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Ultrafast Humidity Sensing Layers Made by Two-Photon
Polymerization and Initiated Chemical Vapor Deposition
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and Anna Maria Coclite*

Abstract: Humidity sensors are used in many applications. The design of fast
sensors that can operate in explosive environments is a difficult task.
Therefore, current research efforts aim at combining reliability, sensitivity and
high sensing speed. The use of structured ultrathin hydrogels perfectly meets
these requirements. Nanostructures are directly fabricated with a
two-photon-polymerisation (2PP) 3D printer to use them as templates for
hydrogels. After the 3D printing multiple templates are coated with ultrathin
films of poly(2-hydroxyethyl-methacrylate) (PHEMA) using initiated chemical
vapor deposition (iCVD). p(HEMA) is a humidity responsive hydrogel which
changes its thickness by orders of magnitude depending on the ambient
conditions. The 3D printed structures are optimized to give both a fast
response time, and an optical read-out method for visible wavelengths. Upon
hydrogel swelling, the height of the nanostructure pillars increases, keeping
their periodicity constant. This induces a change in intensity of the first -order
refraction peak, which can be easily measured also at low humidity levels. The

According to the current state-of-the-art
relative humidity!?! can be measured with
different devices: the standard ones are
called hygrometers, which quantify the
amount of water vapor in the air. Other
devices are psychrometer, which mea-
sure the temperature difference between
a dry and wet bulb, contrary to dew point
hygrometer which detect the optical con-
densation on a chilled surface. Due to
their high time consumption gravimetric
methods are mostly used for calibration
processes.[*] Current state of the art hu-
midity sensors measure the change of the
capacity or impedance of polymer films
or metal oxide film layer.l>!

The processing of the active sensing
layer of humidity devices offer a huge

humidity response of the nanostructures is measured and an influence for
different hydrogel thicknesses and humidity flow rates is observed. The
ultrathin film with the lowest thickness of 50 nm shows the fastest response
to relative humidity, which is much faster than commercial sensors with 8 s

response time.

1. Introduction

Over the past years, measuring the relative humidity established
itself to be an important parameter in various fields of applica-
tion, from industry (e.g., fuel cell applications in the automotive
domain, corrosion detection, pulp and paper manufacturing,
humidity in bio-gas) to health aspects for the human body.[*?]
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potential for advanced research. By di-
rect nanostructuring sensitive polymer
thin films using nanoimprint lithogra-
phy (NIL) our group already showed!”!
that the effective sensing area can be
increased by optimizing the surface-to-
volume ratio, resulting in a faster re-
sponse compared to state of the art hu-
midity sensors.

In general, the most common techniques to nanostructure
hydrogels were reported with templates made of anode alu-
minum oxide (AAO)!®%) or nanosphere lithography.l'-13] Hydro-
gel nanostructures can be fabricated with colloidal lithography.**!
A summary of more lithography based methods!’>!! can be
found in literature. Other techniques to directly structure poly-
mer films were reported with femtosecond lasers!'”! or electron
beam lithography (e-beam).['®191 However, the latter method is
known to be a very time consuming process. Additional meth-
ods of structuring polymers can be found in ref. [16, 20-22].
An example for the fabrication of nanoporous micro-structures
with initiated chemical vapor deposition (iCVD) can be found in
ref. [23]. The main disadvantages of the previous described tech-
niques can be an expensive fabrication, an irregular arrangement
of the nanostructures or limitations regarding the area sizes of
the nanostructures on a substrate. In addition post treatment of
the substrate is often required.

