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Modern nanofabrication technologies have propelled significant advancement
of high-resolution and optically thin holograms. However, it remains a long-
standing challenge to tune the complex hologram patterns at the nanoscale
for temporal light field control. Here, we report femtosecond laser direct
lithography of perovskites with nanoscale feature size and pixel-level temporal
dynamics control for temporally programmable holograms. Specifically,
under tightly focused laser irradiation, the organic molecules of layered per-
ovskites (PEA),Pbl, can be exfoliated with nanometric thickness precision and
subwavelength lateral size. This creates inorganic lead halide capping nanos-
tructures that retard perovskite hydration, enabling tunable hydration time
constant. Leveraging advanced inverse design methods, temporal holograms
in which multiple independent images are multiplexed with low cross talk are
demonstrated. Furthermore, cascaded holograms are constructed to form
temporally holographic neural networks with programmable optical inference

functionality. Our work opens up new opportunities for tunable photonic
devices with broad impacts on holography display and storage, high-
dimensional optical encryption and artificial intelligence.

Holograms, as an approach to reconstructing the amplitude and phase
information of 3D objects, have been used to control the diffractive
light field in many applications, such as display and storage'?,
encryption®, optical trapping®, artificial neural networks’, and all-
optical machine learning®. With the rapid development of modern
nanofabrication technologies, such as electron beam lithography
(EBL), metasurface holograms, made of subwavelength metallic or
dielectric elements, have been demonstrated to achieve high resolu-
tion, low noise, and high efficiency reconstructed images in the
microwave, terahertz, infrared, and visible spectral range’. Now,
significant efforts are being devoted to translating these static holo-
grams to dynamic holograms" ™ for light field control in the time
domain. In the microwave frequency, digit coding metasurfaces made
of electric diode-controlled metallic structure enable individual
pixel reconfigurability and real-time, multiple arbitrary holography™.

While in the visible range, it remains a significant challenge to tune the
complex hologram patterns at the nanoscale. Recent demonstration of
visible dynamic holograms through mechanical stretching'?, thermal-
induced phase-change”, and nanostructure swelling" is difficult to
impart the individual pixel different time-varying properties and only
achieved holographic image switching. Although chemically active
plasmonic metasurfaces show the potential of pixel-level temporal
dynamics control®, they require complex and multiple EBL and lift-off
steps to create nanostructures with different chemical compositions
and bulky external control apparatus.

In contrast, laser printing is a contactless, one-step patterning
technology with high resolution and 3D capabilities”?° and has been
used to fabricate holograms through the subwavelength photo-
reduction of graphene oxide?, ablation of ultrathin topological thin
films and atomically thin noble metal dichalcogenides”* and writing
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of 3D nano-resolution lithium niobate crystals®. Particularly, 4D laser
printing fabricates nanoscale shape memory polymer structures with
time-varying shapes, properties, and functionalities”, endowing the
fabricated holograms reconfigurable under external heating stimuli®®.
However, the function tunability is rather limited with a simple on/off
switch and the hologram patterns are limited to a single-layer frame-
work. To fully explore temporally holographic light field control, it is
highly desired to develop new printing materials and mechanisms with
pixel-level temporal dynamics control and multilayer framework.

Lead halide perovskites, as the most attractive semiconductor
materials in the past decade in the photovoltaic (PV) community?, are
rapidly emerging in the field of nanophotonics with various demon-
strated functional devices, including on-chip vortex microlasers”, meta-
holograms™, optical data storage and three-dimensional (3D) display**,
nonlinear optical encoding devices*, and structural color systems*. Due
to their low formation energy, perovskites usually exhibit instability
against moisture, oxygen, photoexcitation, and thermal heating which is
commonly regarded to adversely affect device performance. Specifi-
cally, under a humid atmosphere, perovskites experience hydration, a
phenomenon of moisture-induced changes in the chemical structure
and corresponding optical properties®. However, from a different per-
spective, this lability represents a potential stimuli-responsive material
platform for constructing time-varying photonic devices. We hypothe-
sized that the surface of perovskites could be locally modified to control
the hydration rate and hence the variation in optical properties with
time. Particularly, the recently demonstrated three-dimensional direct
laser lithography of perovskites with tunable chemical composition
offers a potentially viable method®>.

