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Although flashlight processing is an energy-efficient and fast technological approach for one-step

patterning of polymers, metals, and dielectrics for diverse applications, it has not yet been implemented

for hybrid materials such as metal-organic frameworks (MOFs). Herein, we report a one-step and large-
scale patterning of different MOF thin films using a flash xenon lamp and a given mask in real time with
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cm? 571 speed. Structural and morphological analyses confirmed that the resulting patterns consisted of
carbon and metal derivatives. We demonstrated that the resulting patterns acted as visible and near-
infrared light absorbers with nonlinear absorption coefficients of 10% to 10* cm GW, exceeding those

of most of the metal films, initial MOFs, and metal—-carbon hybrids. Thus, these results open up a univer-

rsc.li/frontiers-materials sal one-step approach to pattern

Introduction

Metal-organic frameworks (MOFs), composed of inorganic and
organic building blocks linked together via coordination bonds,
possess tunable porosity and composition.” These have made
MOFs promising materials for gas separation/sorption, catalysis,
and energy applications.®® Followed by the conventional synthetic
approaches to fabricate MOFs’ for diverse applications, their
patterning (by post-processing or structuring) endows them
with new functionalities. For instance, the self-assembly of
MOF particles,®® MOF patterning,'® shaping,'" pyrolysis, and
scaling from nanocrystal to thin-film (TF) forms"” enable tun-
ing the sorption and catalytic properties and extending the
optical and electronic applications. Moreover, MOF patterning
provides simple integration with optoelectronic devices.'*"*
For optical and electronic applications, patterns greatly influ-
ence nonlinear optics and the corresponding planar/microscale
devices as the hybrid structure of MOFs provides efficient modula-
tion, nonlinear absorption, and high conversion of light.>*
Laser processing®>* and lithography®*™ are considered as
scalable and industry-oriented approaches to pattern MOFs.
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arbitrary MOFs for nonlinear optical applications in desired ways.

They make it possible to pattern the MOFs (and other materials)*®>°

to create planar components for optics, electronics, medicine,
and sensors. However, despite their high level of scalability and
pattern resolution (up to 50 nm for MOFs),”® these approaches
are still energy-consuming and require relatively long patterning
times (with rare exceptions).”®°

Herein, we report a one-step process to pattern MOF TFs
through flashlight. Although flashlight approach has been proven
as an energy-efficient and fast technological approach to pattern
polymers, metals, and dielectrics," it has not yet been implemen-
ted for hybrid materials such as MOFs. Using a flash xenon lamp
and a given mask, we developed arbitrary images on different MOF
TFs in real time with cm? s~ speed in this study. Structural and
morphological analyses confirmed that the resulting patterns
consisted of carbon and metal derivatives. We also demonstrated
that the resulting patterns acted as visible and near-infrared
light absorbers: Z-scan technique revealed that patterns of varying
thicknesses demonstrated the saturation absorption process with
up to 10* em GW ! nonlinear coefficient, which exceeded the
values of most of the metal films, initial MOFs, and metal-carbon
hybrids. Thus, these results open up a universal one-step approach
for fast and large-scale optical patterning of arbitrary MOFs for
nonlinear optics in desired ways.

Results and discussion

As model MOFs, we selected HKUST-1,%* consisting of Cu ions,
coordinated together with a 1,3,5-benzenetricarboxylate (BTC)
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ligand, its bimetallic forms (containing Cu-Ni, Cu-Co, and
Cu-Fe ions),*® and ZIF-8 (see ESIY). A relatively simple process
of nucleation and growth of these MOFs** makes them suitable
for TF deposition.*® In this work, 220-280 °C decomposition
temperature®® of HKUST-1 should simplify the flashlight pro-
cessing and reduce the energy consumption. As a result, the
decomposition of HKUST-1 and ZIF-8 MOFs (depending on the
environmental conditions)*® generally provides carbon, metal,
and metal oxide derivatives.”"*’