For the present work, we chose a different approach, namely to
combine two-photon-polymerisation (2PP) printing with iCVD.
Due to the numerous areas in scientific and industrial applica-
tions 3D printing is becoming more and more interesting. 2PP
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presents a very important sub-genre in the 3D printing tech-
nology, especially, in the fields of micro- and nano-fabrication.
Two-photon-polymerisation printers contain a femtosecond laser
which allows to precisely cure small volumes of resin resulting
in very high resolution of the printed structures. The principle
of two photon absorption and two photon printing is reported in
ref. [24]. Furthermore 2PP can be used to print structures from
hydrogels directly,!**] comparable to structuring with NIL.[”] Fur-
ther examples for complex hydrogel structures which are, for
example, needed for cell and tissue engineering by 2PP are re-
ported in ref. [25, 26]. 2PP printers offer a high potential to di-
rectly print structures on substrates without intermediate steps
or post preparation. Therefore, they seem to be a promising tool
to make templates for large structured areas with very high res-
olution. The advantage that 2PP printed structures are mechani-
cally stable makes them very suitable for coating with functional
polymer thin films of nanometer thickness. The deposition is
done with a well established technique, the so-called iCVD,?’]
that shows two main advantages: first, a versatile tool to grow a
variety of materials!?®! which can be deposited as ultrathin films
on nanostructured templates. Second, the deposited thin films
can be very conformal and uniform on the nanostructured tem-
plate. Especially, the study and application of hydrogels attracted
interest in recent years. Hydrogels consist of polymeric networks
that are able to change their initial thickness by orders of mag-
nitudes when environmental conditions (e.g., temperature, rela-
tive humidity or pH value) change.!?”! Therefore, they seem to be
promising materials as sensing layers in different fields of appli-
cation. Hydrogel thin films can be deposited via iCVD.3% In gen-
eral, based on different polymers compositions iCVD deposited
hydrogels can be responsive to humidity,*! temperaturel*>3*] or
pH-value.?¥ From the authors knowledge the combination of
2PP printing with iCVD polymers to make areas of stable nanos-
tructures was not reported so far.

Electrical humidity sensors with fast response times have
already been reported.®>] However, one advantage of optical-
based sensors is their applicability in explosive environments
due to the absence of conductive components in the sensing
area. Furthermore, in optical measurement methods the sen-
sor and detector can be separated from each other, which is
advantageous for distance measurements. Previous works of
our group showed that the combination of poly(2-hydroxyethyl-
methacrylate) (p(HEMA)) hydrogels with interference based de-
tection methods works very well.[3*! While the previous work!3¢!
was based on a interference measurement setup with planar thin
films, this work describes the nanostructuring of such thin films
with a template. Again an optical detection method measured
the humidity response. The work of Buchberger®?! also high-
lighted that optical based read out methods showed an almost
three times faster response time compared to commercial state-
of-the-art humidity sensors.l! This work deals with the structur-
ing of the hydrogel thin film by 2PP lithography which allows to
fabricate large nanostructured templates for ultrathin hydrogels
made by iCVD. Compared to direct structuring, the latter method
allows to deposit ultrathin (down to 50 nm in this work) hydrogel
films, enabling a faster sensor response time due to shorter diffu-
sion times of the water into the hydrogel thin film. For depositing
very thin sensing layers on nanostructures iCVD shines with the
benefit of being able to deposit very conformal and uniform thin
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Figure 1. Schematic sketch of the 3D printed nano-template (black) af-
ter the ultrathin hydrogel (green) deposition with iCVD and a=3 um,
b=52 nm, 78 nm, 93 nm, c=400 nm, d=800 nm. The dimensions of the
glass substrate (blue) is not to scale.

films on the template. This is an advantage, because when the
film is thin enough it would prevent the structures from collid-
ing even upon swelling. On the theoretical side we supported the
design of the nanostructures with a multi-physic FEM based soft-
ware. A diffraction grating served as model for the optical part,
including the general grating equation:

m-A=g-sin(®,) (1)

with @,, being the angle of m-order diffraction peaks, the dif-
ferent wavelengths 4 and the grating constant g. Equation 1 de-
scribes the position of the peaks but not about the intensity dis-
tribution.

2. Results and Discussion

2.1. Fabrication of Nanostructures

The fabrication of nanostructures was done in two steps: first,
a template was made with a high resolution and ultrafast 2PP
printer. Second, the template was deposited with a thin layer of
the humidity responsive hydrogel p(HEMA) using iCVD. Espe-
cially important in our case, iCVD offers the great advantage of
being able to grow thin films conformally to the trenches in the
templates. However, those coated structures could stick together
if the layer thickness exceeds the half of the trench size.

