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ABSTRACT: Shape optimization of microstructures such as
microlenses and diffractive o ptical e lements f abricated b y multi-

photon laser printing is routinely performed by optical character-
ization after completing printing and development (ex situ). It is,
however, highly desirable, instead of or in addition, to optically
characterize the samples during the printing process before
development (in situ). H ere, we successfully demonstrate the
integration of in-situ quantitative phase imaging into a commercial
multi-photon laser printer. In terms of hardware, this integration
merely requires adding illumination by a collimated LED and a
small aperture to the existing beam path. In terms of software, we

use well-established reconstruction algorithms based on a stack of through-focus, wide-field o ptical images a cquired within a few
seconds. We verify this approach by inspecting the topography of various microoptical elements printed with different photoresists
and comparing the results with ex-situ measurements obtained by using a spinning-disk confocal optical microscope.

KEYWORDS: multi-photon laser printing, quantitative phase imaging, in-situ monitoring, microoptical devices,

refractive index measurement

INTRODUCTION

Multi-photon laser printing has become a widely used method
for the fabrication of microoptical elements and devices.' ™
However, measuring the final topography of a printed sample
requires removing it from the printing setup, developing it, and
analyzing it with a separate imaging tool.” * This process can
be time-consuming and challenging, making optimization and
quality control of printed microstructures difficult.” In-situ
measurements, which involve imaging the structure in the
same photoresist droplet during printing, offer a potential
solution to this problem. In-situ imaging can provide direct
access to the sample properties and morphology before the
development step, significantly simplifying the optimization
procedure. However, a feasible in-situ method for multi-
photon laser printing must meet specific requirements: it
should be relatively fast, have micrometer resolution, and not
cause any undesirable modifications of the printed specimens
due to the inspection process.

In recent years, optical coherence tomography (OCT) and
optical diffraction tomography (ODT) have been used for in-
situ diagnostics during multi-photon laser printing.'~"* OCT
has been demonstrated as a fast in-situ diagnostic tool that can
detect specular reflection (or back-scattering) resulting from
the refractive index difference between the polymerized
material and the monomer.'® However, this method is effective
only for imaging surfaces that are strictly perpendicular to the

optical axis, unless the structure has an additional refractive-
index inhomogeneity. ODT is an angle-scanning approach that
measures a 2D scattered field and reconstructs it into a 3D
refractive index distribution based on certain approximations,
typically Born or Rytov.'“'” Although ODT is a fast 3D
reconstruction method, it suffers from the so-called missing
cone artifacts and the fact that the inverse problem is
mathematically ill-posed.'”'* These issues significantly deteri-
orate the quality of the reconstruction, especially for thick
samples, and generally do not allow recovery of 3D refractive
index distributions for 3D laser-printed specimens.”” Fur-
thermore, both techniques are interferometric and require
highly complex optical setups. Using these setups, which must
be perfectly aligned for optimal resolution, can be quite
cumbersome.

In this article, we present a non-interferometric approach for
in-situ diagnostics during multi-photon laser printing that does
not require additional setups and can easily be performed by
using the same printing device. Our approach employs
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Figure 1. (a) Flowchart illustrating the various steps involved in evaluating the printed structure along with the corresponding measured quantities
for each experiment. (b) Scheme of the optical imaging path in Nanoscribe’s PPGT and the replaced illumination unit with the collimated LED and

aperture. CL = collimating lens, PR = photoresist, TL = tube lens.

quantitative phase imaging (QPI), a wide-field microscopy tool
that reconstructs the phase difference between a sample and
the medium surrounding it by measuring the phase shift of
light after propagation through the specimen along the
direction of the optical axis."™"® For QPI implementation,
we use the so-called transport-of-intensity equation (TIE),
which provides access to quantitative phase information with
high resolution from intensity measurements.'””° This method
requires only a through-focus intensity image stack obtained by
using spatially coherent illumination.”’ TIE-QPI already has
numerous applications in biophotonics and optical metrology,
including the measurement of cellular dry mass,””** dynamic
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and the characterization of microlenses and

cell imaging,
optical fibers.””*® To integrate this approach into the laser
printing setup, we merely add a collimating lens and a small
aperture. We record a set of intensity images taken at different
sample positions along the optical axis immediately after laser
exposure. Using the TIE numerical solver, we reconstruct the
phase difference between the printed structure and the
photoresist from the obtained images. To validate the QPI
results, we compare them with ex-situ height measurements
obtained after sample development using a spinning disk
confocal microscope (SDCM). In addition, we apply QPI after
sample re-immersion to visualize phase differences that
occurred after the development step. Using this three-step
approach (in-situ QPI—SDCM—re-immersed QPI), we derive
the refractive index of polymer microstructures printed with
two different photoresists, relative shrinkage, and measure in-
situ topography of printed microoptical elements, such as
different diffractive optical elements and microlenses.