Initial TFs of HKUST-1 were deposited by a spin-coating
method (see Experimental section and Video S1 (ESIt); for its
bimetallic forms and ZIF-8, see the ESIt). In detail, two auto-
mated microfluidic pumps were filled with a solution of
Cu(NO3), and BTC in ethanol (1.5 mmol and 3 mmol per
100 mL of ethanol, respectively), releasing up to 700 drops of
solution one by one onto Menzel glass, mounted on a rotating
and heated holder (300 rpm, 100 °C, see Video S1, ESIt). This
spin-coating setup have allowed us to fabricate MOF TFs
recently with a surface roughness up to 200 nm.>*® The structure
of obtained HKUST-1 TFs was confirmed by powder X-ray
diffraction (PXRD, Fig. S1, ESIt), elemental analysis (Fig. S2
and S3, ESIt), and Raman analysis (Fig. 3b), while the thickness
of the TFs (app. 30 um) was determined by scanning electron
microscopy (SEM). The structure of initial bimetallic HKUSTs
and ZIF-8 TFs was also confirmed by PXRD, elemental, and
Raman analyses (Fig. S9, S10, S12, and S14, ESI¥).

Then, we performed flashlight processing of the TFs (see
Experimental section and Video S2, ESIt). For this, each TF was
mounted under a light source (pulsed xenon lamp, Fig. 1A) at a
distance of 2 cm, while 0.5 mm-thick brass mask of the desired
pattern was placed on the top of the TF. The obtained patterns
(logo and variable width stripes, Fig. 1B-H) on HKUST-1 TF can
be characterized by a metallic shine. It should also be noted
that the spatial resolution (with up to 70 pm, Fig. S21, ESI{) and
the quality of the flashlight patterning in Fig. 1A are limited by
white light diffraction at the aperture,® heat transfer, and the
geometry of the mask itself (smoothed boundaries of the
patterns appeared, when the width of the aperture is less than
the mask thickness). Concerning the contribution of heat
transfer, the transition from isolators (such as glass) to heat-
conducting surfaces can reduce the gradient of the pattern
boundary (Fig. S21, ESIf), thereby additionally improving the
spatial resolution.

The comparison of the optical properties of initial HKUST-1
TF and its pattern (Fig. 2) revealed that the flashlight process
caused radical changes in both transmission (2-fold decrease of
transmission for the pattern, Fig. 2A) and reflection spectra.
Here, the latter is similar to the spectrum of light reflection
from pure copper (Fig. 2B).

In a series of test experiments with HKUST-1 TF of a fixed
thickness (app. 30 pm), we discovered the threshold values of
the surface energy of flashlight, required to initiate the pattern-
ing. At the surface energy values less than 1.5 ] cm™ %, no
changes of HKUST-1 TF could be observed, regardless of the
number of the flashlight pulses. However, we detected the
characteristic changes (i.e., the appearance of a metallic sheen)
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A
Flashlight

Mask

Fig.1 (A) Scheme of flashlight processing of MOF TF (Video S2, ESIY).
(B) Pattern on HKUST-1 TF after a series of 10 pulses with a surface energy
density of 2.7 J cm™2, and the optical images of the characteristic masked
(upper image) and exposed (lower image) areas. Scale bars = 1 cm (left),
250 pm (right). (C) Optical image of the pattern obtained after a series of
50 pulses with a surface energy density of 1.8 J cm~2. Scale bar = 500 um.
(D) Optical image of the arbitrary pattern with the fixed size of elements
(R = 1 mm). Scale bar = 500 pm. (E)-(H) Magnified optical images of
an arbitrary pattern from (D). Scale bars = 1 mm (E) and (F) and 200 pm
(G) and (H).
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Fig. 2 (A) Transmittance and (B) reflectance spectra for the initial (black
curve) and patterned (red curve) HKUST-1 TF.

when operating at 1.8 ] cm™ > even at a single flashlight pulse.
An increase in the number of the flashlight pulses (irradiation
dose) did not lead to additional changes in this case. However,
the thickness inhomogeneities of the initial HKUST-1 TF
resulted in different degrees of patterning by a single flashlight
pulse (three distinguished areas in Fig. 3A). Using a confocal
Raman spectrometer in the non-destructive mode (see the
Experimental section), we analysed these areas (Fig. 3A): The
first unmodified area of HKUST-1 TF did not absorb enough
energy to initiate the visual changes (Fig. 3B, red curve corre-
lating well with the Raman spectrum of initial HKUST-1).*"
The second area demonstrated the metallic shine, probably
associated with broken coordination bonds and partial diffu-
sion/nucleation of Cu.*® Indeed, Raman spectra revealed the
decreased intensity of the coordination bond peak (270 cm ™),
and the appearance of halo in the region of 1200-1700 cm

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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Fig. 3 (A) Characteristic stages of the patterning of HKUST-1 TF by single
pulse and a set of pulses (C) at a fixed surface energy of 1.8 J cm~2 with the
corresponding Raman spectra (B).

