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Inkjet-printed optical interference filters

Qihao Jin 1 , Qiaoshuang Zhang 1, Christian Rainer1,2, Hang Hu 1,3,
JunchiChen1, TimGehring 1, JanDycke1, RojaSingh 1,3, UlrichW.Paetzold 1,3,
Gerardo Hernández-Sosa 1,2,3, Rainer Kling1 & Uli Lemmer 1,2,3

Optical interference filters (OIFs) are vital components for a wide range of
optical and photonic systems. They are pivotal in controlling spectral trans-
mission and reflection upon demand. OIFs rely on optical interference of the
incident wave at multilayers, which are fabricated with nanometer precision.
Here, we demonstrate that these requirements can be fulfilled by inkjet
printing. This versatile technology offers a high degree of freedom in manu-
facturing, as well as cost-affordable and rapid-prototyping features from the
micron to themeter scale. In this work, via rational ink design and formulation,
OIFs were fully inkjet printed in ambient conditions. Longpass, shortpass,
bandpass, and dichroic OIFs were fabricated, and precise control of the
spectral response in OIFs was realized. Subsequently, customized lateral pat-
terning of OIFs by inkjet printing was achieved. Furthermore, upscaling of the
printed OIFs to A4 size (29.7 × 21.0 cm²) was demonstrated.

Optical interference filters (OIFs) are indispensable for numerous
optical and photonic systems. To highlight some, vast applications are
found in, e.g., nonlinear optics1, biochemical & biomedical optics2,
imaging systems3, laser systems4, and micro-cavity-based photonic
devices5. OIFs consist of multiple thin film layers with thicknesses
ranging from tens to evenhundreds nanometers6–8. Theyutilize optical
interference to achieve a desired transmission or reflection in the
optical band of interest9, which is challenging to fabricate and princi-
pally different from color filters (Supplementary Table 1). The quality
of theoptical response ofOIFs relies onprecise andhomogeneous thin
film deposition, requiring a thickness deviation of each layer below
3%10,11. These facts pose numerous technical challenges in OIF manu-
facturing. Nowadays, the fabrication of high-end OIFs is only con-
ducted in high vacuum conditions and by technologies like electron
beam evaporation, plasma-assisted sputtering, and atomic layer
deposition12. All these methods rely on cost-intensive equipment and
suffer from long deposition times. In addition, rapid prototyping of
customized OIFs presents a severe obstacle for these methods.
Moreover, some materials possess desirable properties for producing
novelOIFs13–15; however, utilizing vacuum-based approaches to deposit
them is unsuitable. In contrast, inkjet printing is an additive manu-
facturing method that allows ultraprecise thin film deposition with
superior material efficiency16. Furthermore, it can be applied on large

areas and flexible substrates under ambient conditions. Despite these
advantages, inkjet printing high-endOIFs such as bandpass filters have
not been realized so far. The challenge lies in formulating inks and
developing a printing process for achieving a highly repeatable
deposition of homogenous layers. Especially when a large number of
layers is required in order to realize a demanded optical property17.

In response to this open challenge, this work demonstrates fully
inkjet-printed inorganicOIFs, including longpass, shortpass, bandpass,
and dichroic filters. The OIFs were digitally fabricated in ambient
conditions using a desktop inkjet printer. It was achieved via rational
ink design and the developed printing process. Lateral patterning of
OIFs was also realized for emerging solar applications. Moreover, an
industrially applicable route for upscaling inkjet-printed optical filters
is demonstrated by printing dichroic filters in A4 (29.7 × 21.0 cm²) size.

Results
OIF fabrication, ink formulation, and printability
characterization
Until now, high-end OIFs consisting of multilayer structures are fabri-
cated by vacuum-based technologies. In this work, such OIFs with
different sizes and optical properties were inkjet printed in ambient
(Fig. 1a). The printed OIFs comprise alternately stacked thin films with
high and low refractive index (RI) on each other (Fig. 1b). Inorganic-
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nanoparticle-based inks were used for fabricating layers with different
refractive indices. Silicon dioxide (SiO2) and titanium dioxide (TiO2)
are the prevalentmaterials in the optical filtermanufacturing industry.
We therefore used nanoparticulate SiO2 (amorphous phase) and TiO2

