Gurney law in the SCLC region at high
voltage. The carrier mobility can be described by the
following equation:

J ¼ 9με0εrV 2

8L3

where μ is the mobility. It is worth noting that the relative
electrical permittivity of perovskite films with different
thicknesses was measured by EIS, as shown in Figure S9
(Supporting Information)38,39. The relative electrical
permittivity increases with the increase of thickness, and
reaches the maximum at 1.2M. Larger electrical permit-
tivity can lead to lower exciton binding energy, thus
provide more effective separation of electrons and holes,
and facilitate the trapped electron to escape from deep
level defect states, consistent with the EIS results. The
calculated trap density and carrier mobility are shown in
Fig. 3i. The trap density (hole and electron) decreases
monotonically with the increase of perovskite thickness,
while the carrier mobility (hole and electron) increases
monotonically. The response time is a crucial metric for
evaluating the performance of photodetectors under high-
frequency conditions, defined as the time difference
between 10% and 90% of the response amplitude. Owing
to the wavelength sensitivity characteristic of the photo-
detector, the response time varies with incident wave-
length. As shown in Figure S10 (Supporting Information),
the response time of the device under different wave-
lengths are depicted. To ensure accurate determination of
unknown light wavelengths and intensities, the response
time of the device should be taken as the maximum value,
which is approximately 7 µs under 450 nm. Such a short
response time is sufficient to ensure the rapid identifica-
tion of unknown monochromatic light.

Characterization of competitive built-in electric field
The monotonic change of trap density and carrier

mobility is not enough to explain the change of curve
waveform. TRPL and steady-state photoluminescence
(PL) measurements were conducted to analyze the influ-
ence of electric fields at the junctions (interface between
perovskite and charge transport layers, CTLs). Different
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500 nm. A correlation between the thickness of the
perovskite layer and the penetration depth of light at
different wavelengths is anticipated. As demonstrated
Figure S7a and S7b (Supporting Information), when the
thickness of perovskite is less than 500 nm, all wavelength
photocurrent curves exhibit sharp peak waveforms. At a
thickness of 594 nm, the photocurrent curve for red and
green light remains sharply peaked, whereas that for blue
light exhibits a horizontal waveform (Figure S7c) (Sup-
porting Information). With the perovskite layer thickness
further increasing to 837 nm, three distinct photocurrent
waveforms emerge in three different optical bands (Fig.
3b–d), enabling simple RGB color discrimination.

However, when the perovskite layer exceeds 1025 nm,
carriers generated under all wavelength lights will be
trapped, resulting in a slowly increasing photocurrent
curve waveform.

Optoelectronic and electrochemical properties
The device structure ITO/SnO2/1.2M Perovskite/

10 mgmL−1 P3HT/Ag was identified as the optimal
configuration for color discrimination. To elucidate the
factors contributing to color discrimination under this
setting, several photoelectric and electrochemical char-
acterizations were conducted. Responsivity (R), a critical
parameter for assessing the sensitivity of a photodetector,
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measures the efficiency of the device in responding to
optical signals. It is defined as the ratio of photocurrent to
incident light intensity:

R ¼ Iph � Id
Plight � S

where Iph, Id, Plight, and S represent the photocurrent, dark
current, light intensity, and device active area, respec-
tively. Figure 3e shows the responsivity spectrum of the
photodetectors with varying perovskite thickness at 0 V
bias. As the perovskite thickness increases, there is a
decline in responsivity for wavelengths below 500 nm,
while responsivity tends to increase for wavelengths
exceeding 600 nm. The increase of perovskite layer
thickness enhances light absorption, leading to a gradual
increase in photocurrent generated by longer wavelength
light. However, photocurrent generated by shorter
wavelength light must traverse a longer distance to reach
the opposite electrode, resulting in reduced conversion
efficiency from charge to current, hence, the attenuation
of responsivity. When the perovskite layer becomes
excessively thick, even with adequate light absorption,
the transport and collection of carriers become increas-
ingly challenging. Hence, at a concentration of 1.4M, the
overall responsivity diminishes entirely. Notably, despite
the unfavorable thickness of perovskite and the energy
level structure of the device for carrier transport, the
device based on a 1.2M perovskite precursor still exhibits
a considerable responsivity of 0.137 AW−1. The electro-
chemical impedance spectroscopy (EIS) measurement was
conducted to analyze the carrier transport and recombi-
nation behaviors (Fig. 3f). The fitted charge transport
resistance (Rct) and charge recombination resistance (Rrec)
for all these devices are presented in Table S1 (Supporting
Information). The Rct first decreases to the minimum
value for 1.2M and then increases, while the Rrec exhibits
the opposite trend, indicating a relatively faster carrier
transport and reduced carrier recombination for 1.2M
perovskite precursor-based device. To thoroughly under-
stand the impedance information of charge carriers
generated under different monochromatic lights, we
conducted EIS measurement under the condition that
the device was irradiated with the same number of
photons for each monochromatic light (Figure S8,
Supporting Information). As the wavelength increases,
the Rct of the charge carriers gradually decreases, while
the Rrec progressively increases, which is consistent with
the design principle shown in Fig. 1a. The space-charge-
limited current (SCLC) measurement is widely employed
to assess trap density and carrier mobility in semiconduc-
tors. Electron-only and hole-only devices were fabricated
with the following architectures: ITO/SnO2/Perovskite/
PCBM/Ag and ITO/PEDOT:PSS/Perovskite/P3HT/Ag, as
depicted in Fig. 3g and h, respectively. The trap density of