In this work, we report femtosecond (fs) laser direct lithography
of perovskites with nanoscale feature size and pixel-level temporal
dynamics control for temporally programmable holographic light field
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Fig. 1| Femtosecond laser nanolithography of perovskite hydration for tem-
porally programmable holograms. a Schematic of the laser patterning of
(PEA),Pbl, perovskite hologram and a photo of the fabricated sample. Scale bar,
1mm. The zoom-in at the focal spot shows the schematic of the local change of the
perovskites. b Perovskite transmission and hydration time constant control by the

control. This is achieved by means of two-photon absorption-induced
localized hydration control. We discover that under tightly focused fs
laser irradiation, the layered (PEA),Pbl, perovskites undergo localized
structural and compositional changes due to the exfoliation of the
organic molecules from the materials (Fig. 1a). This creates material
thickness reduction with nanometric precision accompanying with
subwavelength inorganic Pbl, layers on the surface that act as a local
capping layer, retarding the hydration of the perovskite. Therefore, the
hydration time constant, defined as the duration required for trans-
mission at the exciton absorption wavelength to approach 100%, and
the initial transmission state can be elaborately manipulated by
adjusting the laser fluence (Fig. 1b). Leveraging this nanoscale pixel-
level temporal dynamics control and the developed advanced inverse
design methods, we demonstrate temporally programmable holo-
grams in which multiple independent images are multiplexed with low
cross talk (Fig. 1c). Furthermore, cascaded holograms are constructed
to form a temporally holographic neural network with programmable
optical inference functionality. This study exceeds the current litho-
graphy of tunable photonic devices by achieving sub-diffraction fea-
ture size, pixel-level temporal dynamics control, and temporally
programmable functionality with simple and fast one-step laser
printing, opening up new opportunities for tunable nanophotonics in
the time domain.

Results

To investigate the feasibility of temporal lithography of perovskites,
we first studied their local modulation and corresponding hydration
control. (PEA),Pbl, perovskite thin films are synthesized and fabri-
cated on clean glass substrates following the methods in the
literature®. (PEA),Pbl, are layered Ruddlesden-Popper perovskites
consisting of inorganic layers of metal-halide perovskites confined by
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laser fluence. The inset figure shows perovskites’ transmission spectra evolution
with a pronounced dip at 515 nm, corresponding to the exciton absorption peak.
is the time constant defined as the duration required for the transmission dip to
approach 100%. ¢ Schematic diagram of the fabricated perovskite holograms for
temporally programmable holographic images.
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Fig. 2| Nanoscale perovskite lithography and temporal dynamics control. a The
fluorescence spectra of the (PEA),Pbl, perovskite thin films under the fs laser
excitation. b The double logarithm plots of the fluorescence intensity vs. laser
power density with a linear fit. ¢ The printed line width and dot size as a function of
the laser fluence, with the insets showing representative SEM images of the line and
dot arrays. Scale bars, 3 um. Error bars (standard deviation) were calculated by

randomly selecting five different points (lines) and the data were expressed as
mean values + SD. d The transmission signal evolution of the microscopy images of
four printed dots with various laser fluences. e Optical microscopy image evolution
of the laser-processed square-shaped perovskite areas. Scale bar, 50 pm.

f Transmission change at the wavelength of 515 nm of the perovskite thin film after
laser processing with different fluences.

wide-bandgap and low-dielectric-constant organic cations”®, The
observed X-ray diffraction (XRD) patterns corresponding to the crystal
planes of (PEA),Pbl, and the atomic force microscopy (AFM)/scanning
electron microscopy (SEM) images (Supplementary Fig. 1a-c) indicate
that (PEA),Pbl, thin films have been prepared well, with high uni-
formity and smoothness. Owing to the quantum and dielectric con-
finement effect, the materials show a narrow and intense exciton
absorption peak at 515 nm under room temperature (Supplementary
Fig. 1d); thus, we choose to target this absorption effect for light
transmission modulation to realize amplitude holograms in our work.
Notably, phase modulation can also be achieved by optimizing the
material thickness and laser writing recipe. The thickness and the
initial transmission at the wavelength of 515 nm can be controlled by
the spin-coating process (Supplementary Fig. 2). In our experiment,
~160 nm thick (PEA),Pbl, thin films are produced with a spin-coating
speed of 2000 rpm, corresponding to an initial light transmission of
~10%, sufficiently low enough for multilevel amplitude modulation.