(rutile phase) in this work. The complete printing cycle contains the
processes of inkjet printing, drying, and annealing (Fig. 1b inserted). To
fabricate OIFs with designed and homogenous optical properties, inks
were carefully formulated and assessed for the printing process. The
detailed ink design and development are described in the Supple-
mentary Information (Supplementary Figs. 1–8). It commences with
surface free energy (SFE) characterization of the SiO2 and TiO2 solid
surfaces. Subsequently, it continues with design and employment of
proper organic vehicles for formulating nanoparticle-based inks.
Thereafter, characterization of ink surface tension (SFT) and the
printability was conducted. Ultimately, the RIs of printed solid layers
were measured for designing multilayer structures to achieve the
demanded optical properties in OIFs. All the steps mentioned above
were interrelated during ink design and optimization.

In this work, the ink printability characterization is an important
task. It allows us to analyze the performance of the developed inks.
Throughout the inkjet printing, SFT, density, and dynamic viscosity of
inks affect the physics and fluid mechanics in droplet ejection and
formation18. Over the last decades,many researchers have investigated
this subject18,19. In this work, two methods are applied in parallel to
validate the printability of the inks. The first method is based on three
dimensionless values, namely Reynolds (Re), Weber (We), and Ohne-
sorge number (Oh)20:

Re =
vρd
η

ð1Þ

We=
v2ρd
γ

ð2Þ

Oh=
1
Z

=

ffiffiffiffiffiffiffi

We
p

Re
=

η
ffiffiffiffiffiffiffiffiffi

γρd
p ð3Þ

where v is the ejected droplet velocity (in m s−1), d is the characteristic
length (inm, which is the nozzle orifice size). γ, η, and ρ are the surface
tension (in Nm−1), dynamic viscosity (in Pa s), and density (in kgm−3) of
the ink, respectively. The ink printability is evaluated by four bound-
aries (Fig. 1c). The first boundary is defined by the We of 4, where the
region We < 4 means there is no sufficient energy to form a droplet21.
This ismainly because the fluid has insufficient energy to overcome its
surface tension to be ejected from the nozzle. The second and third
boundaries are defined by Z = 2 and Z = 20, respectively22, where Z is
the inversionofOh. The regionZ < 2denotes that the ink is too viscous,
whileZ > 20 implies the formationof satellite droplets insteadof single
droplets during ink jetting. The fourth boundary is defined by the

critical droplet velocity Sc. Above this velocity, splashing occurs when
droplets hit the substrate surface23.

Sc =We1=2Re1=4 ð4Þ

According to previous work23, the onset of splashing happens
when Sc > 50. Hence, a Re–We space diagram is built, and a printable
region is confined by the four aforementioned boundaries. Inks with
properties fitting in this printable region are considered suitable for
inkjet printing. According to the measured ink viscosity (2.0mPa s of
SiO2 ink and 2.5mPa s of TiO2 ink) and droplet velocities, the corre-
sponding line of each ink is plotted (Fig. 1c). The length of each ink line
is defined by the velocity range of ejected droplets without satellite
lines (2–4m s−1). At lower droplet speed, theWeof our SiO2 ink reaches
a minimum value of 2.5. The We of the TiO2 ink also shows a value
below 4. The lower We value and droplet velocity indicate the lower
energy required to eject ink droplets from the nozzles. Depending on
the location of both lines, inks are considered suitable for inkjet
printing. Additionally, a second method (Supplementary Fig. 2) is also
applied in this work to complement the evaluation of the ink
printability22. The results imply the suitability of the inks for inkjet
printing, which agrees with method one. For clarity, the rheological
properties of developed inks are summarized (Supplementary
Table 2). In addition to the ink formulation and printability investiga-
tion, the printing processwas also optimized in this work for achieving
homogenous layers. The impact of substrate temperature and printing
speed are investigated and optimized (Supplementary Figs. 7 and 8).