perovskite film can be quantitatively determined with the
following equation:

N t ¼ 2ε0εrVTFL

eL2

where ε0, εr, VTFL, e, and L represent the vacuum
permittivity, the relative dielectric constant of perovskite,
the onset voltage of the trap-filled limit region, the
elemental charge, and the thickness of the perovskite film,
respectively. In the J-V curves, J is proportional to V in the
ohmic region at low voltage, while J is proportional to V2

obeying Mott-Gurney law in the SCLC region at high
voltage. The carrier mobility can be described by the
following equation:

J ¼ 9με0εrV 2

8L3

where μ is the mobility. It is worth noting that the relative
electrical permittivity of perovskite films with different
thicknesses was measured by EIS, as shown in Figure S9
(Supporting Information)38,39. The relative electrical
permittivity increases with the increase of thickness, and
reaches the maximum at 1.2M. Larger electrical permit-
tivity can lead to lower exciton binding energy, thus
provide more effective separation of electrons and holes,
and facilitate the trapped electron to escape from deep
level defect states, consistent with the EIS results. The
calculated trap density and carrier mobility are shown in
Fig. 3i. The trap density (hole and electron) decreases
monotonically with the increase of perovskite thickness,
while the carrier mobility (hole and electron) increases
monotonically. The response time is a crucial metric for
evaluating the performance of photodetectors under high-
frequency conditions, defined as the time difference
between 10% and 90% of the response amplitude. Owing
to the wavelength sensitivity characteristic of the photo-
detector, the response time varies with incident wave-
length. As shown in Figure S10 (Supporting Information),
the response time of the device under different wave-
lengths are depicted. To ensure accurate determination of
unknown light wavelengths and intensities, the response
time of the device should be taken as the maximum value,
which is approximately 7 µs under 450 nm. Such a short
response time is sufficient to ensure the rapid identifica-
tion of unknown monochromatic light.

Characterization of competitive built-in electric field
The monotonic change of trap density and carrier

mobility is not enough to explain the change of curve
waveform. TRPL and steady-state photoluminescence
(PL) measurements were conducted to analyze the influ-
ence of electric fields at the junctions (interface between
perovskite and charge transport layers, CTLs). Different
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500 nm. A correlation between the thickness of the
perovskite layer and the penetration depth of light at
different wavelengths is anticipated. As demonstrated
Figure S7a and S7b (Supporting Information), when the
thickness of perovskite is less than 500 nm, all wavelength
photocurrent curves exhibit sharp peak waveforms. At a
thickness of 594 nm, the photocurrent curve for red and
green light remains sharply peaked, whereas that for blue
light exhibits a horizontal waveform (Figure S7c) (Sup-
porting Information). With the perovskite layer thickness
further increasing to 837 nm, three distinct photocurrent
waveforms emerge in three different optical bands (Fig.
3b–d), enabling simple RGB color discrimination.

However, when the perovskite layer exceeds 1025 nm,
carriers generated under all wavelength lights will be
trapped, resulting in a slowly increasing photocurrent
curve waveform.