Figure 1 shows a SEM picture of the printed 3D grating. In
Figure 1a, an overview of the printed area is demonstrated. Here,
the concept of printing large nanostructures with 2PP printers is
demonstrated: due to limitation in the field of view of the objec-
tive the structures are printed in small blocks, which are fitted
together afterward. That is also known as stitching and ensures
being able to print large areas of nanostructures. A total area of
1.5 mm x 1.5 mm was printed. As shown in Figure 1a, only the
lower half of the area was completely covered with the grating.
This happened because of a small misalignment of the substrate
during the printing process. Figure 1b—d is magnifications of one
stitching block of Figure 1a, where the periodic orientation of the
lines can be seen. For the current diffraction grating, we printed
the lines in one direction. A p(HEMA) hydrogel thin film was
deposited on the structure with iCVD as described in Section 4.
Figure le,f shows SEM images after the iCVD deposition. While
Figure 1e was taken normal to the surface, in Figure 1f the sam-
ples was tilted. Both figures show that the grating still exists and
that the interspaces are not fully filled with p(HEMA), as the lay-
ers deposited by iCVD are conformal. Since, the p(HEMA) thin
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Figure 2. SEM characterization of the 3D printed nanostructure. a—d) Shows the nanotemplate after the fabrication with 2PP. e,f) Shows the nanotem-

plate coated with the hydrogel.

film has a similar refraction index than the resin, a clear contrast
between p(HEMA) and the template was not noticeable. The thin
film thickness was measured by ellipsometry and resulted to be:
(52+ 1), (78+ 1), and (93 + 1) nm. We chose these layer thick-
nesses to have a good trade off between stability of the deposited
thin film nanostructures and improved response time. Figure 1
proves that 2PP printing can be used to make mechanical stable
and precisely structured templates. Another advantage of 2PP is
that the printed areas can be made relatively large, although in-
creasing the size results in higher costs and larger printing times.

2.2. Humidity Measurement

Figure 2 shows three measurements of the reflected power of
the first order (m=1) diffraction peak for changing humidity
levels and different layer thicknesses. The measurements were
performed with a 635 nm laser and using the setup shown in

Adv. Sensor Res. 2023, 2200100 2200100 (3 of 8)

Figure 3. The humidity was changed within the chamber with
compressed air and relaxation to ambient humidity afterward.
For better visibility the time of opening and closing the valve was
added above each subfigure. A commercial sensor (Sensirion
SHT-31) was placed inside to simultaneously track the humidity
change. In all three Figure 2a—c, the measured reflected power
is labeled with red and the commercial sensor with blue. In all
Figure 2a—c, a clear correlation between the 2PP hydrogel sensor
(red) and the humidity reading of the commercial sensor (blue)
is observed: in Figure 2a, the signal of the 2PP hydrogel sensor
and the commercial sensor both rise and fall if the humidity
increases or decreases, respectively. Contrary, in Figure 2b,c the
2PP hydrogel sensor follows the opposite trend: it rises when
the humidity decreases and vice versa. Additionally, in Figure 2c,
we notice that the nanostructure humidity sensor shows a very
fast humidity response compared to the commercial sensor by
comparing the slopes when the relative humidity is dropping.
We noticed that for the highest film thickness (Figure 2a),
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Figure 3. Results of the 2PP hydrogel sensor measurements. The hydro-
gel thicknesses were 93, 78, and 52 nm for a—c), respectively. “On” and
“off” above each subfigure show the time of opening and closing the pres-
surized air valve. The arrows reference the measurement signals to the
respective y-axis.