Inkjet-printed longpass, shortpass, and bandpass OIFs
Longpass and shortpass filters are also known as edge filters due to
their ability to exhibit a sharp transition in transmission within a nar-
row spectral range. A common way to design edge filters starts with
quarter-wave (QW) stacks. However, a significant challenge in design
and fabrication is to diminish the ripples in the pass region, which
result from the periodic-structure nature of the QW stacks. The strat-
egy to ease these ripples is by optimizing individual layer thickness. As
a result, parts of the complete layer structure become nonperiodic. In
such nonperiodic structures, the thickness difference between each
layer can vary from several to some hundred nanometers24. Therefore,
it is a particular challenge for inkjet-printed OIFs to precisely control
the required thickness and deviation. In this work, we report a well-
controlled digital inkjet printing process, which allows the fabrication
of a large number of layers with individually optimized thicknesses.
This was achieved by printing each layer in one printing cycle with
digital control of the printing resolution (Supplementary Fig. 9). The
results show a good linear dependency of the printing resolution and
the deposited layer thickness, which is quantitatively indicated by a
coefficient of determination of 0.9999. Moreover, the reproducibility
of the printing process was also investigated. Surface roughness of the
printed layers was characterized by an atomic force microscope,

Fig. 1 | OIFs fabrication and ink printability characterization. a Inkjet-printed OIFs in holders. b Schematic illustration of multilayer inkjet printing and a complete
printing cycle. c Ink printability analysis.
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showing low root-mean-square roughness values (Supplementary
Fig. 10). The results indicate that the printing of OIFs is consistent and
reproducible, as evidenced by the analysis of their optical perfor-
mances (Supplementary Fig. 11).

The concept of a longpass filter is presented in the schematic
(Fig. 2a), where the longerwavelengths transmit through the filter. The
scanning electron microscope (SEM) image (Fig. 2b) shows the cross-
sectionof the inkjet-printed longpassfilter,where thefilterwas printed
on a glass substrate. The color stack on the right side shows a sche-
matic of the device. The layer thickness difference in the nonperiodic
structure is also depicted in the color stack, where the low and high
refractive index materials are shown in different colors. The glass
substrate is in black. Both the simulated (Fig. 2c) and measured
(Fig. 2d) transmitting spectra show lessened ripple compared to a
periodic structure (Supplementary Fig. 12a). In a longpass filter, the
cut-onwavelength refers to the wavelength at which the transmittance
of the filter reaches 50% of its maximum value. Since the maximum
transmittance for theprinted longpassfilter is 94.4%at 714 nm, the cut-
on wavelength is 532 nm, accordingly. Besides, the average transmit-
tance between 540 and 800nm is 91.7%. The diffuse share in total
transmittance was also measured and plotted as the gray dashed line
(Fig. 2d). The value remains below 2% between 600 and 800 nm. It
increases slightly in the range of 500–600 nm, which can be assigned
to the higher extinction of the TiO2 layer at shorter wavelengths.

The concept of a shortpass filter is depicted (Fig. 2e), where the
shorter wavelengths pass through the filter. The SEM image and the
color stack reveal the nonperiodic structure (Fig. 2f). Simulated

(Fig. 2g) and measured (Fig. 2h) transmittances indicate a pass region
between 400 and 600 nm.Moreover, the ripples in the pass region are
also lessened compared to the periodic structure (Supplementary
Fig. 12b). In a typical shortpass filter, the cut-off wavelength is the
wavelength where transmittance reduces to 50% of themaximum. The
ripples are slightly more visible in our shortpass filter than in the
longpass filter over the pass region. Given this context, the cut-off
wavelength in themeasured spectrum, 544 nm, is therefore calculated
based on the average transmittance between 400 and 533 nm, which
amounts to 77.4%. In addition, the diffuse transmission in the short-
pass filter reduces from 5% to nearly zero from 400 to 600nm.

Based on the successful realization of the long- and shortpass
filters, a bandpass filter was printed by combining the two units. The
concept of the bandpass filter is shown (Fig. 2i). It only allows the
selected bandwidth to pass through. The structure of the printed
bandpass filter is presented on the right side of the same figure,
showing that the shortpass filter was first printed on a glass substrate
and followed by printing the longpass filter on top. The SEM image
shows the cross-section of the printed bandpass filter (Fig. 2j), which
consists of 39 single layers in total. The longpass part, shortpass part,
and intermediate buffer layer are indicated with red, blue, and green
colors, respectively. Here, the buffer layer consists of two layers of the
same material. From the simulated (Fig. 2k) and measured (Fig. 2l)
transmission spectra, the peak wavelength of the bandpass filter is
found to be 537 and 535 nm, respectively, showing a good realization
from the design to the fabrication. The maximum measured trans-
mittance of 53.5%, however, is lower than the 72.3% found for the
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Fig. 2 | Printed all dielectric longpass, shortpass, and bandpass OIFs. a Concept
of a longpass filter.b SEM cross-section view of the printed filter. c and d Simulated
andmeasured transmittanceof theprinted longpassfilter, respectively. Thedashed
gray line is the diffuse transmittance. e Concept of a shortpass filter. f SEM cross-
section view of the printed filter. g and h Simulated andmeasured transmittance of
the printed shortpass filter, respectively. The dashed gray line is the diffuse
transmittance. iConcept anddesignof a bandpassfilter. j SEMcross-section viewof