Optoelectronic and electrochemical properties
The device structure ITO/SnO2/1.2M Perovskite/

10 mgmL−1 P3HT/Ag was identified as the optimal
configuration for color discrimination. To elucidate the
factors contributing to color discrimination under this
setting, several photoelectric and electrochemical char-
acterizations were conducted. Responsivity (R), a critical
parameter for assessing the sensitivity of a photodetector,
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Fig. 3 Device response and carrier dynamic in perovskite film. a The device architecture of the n-i-p self-powered photodetectors. The
photocurrent curve waveforms under the excitation of b 400 nm, c 520 nm and d 655 nm. e The responsivity spectrum of the photodetectors with
different perovskite thickness at 0 V bias. f The electrochemical impedance spectroscopy (EIS) of the photodetectors with different perovskite
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itself. The reverse field hinders the movement of the
carriers for radiation recombination, thereby reducing the
recombination loss during the transport process40.
Deposition of CTLs results in an increasing trend in PL
intensity for both front and back sides (Fig. 4g, h), pro-
viding further evidence that the field generated between
the CTLs and perovskite opposes that of the perovskite
itself. The direction of the built-in field for the entire
device is depicted in Fig. 4i.

Light wavelength and intensity identification
To establish the relationship between the current curve

and the wavelength, we drew inspiration from the lifetime
fitting methods used in TA spectrum and TRPL ana-
lyses27,41. The photocurrent curves at various wavelengths
and intensities were fitted using a one-phase exponential
decay function with a time constant parameter:

I ¼ y0 þ A1e
ð� t

t0
Þ

where I is the photocurrent value, t is time, A1, y0, and t0
are variables to be fitted. The y0 is related to the steady-
state photocurrent value, while t0 is related to the
bending degree of the curve, and A1 has little effect on
the waveform. Therefore, y0 and t0 are selected as
standards for light wavelength and intensity discrimina-
tion. Figure S11 (Supporting Information) illustrates
well-fitted photocurrent curves under varying wave-
lengths of light. Additionally, Figure S12 (Supporting
Information) demonstrates that while the waveforms

remain consistent at the same wavelength across
different light intensities, the curvature of the curve
notably increases with rising light intensity, which is
reflected in the increase of y0 and t0 value. We selected a
wavelength range from 350 to 750 nm at intervals of
50 nm and conducted calibration with six different light
intensities. Corresponding fitting databases of y0 and t0
values are presented in Figure S13 (Supporting Informa-
tion), respectively. Both y0 and t0 exhibit strong
correlations with both wavelength and light intensity,
suggesting the potential of our dataset for wavelength
and light intensity recognition. Subsequently, to enhance
our device’s ability to identify the wavelength and
intensity of monochromatic light, we directly input the
photocurrents of varying wavelengths and intensities
into a neural network model for training, as depicted in
Fig. 5a. After 100 epochs of training, the model’s loss
function converged, reaching nearly 100% accuracy, as
depicted in Fig. 5b. When an unknown monochromatic
light with unspecified wavelength and intensity illumi-
nated the photodetector, we recorded the current
waveform data. To demonstrate the model’s proficiency
in discerning the wavelength and intensity of mono-
chromatic light, nine samples were randomly chosen,
varying in wavelengths and intensities, for predictive
analysis. The results revealed that the model could
accurately determine the wavelength of unknown
monochromatic light and exhibited an intensity predic-
tion error of less than 0.1%, as shown in Fig. 5c, d.
Detailed training procedures and prediction results are

a

b c d

… ……

750 0
0
0
0
0
0
0

0
0
0
0
0
0

0
0
0
0
0

0
0
0
0

0
0
0

0
0

0
0

0
0
0
0
0
0
0
0

0
0
0
0
0
0

0
0
0
0
0

0
0
0
0
0 0 0 0

0

0
0
0
0

0
0

0
0

0
0
0

0
001

650

550

450

350
350 450 550 650

Predicted label (nm) Wavelength (nm)

Wavelength (nm)

Er
ro

r (
%

)

Tr
ue

 la
be

l (
nm

)

Li
gh

t i
nt

en
si

ty
 ( ��

W
 c

m
–2

)

750 350 400 450 500 550 600 650 700 750

1
1

1
1

1
1

1
1

1.0

0.8

0.6

0.4

0.2

0.0

3.5 True
Predicted3.0

2.5
2.0
1.5
1.0
0.5
0.0

750550350

0.2

0.1

0.0

–0.1

1.0

0.8

0.6

A
cc

ur
ac

y

Accuracy

Time

C
ur

re
nt

0.4

0.2

0.0

A

Wavelength

Intensity

2.5

2.0

1.5

Lo
ss

1.0

0.5

0.0

Loss
Accuracy

0 20 40 60 80 100
Epoch

Fig. 5 Deep learning for spectral reconstruction. a Schematic diagram of the wavelength and light intensity identification process. b Loss and
accuracy of the neural network model during training. c Wavelength and d light intensity prediction results of trained neural network model