EXPERIMENTAL CONFIGURATION AND METHODS

A flowchart depicting the sequence of experiments is presented
in Figure 1a. We produce our samples in the dip-in*’ mode of
the commercial multi-photon laser printer Photonic Profes-
sional GT (PPGT) by Nanoscribe. The setup features a built-
in imaging module (Figure 1b) that consists of a tube lens and
a camera to capture wide-field images of the printed specimen
during the printing process. To incorporate QPI into the
printing setup, we substitute the standard transmission
illumination unit, which consists of an LED with a diffusor,
with a collimated LED (Thorlabs M625L4, central wavelength
Ay = 630 nm) and place a small aperture (Thorlabs P90OK,
diameter d = 900 ym) directly onto the sample holder. The
aperture provides sufficient spatial coherence of the illuminat-
ing light, which is required for the high signal-to-noise ratio of
phase reconstruction using TIE. The aperture size does not
affect the quality of reconstruction as long as its diameter is
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smaller than several millimeters.

After the laser printing
process, we acquire an in-focus image with intensity I; (z,
plane) and 30 out-of-focus images in both directions (z_ and
z, planes) with a defocus distance of Az = 2 um. The selection
of the defocus distance is a trade-oft between low-frequency
noise (if Az is too small) and nonlinearity error (if Az is too
big). The chosen value of Az = 2 ym lies within the acceptable
range.”' The exposure time of a single frame is 1.4 ms for a
25X/NAO0.8 objective and 8 ms for a 63X/NAl.4 objective
lens. The acquisition process takes approximately 20 s using
the NanoWrite software. Faster data acquisition down to less
than 1 s appears possible, provided that direct access to the
printer hardware exists.
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Figure 2. Measurements of IP-S cuboids printed with different laser powers (10—22.5 mW in steps of 2.5 mW). (a) Phase differences measured in
situ (left panel) and after development, followed by re-immersion (middle panel) as well as height profiles measured by SDCM after development
in the air (right panel). (b) Phase difference profiles obtained by in-situ QPI (brown curve) and by QPI after re-immersion in the same photoresist
(orange curve). (c) Ten independent measurements of phase differences of one of the cuboids to test reproducibility.

Thereafter, the image stack containing 61 intensity images is
processed using the optimal frequency selection (OFS)

algorithm®*** to solve the TIE given by
k oI(r)
- = VZ(Aqoin—sim(r))
I(r) oz (1)

and obtain the in-situ phase difference between the
polymerized material and the unpolymerized photoresist
A@,, - Here, k = 27n,, /A, with refractive index n,,,, of
the immersion liquid used, and r refers to the lateral 2D spatial
coordinate vector. The OFS method consists of three steps.
First, we apply a digital Savitzky—Golay differentiation filter
with different polynomial degrees for smoothing the data and
estimating the intensity derivative 0I(r)/dz. Second, we
calculate phase distributions by using the fast Fourier
transform method™ to solve eq 1 with the computed intensity
derivatives. The final phase difference is then reconstructed
from the optimal frequency components of the calculated
phase distributions using a filter bank in the spatial frequency
domain. It takes 10—40 s to obtain the final 2D phase
distribution from the recorded intensity stack depending on
the structure size. A more detailed description of the OFS
algorithm is available in ref 32.

The phase difference can be expressed in terms of the height
of the printed structure h;(r) and the refractive index
difference between the polymer and the monomer An, as

2mAnh(r)

Ag, () =
mn — sl r A/O (2)

After in-situ imaging, we develop structures in propylene
glycol methyl ether acetate (PGMEA) for 15 min and in
isopropyl alcohol for 5 min and measure their topography
hy(r) in ambient air using SDCM (MarSurf CM expert). To
check for changes in the printed object due to the development
process, we image the developed sample after re-immersion in
the same photoresist. We reconstruct the new phase difference
A@,._im using the same QPI-TIE procedure

27 Anghy(r)

Ap . (r) =
qDre 1mr /10 (3)

RESULTS

Polymer Refractive Index and Shrinkage Evaluation.