the printed filter. k and l Simulated and measured transmittance of the printed
bandpass filter, respectively. The dashed gray line is the diffuse transmittance.
mCharacterizationof optical homogeneity in the printedbandpass filter, including
peak, cut-on, cut-off wavelength, and full width at half maximum (FWHM). The
color stacks next to the SEM images provide an illustration of the layer scheme and
functionality. Different colors indicate materials with low or high refractive index
(RI), as well as the glass substrate.
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simulated stack. This difference very likely results from the slight blue
shift of the shortpass spectrum in the fabricated stack, which can be
further deduced from the blue-shifted peak wavelength of the band-
pass filter. According to the maximum transmittance and the center
wavelength, the cut-on and cut-off wavelength in the printed filter are
526 and 551 nm, respectively. Furthermore, the diffuse transmittance
wasmeasured, and it remains below 3% in the region of interest, which
is from 450 to 630 nm.

Moreover, the peak, cut-on, and cut-off wavelengths were mea-
sured on nine sites of the sample to characterize the optical homo-
geneity in theprintedbandpassfilter for a half-inch-size surface region.
The nine sites were arranged as a 3-by-3 array (Supplementary Fig. 13).
The spot diameter during themeasurementwas2mmwith a center-to-
center distance of 3mm. Full width at half maximum (FWHM) values
were also extracted from the measured spectra, giving an average
value of 25.5 nm. The individual values of peak, cut-on, cut-off wave-
length, and FWHM are shown in the respective diagram (Fig. 2m). The
variations of the first three parameters are only 0.5 nm, and the var-
iation in FWHM is 1 nm. These minor variations evidence the high
uniformity of our printed bandpass filter.

As an alternative, bandpass filters can also be fabricated based on
the concept of a Fabry–Pérot (FP) etalon, offering a commonbandpass
property (Fig. 3a). It can be designed as a resonator consisting of two
mirrors (M1 and M2) and one cavity (Fig. 3b). When the cavity has an
appropriate thickness, constructive interference of light beams will
result in a transmission spectrum with a narrow bandwidth. In this
work,QWstackswereprinted andusedashighly reflectingmirrorsdue
to their low optical loss. Each printed QW stack herein comprised
seven single layers, and the cavity material was SiO2. The SEM cross-
section (Fig. 3c) and the color stackpresent the detailed layer structure
of the printed component. The mirrors are depicted with gray color
while the cavity is in green. The peak wavelength in the simulated
(Fig. 3d) transmission spectrum matches well with the measured
(Fig. 3e) one in the band of interest, which is 580 and 577 nm,
respectively. Furthermore, the transmittance at the peakwavelength is
85.9% and 83.7% in simulation and fabricated filters, respectively,
implying a good realization of design-to-device. Additionally, the cut-
on and cut-off wavelengths and the FWHM are measured as 566, 590,
and 24 nm, respectively. The diffuse transmittance is below 5% in the
bandpass region (Fig. 3e, dashed line). As a common strategy to sup-
press the unwanted sideband transmittance, a silver layerwas included
in the cavity (Fig. 3f). The silver layer was thermally evaporated with a
thickness of 60 nm. After adding this silver layer, the sideband trans-
mittance is dramatically suppressed (Fig. 3g and h). The cut-on, cut-off

wavelength and the FWHM are 566, 577, and 21 nm, respectively. The
peak transmittance was measured to be 40%. This reduced peak
transmittance is assigned to the absorption inside the silver layer12 and
the surface plasmons at the metal-dielectric interfaces25. However,
utilizing the FP etalons allows for a decrease in the number of layers for
realizing a narrow bandwidth transmittance compared to the filters
based on all-dielectric materials.