Min et al. Light: Science & Applications ���������(2024)�13:280� Page 8 of 11

thicknesses of perovskite films were directly deposited on
glass substrates, and the TRPL curves for the front and
back sides are depicted in Fig. 4a, b, respectively. By fitting
the curves with the biexponential rate law, the fast, slow,
and average recombination time constants are presented
in Table S2 (Supporting Information). The average carrier
lifetime (τave) increases with the thickened perovskite film
for both front and back sides, while all the τave of the back
side is longer than that of the front one. The ordered
phase distribution makes the perovskite film has built-in
electric field. A large built-in field can make the carrier
transfer faster, which is reflected in the reduction of
carrier lifetime40. Therefore, the built-in field intensity on
the upper surface of perovskite is stronger than that on
the lower surface. Then 1.2M perovskite precursor was

spin coated on the glass/SnO2 substrate, it was found that
the τave on the front side increases sharply from 15.3 ns to
392.0 ns (Fig. 4c), while the τave on the back side decreases
from 34.6 ns to 15.6 ns compared with the glass substrate
(Fig. 4d). The direction of the built-in field generated by
SnO2/perovskite is against the direction of the built-in
field of perovskite itself, and has a greater impact on the
field from the upper surface. Similarly, glass/perovskite/
P3HT sample was also tested in the same manner (Fig.
4e, f). The front τave is almost unchanged, while P3HT
increases the back τave by about three times, indicating
that P3HT has a significant influence on the built-in field
on the lower surface of perovskite. Steady-state PL mea-
surements on the front and back sides further corroborate
the existence of the reverse field against the perovskite
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itself. The reverse field hinders the movement of the
carriers for radiation recombination, thereby reducing the
recombination loss during the transport process40.
Deposition of CTLs results in an increasing trend in PL
intensity for both front and back sides (Fig. 4g, h), pro-
viding further evidence that the field generated between
the CTLs and perovskite opposes that of the perovskite
itself. The direction of the built-in field for the entire
device is depicted in Fig. 4i.

Light wavelength and intensity identification
To establish the relationship between the current curve

and the wavelength, we drew inspiration from the lifetime
fitting methods used in TA spectrum and TRPL ana-
lyses27,41. The photocurrent curves at various wavelengths
and intensities were fitted using a one-phase exponential
decay function with a time constant parameter:

I ¼ y0 þ A1e
ð� t

t0
Þ

where I is the photocurrent value, t is time, A1, y0, and t0
are variables to be fitted. The y0 is related to the steady-
state photocurrent value, while t0 is related to the
bending degree of the curve, and A1 has little effect on
the waveform. Therefore, y0 and t0 are selected as
standards for light wavelength and intensity discrimina-
tion. Figure S11 (Supporting Information) illustrates
well-fitted photocurrent curves under varying wave-
lengths of light. Additionally, Figure S12 (Supporting
Information) demonstrates that while the waveforms

remain consistent at the same wavelength across
different light intensities, the curvature of the curve
notably increases with rising light intensity, which is
reflected in the increase of y0 and t0 value. We selected a
wavelength range from 350 to 750 nm at intervals of
50 nm and conducted calibration with six different light
intensities. Corresponding fitting databases of y0 and t0
values are presented in Figure S13 (Supporting Informa-
tion), respectively. Both y0 and t0 exhibit strong
correlations with both wavelength and light intensity,
suggesting the potential of our dataset for wavelength
and light intensity recognition. Subsequently, to enhance
our device’s ability to identify the wavelength and
intensity of monochromatic light, we directly input the
photocurrents of varying wavelengths and intensities
into a neural network model for training, as depicted in
Fig. 5a. After 100 epochs of training, the model’s loss
function converged, reaching nearly 100% accuracy, as
depicted in Fig. 5b. When an unknown monochromatic
light with unspecified wavelength and intensity illumi-
nated the photodetector, we recorded the current
waveform data. To demonstrate the model’s proficiency
in discerning the wavelength and intensity of mono-
chromatic light, nine samples were randomly chosen,
varying in wavelengths and intensities, for predictive
analysis. The results revealed that the model could
accurately determine the wavelength of unknown
monochromatic light and exhibited an intensity predic-
tion error of less than 0.1%, as shown in Fig. 5c, d.
Detailed training procedures and prediction results are
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thicknesses of perovskite films were directly deposited on
glass substrates, and the TRPL curves for the front and
back sides are depicted in Fig. 4a, b, respectively. By fitting
the curves with the biexponential rate law, the fast, slow,
and average recombination time constants are presented
in Table S2 (Supporting Information). The average carrier
lifetime (τave) increases with the thickened perovskite film
for both front and back sides, while all the τave of the back
side is longer than that of the front one. The ordered
phase distribution makes the perovskite film has built-in
electric field. A large built-in field can make the carrier
transfer faster, which is reflected in the reduction of
carrier lifetime40. Therefore, the built-in field intensity on
the upper surface of perovskite is stronger than that on
the lower surface. Then 1.2M perovskite precursor was