In the laser lithography process, a fs laser with a wavelength of
800 nm is tightly focused on the surface of the perovskite thin films
with a high NA (0.65%) objective lens. Because (PEA),Pbl, thin films are
transparent at the wavelength of 800 nm and their third-order non-
linear susceptibility is rather large, we expect multiphoton absorption
in the lithography process. Indeed, two-photon absorption is experi-
mentally confirmed by the linear slope of the double logarithm plot of
the fluorescence intensity vs. laser power density (Fig. 2a, b). To
investigate the influence of the laser fluence on the feature size, the
laser-printed line width and dot size as a function of the laser fluence
were measured and plotted in Fig. 2¢, with the insets showing repre-
sentative SEM images of the line and dot arrays. The minimum line
width and dot size can be controlled to be as small as ~400 and
~300 nm, which are smaller than the optical diffraction limit (-750 nm)
for the 0.65 NA objective lens and 800 nm laser wavelength.

Such ultrahigh-resolution laser processing stems from the observed
nonlinear two-photon absorption and the ultralow thermal con-
ductivity (0.1-0.2W m™K™) of layered perovskites*, which can con-
fine the local heating in the focal spot region during the ultrashort laser
pulse irradiation. In addition, the laser wavelength, energy density
control as well as the NA of the objective lens contribute to the
nanoscale feature size.

Next, we investigate the changes in the local optical transmission
over time with various laser fluences. The microscopic image of the
printed dot array with various laser fluences is acquired during the
hydration process in the ambient air (25°C, ~30% humidity). The
transmission signal of the printed dots as a function of time with var-
ious laser fluences is plotted in Fig. 2d. Clearly, the dot with lower laser
fluence hydrates faster than that by higher laser fluence, indicating the
feasibility of controlling the temporal dynamics at the nanoscale by
our methods. To accurately quantify this, we fabricated a few square-
shaped (50 x 50 um) perovskite patterns with different laser fluences
and measured their local transmission over time. Their initial trans-
mission spectra are firstly measured, demonstrating near-continuously
spectra elevation, with a pronounced increase at a wavelength of
515nm (Supplementary Fig. 3). This enables a multilevel amplitude
modulated hologram with decent diffraction efficiency (Supplemen-
tary Fig. 4). The optical microscopy images and transmission spectra of
the laser-processed perovskites are recorded during the hydration
process. The laser-processed area undergoes a hydration process, as
evidenced by a change in the appearance of the surface of the sample
under optical microscopy (Fig. 2e) and an upward shift of the overall
transmission spectra over time (inset of Fig. 1b). The change in trans-
mission at the wavelength of 515nm after laser processing is also
analyzed. Unambiguously, the unprocessed area undergoes fast
hydration, with its transmission approaching 100% within 4 days
(Fig. 2f). In contrast, the processed areas show a relatively slow
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Fig. 3 | Mechanism of the localized hydration control. a Schematic mechanism of
the laser-induced perovskite hydration retardation. The surface Pbl, layer slows
down the water molecules penetrating the perovskites. b X-ray diffraction (XRD)
patterns of the layered perovskites processed with various laser fluences.

c Intensities of the XRD characteristic peaks of (PEA),Pbl, and Pbl, with various

laser fluences. d Height changes of the perovskite thin film after laser processing
with one example of 50 x 50 pm atomic force microscopy (AFM) images. e Cross-
sectional transmission electron microscopy (TEM) image of the perovskite thin film
after laser processing. Scale bar, 10 nm. f The chemical element distribution along
the cross-sectional TEM image.

hydration process, leading to a smooth transmission increase. The
hydration time constant of the area processed by 0.030)m™ and
0.053]) cm™ laser fluence are 4.5 days and 7.5 days, respectively. The
higher the laser fluence is, the slower the transmission increases. When
the laser fluence is high enough, the transmission is initially close to
100% and remains unchanged. Thus, the local optical transmission and
how it changes over time can be controlled by the laser fluence. This is
also confirmed by measurements of the imaginary part of the refrac-
tive index and its changes of the thin films after laser processing
(Supplementary Fig. 5). One important feature of the transmission
change is that the transmission of the unprocessed area or the area
processed with a low laser fluence surpasses that of the area processed
with a high laser fluence, indicating optical state reversal. The various
hydration time constants controlled by the laser fluence and the
optical state reversal play key roles in designing temporally program-
mable holograms and holographic neural networks.

