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Abstract

CrossMark

Sophisticated three-dimensional microstructures fabricated using the negative tone SU-8
photoresist are used in many biomedical and microfluidic applications. Scanning electron
microscopy (SEM) and profilometry are commonly used metrological techniques for the
dimensional characterization of fabricated SU-8 microstructures but are not viable for
non-destructive measurements and characterization of subsurface features like hidden
microchannels. In this study, we report a unique methodology for the non-destructive
dimensional characterization of SU-8 microstructures using the emitted autofluorescence
radiation from fabricated SU-8 microstructures to generate depth profiles. The relationship
between autofluorescence emission intensities and the thicknesses of the microstructures
measured using SEM was determined and used to characterize the dimensions of unknown
SU-8 microstructures based on their autofluorescence intensities. Lateral dimensions were also
measured. This relationship was used to create highly accurate depth profiles for different types
of microstructures including hidden subsurface features. These results were validated by
comparison with SEM. The results suggest a feasible and accurate non-destructive, low cost,
metrological technique to characterize SU-8 surface and subsurface microstructures using

autofluorescence emission intensities.
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1. Introduction

The negative photoresist SU-8 has become a widely used
structural material for fabricating microelectromechanical
systems (MEMS) devices for a variety of applications
including biomedical diagnostics with lab-on-a-chip designs,
manipulating small volume fluid flow using microfluidics,
and hermetic packaging for implantable devices [1-5]. The
increasing demand for SU-8 in MEMS devices is in large part
due to its range of desirable properties which include optical
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transparency, biocompatibility, ease of fabrication, and mech-
anical strength. However, one potential limitation of SU-8
for MEMS applications is the relatively high autofluorescence
emissions observed at visible wavelengths, which can interfere
or mask detection of fluorescent dyes and probes for biological
MEMS (Bio-MEMS) applications [6-9]. Although research
has been directed towards reducing SU-8 autofluorescence,
it has proven difficult to eliminate entirely since the level of
autofluorescence emission is directly proportional to the thick-
ness of SU-8 [9]. While SU-8’s high autofluorescence emis-
sion limits its applications for fluorescence-based Bio-MEMS,
it has untapped potential as an imaging and metrology tech-
nique for measuring SU-8 dimensions.

© 2021 IOP Publishing Ltd  Printed in the UK
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Metrology is a critical step in the SU-8 microfabrication
process where imaging or other measurement tools are used to
inspect and validate the dimensional accuracy of SU-8 micro-
structures. Recent advances in grayscale SU-8 photolitho-
graphy make this step particularly important since it facilitates
microfabrication of complex three-dimensional (3D) micro-
structures containing enclosed microchannels and other hid-
den subsurface features [10]. Despite the widespread usage
of SU-8 for MEMS applications, a limited number of metro-
logy techniques have been employed. Most commonly, scan-
ning electron microscopy (SEM) and optical profilometry have
been utilized for determining the thickness and lateral dimen-
sions of SU-8 microstructures. These methods provide high-
resolution measurements for simple microstructures but can-
not measure the thicknesses of complex 3D microstructures
with hidden features without destructive sectioning. Here, we
propose fluorescence microscopy as an alternative metrology
technique offering advantages over existing SU-8 metrology
methods.

In this work, we present a novel method for using SU-8’s
inherent autofluorescence emission as a metrology technique
to measure the thickness and lateral dimensions of SU-8
microstructures. Using a conventional fluorescence micro-
scope, we imaged 3D SU-8 microstructures with a standard
DAPI filter set (peak excitation wavelength of 365 nm; peak
emission wavelength of 440 nm) and modeled the relation-
ship between SU-8 thickness and the resulting autofluores-
cence emission intensity with a variation of Beer—Lambert’s
Law. We also characterized lateral dimensions using the
autofluorescence emission image profiles. We then validated
these estimated thickness and lateral dimensions with results
obtained from SEM imaging as part of blinded experiments.
In comparison with existing techniques, our low-cost method
allows fast topological identification and thickness measure-
ment of 3D microstructures in-situ without destructive sec-
tioning since it measures emitted light radiation instead of the
reflected light. This measurement of emitted radiation enables
the non-destructive characterization of surface as well as sub-
surface features in microstructures, which is impossible with
other existing techniques like optical profilometry or SEM. In
the following sections, we report the methodology and results
for autofluorescence emission measurement of SU-8 samples
verified with data from SEM imaging.