93 nm thickness) the signal of the 2PP hydrogel sensor fol-
lowed the signal of the commercial sensor. For both thinner
film thicknesses (Figure 2b,c) the 2PP hydrogel sensor was
not in phase with the commercial signal anymore, since it was
much faster at detecting the rise in humidity. It is also worth to
mention that the measurements work exceptionally well for low
humidity, although the swelling of the hydrogel is expected to be
very small. As shown in the supporting information Figure S2
(Supporting Information) large swellings are detectable only for
humidity levels above 80 %. This is due to the optical detection
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method, which contrarily to other techniques,*’! allows to detect
also small thickness changes. For reference, we also performed
a measurement on a bare 2PP nanostructured template. The
results are reported in Figure S3 (Supporting Information). In
this case, no correlation between humidity and power signal can
be observed, clearly demonstrating how the humidity response
is due to the presence of the hydrogel.

2.3. Simulation Results

The experimental design of nanostructures was supported by
multi-physic modeling where the interaction between optical and
material properties of the structured hydrogel thin film has been
studied. In Figure 4, the result of the multiphysic simulation is
presented for a single nanopillar coated with the hydrogel, be-
fore and after the humidity driven swelling. In the FEM based
model we combined the swelling of the hydrogel with the optical
properties of the materials and nanostructure in one simulation.
Similar to the experiment the optical wave was excited on top and
got diffracted by the structure afterward leading to transmitted
and reflected light. Due to the structure size and wavelength just
diffraction orders of m=-1 and m=+1 were reached. All simula-
tions were done for an incident angle of 0 °. In the optical simula-
tion the results leads to diffraction orders for the direct reflected
light (R,), m=-1(R_,) and m=+1 (R, ). The diffraction orders of
the transmitted light can be seen in the simulation too, but they
are not highlighted, because in the experiment the reflected light
was measured. The angle of the diffraction orders agrees with the
expected angle from the general grating Equation 1.

The results of the swelling simulation of the hydrogel are
shown on the right column of Figure 4 and the value of the
swelling is included as color bar. For the simulation of the me-
chanical properties of the ultrathin hydrogel film we used the
swelling curve as shown in the supporting information (Fig-
ure S3, Supporting Information). In Figure 4b,d.f, the swelling
is increased for high humidity. Contrary to Figure 4b,d, we can
notice that in Figure 4f the swelling is so strong that it exceeds the
boundaries of the unit cell, which could result in sticking of the
hydrogel coming from two consecutive pillars for high relative
humidity values. The simulations clearly show that the intensity
of the diffracted beam increases upon swelling. The diffraction
angle of the first order does not change for the swollen ultrathin
film. Furthermore, the simulation of the swelling of the hydrogel
gives an indication for the maximum thin film deposition thick-
ness.

2.4. Humidity Measurement with Different Flow Rates

In addition, we tried to observe the influence of the humidity
flowrate on the hydrogel sensor response to prove that the nanos-
tructured sensor is also sensitive to different change rates of hu-
mid air in the measurement chamber. Therefore, the flow rate
was controlled with a mass flow controller as shown in Figure 3.
We chose the sample with 93 nm layer thickness, because the
optical signal showed the best correlation with the commercial
sensor and measured the humidity response for the 2PP hydro-

gel sensor and the commercial sensor for 6, 3, and 0.5 1 min~.
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Figure 4. Results of the simulation for low and high swelling of the hydrogel. The simulations in subfigure a,b) were performed for a thin film thickness
of 52 nm, subfigure c,d) for 78 nm and finally, e,f) for 93 nm. For better visibility the results of the optical simulation (left column) and the swelling
(right column) are magnified in all subfigures. For the optical simulation the color bar indicates the normalized electric field. Abbreviations: Ry... direct
reflected beam. R_;... diffraction order m=—1. R, ;... diffraction order m=+1. | ... incoming beam.

The result is presented in Figure 5: here the reflected power (red)
was measured for changing relative humidity, but for different
flowrates during one measurement. During the measurement
the humidity change was simultaneously measured with a com-
mercial sensor (blue). In Figure 5, the flowrates are marked with
colored areas starting from the fastest flowrate (orange, 61 min~!)
to medium (green, 3 1 min~!) and slow (violet, 0.5 | min~!). We