The local optical transmission change over time can be explained by
the proposed model in Fig. 3a, where the hydration of the materials in the
ambient air is retarded by the surface inorganic Pbl, layer after exposure
to the fs laser irradiation. To verify this surface composition change,
micro-XRD patterns of square perovskite areas processed with various
laser fluences are measured. Clearly, the as-prepared perovskite thin film
shows a pronounced (008) lattice plane peak, and the peak intensity
gradually decreases as the laser fluence increases from 0.030 to
0.113J cm™ (Fig. 3b, ¢). In contrast, the intensity of the (001) lattice plane
peak of Pbl, increases, indicating that the organic molecules are removed
and an inorganic Pbl, layer is left behind. Furthermore, the X-ray pho-
toelectron spectra (XPS) of the perovskites (Supplementary Fig. 6) cor-
roborate that the surface organic-inorganic (PEA),Pbl, layer gradually
changes to inorganic Pbl,, as the amounts of C and N gradually decrease.

AFM shows that the thickness of the film decreases from ~160 to
~75nm as the laser fluence increases (Fig. 3d). The thickness control
can be <10 nm, demonstrating high precision of laser processing at the

vertical dimension. The ratio between the thin film thickness after
processing by 0.113 ] cm laser fluence (the highest fluence tested) and
the initial thickness is ~0.46, roughly agreeing with the ratio of the
lattice constants of the two phases of interest along the c-axis (6.78 A
for Pbl, and 16.13 A for (PEA),Pbl,). This indicates that the organic
molecules are removed under the laser processing, causing the layered
structure to collapse and leading to a reduced thin film thickness.
When the laser fluence is >0.083 ] cm™, the thickness remains almost
constant, indicating that the organic molecules have mostly been
removed. The cross-sectional transmission electron microscopy (TEM)
(Fig. 3e) and the corresponding chemical element distribution (Fig. 3f)
further confirmed that the surface of the perovskite converts to inor-
ganic Pbl,.

Next, we aim to employ the laser-induced variation in the hydra-
tion time constant to design temporally holograms based on a
superpixel scheme, in which binary amplitude holograms with differ-
ent hydration time constants can be spatially multiplexed. The binary
holograms are made of different low transmission pixels and high
transmission (100%) pixels, corresponding to 0.113 J cm™ laser fluence.
Before we construct the superpixel holograms, we first determine the
various optical diffraction time constants by examining simple optical
grating structures consisting of areas processed with lasers at various
fluences and 0.113 ) cm™. As shown in Supplementary Fig. 7, both the
microscopy images of the gratings and the diffraction patterns gra-
dually fade until they disappear. The signal-to-noise ratio, defined as
the ratio between the intensity of the first-order diffraction spot and
that of a nearby area, is also presented, demonstrating the various
diffraction time constants.

Based on the above results, we design a holographic image of
the digit 8, with its three image sections (left vertical lines, middle
horizontal lines, and right vertical lines) corresponding to various
time constants, with the aim of temporal holography display where
the image sequentially evolves from digits 8 to 3 and 1 (Fig. 4a).
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Fig. 4 | Temporally programable holograms. a lllustration of designing the
superpixel temporal hologram, in which binary amplitude holograms corre-
sponding to different image parts of digit 8 can be spatially multiplexed. b The
fabricated 180 x 180 superpixel hologram with a pixel size of 3 pm. Scale bar,
200 pm. ¢ The zoom-in temporal hologram microscopy images and corresponding
holography images. Scale bar, 5 pm. d The experimental results of temporal
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hologram encryption, showing that at time 7, all the fabricated holograms display
digit 8 while at time 75, various digit holography images appear. Scale bar, 5 pm.
e Inverse optimization flow chart for three independent holography images |, P, and
C (FFT fast Fourier transform). f Hologram microscopy images and corresponding
experimental holography images of I, P, and C. Scale bar, 5 um.

Experimentally, a hologram with a pixel size of 3 um and an area of
1.08 x1.08 mm is fabricated (Fig. 4b). A relatively large pixel size is
employed to better visualize the pixel change under the microscope.
Magnified optical images (Fig. 4c) of the experimentally fabricated
hologram clearly show the changes in the superpixels over time. Fur-
thermore, holographic images of digit 8 composed of two different
section combinations can be designed, which can be used to hide
various digit information (from 1 to 9 except 8) behind digit 8 in the
time domain (Supplementary Fig. 8, Fig. 4d).