2. Methods

The autofluorescence emission-based metrology technique
required the following five steps. The first step was the micro-
fabrication of the samples on borosilicate glass substrates. The
second step involved the fabrication of the samples on sil-
icon substrates. Glass and silicon substrates were chosen to
test the reliability of the technique on both transparent and
opaque substrates. The samples included semicircular pyr-
amidal structures and hidden subsurface structures. The next
step was to image the autofluorescence emission of these
samples by capturing the response to UV radiation gener-
ated from an epi-fluorescence illuminator. The third step was

the determination of feature size using SEM to measure both
the lateral dimensions and the thickness of the SU-8 samples.
The fourth step determined the relationship between the pixel
intensities and their corresponding feature sizes from SEM.
The autofluorescence emission images were converted into 2D
depth profile images using these relationships. The 2D depth
profile images were generated for different SU-8 microstruc-
tures of different feature sizes using this predetermined rela-
tionship between pixel intensities and the SEM feature sizes.
Finally, we validated the results obtained from our technique
by comparing it with the dimensions measured using the SEM
micrographs. Our technique was used to characterize the thick-
ness and lateral dimensions of suspended bridge structures
fabricated on silicon substrates. The results were compared
with those obtained from SEM micrographs as part of blinded
experiments.

2.1. Fabrication of the samples on borosilicate glass
Substrates

SU-8 semicircular pyramidal structures and hidden subsur-
face microstructures were fabricated in a class 1000 cleanroom
using a laser-based maskless pattern generator. The exposed
designs are depicted in figure 1. Successive multi-step spin
coating and exposure was used to create a semicircular pyr-
amidal structure of different heights. Hidden subsurface fea-
tures were fabricated using grayscale lithography. These hid-
den subsurface features consist of interconnected microwells
as depicted in figure 1(b). The process is described in detail
below.

Borosilicate glass wafers were cleaned by sequential
immersion in baths of acetone, methanol, and isopropanol. The
wafer was then dehydration baked at 200 °C for 30 min using a
programmable hot plate (Brewer Science 1300X, Brewer Sci-
ence, Rolla, MO, USA). A 100 nm layer of Omnicoat (Micro-
chem, Westborough, MA, USA) adhesion promoter was spin
coated using a programmable spin coater. The wafer was then
baked at 200 °C for 1 min using the programmable hotplate
and cooled to room temperature. On this wafer, approxim-
ately 40 pm thick SU-8 2035 was spin coated. The wafer was
softbaked at 65 °C for 3 min and 95 °C for 15 min using the
programmable hot plate. The exposure was performed using a
maskless pattern generator (LWPG101, Heidelberg Instruments,
Heidelberg, Germany) at 17.5 mW laser power.

Subsequent spin coating, softbake and exposure were used
on this wafer to create the semicircular pyramidal structures
(figure 1(a)) of nominal thicknesses 80 pm, 120 pm, 160 pm,
and 200 pm. Exposure powers of 17.5 mW, 21 mW, 28 mW,
and 35 mW respectively were used to create these layers. An
exposure power of 17.5 mW was found to be adequate to create
both 40 ym and 80 pm layer thicknesses. The post exposure
bake was performed by baking the wafer at 65 °C for 6 min
and 95 °C for 35 min using the programmable hot plate and
cooled to room temperature. The wafer was then developed
using SU-8 developer (Microchem, Westborough, MA, USA).