We test the proposed in-situ imaging method by investigating
different example structures. We start with cuboid blocks
printed with different laser powers and hence with different
refractive indices. We use the Nanoscribe IP-S photoresist and
a 25X/NAO0.8 objective lens to print six blocks with a designed
volume of 40 X 10 X 3 um>. The blocks are printed with a
focus scanning speed of 2.5 cm/s. The laser power used for
printing is varied from 10 to 22.5 mW in steps of 2.5 mW,
covering a laser power range from polymerization to
overexposure thresholds. We use a hatching distance of 125
nm and a slicing distance of 300 nm. The reconstructed in situ
phase differences Ay, g, the post-development phase differ-
ences after re-immersion A, i, and the ex-situ height
measurements h, are presented in Figure 2a. Line profiles (red
lines in Figure 2a) through the reconstructed phases of the
printed blocks are depicted in Figure 2b. These profiles show
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Figure 3. Polymer refractive index and shrinkage as functions of writing laser power under two assumptions: no change in refractive index
difference after printing and after re-immersion and no change in height between development and re-immersion. (a) Polymer refractive index
versus laser power for Nanoscribe IP-S with the reference value for fully polymerized structures (orange line) from ref 36. (b) Polymer refractive
index versus laser power for Nanoscribe IP-Dip with the reference values (orange) from ref 37. (c) Relative shrinkage dependence for IP-S. (d)

Relative shrinkage dependence for IP-Dip.

differences in the phase before development (brown curve)
and after development, followed by re-immersion (orange
curve), which depend on writing laser power and can be
interpreted in terms of polymer shrinkage, as will be discussed
further below. In addition, we exemplify the stability of the
QPI method by measuring the phase profile of one of the
blocks 10 times (Figure 2c), leading to a relative standard
deviation of less than 1%.

The measured re-immersed phase difference can be recast
into the refractive index difference by using eq 3 and two
additional assumptions, namely, An; = An; and h, = h;. These
assumptions imply that the refractive index change of the
sample after printing and after development followed by re-
immersion is the same and that the height of the developed
structure remains unchanged after re-immersion. Under these
conditions, the refractive index difference can be expressed as

An, = An, = M
27h, (4)

We also print IP-Dip cuboids using a 63X/NA1.4 objective
lens and the same writing parameters as for the IP-S structures.
The polymer refractive index calculated from eq 4 versus the
writing laser power for the photoresists Nanoscribe IP-S and
IP-Dip, respectively, is presented in Figure 3a,b. To determine
the polymer refractive index, we use the NanoGuide refractive
index values of liquid IP-S** and IP-Dip,” which are equal to
np.g = 1483 and npppy, = 1.518. We compare our obtained
refractive index data for the IP-S photoresist with the fully
polymerized refractive index value at 4, = 630 nm free-space
wavelength from ref 36. For the IP-Dip photoresist, we also

plot polymer refractive index versus laser power from ref 37
obtained for similar structures and wavelengths.

The obtained refractive index dependencies are supported
by published data for both photoresists. In the case of IP-S, the
observed saturation in the refractive index falls within the range
of the reference value for a fully polymerized structure. For IP-
Dip, the measured values align with the reference saturation
curve within typical variations among different batches of the
photoresist.

The phase differences between in-situ QPI and re-immersed
QPI in Figure 2b stem from the height change due to polymer
shrinkage. Such shrinkage is well known. It occurs when
unpolymerized oligomers and unreacted initiators are washed
out during the development process. The shrinkage value
depends on the degree of polymerization and hence on the
writing laser power.””*” To estimate the relative shrinkage S,
one can use the height ratio after and before development: S =
1 — hy/h;. Using eqs 3 and 4, this quantity, under the same
assumptions, transforms to the phase ratio after re-immersion
and after printing: S = 1 — A@,eim/A@i.gv- Based on this
expression, we calculate the relative shrinkage and plot it versus
laser power in Figure 3c,d for both photoresists. The obtained
shrinkage values are in the range of S—30%, which is consistent
with the previously reported shrinkage of Nanoscribe photo-
resists.*’