spin coated on the glass/SnO2 substrate, it was found that
the τave on the front side increases sharply from 15.3 ns to
392.0 ns (Fig. 4c), while the τave on the back side decreases
from 34.6 ns to 15.6 ns compared with the glass substrate
(Fig. 4d). The direction of the built-in field generated by
SnO2/perovskite is against the direction of the built-in
field of perovskite itself, and has a greater impact on the
field from the upper surface. Similarly, glass/perovskite/
P3HT sample was also tested in the same manner (Fig.
4e, f). The front τave is almost unchanged, while P3HT
increases the back τave by about three times, indicating
that P3HT has a significant influence on the built-in field
on the lower surface of perovskite. Steady-state PL mea-
surements on the front and back sides further corroborate
the existence of the reverse field against the perovskite
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perovskite film with/without P3HT. PL spectrum of the perovskite films with/without g SnO2, h P3HT. i The built-in field direction of the SnO2/
perovskite/P3HT structure device is as follows: The yellow arrow represents the built-in field at the SnO2/perovskite interface, the green arrow signifies
the built-in field at the perovskite/P3HT interface, and the red arrow illustrates the built-in field within the 2D perovskite
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Data Preprocessing
Feature data were standardized using the StandardSca-

ler algorithm from the scikit-learn library, which nor-
malizes the data to have a mean of zero and a standard
deviation of one. Wavelength labels were encoded as
integers from 0-8 using one-hot encoding. The dataset
was also divided into a training set (80%) and a test set
(20%) to assess the model’s performance and general-
ization capability, and to mitigate overfitting.

Neural Network Architecture
The neural network comprises three components: an

input layer, intermediate hidden layers, and an output
layer. The input layer receives the feature data, the
intermediate hidden layers extract the most relevant fea-
tures, compress the input information, and learn the
relationships between the features, wavelength, and light
intensity. The output layer produces the final predictions.
In this model, the output layer is split into two parts: one
for predicting wavelength and the other for predicting
light intensity.

Activation Function
The input layer does not employ an activation function.

The activation function for the intermediate hidden layers
is Relu, with layers consisting of 512, 256, and 128 neu-
rons, respectively. The output layer for wavelength pre-
diction uses the Softmax activation function, while the
output layer for light intensity prediction uses a linear
activation function.

Optimizer
During training, the Adam optimizer was used, which

dynamically adjusts the learning rate for each parameter
to improve model parameter updates.

Model training
The model was trained over 100 epochs, with a batch

size of 32.
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provided in Figure S14 (Supporting Information),
materials and methods section, and Table S3 (Support-
ing Information). We anticipate that by expanding the
dataset scale, further enhancements in error reduction
and resolution can be achieved.

Discussion
In summary, we have introduced a prototype of a

wavelength sensor capable of distinguishing the wave-
length and intensity of monochromatic light using only
the photocurrent waveform at a single detection point,
without the need for additional supporting systems. By
adjusting the thickness of 2D perovskite films, we were
able to achieve different penetration depths for perovskite
absorption with different bandgaps. Furthermore, through
the regulation of the charge transport layer against the
built-in electric field direction of the 2D perovskite, var-
ious photocurrent curve waveforms over time under dif-
ferent wavelengths of light ranging from 350 to 750 nm
was obtained. These current waveforms, serving as a
database, underwent comprehensive analysis and learning
through machine learning model, ultimately achieving
precise wavelength recognition with an error rate in light
intensity recognition not exceeding 0.1%. Our approach
not only provides unique insights into monochromatic
light recognition but also offers valuable perspectives and
potential applications for the development of future
spectrum optoelectronic devices.