Temporally dynamic holography demonstrated above enables the
realization of holography multiplexing that exhibits multiple inde-
pendent images in the time domain. To achieve this, we introduce
advanced inverse design methods with multiobjective optimization to
design such holograms, with Fig. 4e illustrating the optimization flow
chart. Gradient descent algorithms using the total loss function
defined as the calculated images against the target images at different
times are developed to optimize the amplitude profiles, in which four
states corresponding to the laser fluence of 0, 0.030, 0.053, and
0.113 ] cm™ are used. The optimum time points for the appearance of

the images are obtained through a global search of the time parameter.
As an example, three targeted images of the letters I, P, and C (the
capital initials of the Institute of Photonic Chips) are designed to be
sequentially retrieved in the time domain. The optimized 300 x 300
pixel hologram design is shown in Supplementary Fig. 9, with its
simulated images retrieved presented along with the time-changing
transmission curves of the four levels of the hologram.

Impressively, the three simulated retrieved images show very low
cross talk (0.83, 0.94, 0.86), which is defined as the ratio of the
intensity of one image to the sum of the intensities of the three images.
Even though the three holographic images are designed to be at the
same location, the optimization results still show very low cross talk
(0.92,0.88, 0.91), as shown in Supplementary Fig. 10. Notably, the time
point for the appearance of the second image is on the 3.5th day, at
which time the transmission for the pixel without laser processing
surpasses that of the pixels processed with a laser fluence of 0.030 and
0.053) cm™ The third image appears on the 7th day, when the trans-
mission of the pixels without laser processing and processed with a
0.030]) cm? laser surpasses that of the pixels processed with a laser
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calculated and experimental amplitude hologram profiles and corresponding
classification results. Scale bars, 100 and 3 pm. Representative input images,
camera images with red boxes indicating the targeted detector regions, the energy
distribution percentage in the targeted regions, and the confusion matrix are
presented.

fluence of 0.053) cm™. This result is reasonable because a new dif-
ferent holography image can potentially appear only if the relative
amplitudes of the hologram pixels change.

To verify these simulation results, a 300 x 300 hologram with a
pixel size of 3 pm, corresponding to a total size of 900 x 900 pm, is
experimentally fabricated, as shown in Supplementary Fig. 9c. Three
experimentally obtained images retrieved at different time points are
shown in Fig. 4f along with magnified optical images of the hologram at
the corresponding times. The experimentally retrieved images also
show low cross talk (0.91, 0.76, 0.79), agreeing well with the simulated
results. Although the time scale for temporally holography display
spans up to 1 week, it can be significantly reduced within 1 day by
increasing the environmental humidity to 85% (Supplementary Fig. 11).
The demonstrated temporally multiplexed independent holography
images are thus far the real demonstration of temporally multiplexed
hologram to the best of our knowledge. We expect that more than
three temporal holography images can be achieved by using multiple
holographic layers.

Holograms provide an excellent optical platform to mimic artifi-
cial neural networks in the optical domain, which shows unparallel
capabilities for executing artificial intelligence tasks with ultralow
energy consumption and high computational power at the speed of
light compared with their electronic counterparts®>**°-**, However, as
with most holograms, these holographic neural networks are hard to

tune in the time domain once they are fabricated, limiting their
widespread applications. Although a few recent attempts on dynamic
holographic neural networks were demonstrated by using spatial light
modulators* and digital metasurfaces with millimeter-scale pixel
size*®, these methods reply on complicated and bulky external elec-
trical circuit control systems to individually program the pixels. In
contrast, our demonstrated fs laser lithography of perovskite hydra-
tion enables an optically programmable holographic neural network
with much smaller neuron size with large computational power and
temporal evolution functionality, i.e., the functionality can change with
time under the hydration stimuli. As a proof-of-concept demonstra-
tion, we design holographic neural networks that change in function-
ality from simple digit image classification to more complicated digit
and clothing product image classification with time to mimic the
function evolution of the human brain, as shown in Fig. 5a. During the
temporal evolution, the optical interconnections, particularly the
relative connection strength between the two layers, change (Fig. 5b),
leading to time-changing output optical fields.