Tunability, patterning, and upscaling of inkjet-printed OIFs
To show the good control of optical response in OIFs using inkjet
printing, various dichroic filters (consisting of 9 bi-layers) with differ-
ent optical characteristics were printed. Filters were designed with
different reflecting center wavelengths, i.e., 380, 480, 590, 620, and
680nm, respectively (Fig. 4a). The measured values for the printed
filters were 383, 479, 592, 619, and 678 nm, respectively (Fig. 4b). The
minor variations in center wavelength indicate not only a precise
control of the printing process but also a highly customizable optical
response in inkjet-printed filters. In the following, we demonstrate the
patterning of OIFs. A pattern was printed, giving a vivid color that is
generated fromoptical interference (Fig. 4c). As an emerging use case,
a building-integrated photovoltaic model based on a colored solar
panel is also demonstrated (Fig. 4d), where the color is the reflected
spectrum of the patterned OIFs. The house was 3D-printed, and two
silicon solar panels were installed on the same side of the roof. The left
side of the roof shows the solar panel without OIFs, while the right side
shows another panel covered with laterally patterned OIFs.

As another essential step towards industrial manufacturing,
upscaling of the printed OIFs is further demonstrated in this work.
10 × 10 cm2 dichroic filters were printed as a first step to validate the
suitability of our inks and the printing process. In the optical images,
the filter reflects the green part of the spectrum (Fig. 4e, dark back-
ground) while the red light is transmitted (Fig. 4f, bright background).
To further show the spectral splitting functionality, the filter was
placed on a table facing the sun (Fig. 4g). A one-euro coin and a caliper
were placed aside as scale references. 10 × 10 cm2 size filters with dif-
ferent spectral responses were additionally printed and mounted in
holders (Fig. 4h). The reflection spectrum of the filter in Fig. 4e was
measured and normalized to the peak wavelength of 515 nm (Supple-
mentary Fig. 14). Twenty individual sites on the filter (Supplementary
Fig. 15) were measured for rise-on and fall-off wavelengths, which are
the wavelengths correspond to 50% of the peak reflectance, as well as
FWHM to characterize the optical uniformity of the upscaled dichroic
filter (Supplementary Fig. 16). The results show that the variations are
only 3 nm (min. 448 nm, max. 451 nm) for the rise-on wavelengths,
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Fig. 3 | PrintedbandpassOIFbasedonFabry–Pérotetalons. a andbConcept and
principle of a Fabry–Pérot etalons type bandpass filter. The structure consists of
mirror 1 (M1), mirror 2 (M2), and a cavity. c SEM cross-section view of the printed
filter. d and e Simulated and measured transmittance of the printed filter, respec-
tively. The dashed gray line is the diffuse transmittance. f SEM cross-section view of
the printed filter after integrating a silver layer. g and h Simulated and measured

transmittance of the printed filter, respectively. The dashed gray line is the diffuse
transmittance. The color stacks next to the SEM images provide an illustration of
the layer scheme and functionality. Different colors indicate materials with low or
high refractive index (RI), as well as the glass substrate. The green block indicates
the cavity, and red denotes the silver layer.
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3 nm (min. 606.5 nm, max. 609.5 nm) for the fall-off wavelengths, and
1 nm (min. 158 nm, max. 159 nm) for FWHM, respectively. These slight
variations indicate a homogenous spectral response in the printed
10 × 10 cm2 dichroic filters. To show the potential of our inks and the
printing process for further up-scaling, a dichroic filter was printed in
DIN A4 (21.0 × 29.7 cm2) size (Fig. 4i). This is also the maximum size of
printed areas possible for our inkjet printer. A highlight in the large-
size printing, both in 10 × 10 cm2 and A4, is that no individual drying
process is needed in the printing cycle (Fig. 4j). This was achieved by
carefully adjusting the printing speed so that the printed wet layers
were able to be dried simultaneously during printing. The reflection
spectrumof thisA4-sizefilterwas alsomeasured andnormalized to the
peak wavelength of 580 nm (Fig. 4k). Rise-on and fall-off wavelengths
and FWHM were also characterized (Fig. 4l) over twenty individual
sites on the filter (Supplementary Fig. 17). The results show a good
uniformity of the optical performance, where the variations of the rise-
on, fall-off wavelengths, and FWHM are 2 (min. 508.5 nm, max.
510.5 nm), 2.5 (min. 693.5 nm, max. 696 nm), 1.5 (min. 185 nm, max.