Materials and methods
Materials
Phenethylammonium iodide (PEAI, >99.5%), methy-

lammonium iodide (MAI, ≥99.5%), lead (II) iodide (PbI2,
>99.99%), and poly(3-hexylthiophene-2,5-diyl) (P3HT,
Mn=10000–100000) were purchased from Xi’an Yuri
Solar Co., Ltd. N, N-dimethylformamide (DMF, 99%) and
chlorobenzene (CB, 99.8%) solvent were provided by
Sigma-Aldrich. Tin (IV) oxide (SnO2, 15% in H2O col-
loidal dispersion) was supplied by Alfa Aesar. All the
chemicals were used as received without further
purification.

Device fabrication
The device structure for light discrimination is ITO/

SnO2/perovskite/P3HT/Ag. The ITO glass substrates
were ultrasonically cleaned by acetone, ethanol, and
deionized water for 15 min, respectively. The SnO2 col-
loidal dispersion was diluted with different volumes of
water, and spin-coated on the UV-treated ITO substrates
at 5000 rpm for 30 s in ambient. Then the substrates were
annealed at 150 °C for 20min. The substrates were UV-
treated for 10min before transferred to N2 glovebox. The
2D perovskite precursor was prepared by dissolving PEAI,
MAI, and PbI2 at the molar ration of 2:3:4 in DMF, and

the precursor concentration is defined by the PbI2 con-
tent. The perovskite precursor solution was spin-coated
on the 100 °C substrate at 5000 rpm for 20 s without
ramping. Then, the perovskite films were annealed at
100 °C for 10min on a hotplate. Afterward, P3HT
(10 mgmL−1 in chlorobenzene) was spin-coated on the
perovskite film at 3000 rpms for 30 s. Finally, 90 nm silver
electrodes were thermally evaporated onto the films at a
chamber of 10−4 Pa with the deposition rate of 0.5 Å s−1.

Characterizations
XRD patterns were measured by Cu Kα radiation

(λ= 0.15418 nm, D/Max-III-B-40KV) to analyze the
crystallization and crystal orientation of perovskite films.
UV-vis spectrum was collected from a UV-vis spectro-
meter (Shimadzu, UV-3600). The photoluminescence
measurements were performed with an Edinburgh FLS
980 instrument, and all the PL measurements were con-
ducted in reflection mode with a 470 nm excitation light
from Xenon lamp. The TRPL decays were measured with
a time-correlated single photon counting apparatus,
together with a 450 nm picosecond laser. To estimate the
photoelectric performance, including the current varies
with time and responsivity curves, the photodetectors
were exposed to the different monochromatic lights from
a Xenon lamp together with a monochromatic order
sorting filter (Zolix, Omni-λ 3009). The corresponding
current value was recorded by a semiconductor char-
acterization system (Keithley 4200). The surface and
cross-sectional morphologies of films were observed using
a field-emission scanning electron microscope (SU8100,
Hitachi). The EIS and SCLC characterization were con-
ducted from an electrochemical workstation (Autolab,
PGSTAT 302 N). The KPFM spectra were recorded by the
MultiMode 8 instrument (Bruker). The response time was
recorded by an oscilloscope (Tektronix, MDO3102), and
the light was generated from the laser diodes (OSRAM)
powered by the function signal generator.

FDTD simulation
The absorption simulation spectrums of MAPbI3 and

PEA2PbI4 were obtained from the Lumerical FDTD soft-
ware. The simulation models were set as a bulk perovskite
of 1.5 μm thickness with periodic boundary condition.
The optical constants (refractive index and extinction
coefficient) of MAPbI3 and PEA2PbI4 were acquired from
other works.

Neural Network
In this study, the proposed neural network model is

developed using the scikit-learn library in Python. A
multi-task learning approach was employed to simulta-
neously recognize wavelength and light intensity. The
specifics are outlined as follows:
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Data Preprocessing
Feature data were standardized using the StandardSca-

ler algorithm from the scikit-learn library, which nor-
malizes the data to have a mean of zero and a standard
deviation of one. Wavelength labels were encoded as
integers from 0-8 using one-hot encoding. The dataset
was also divided into a training set (80%) and a test set
(20%) to assess the model’s performance and general-
ization capability, and to mitigate overfitting.

Neural Network Architecture
The neural network comprises three components: an

input layer, intermediate hidden layers, and an output
layer. The input layer receives the feature data, the
intermediate hidden layers extract the most relevant fea-
tures, compress the input information, and learn the
relationships between the features, wavelength, and light
intensity. The output layer produces the final predictions.
In this model, the output layer is split into two parts: one
for predicting wavelength and the other for predicting
light intensity.

Activation Function
The input layer does not employ an activation function.