Hidden subsurface structures (figure 1(b)) were fabricated
on a separate borosilicate glass wafer coated with Omnicoat
adhesion promoter using grayscale lithography. The hidden
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Figure 1. Schematic images of SU-8 microstructures. (a) Top view
and side view of the five layered semicircular pyramidal structures.
Each layer is roughly 40 psm thick. The width of the pyramid ranges
from 2500 pm at the bottommost layer to 500 pm at the topmost
layer in steps of 500 zm®. (b) Top view and side view image of the
interconnected microwell structures fabricated using grayscale
lithography. Microwells of 125 ;sm diameter are connected to each
other with microchannels of width 50 zm. Microchannels and
microwells are partially exposed using grayscale lithography to
create subsurface features. There are also pores in the center of
diameter 50 pum. Side view shows 10 pm microports inside the
microwells and the total thickness of the design is 80 pm.

subsurface structures consisted of microwells, which are
microfluidic reservoirs, interconnected by microchannels. The
fluids in the microwells were designed to be dispersed through
microports of diameter 10 pm through the center of the
microwells. The diameter of the microwells were 125 pm
and the width of the microchannels were 50 ym. The covers
for these microchannels were fabricated using reduced laser

3 Reproduced from Rountree CM, Ramkumar PK, Saggere L. Novel
imaging technique for non-destructive metrology and characterization of
ultraviolet-sensitive polymeric microstructures. Review of Scientific Instru-
ments. 1 March 2020;91(3):033710. [18], with the permission of AIP
Publishing.

power using grayscale lithography. The design also consisted
of pores of 50 pum diameter in between adjacent microwells.
Approximately 80 ym thick SU-8 2035 was spin coated on
this wafer and softbaked at 65 °C for 5 min and 95 °C for
20 min. The hidden subsurface structures were fabricated by
partially exposing the top cover of the channel with 50% of
the total laser power of 17.5 mW and the surrounding area was
exposed using 100% of the total laser power of 17.5 mW. The
wafer was then postbaked at 65 °C for 5 min and 95 °C for
15 min and developed using the SU-8 developer for 30 min.

2.2. Fabrication of microstructures on silicon substrate

To test the applicability of this technique to other substrates,
we fabricated microstructures on silicon wafers and char-
acterized the dimensions using the autofluorescence emis-
sion images. A semicircular pyramid, like the design shown
in figure 1(a), was fabricated on a silicon wafer using dry
film sheets (SUEX®, DJ Microlaminates, Inc. Sudbury, MA,
USA). These SU-8 sheets were deposited on the silicon
wafer using a professional laminator (ProLam Ultra, Akiles
Products, Inc. Mira Loma, CA, USA). All layers were depos-
ited at 65 °C unless mentioned otherwise.

We fabricated SU-8 bridge structures, suspended on
anchors, on silicon wafer (figure 2) using multilayer litho-
graphy with SU-8 sheets. The first SU-8 sheet of 125 ym nom-
inal thickness was deposited on a silicon wafer using a pro-
fessional laminator to fabricate anchor layer. This layer was
exposed using the laser pattern generator at 70 mW laser power
with a speed reduction factor of 4. The wafer was then post-
baked at 65 °C for 10 min and 95 °C for 35 min and developed
using SU-8 developer. A second SU-8 sheet of 40 ;sm nominal
thickness was deposited on the same wafer, above the anchors
at 50 °C using the professional laminator to create bridge lay-
ers. The temperature is kept at 50 °C to maintain the suspen-
sion and prevent flowing of the bridge layer during lamination.
The wafer was exposed at 70 mW laser power with a speed
reduction factor of 2. The post exposure bake was performed
at 53 °C for 8 h. The wafer was then developed using SU-8
developer.

2.3. Fluorescence imaging

The autofluorescence emission of the SU-8 microstructures
fabricated on both borosilicate glass wafers and silicon wafers
was measured using an epi-fluorescence illuminator (Nikon
Intensilight C-HGFI, Tokyo, Japan), an inverted microscope
(Nikon Eclipse Ti-E, Tokyo, Japan), and a DAPI filter set (peak
excitation wavelength of 365 nm; peak emission wavelength
of 440 nm). Images were captured with a 10x objective and a
microscope camera (Andor Zyla 5.5sCMOS, Abingdon, UK)
with an exposure time of 30 s in a dark room to prevent inter-
ference from radiation in the visible spectrum. The resulting
images were 16-bit grayscale maps of the autofluorescence
emission intensities with a resolution of 2560 by 2160 pixels
(0.65 pm/pixel). Multiple images were captured with Nikon
Elements (Nikon, Tokyo, Japan) to statistically measure the
degree of uncertainty.
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Figure 2. The top view (above) and the side view (below) of the bridge structures. The nominal thickness of the anchors and bridges are
125 pim and 40 pom, respectively. The width of the bridges and each anchor is 1000 pzm. The annotated features on the bridges are

characterized using the 2D depth profiles and validated using SEM.