Topography Measurements of Printed Microoptical
Elements. Next, we apply in-situ QPI for printed microoptical
elements. First, we print and evaluate a microlens using a
Nanoscribe IP-S photoresist and a 25X/NAO0.8 objective lens.
For the printing, we use 20 mW laser power, 4 cm/s focus
scanning velocity, S0 nm slicing distance, and 100 nm hatching
distance. The printed microlens has an aspheric design with a
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radius of curvature of 1.03 mm, a conic constant of —2.30, and
an overall volume of 75 X 100 X 3.9 ym®. To compare QPI
and SDCM measurements, we express the phase difference
through height using eqs 2 and 3 and the average refractive
index difference between the polymer and the photoresist of
Ang, = 0.025, which is defined in Figure 3a. Microlens
topography maps and central profiles for all the three cases (in-
situ QPI, ex-situ SDCM, and re-immersed QPI) are presented

in Figure 4. For better visibility of measured quantities, we plot
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Figure 4. IP-S microlens measurements. (a) Topography maps of a
printed microlens. QPI measurements (left and central panels) and
the SDCM height profile (right panel) are illustrated using the same
false-color scale. Phase differences are expressed through height using
the average refractive index difference of An,,, = 0.025 (see Figure
3a). (b) Central profiles for in-situ QPI (solid orange curve), re-
immersed QPI (dashed orange curve), SDCM height (blue curve),
and the designed height (purple curve).

the profiles in Figure 4b using two y-axes. The left axis (blue
color) corresponds to the measured height, and the right axis
(orange color) corresponds to the measured phase differences.
Analyzing the measured data, we observe a slight change in the
phase difference of 7% after re-immersion of the sample,
caused by shrinkage. The QPI-calculated height profile of the
re-immersed sample (dashed orange curve) matches the height
measurements obtained by SDCM (blue curve), which
additionally confirms the validity of the imaging method.
Although the QPI results are in good agreement with the
topography measurements, the final height profile differs
considerably from the designed value (purple curve). The
reason is that the designed height does not take into account
the voxel size that can be up to 2.3 ym in the axial direction'’
and that the proximity effect, which refers to the dose
accumulation in the vicinity of previously 4polymerlzed regions,
of the IP-S photoresist is pronounced. To solve these
issues, the new method of multl -photon grayscale lithography
can be applied for printing.*’

We can also apply the proposed method to printed
diffractive optical elements (DOEs). Fabricated by multi-
photon laser printing, DOEs are employed for wavefront
manipulation in a variety of apphcatlons, such as aberration
correction for X-ray optics,"* generatmg subwavelength focal
spot arrays,” off-axis holography,” etc. In this study, we inspect
two DOEs that have been used for multi-focus laser printers.

Using the IP-S resist and the 25X/NA0.8 objective lens, we
print and image a single unit cell of the DOE that is designed
as a diffractive beam splitter for 7 >< 7 foci multi-photon laser
printing at high scanning speeds.”® We use the following
parameters for printing: 15 mW laser power, 4 cm/s focus
scanning velocity, 85 nm slicing distance, and 100 nm hatching
distance. This DOE has a smooth shape, whose measurements
are presented in Figure 5a. Phase differences are recalculated to
height and are illustrated in the same manner as for the
microlens in Figure 4. As shown in Figure Sb, the height
profiles of the IP-S DOE for all the three cases (in situ, after
development, and after re-immersion) are similar to each
other, which means that shrinkage during development is small
and less than 5%. Like the microlens, the measured height of
the IP-S DOE deviates from the designed value due to the
proximity effect and voxel height. Thus, applying in-situ QPI
during printing can help to evaluate such deviations from the
design and compensate for them on the fly.

Furthermore, we print and evaluate a DOE consisting of
several unit cells from ref 47 using the IP-Dip resist and the
63X/NA1.4 objective lens with the following printing
parameters: 30 mW laser power, 5 cm/s focus scanning
speed, and 145 nm hatching distance. This DOE has only eight
different height levels and is used for splitting the beam into 3
X 3 beamlets. Its measured topography is shown in Figure Sc.
We use the same refractive index difference of An,,, = 0.025,
obtained from Figure 3b, as that for IP-S structures to translate
phase differences to physical heights. The height profiles of the
IP-Dip DOE are depicted in Figure 5d. Herein, the difference
between in-situ QPI (solid orange curve) and QPI after re-
immersion (dashed orange curve) is also small. The relative
shrinkage is less than 5%. We note that, in comparison with the
IP-S DOE, the IP-Dip DOE design (purple curve) is originally
developed for printing on PPGT and, hence, it already
accounts for the finite voxel height. The discrepancy between
the designed and measured height values in Figure S5d stems
from printing imperfections and is subject of further
optimization. Thus, the proposed in-situ QPI method can
facilitate and speed up the shape optimization process by
partially or completely removing the development step.