The activation function for the intermediate hidden layers
is Relu, with layers consisting of 512, 256, and 128 neu-
rons, respectively. The output layer for wavelength pre-
diction uses the Softmax activation function, while the
output layer for light intensity prediction uses a linear
activation function.

Optimizer
During training, the Adam optimizer was used, which

dynamically adjusts the learning rate for each parameter
to improve model parameter updates.

Model training
The model was trained over 100 epochs, with a batch

size of 32.
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provided in Figure S14 (Supporting Information),
materials and methods section, and Table S3 (Support-
ing Information). We anticipate that by expanding the
dataset scale, further enhancements in error reduction
and resolution can be achieved.

Discussion
In summary, we have introduced a prototype of a

wavelength sensor capable of distinguishing the wave-
length and intensity of monochromatic light using only
the photocurrent waveform at a single detection point,
without the need for additional supporting systems. By
adjusting the thickness of 2D perovskite films, we were
able to achieve different penetration depths for perovskite
absorption with different bandgaps. Furthermore, through
the regulation of the charge transport layer against the
built-in electric field direction of the 2D perovskite, var-
ious photocurrent curve waveforms over time under dif-
ferent wavelengths of light ranging from 350 to 750 nm
was obtained. These current waveforms, serving as a
database, underwent comprehensive analysis and learning
through machine learning model, ultimately achieving
precise wavelength recognition with an error rate in light
intensity recognition not exceeding 0.1%. Our approach
not only provides unique insights into monochromatic
light recognition but also offers valuable perspectives and
potential applications for the development of future
spectrum optoelectronic devices.

Materials and methods
Materials
Phenethylammonium iodide (PEAI, >99.5%), methy-

lammonium iodide (MAI, ≥99.5%), lead (II) iodide (PbI2,
>99.99%), and poly(3-hexylthiophene-2,5-diyl) (P3HT,
Mn=10000–100000) were purchased from Xi’an Yuri
Solar Co., Ltd. N, N-dimethylformamide (DMF, 99%) and
chlorobenzene (CB, 99.8%) solvent were provided by
Sigma-Aldrich. Tin (IV) oxide (SnO2, 15% in H2O col-
loidal dispersion) was supplied by Alfa Aesar. All the
chemicals were used as received without further
purification.

Device fabrication
The device structure for light discrimination is ITO/

SnO2/perovskite/P3HT/Ag. The ITO glass substrates
were ultrasonically cleaned by acetone, ethanol, and
deionized water for 15 min, respectively. The SnO2 col-
loidal dispersion was diluted with different volumes of
water, and spin-coated on the UV-treated ITO substrates
at 5000 rpm for 30 s in ambient. Then the substrates were
annealed at 150 °C for 20min. The substrates were UV-
treated for 10min before transferred to N2 glovebox. The
2D perovskite precursor was prepared by dissolving PEAI,
MAI, and PbI2 at the molar ration of 2:3:4 in DMF, and

the precursor concentration is defined by the PbI2 con-
tent. The perovskite precursor solution was spin-coated
on the 100 °C substrate at 5000 rpm for 20 s without
ramping. Then, the perovskite films were annealed at
100 °C for 10min on a hotplate. Afterward, P3HT
(10 mgmL−1 in chlorobenzene) was spin-coated on the
perovskite film at 3000 rpms for 30 s. Finally, 90 nm silver
electrodes were thermally evaporated onto the films at a
chamber of 10−4 Pa with the deposition rate of 0.5 Å s−1.

Characterizations
XRD patterns were measured by Cu Kα radiation

(λ= 0.15418 nm, D/Max-III-B-40KV) to analyze the
crystallization and crystal orientation of perovskite films.
UV-vis spectrum was collected from a UV-vis spectro-
meter (Shimadzu, UV-3600). The photoluminescence
measurements were performed with an Edinburgh FLS
980 instrument, and all the PL measurements were con-
ducted in reflection mode with a 470 nm excitation light
from Xenon lamp. The TRPL decays were measured with
a time-correlated single photon counting apparatus,
together with a 450 nm picosecond laser. To estimate the
photoelectric performance, including the current varies
with time and responsivity curves, the photodetectors
were exposed to the different monochromatic lights from
a Xenon lamp together with a monochromatic order
sorting filter (Zolix, Omni-λ 3009). The corresponding
current value was recorded by a semiconductor char-
acterization system (Keithley 4200). The surface and
cross-sectional morphologies of films were observed using
a field-emission scanning electron microscope (SU8100,
Hitachi). The EIS and SCLC characterization were con-
ducted from an electrochemical workstation (Autolab,
PGSTAT 302 N). The KPFM spectra were recorded by the
MultiMode 8 instrument (Bruker). The response time was
recorded by an oscilloscope (Tektronix, MDO3102), and
the light was generated from the laser diodes (OSRAM)
powered by the function signal generator.