Adv. Sensor Res. 2023, 2200100 2200100 (5 of 8)

can observe that the flowrate influences the response behaviour
of the measurement signal, leading to faster response times for
higher flowrates (orange) by comparing the slopes of the mea-
sured signal for different flow rates. Afterward, when changing
the flowrate to 0.5 1 min~" (violet) the response was much slower.
In this experiment the different flowrates influence the supply
rate of the humidity within the measurement chamber, therefore

© 2023 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH
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a higher flowrate results in a faster change of the sensor signal.
At low flow rate, when the supply is low, the sensor based on the
hydrogel shows a faster response to the humidity then the com-
mercial sensor. Therefore, we conclude that the limiting factor for
the humidity measurement speed in the case of the presented de-
vices is the humidity supply. In general, Figure 5 also proves that
the the nanostructured thin film dynamically responds for differ-
ent velocities of humidity changes during one measurement.

3. Conclusion

We demonstrated the combination of p(HEMA) deposited with
iCVD and 2PP to fabricate large nanostructured surfaces of ultra-
thin hydrogels. 2PP printing can be used to fabricate nanotem-
plates with precise feature sizes down to nanometer length scale.
With iCVD we were able to deposit smooth ultrathin films with
52,78, and 93 nm thickness on 2PP printed templates. Those ul-
trathin films show very fast response time due to short diffusion
times of water into the hydrogel. The nanostructure of the films
was designed to measure the intensity the first diffraction order
as proxy for humidity. The combination of good optical proper-
ties of the ultrathin films together with their great response to
the change in humidity made us able to achieve a fast responding
2PP hydrogel sensor. Additionally, an optical readout method al-
lowed to clearly detect changes in the low humidity regime, which
was unexpected when using hydrogels as sensing layers due to
their lower response in that regime. Compared to the state-of-
the-art humidity sensor, which work by electrical read-out and
has a response time of around 8 s, the 2PP hydrogel sensor re-
acted approximately an order of magnitude faster to the change
in relative humidity. The 2PP hydrogel sensor also showed dif-
ferent response characteristics depending on the humidity flow
rate indicating a fast sensor response. The design and a study
about the physical sensor effect was supported by multiphysical
simulation in Comsol. Here, we combined the optical and me-
chanical properties of the thin film. With the optical simulation
we were able to simulate the diffraction grating effect, while the
mechanical simulation added the swelling of the hydrogel and as
well, gave an estimation of the limits for the thicknesses of ul-
trathin films which are deposited on 2PP templates. COMSOL
offers a great tool to support the design of nanostructures and
afterward to model the physical effect. The actual model allows
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Figure 6. Sketch of the template after the hydrogel deposition.

to change geometries or parameters very quick to analyze more
complex geometries in the future as well. Further work will fo-
cus on different template shapes to further optimize the sensor
characteristic with respect to stability and rise time.

4. Experimental Section

Modeling of the Nanostructure: The simulation was similarly struc-
tured as in previous workl”] and performed with a commercial FEM soft-
ware (COMSOL). COMSOL brings the advance of multi-physic coupling
during one simulation. To reduce the computational time, a unit cell in-
cluding periodic boundary conditions was designed. Our structure is a
diffraction grating, which can be described as a periodic arrangement of
lines with different depths. The simulation of the optical properties was
done withing the wave optics module, whereas the mechanical properties
were simulated with the solid mechanics module. A short summary of the
latter module can be found supporting information. In this work, the op-
tical effect causing of the structure design, with the swelling properties of
the hydrogel thin film was successfully combined. The utilized materials
reproduced the experimental situation as shown in Figure 6: On top of the
unit cell contains two air regions were build. Inside the second air region
were the template and with the hydrogel layer (PHEMA), followed again
by two air regions again. The substrate was not considered in the simu-
lation because the different scale compared to the nanostructures would
increase the simulation time too much. Figure 6 also shows the different
boundary conditions as colored lines, and they will be described in the next
subsection:

Wave Optics Module: In Figure 6, the magenta colored boxes are so-
called ‘Perfectly Matched Layers’ (PML) in COMSOL, which were domains
to ensure that no electromagnetic waves were reflected back into the ports.
The red boundaries show periodic boundary conditions, which were nec-
essary for describing a diffraction grating. For the propagation of electro-
magnetic waves two ports, namely an excitation port (Port 1) and a trans-
mission port (Port 2), which were both indicated with blue, were needed.
The excitation Port 1 also receives the reflected part of the light. The op-
tical simulations were performed with the perfect structure-to-wavelength
ratio of the diffraction grating which was, of course, never accomplished
in the experimental situation. The wavelength of the incident electromag-
netic wave at Port T was set to 635 nm, similar to the laser in the experi-
ment.