DISCUSSION AND CONCLUSIONS

In summary, we have demonstrated that TIE-QPI is a reliable
method for examining topography during multi-photon laser
printing. The imaging method is inexpensive and can be
directly integrated into any laser printing setup by adding a
small aperture and a collimated LED. The total time for data
acquisition and data evaluation is less than 1 min, making TIE-
QPI suitable for routine and fast in-situ monitoring. The
obtained phase reconstructions of various designs, such as
rectangular blocks, a microlens, and different DOEs, have been
validated using ex-situ SDCM height measurements. Perform-
ing additional QPI measurements after development and re-
immersion in the same photoresist provides valuable
information about sample shrinkage, which can then be further
used as a feasible method of shrinkage estimation for various
photoresists. We believe that QPI can be used regularly for the
in-situ inspection of 2.5D structures and on-the-fly optimiza-
tion of printed microoptics. Moreover, implementing QPI
during printing to measure layer-to-layer phase accumulation
and use of a priori knowledge of the printed specimen could in
the future improve the accuracy of reconstruction and expand
possible imaging applications to 3D.
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Figure 5. DOE measurements. Phase differences are translated to height using a refractive index difference of An,,, = 0.025 (see Figure 3a,b). (a)
IP-S DOE* topographies for three cases: in-situ QPI, QPI after re-immersion, and SDCM measurements in the air. (b) Height (blue curve) and
phase (orange curves) distributions as well as the designed value (purple curve) along the y-cut for IP-S DOE. (c) IP-Dip DOE*’ topographies. (d)
Height and phase distributions along the x-cut for IP-Dip DOE. Detailed design of the DOE structures has been presented in refs 46 and 47 and

shall not be repeated here.

Although the overall quality of the in-situ phase
reconstructions is even comparable to the quality of height
measurements obtained by ex-situ SDCM, there are several
limitations of the used TIE-QPI method that any user should
be aware of:

1. The used OFS algorithm relies on the slowly varying-
object approximation, which assumes a small phase
change within a small spatial neighborhood.”** Thus,
the printed object should not have abrupt phase jumps
in the lateral direction. This means one should avoid
using this method for imaging structures containing
steep slopes or even tall vertical walls.

2. The phase-to-height translation of the printed objects in
Figures 4 and S assumes that the refractive index
difference between the polymer and the monomer is a
constant value, which may not be fully true for certain
structures. The slight discrepancy between QPI and
SDCM height values in Figure 5d might be due to this
aspect.

3. During solving the TIE by fast Fourier transform, we
imply periodic boundary conditions. This may lead to
artifacts at image boundaries if the printed object is
larger than the lateral field of view. To address this issue,
an additional aperture can be placed in the image
plane.”® However, this solution is not feasible for
commercial laser printing setups such as the Nanoscribe
PPGT since the manufacturer does not provide free
access to the optical beam path behind the objective
lens. In contrast, this solution is straightforward to
implement in home-built setups.

4. Since TIE-QPI recovers the phase based on the intensity
derivative with respect to z, one must be confident that
this intensity change arises only from the sample phase.
For example, if a printed microlens focuses the incident
illumination within the image capture range, the
emerging intensity from the focal spot will affect the
final phase reconstruction. Another example is oligomer
“blobs” in a photoresist that can float in the volume
between an objective lens and a substrate.'” Such

refractive index inhomogeneities are not stable versus
time. Therefore, they can produce additional phase noise
and artifacts in the phase reconstruction. The back-
ground noise in Figure 4a has this origin.

ASSOCIATED CONTENT

Data Availability Statement

The raw intensity data and the QPI-TIE phase reconstruction
algorithm will be published in the open-access data repository
of Karlsruhe Institute of Technology (10.35097/1004). The
used MATLAB code is based on the OFS method published in
ref 32.
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