2.4. Determination of feature size using SEM

The dimensions of the samples fabricated on borosilicate glass
wafers were measured using SEM.(Hitachi S-3000N, Hitachi
High Technologies America, Inc., Schaumburg, IL, USA). We
also measured the dimensions of the structures fabricated on
silicon wafers using SEM (JSM-IT500HR, JEOL Ltd, Tokyo,
Japan). A thin layer (6 nm) of platinum—palladium was first
sputter coated on the samples and then they were imaged using
SEM at 5 kV accelerating voltage. The samples were tilted
at 45° and 90° angles to directly measure the thicknesses of
the different feature sizes. The feature sizes measured from
SEM were compared with the pixel intensities of the samples
measured in the previous step.

2.5. Creation of 2D depth profie and validation of the
dimensions using SEM

The raw 16-bit autofluorescence emission images were impor-
ted into MATLAB (Mathworks, Natick, MA, USA) and con-
verted into 2D depth profile images using custom MATLAB
code. The relationship between the autofluorescence emission
intensities and the actual SU-8 thicknesses was determined by
measuring the average intensity of each distinct layer of the
SU-8 semicircular pyramidal structure (figure 1(a)). The rela-
tionship between autofluorescence emission intensities and the
corresponding SEM thickness was examined (see section 3).
Using this equation, the SU-8 thickness (£) can be determined
based on the measured autofluorescence emission intensity (x)
with the following fit parameters (a, b, c):

0= ae” +c. ()

Coefficients:

a=934
b=6.02 x 107
c=-984

R* = 0.9968.

Each raw 16-bit autofluorescence emission image was conver-
ted into a 2D depth profile by applying equation (1) on a pixel-
by-pixel basis. The resulting 2D depth profile was spatially
filtered using the algorithm of morphological opening-closing
by reconstruction with a geodesic disk-shaped filter (15 pixel
diameter) to remove the minor blemishes and debris that accu-
mulated on the SU-8 samples during autofluorescence emis-
sion imaging.

Finally, we created 2D depth profiles of the structures fab-
ricated on silicon wafers using the methodology described
above. The thickness and lateral dimensions were then determ-
ined. We first determined the relationship between SU-8
thicknesses and the corresponding autofluorescence intensit-
ies of pyramidal structures fabricated on silicon wafers. Sub-
sequently, we applied this relationship to bridge structures
fabricated on silicon wafers and generated 2D depth profile
images which was used to measure the dimensions of these
structures. We then validated these dimensions using the SEM
micrographs as part of blinded experiments. Both thickness
and lateral dimensions were validated in these experiments.

Similar to equation (1), another fit was obtained for pyram-
idal structures fabricated on silicon wafers that related SU-8
thickness () with autofluorescence emission intensities (x) as
shown in equation (2)
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Figure 3. SEM characterization of the fabricated microstructures. (a) SEM micrograph of a five layer semicircular pyramidal structure
captured using 45° tilt angle; (b) micrograph displaying the side view of the semicircular pyramidal structure captured using 90° tilt angle®.

0= ae” +c. 2)
Coefficients:
a=161.7
b =3.037 x 107°
c=—165.8
R* = 0.9962.

The thickness and the lateral dimensions of the bridge struc-
tures obtained from the 2D depth profile were then validated
by comparing it with their SEM micrographs. These validation
characterizations were performed by operators in a blinded
experiment. None of the operators was aware of the dimen-
sions of the bridge structures. To validate the lateral dimen-
sions, two operators characterized the length and width of
the bridge structures (shown in figure 2) from the 2D depth
profiles using ImagelJ, an image processing software (ImageJ,
NIH, USA). These results were compared with the lateral
dimensions obtained from the SEM micrographs by two other
operators who characterized the lengths and the widths of
the bridge structures using SEM micrographs. To validate the
thicknesses of the bridge structures obtained from 2D depth
profile images, two operators characterized the thicknesses of
bridges and thicknesses of anchors as annotated in figure 2.
These results were compared to the thicknesses obtained from
the 2D depth profiles of the bridge structures. There was no

4 Reproduced from Rountree CM, Ramkumar PK, Saggere L. Novel
imaging technique for non-destructive metrology and characterization of
ultraviolet-sensitive polymeric microstructures. Review of Scientific Instru-
ments. 1 March 2020;91(3):033710. [18], with the permission of AIP
Publishing.

significant effect of operator on these measurements (ANOVA,
p>0.05) so results from the two operators were pooled in sub-
sequent analysis.