186.5 nm) nm, respectively. These results indicate that upscaling of the
filters can be done without compromising the optical quality. We
mention that this also opens the possibility to cut customized smaller
size filters from the larger area, e.g., by laser cutting.

Discussion
In summary, based on rational ink design and optimized printing
processes, optical interference filters (OIFs) were fully inkjet printed in
ambient conditions. Longpass, shortpass, and bandpass filters were
fabricated. The individual spectral responses matched well with the
initial simulation, showing a promising realization of a customized
design. The developed inks and processes were applied to realize the
spectral tunability, lateral patterning, and upscaling of the printed
OIFs. AdielectricfilterwithDINA4 sizewas inkjet printed. Additionally,
we exhibited the versatility of this developed method by fabricating a
flexible and patterned filter on a foil, achieved by straightforward
adjustments of the process parameters (Supplementary Fig. 18). Sub-
sequently, the strategy to further improve the quality of the inkjet-

Fig. 4 | Spectrum tuning, upscaling, and patterning of OIFs. a and b Simulated
and measured reflectance tuning of OIFs in visible wavelength range, respectively.
c Lateral patterned OIF. d OIFs on the solar panel for a solar house. e and f Printed
10 × 10 cm² dielectric filter in the dark and bright background, respectively. One
Euro coin is a scale reference. g Spectrum splitting capability in OIF under sunlight

illumination. h Printed 10 × 10 cm² OIFs installed in holders. i Printed OIF in an A4
size. j Printing cycle developed for large-size OIF printing. k and l Normalized
reflectance and uniformity characterization of optical performance in printed A4
OIF, respectively. Results show the rise-on, fall-off wavelength, and full width at half
maximum (FWHM).
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printed filters is given. For instance, the suppression of residual
transmittance in edge and bandpass filters via the integration of
additional optical cavities (Supplementary Fig. 19) and enhancing the
optical density by increasing the total number of layers in OIFs (Sup-
plementary Figs. 20–22). Moreover, our printed OIFs show good dur-
ability based on the results of adhesion and abrasion tests
(SupplementaryTables 3 and4, andSupplementary Fig. 23).Weexpect
thiswork tobe an important step towards an industry-relevantmethod
of producing OIFs with lower cost in manufacturing, variable size to
meet different demands, and higher flexibility in designing and
implementation. We foresee various applications in the fields of
advanced optical instrumentations26, solar energy27, and clinical
applications28.

Methods
Surface characterization
The contact angle (CA) wasmeasured by a CAmeasuring system (OCA
50, DataPhysics Instruments) in a static state under ambient condi-
tions. The analysis was done using the Sessile-Drop method and the
Laplace–Young equation. For calculating the surface free energy (SFE)
of a particular solid surface, deionized H2O, ethylene glycol (Sigma-
Aldrich), and diiodomethane (Sigma-Aldrich) were used. The OWRK
method29 was applied to calculate the polar and dispersive part of the
SFE. The SiO2 (TiO2) solid surface in the CA measurements was fabri-
cated by spin-coating SiO2 (TiO2) nanoparticle dispersion to form a
thin film with a thickness of around 100nm. It was followed by sub-
sequent annealing at 250 °C for 5min. The thickness of the thin film
was measured by a profilometer (DektakXT, Bruker). On each solid
surface, 10 different sites were used to measure the CA of the liquid
(single dosing volume of 0.5 µl), and the average CA was used in the
SFE calculation. The average CA of SiO2 (TiO2) ink on TiO2 (SiO2) sur-
faces was obtained by measuring 10 different sites as well.

Characterization of ink properties
The total liquid/ink surface tension (SFT) was measured by an SFT
measuring system (OCA 50, DataPhysics Instruments) under ambient
conditions. The analysis was done in the Pendant Drop method, using
the Laplace–Young equation. To obtain the polar and dispersive share
in the total SFT of a liquid, polyethylene (Thermo Scientific) was used
as a purely dispersive reference surface. The viscosity of the ink was
measured using a viscometer (m-VROC, RheoSense).