(Fig. 3B, green curve), which indirectly confirmed the amorphiza-
tion (Fig. S5, ESIT) and carbonization®' of MOFs. The third area in
Fig. 3A corresponds to a complete MOF decomposition, charac-
terized by the vanished Raman vibration of organic ligands,
coordination bond breaking,”' and appearance of carbon Raman
peaks (Fig. 3B, black curve)."" Elemental analysis (Fig. S2-S7, ESIT)
also confirmed the carbonization and appearance of Cu after
flashlight patterning of HKUST-1 TF. Herein, the morphological
analysis of the patterns (Fig. 4A) revealed the heterogeneity of
the surface of the patterned TF with a well-defined macroscale
granular structure (partially detached from the surface due to the
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thermal stresses, Fig. 4B). The cross-section SEM micrographs
determined the thickness of the patterned area varying from 0.1 to
2 um (Fig. 4D and Fig. $4, ESI{), while the elemental analysis along
the pattern (Fig. 4H-K) revealed a decrease in carbon (due to the
thinning of the pattern itself and partial evaporation of carbon).
Nevertheless, the patterned area still contained carbon (Fig. 3B)
and agglomerated Cu-based particles (Fig. 4F-G and Fig. S6, S7,
ESIf). Similar results were obtained for the patterned bimetallic
HKUST-1 and ZIF-8 (Fig. S11 and S13, ESIT).

The transition from a single flashlight pulse mode to a set
of pulses at a fixed surface energy of 1.8 ] cm > is shown in
Fig. 3C. It can be observed that the first pulse led to a local
change in Fig. 3A, corresponding to the appearance of carbon
(black area) and Cu (responsible for the metallic shine). Then,
subsequent pulses only increase the probability of absorption
of their energy and expand the surface of patterned area of the
TF. This process repeats until the whole TF becomes completely
patterned and the flashlight pulses does not cause any changes.

It is important that the number of pulses (30 pulses with
1.8 ] cm 2 in our case), needed for the complete patterning of
the TF, depends on the pulse energy (above the threshold) and
the TF thickness, which determine the level of absorbed light.
Thus, the flashlight patterning can be considered as adaptive
and tunable through TF thickness and the number/energy of
the flashlight pulses.

We should also mention that at a high level of pulse energy
for patterning, the surface roughness and crystalline orienta-
tions of MOF TFs vanished its significance. Thus, the flashlight
patterning can be applicable for diverse MOF TFs (with differ-
ent thermal stabilities) obtained by spin coating (HKUST-1 and
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Fig. 4 SEM micrographs and elemental analysis of the patterned area of HKUST-1 TF: (A) top view, (B) angled view and (C) and (D) cross-section view.
Scale bars = 200 pm, 100 um, 200 um and 2.5 um, respectively. (E) Top-view SEM micrograph of the exposed area. Scale bar = 10 pm. (F) SEM micrograph
and (G) the corresponding EDS map of Cu particle agglomerates. Scale bar = 2 um. (H) EDS scan of carbon distribution across the exposed line. (I) SEM
micrograph and the corresponding EDS map of (J) carbon and (K) copper distribution on the exposed and unexposed areas of HKUST-1 TF. Scale bar =
500 um.
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Table 1 Overview of the optical approaches of top-down MOF patterning. For non-optical approaches, see Table S3 (ESI)