We train the networks on amplitude profiles of the two holo-
graphic layers using the error back-propagation algorithm, which is
based on the stochastic gradient descent approach (Supplementary
Fig. 12; see section “Methods” for details). A total loss function corre-
sponding to the summation of the losses at times 7; and T is used, in
which the loss is defined as the total mean square error (MSE) of the
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output energy distribution relative to the target image at the output
plane. In the optimization, four amplitude levels, corresponding to
pixels without laser processing and processed with 0.030, 0.053, and
0.113Jcm™ laser fluence are employed. The neuron number is
200 x 200, and the neuron size is 3 pm. The distance between the two
hologram layers is set as 0.7 mm, which is the thickness of the glass
slide used in the experiment, and the input and output planes are 5cm
from the hologram layers. A total of 6000 images from the Modified
National Institute of Standards and Technology (MNIST) handwritten
digit database and Fashion-MNIST dataset are employed to perform
the training with the loss function. The numerical training results are
shown in Supplementary Fig. 13, achieving decent classification
accuracies of 98.6% at time 7; (Day 0) and 89.9% at time T, (Day 4).

Next, we validate the temporal function change of the neural
network, with the experimental results shown in Fig. 5c, d. At time Ty,
the neural network performs three-digit (O, 1, and 2) classification, with
an experimental accuracy of 86.6%. The energy distributions observed
at the network output plane for the test digits are also shown, clearly
demonstrating that the holographic layers learn to focus the input
energy of digits 0, 1, and 2 into the target region. At time 7, the neural
network implements the task of clothing products (t-shirts, trousers,
and shoes) and digit classification, with an accuracy of 80%. This result
indicates that the function of the network evolves in a programmable
way that conserves the function at 7;. The very low accuracy (58%)
when performing fashion product classification at time 7; (Supple-
mentary Fig. 14) confirms that the neural network can only execute this
additional task at T,. By increasing the distance of the two holographic
layers to a fully connected network, a higher classification accuracy
and a larger number of classifications can be expected.

The demonstrated perovskite hydration nanolithography, tem-
porally programmable holograms, and holographic neural network
exceed the achievements of current tunable photonic devices, which
will impact a wide range of applications, including holography optical
data storage, high-dimensional optical encryption, artificial intelli-
gence, and highly stable perovskite PVs. Particularly, with further
development of the materials, temporally programmable holograms
with reversibility and fast-changing rate within minutes and seconds
beyond the current results can be envisaged, which will undoubtedly
open new opportunities for research on tunable nanophotonics in the
time domain.

Methods

Perovskite thin film fabrication

The (PEA),Pl, powder was synthesized by the following procedures®.
In total, 54.6 mg Pbl, (99.999%, trace metals basis, perovskite grade)
was firstly dissolved in 0.5mL HI (57wt% in H,O, with hypopho-
sphorous acid as a stabilizer, assay 99.95%). Then 1mL CH;OH
(>99.9%) was slowly injected on top of the Pbl,/HI solution. After that,
0.03 mL 2-phenethylamine liquid was added into the CH;OH layer to
form red and laminar crystals (yield ~76% according to the Pbl,), which
settled down at the bottom of the vessel overnight. At last, these
crystals were rinsed with massive EtOAc and collected by vacuum fil-
tration, followed by drying in vacuum at 50 °C for 6 h. The perovskite
precursor solution was synthesized by dissolving the perovskite
powders in the solvent (DMF:DMSO =9:1) with a concentration of
100 mg/mL. Then the solution was spin-coated on cleaned glass sub-
strates for 60 s with various rotation speed, and then the sample was
annealed at 70 °C for 30 min to evaporate the residual solvent. All
fabrication processes were finished in an Ar-filled glovebox.

Temporally programmable hologram design

The gray-scale amplitude profiles of the holographic images are cal-
culated by the well-known Gerchberg-Saxton algorithm. Then the
amplitude profiles can be discrete to multilevel (2, 4, 8). For the tem-
poral holography display, various binary holograms with different time

constants are combined to form super-pixel holograms. The binary
holograms are made of low transmission pixels and high transmission
(100%) pixels. For the three-image multiplexed hologram, low trans-
mission pixels are the perovskite without laser processing, the per-
ovskite processed by 0.030 and 0.053Jcm™ laser fluence,
respectively. While for the two-image multiplexed hologram, low
transmission pixels are the perovskite without laser processing and the
perovskite processed by 0.053 ) cm™ laser fluence.

As for the temporally multiplexed holograms, a multiobjective
gradient optimization scheme is employed to design the initial
amplitude profile of the hologram, as shown in Fig. 4e. The amplitude
profiles of the hologram at times Ty, 75, and T3 are determined by the
experimentally measured transmission data. Fast Fourier transforma-
tion (FFT) for all the images at different times are performed and the
calculated images are compared with target images by using the MSE.
The total errors of the calculated three images against the target
images are minimized by the gradient decent optimization, in which
the gradient is the derivative of the total error with regard to all
amplitude values.