Hygroscopic Swelling: The swelling was modeled from experimental
data which were recorded by in-house ellipsometry (see Supporting Infor-
mation). The drawn black lines in Figure 6 were called rolling boundary
conditions which prevent the hydrogel to swell in the horizontal direction.
Contrary, to free boundary conditions (green) that ensure the swelling
hydrogel in all directions. Finally, at the interface between template
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Figure 7. Sketch of the measurement setup with magnified measurement
cell. (A) Pressured Air, (MFC) Massflow Controller, (P) Powermeter, (L)
Laser, (C) Commercial Sensor, (S) Substrate, and (O) Outlet.

and hydrogel fixed boundary conditions simulated the non-swelling of
the template.

Nanotemplate Fabrication: The nanotemplate was fabricated with
the 2PP 3D printer NanoOne.38] The printer contains a femtosecond
laser with 250 mW maximum average power, 95 fs pulse length, 780 nm
center wavelength and 80 MHz repetition rate. For the current structure
dimensions the 60x objective (NA=1.42) was used, being able to reach
feature sizes of <200 and < 550 nm for horizontal and vertical direction,
respectively. For the printing material the 2-photon resin UpBrix from
upNano was used. The structure was printed onto a glass substrate with
10 mm x 10 mm area. After the printing the sample is put into an acetone
bath to remove resin residuals. As nanostructure diffraction gratings with
a 800 nm grating constant were fabricated with 400 nm linewidths and
400 nm spacing between them.

Thin Film Deposition: The thin film deposition was done in a custom
build reactor as already described in ref. [39]. Polymers of 2-hydroxyethyl-
methacrylate (HEMA, Sigma Aldrich,flowrate = 0.392 sccm) were de-
posited on Si-wafers and the 3D printed nano-templates. The Si-wafers
with planar deposited thin films were used to measure the thickness of
the thin films by laser interference in-situ and ellipsometric measurements
(Woolam, M2000 VASE) afterward. As initiator for the polymerization di-
tert-butyl peroxide (TBPO, Sigma Aldrich, flowrate = 1 sccm) was used.
The monomer HEMA was heated up to 70 °C. The working pressure during
the thin film deposition was held at 500 mTorr. The substrate and NiCr fil-
ament temperatures were 35 and 300 °C, respectively. A schematic sketch
of the template after the hydrogel deposition can be seen in Figure 7.
Please note that the dimensions of the substrate in the sketch do no fit
the real ones. Thin films of different thicknesses were deposited on the
nano-templates in different depositions cycles. The different layer thick-
nesses were regulated by the deposition time.

Humidity Measurement Setup: A sketch of the measurement setup is
shown in Figure 7. The measurement setup was designed to measure the
reflected power (P) of the first order diffraction (m=1) of the grating. The
measurement cell was designed with SolidWorks and afterward 3D printed
(Formlabs). It contained the nanostrucutured substrate (S) and addition-
ally, a commercial sensor (C) from sensirion (SHT-31) was placed in the
measurement chamber too. With a 635 nm laser (L) the first diffraction
order was excited. The in-flow of pressured air (A) was regulated with
a massflow controller (MFC) from Voegtlin. The humidity ramp was ob-
tained by opening valve A and allowing pressured air to flow in the cham-
ber and lower the RH. Afterward, the valve A was closed until the system
had recovered to atmospheric humidity. The MFC, commercial sensor and
powermeter were connected to a PC, controlled and read-out by their stan-
dard software.

Statistical Analysis: ~ Statistical analysis was not performed, since for
the measurements mostly type B measurement uncertainties were as-
sumed.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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