Speed/ Product of
Approach Source Resolution  Exposure time MOF patterning Substrate Ref.
Laser Pulsed fiber laser (1064 nm  55-380 um 15 mm?”s ' MOFs based on Metal nanoparticles  Glass 23
metallurgy central wavelength, 20 kHz Fe, Co, Ni, Zn, covered with
pulse repetition rate, Cd, In, Pb and Bi  graphene shell
80-100 ns pulse duration) 70 mm s ' Ce-MOF CeO, nanoclusters 42
with Pt
nanoparticles
Laser ablation Pulsed Femto-, HKUST-1, ZIF-8,  Carbon, metal and 21
pico- and nano-second ZIF-67, UiO-66 metal oxide nano-
lasers crystals, MOF
nanocrystals,
amorphous MOF
Laser Pulsed fiber laser (1064 nm 150 nm ZIF-8 ZIF-8 thin film Metal foil, 43
nanoforging central wavelength, 1-10 Hz PET
pulse repetition rate,
5 ns pulse duration)
Laser Pulsed CO, laser (10.6 pm 150 pm ZiF-67 (Co) Porous graphene LIMDG 44
carbonization central wavelength, 9-10 W polyamide
integral power)
CO, laser (10.6 um central 80270 mm s ' Fe (MIL), Metal nanoparticles  Metal foil, 45
wavelength, 2.4-7.8 W Ni-BDC, with an amorphous  carbon
integral power) HKUST-1 carbon paper,
carbon cloth
CaN laser diode (450 nm 50 pm ZiF-67 (Co) Co/N doped 46
central wavelength, 5.5 W amorphous carbon
integral power)
Laser Continuous diode laser 5 pm HKUST-1 Copper oxide and Glass 47
interference (532 nm central wave- amorphous carbon
patterning length, 40 mW integral
power)
Nonlinear Femtosecond laser 400 nm 150 fs, and Er-BTC Amorphous area MOF 48
lithography (850-1300 nm wavelength, 30-120 s inside a crystal crystal on
150 fs pulse duration, volume Menzel
1 MHz pulse repetition rate) glass
Femtosecond laser 700-800 nm 250 ms MOF-5 Metallic patterns 49
(780 nm central wave- inside a crystal
length, 80 MHz pulse volume
repetition rate, 100 fs
pulse duration)
UV-lithography = Hg lamp min ZIF-8 Etched ZIF-8 Glass, Si, 50
Au, Ag, Pt,
Pd
Flashlight Pulsed Xe lamp 70-120 pm 140 pus/ecm*s™ ' HKUST-1, bime-  Metal oxide nano- Glass This
tallic HKUST-1 particle agglomera- work

ZIF-8, Fig. S12, ESIT) and other methods (for example, dripping
of bimetallic HKUST-1, Fig. S8, ESIt). Despite the increased
thickness of bimetallic HKUST-1 TFs (up to 0.2 mm), the
flashlight patterning (at 1.4 to 7 Hz repetition rate, 30 pulses)
during 30 s was also successful (Fig. S11 and Fig. S20, ESIT).
In accordance with the capabilities of the flashlight
approach,®® the pulse repetition rate can be increased up to
30 Hz, thereby reducing the patterning time. The latter is
important for the transition of the Lab approach to industry:
the laser processing and lithography of various materials**>~°
and MOFs (Table 1 and Table $3, ESIF)**™° scale from cm* h™*
to cm® s~ ' speed, while we reached the desired patterning
speed up to cm® s~ " (see Video S2, ESIt). The next feature of the
Lab approach is spatial resolution (70 um in our case, Fig. S21,
ESIT): In contrast to laser processing and lithography of
MOFs,”'*® demonstrating up to 50 nm resolution (Table 1
and Table S3, ESIY), the flashlight is limited by the white light

1358 | Mater. Chem. Front., 2025, 9, 1355-1363

tions with an
amorphous carbon

(Cu-Co, Cu-Ni,
Cu-Co), ZIF-8

diffraction at the aperture®® and heat transfer process, and can
potentially reach several hundred nanometers.*®

Concerning the application,>** the large-scale MOF deri-
vatives and patterns possess diverse functionalities from cata-
lysis to energy and optics. This is due to the presence of metal
open sites, residual porosity, and carbon nature. It is important
that this set can additionally provide efficient absorp-
tion of light over a wide spectral range for nonlinear light
absorbers'”'® and coatings. To prove this, we performed Z-scan
measurements with an open aperture for the patterns on HKUST-1,
bimetallic, and ZIF-8 TFs (see the Experimental section and ESI+).>"
For this, Thorlabs AC lenses were used to build a telescope system
at wavelengths of 1030 nm (254-50-AB-ML) and 515 nm (Mitutoyo
NIR 10x NA 0.26), while Ophir PD10-C was used to detect the light
in both cases. As the laser pulses, 515 nm and 1030 nm femtose-
cond light was utilized (Avesta Antaus fs laser, 6 Hz pulse repetition
rate). The patterned TFs were then mounted on the linear