Nanoparticle ink formulation
MEK-SiO2 nanoparticle dispersion (Nissan Chemical) was added to a
glassflask. Due to thehigh concentration and lowboilingpoint ofMEK,
the dispersion dried promptly, leaving only the solid SiO2 nano-
particles. 1,3-dimethoxybenzene was then added into the flask to form
SiO2 ink (concentration of 3wt%). The TiO2 nanoparticle dispersion
(Avantama) was mixed with 2-propoxyethanol (Sigma-Aldrich) with a
weight ratio of 1:9 to formTiO2 ink (concentration of 1.8 wt%). The SiO2

nanoparticles are in the amorphous phase, and the TiO2 nanoparticles
are in the rutile phase (Supplementary Fig. 24).

XRD, SEM, optical, and AFM characterization
The phase components of the nanoparticles were characterized by
X-ray diffraction (XRD). It was performed by a Bruker D2Phaser system
with Cu-Kα radiation (λ = 1.5405Å) in Bragg–Brentano configuration
using a LynxEye detector. Refractive indices and extinction coeffi-
cients of the materials were measured by ellipsometry (VASE ellips-
ometer, J.A. Woollam). Scanning electron microscope cross-section
images were obtained by SUPRA 55 (Carl Zeiss) at 2 kV. Focused ion
beam (Zeiss Crossbeam 1540 EsB) was used for milling the sample to
enable SEM image acquirement. Transmittance and reflectance were
measured with a spectrophotometer (Lambda 1050 UV–vis–NIR, Per-
kinElmer) equipped with an integrating sphere. The transmittancewas

obtained with the normal incident angle, and the reflectance was
obtained with an 8° incident angle. The surface morphology was
measured by atomic force microscope (AFM) (NanoWizard, Bruker
Nano), and the surface RMS roughness was analyzed with the software
Gwyddion.

Design and simulation
The optical design and simulation of the printed filters were carried
out using the software Essential Macleod. The optimization of the
nonperiodic structure was performed using the integrated method
Optimac. Both synthesis and refinement steps were involved in pro-
ducing the final design.

Substrate preparation
The 2.5 × 2.5 and 10 × 10 cm2 glass substrates (Präzisions Glas & Optik
GmbH)were cleaned in an ultrasonic bath in deionizedwater, acetone,
and isopropanol for 10min each. The A4 size glass substrate (Präzi-
sions Glas & Optik GmbH) wasmanually cleaned with deionized water,
acetone, and isopropanol. All the substrates were blownwith nitrogen
gas flow for drying and removing particles.

Inkjet printing of OIFs
The optical interference filters were printed by an inkjet printer (Pix-
Dro LP50) equipped with 10 pL cartridges (Fujifilm Dimatix). The
printing process was completed in an ambient atmosphere (tem-
perature at 21–22 °C and humidity at 40–50%). Both inks were filtered
by PTFE filters with a pore size of 0.2 µmbeforefilling them into the ink
tank. The printhead temperature was set to 27 °C for printing both
inks. The waveforms were set for 2–2.5 kHz jetting frequency. The
substrate’s moving direction is on the y-axis during printing.
Depending on the required layer thickness, the printing resolutions
were in the range of 500–900dots per inch (dpi). Longpass, shortpass,
and bandpass filters were printed on 2.5 × 2.5 cm2 glass substrates. The
printing speed was 70–100mms−1, depending on dpi. The quality
factorwas 2, and the jetting frequencywas 2 kHz. The printer substrate
temperature was set to 25 °C. TiO2 layers were dried naturally in the
ambient atmosphere. The SiO2 layers were dried at a slightly reduced
pressure, 0.8 atm, to increase the drying speed. Filters printed on a
10 × 10 cm2 glass substrate were designed and printed in QW struc-
tures. The printing speed was 100–115mms−1, depending on dpi. The
quality factor was 2, and the jetting frequency was 2 kHz. The printer
substrate temperature was set to 25 °C. Both TiO2 and SiO2 layers were
dried naturally in the ambient atmosphere during printing. Filters
printed on the A4 glass substrate were designed and printed in QW
structures. The printing speed was 125mms−1, the quality factor was 2,
and the jetting frequency was 2.5 kHz. The printer substrate tem-
perature was set to 25 °C. Both TiO2 and SiO2 layers were dried natu-
rally in the ambient atmosphere during printing. All the annealing
processes were performed using a hotplate with the temperature at
200 °C for 10min.

Data availability
The simulation data of the layer thickness generated in this study are
provided in the Supplementary Information. All data are available from
the corresponding author upon request.
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