Temporally programmable neural network design

The pixels of holographic layers can be considered as artificial neurons
that receive, modulate, and transmit a light field. The output optical
field of each neuron can be calculated by the product of the input field
and the transmission coefficients of each neuron. The connections
between the adjacent holographic layers are determined by the optical
diffraction following the Rayleigh-Sommerfeld equation. Based on
this, for the Ith layer of the network, one can write the output function
(n}) of the ith neuron located at (x;,y;,z;) as

ni(x,,2) = Wiy, 2t (X;y,,2:,T) M (X,.93.2;) @
where wf(x,y,z):(zfz") L+ le)exp(/%) is the optical diffraction

2
mode of the ith pixel at the Ith layer according to the

Rayleigh-Sommerfeld equation. A is the operation wavelength,
r= \/(x — X2+ -y +(@z—z) and j=v-1 t}(x;y;,z,T) is the
transmission coefficient of the neurons. In our temporal neural net-
work, the transmission coefficients ! (x;,,,z;,T) are spatio-temporal
functions. m} (x;,;,2;) = >nk ™ (x;,9;,2;) is the input wave to ith neuron
of layer L

To realize the time-changing functions of the neural network,
the holographic layers are optimized based on the multiobjective
gradient descent algorithm as shown in Supplementary Fig. 12,
similar to the previous temporal holography optimization method.
The holographic layers are optimized to map the input digit images
attime T; and the input digit and fashion product images at time 7, to
the target detector region. The wave propagation between the two
layers is implemented using the angular spectrum method. The
optimization of the holographic layer is implemented by the Ten-
sorFlow (Google Inc.) framework. In the training process, a total
cross-entropy loss function defined as the difference between the
calculated output intensity distribution and the target output
intensity distribution at 7; and 7, was used. The initial transmission
coefficient of each neuron is a learnable parameter that can be
iteratively adjusted by the stochastic gradient descent algorithm,
Adam, to back-propagate the errors.

Direct laser writing

A fs-pulsed laser beam with a wavelength of 800 nm (Coherent,
repetition rate: 80 MHz and pulse width: 100 fs) was focused on the
perovskite thin film by an objective lens with a numerical aperture of
0.65. The average laser fluence was adjusted by a quarter waveplate
and a linear polarizer. Wide field illumination by a red LED in the
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transmission mode was added to image the sample. The dot arrays,
square patterns, optical gratings, and holographic patterns were
achieved by laterally translating the 3D translation stage across the
focal plane and one mechanical shutter. In hologram and holographic
neural network fabrication, relatively large pixels are fabricated by the
line scanning method, and thus the unit pixel contains a few nanoscale
lines. To construct the two-layer holographic neural networks, the
perovskite thin films are, respectively, spin-coated on the two sides of a
glass slide and the in-plane pixel alignment of the two layers is con-
trolled by a nanopositioning stage with nanometer repeatability and
resolution during the fabrication. Such high precision control ensures
the mismatch of the two layers is far smaller than the pixel size, within
which the performance of the neural network keeps very well (Sup-
plementary Fig. 15).

Optical measurement

The optical images of perovskite thin films after laser processing were
captured with an optical microscopy system (Olympus, BX53) com-
posed of a high-definition CCD camera (DP28-CU). The temporal
transmission spectra were measured using the same microscope sys-
tem equipped with a spectrometer. The measurement was performed
with the sample directly exposed to the air with a constant condition of
30% humidity and 25 °C. The holographic images were recorded using
a home-made optical setup. The beams were generated by a semi-
conductor laser with a wavelength of 515 nm. The beam sequentially
passes through a spatial filtering 4f system and is focused on the
sample by a lens. The holographic images were collected and pro-
jected onto a CCD camera by an objective lens and a convex lens. The
temporal holographic images were measured at the expected time
point when the corresponding images appeared. In the measurement
of the holographic neural network, the spatial light modulator was
employed to encode the input images which are focused on the input
plane by a 4f system. The images propagate through the sample and
the output optical field was collected by a CCD. The positions of the
sample and the CCD were controlled by two translation states with
micrometer resolution.

Data availability
All data needed to evaluate the conclusions in the paper are presented
in the paper and/or the Supplementary Information.
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