FDTD simulation
The absorption simulation spectrums of MAPbI3 and

PEA2PbI4 were obtained from the Lumerical FDTD soft-
ware. The simulation models were set as a bulk perovskite
of 1.5 μm thickness with periodic boundary condition.
The optical constants (refractive index and extinction
coefficient) of MAPbI3 and PEA2PbI4 were acquired from
other works.

Neural Network
In this study, the proposed neural network model is

developed using the scikit-learn library in Python. A
multi-task learning approach was employed to simulta-
neously recognize wavelength and light intensity. The
specifics are outlined as follows:
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Picotesla-sensitivity microcavity optomechanical
magnetometry
Zhi-Gang Hu1,2, Yi-Meng Gao1,2, Jian-Fei Liu1,2, Hao Yang1,2, Min Wang1,2, Yuechen Lei1,2, Xin Zhou1,2, Jincheng
Li 1,3, Xuening Cao1,2, Jinjing Liang1,2, Chao-Qun Hu1,2, Zhilin Li1,4, Yong-Chang Lau1,2✉, Jian-Wang Cai1,2✉ and
Bei-Bei Li1,2,4✉

Abstract
Cavity optomechanical systems have enabled precision sensing of magnetic fields, by leveraging the optical
resonance-enhanced readout and mechanical resonance-enhanced response. Previous studies have successfully
achieved mass-produced and reproducible microcavity optomechanical magnetometry (MCOM) by incorporating
Terfenol-D thin films into high-quality (Q) factor whispering gallery mode (WGM) microcavities. However, the
sensitivity was limited to 585 pT Hz−1/2, over 20 times inferior to those using Terfenol-D particles. In this work, we
propose and demonstrate a high-sensitivity and mass-produced MCOM approach by sputtering a FeGaB thin film
onto a high-Q SiO2 WGM microdisk. Theoretical studies are conducted to explore the magnetic actuation constant and
noise-limited sensitivity by varying the parameters of the FeGaB film and SiO2 microdisk. Multiple magnetometers with
different radii are fabricated and characterized. By utilizing a microdisk with a radius of 355 μm and a thickness of 1 μm,
along with a FeGaB film with a radius of 330 μm and a thickness of 1.3 μm, we have achieved a remarkable peak
sensitivity of 1.68 pT Hz−1/2 at 9.52 MHz. This represents a significant improvement of over two orders of magnitude
compared with previous studies employing sputtered Terfenol-D film. Notably, the magnetometer operates without a
bias magnetic field, thanks to the remarkable soft magnetic properties of the FeGaB film. Furthermore, as a proof of
concept, we have demonstrated the real-time measurement of a pulsed magnetic field simulating the corona current
in a high-voltage transmission line using our developed magnetometer. These high-sensitivity magnetometers hold
great potential for various applications, such as magnetic induction tomography and corona current monitoring.

Introduction
High-sensitivity magnetometers play a crucial role in

both fundamental research and practical applications,
including spin physics in condensed matter systems1, dark
matter detection2, nuclear magnetic resonance3, magne-
tocardiography4, magnetoencephalography5, mineral
exploration6, nondestructive inspection7, magnetic
induction tomography8,9, and current detection10–14.
Currently, the state-of-the-art magnetometers are based
on superconducting quantum interference devices

(SQUIDs), with exceptional sensitivity at the fT Hz−1/2

level15. However, their reliance on cryogenic systems has
resulted in elevated operational costs and limited appli-
cations. Recently, various magnetometers that can work at
room temperature have been developed, such as atomic
magnetometers16, diamond nitrogen-vacancy color center
magnetometers17, and magnetostrictive material mag-
netometers18. In the past few years, high-quality (Q) factor
whispering gallery mode (WGM) optical microcavities
have been widely explored for various applications due to
the enhanced light-matter interactions, including quan-
tum optics19,20, integrated photonic network21, optical
filters22, optical frequency combs23, and highly-sensitivity
sensing24–29. Microcavity optomechanical magnetometry
(MCOM)30–38 has recently been developed by incorpor-
ating magnetostrictive materials into high-Q WGM
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