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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Fig. 5 Open-aperture Z-scan curves for the pattern on HKUST-1 TF from Fig. 1B at 1030 nm and 515 nm wavelengths (A), and the pattern on ZIF-8 TF (B)
at 1030 nm and 515 nm wavelengths with varying laser pulse energies (12.5 to 500 nJ).

translation stage and moved between two confocally aligned objec-
tives, while the incoming and transmitted energies of the laser
pulses were detected.

Fig. 5 and Fig. S22 (ESIt) show the results of Z-scan. It can be
observed that 50 to 100 nm-thick (Fig. S4, ESIf) patterns
demonstrated a well-defined saturation absorption (SA) pro-
cess.”” The curves shown in Fig. 5 were also used to estimate
the nonlinear coefficient of light absorption f.s (for the one-
photon process, see details in the ESIt).>">> We revealed that
Bese varied from 10” to 10* cm GW ' (Table S4, ESIT) depending
on the wavelength and composition of the initial MOF. The
complex morphology and hybrid nature of the patterned TF
provided a nonlinear coefficient f.¢ higher than that of com-
mon metals, carbon-based TFs (see Table S4, ESIT), and most
initial MOFs (with some exceptions), which is intriguing.”*>°

Additionally, after Z-scan experiments, we noticed no
damage of the patterned TF. Therefore, the observed nonlinear
optical effect, in combination with high laser damage stability
of the patterns (up to TW cm2), outlines their potential
application for large-scale and nanometer-thick
transparent patterns for passive modulation devices and photo-
nics in general.**™®

semi-

Conclusions

We report a one-step process to pattern MOF thin films through
flashlight processing. Using a flash xenon lamp and a given
mask, we developed arbitrary images on different MOF TFs in
real time with ecm” s~ speed and 70 um spatial resolution.
Structural and morphological analyses confirmed that the
resulting patterns consist of carbon and metal derivatives.
We also demonstrated that the resulting patterns act as visible

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025

and near-infrared light absorbers: Z-scan revealed that the
patterns demonstrated the saturation absorption process with
a nonlinear absorption coefficient up to 10" em GW ™", which
exceeds that of most metal films, initial MOFs, and metal-
carbon hybrids. Thus, these results, open up a universal one-
step approach to optically pattern MOFs (Table 1) for nonlinear
optics in the desired ways.

Experimental section
HKUST-1 thin film synthesis

Thin films were synthesized on the self-made spin coating
setup (see Video S1, ESIt) with two microfluidic pumps and a
two-dimensional positioner system. The Menzel glass, used as a
wafer, has been previously sonified in isopropanol. Two micro-
fluidic pumps were filled with Cu(NO;), and BTC (1,3,5-
benzenetricarboxylate) solutions in ethanol (1.5 mmol and
3 mmol per 100 mL of ethanol, respectively). A rotating sample
holder (300 rpm) has been previously heated up to 100 °C.
Drops were released from pumps one by one - two drops per
each of 700 cycles, while drop counting was controlled by an
optical pair feedback system. Each cycle takes approximately 10 s,
which means that the deposition of one film takes two hours,
without any control required from the setup operator. By the end
of the synthesis procedure, films were dried in air on the sample
holder heated up to 70 °C for 15 min.

Powder X-ray diffraction

The PXRD analysis of the film was performed using a Rigaku
SmartLab 3 X-ray diffractometer (Tokyo, Japan) with a
2 kW characteristic Cuk,, (K,; 4 = 1.54059 A, angular range

Mater. Chem. Front., 2025, 9,1355-1363 | 1359
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20 = 5°—45°) X-ray radiation source and the Bragg-Brentano
goniometer geometry. The measurements were performed with
an angular resolution of 0.01° at a scanning speed of
0.7° min~'. The analysis confirmed the HKUST-1 structure
(Fig. S1, ESIt) based on the merging of diffraction peaks with
the etalon samples from the Cambridge Crystallographic Data
Centre (CCDC numb. 112954).

Microscopic imaging

Microscopic images of HKUST-1 thin films were acquired using
a Karl Zeiss Axiolmager A2m in a bright-field regime.

Scanning electron microscopy and elemental analysis

SEM micrographs were obtained using a Carl Zeiss Neon 40 EsB
CrossBeam system, being a combination of a field emission
electron-optical column GEMINI and a field emission ion
column with a gallium source, focused on a single point of
the sample. The Neon 40 system uses three types of signal
detectors: a secondary electron detector (In-lens SE) built into
the column to study the surface topography with high resolu-
tion; a detector of reflected electrons with the possibility of
energy filtering (EsB); and an Evernhart-Thornley secondary
electron detector (SE). For obtaining the images of the patterns,
the system was operated in a high-resolution field emission
SEM mode, in combination with elemental analysis. The sam-
ple was mounted on a translation stage inside the chamber
(stage positioning: X/Y = 152 mm, Z = 43 mm, tilt —15° — +65°,
rotation 360°).

Flashlight processing

For flashlight processing of MOF thin films, we designed the
setup based on a pulsed Xe lamp (emission spectrum in
Fig. S17, ESIt). The condenser battery charged for the estimate
value ignited the discharge of the Xe lamp, thus creating the
high-temperature plasma channel, irradiating the sample with
the high-intensity full-spectrum pulsed light. In order to
achieve the optimal distribution of the irradiance field, the
reflector was used. The MOF thin film was placed at a distance
of 2 cm from the light source, while the amount of energy put in
the discharge (0.51 + 0.04 ] cm ™2 and more, see Table S2, ESIt)
was regulated via the initial voltage (1.00 £+ 0.05 kV) on the
condenser battery. The time needed for cm” flashlight pattern-
ing varied from 1 s to 2 min, depending on the number of
pulses (for more technical details, see the detailed description
of the setup in the ESIt and Video S2).

Confocal transmission and reflection spectroscopy

Confocal transmission and reflection measurements were per-
formed on a self-made confocal optical setup. A halogen lamp
(Avantes Hal-s mini) was used as the light source. For transmis-
sion measurements, the incoming light was focused via the
bottom objective (Mitutoyo M Plan Apo x50, NA = 0.55) and
transmitted light was collected with the top one (Mitutoyo M
Plan Apo x50, NA = 0.55). For the reflection, the top objective
was used both for focusing the incoming radiation on the TF,
and for collecting the reflected light. In both cases, the
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collected signal was transferred to a Horiba Labram spectro-
meter with 150 ¢ mm " diffraction grating and a water-cooling
ANDOR CCD detector.

Confocal Raman spectroscopy

Raman scattering measurements were implemented under
excitation by a 632.8 nm He-Ne continuous laser radiation in
the reflection mode through 100x/0.9 NA objective. To prevent
the TF from unintended overheating, the integral power of
He-Ne was limited with a natural density filter by 10% (from
25 mW to 2.5 mW). The collected signal was transferred to a
Horiba Labram Spectrometer with 1800 ¢ mm™" diffraction
gratings and a water-cooling ANDOR CCD detector.

Z-scan measurements

The optical setup for Z-scan analysis is based on the fs pulsed
ANTAUS fiber laser (Avesta projects) with the main harmonic
wavelength of 1030 nm and a pulse duration of 270 fs. The
main laser is also occupied with the second and third harmonic
generators, which provides the conversion of the main wave-
length into 515 nm. The pulse repetition rate was adjusted
using the laser operational software, while the energy per pulse
was regulated with the polarization attenuator (Glan-Taylor
prism with rotating half wavelength plate). A telescope system
was mounted with two long-working distance objectives,
10x/0.26NA Mitutoyo Plan Apo NIR. The pulse energy measure-
ments of the incoming and the transmitted pulses were
conducted using two Ophir Photonics PD10C detectors. The
vertical translation of the sample (along the Z axis) was pro-
vided using a Standa Motorized Stage 8MT177-100.
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