3. Results and discussion

In this section, we discuss the relationship between the auto-
fluorescence emission intensities and the measured thick-
nesses using SEM. This exponential relation was used to
generate 2D depth profiles that represent the thickness of
different regions of the microstructure based solely on their
autofluorescence emission intensities. We then describe the
characterization of hidden subsurface features using this tech-
nique. Finally, we discuss the advantages and limitations of
this technique to characterize surface and subsurface SU-8
features.

3.1. Autofluorescence emission of 3D SU-8 microstructures

To determine the relationship between SU-8 thickness
and autofluorescence emission intensity, we designed and
fabricated a multilayered, 3D SU-8 microstructure in the
form of a semicircular pyramid with five different thicknesses
(figures 1(a) and 3) and then measured the autofluorescence
emission intensity via epi-fluorescence microscopy with a
standard DAPI filter set (365 nm excitation/440 nm emission).
Although spin speeds were selected to create a five layered
pyramid in steps of 40 pm, the thicknesses from the second
layer onwards varied considerably (figure 3(b)) from the inten-
ded total thickness of 80 m, which was not unexpected.

The initial SU-8 layer was spun on a low friction, well-
characterized glass wafer while all subsequent layers were
spun on an existing SU-8 layer that had higher surface
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Figure 4. Autofluorescence emission characterization of the semicircular pyramidal structure. (a) Histogram showing the autofluorescence
intensity vs pixel count which displays the five peaks (red arrows) corresponding to five different layers of the semicircular pyramid starting
from the bottommost layer to the topmost layer. The initial large spike corresponds to the black background and is disregarded. The 5th
peak is not as pronounced as the other peaks due to smaller area at the top and the general exponential nature of the autofluorescence
emission. (b) Raw autofluorescence image captured using the inverted microscope at 10x objective showing autofluorescence emission at
different layers of the semicircular pyramid fabricated on borosilicate glass wafer. (c) Autofluorescence intensity vs thickness of the
individual layers of the semicircular pyramid. The thicknesses of the microstructures were measured using SEM. The resulting exponential
curve (red line; dashed blue lines indicate 95% confidence interval) was found to be a good fit with R> = 0.9968; (d) 2D Depth profile
created using the generated expression from (c). Different colors represent different thicknesses as represented by the side bar. (e) 2D depth

profile of the side view of the semicircular pyramidal structure.

irregularities resulting in the observed thicker SU-8 layers.
Fluorescence imaging (figure 4(b)) showed that each SU-
8 layer of the pyramid emitted a distinct level of auto-
fluorescence, which was monotonically related to the thick-
nesses of SU-8 (figure 4(c)). When presented in histogram
form (figure 4(a)), well-defined peaks corresponding to each
of the five layers of the SU-8 pyramid can be observed.
These autofluorescence emission data were found to be well
fit (figure 4(c); R*> = 0.9968) with an exponential calibra-
tion equation (equation (1)) derived from Beer—Lambert’s
Law. Using this equation on a pixel-by-pixel basis with the
autofluorescence emission image (figure 4(b)), we could create

a 2D depth profile for the pyramidal microstructure by estim-
ating the thickness at each pixel (figure 4(d)). Table 1 shows
the measurement comparisons between the autofluorescence
emission technique and SEM. From table 1, it is evident
that the resulting depth profile closely matched with meas-
urements obtained through SEM imaging (figure 3(b)). The
3D reconstructed side profile of the depth profile is shown in
figure 4(e).

Although previous research has identified a monotonic
relationship between SU-8 thickness and autofluorescence
emission intensity, these studies have specifically focused
on methods for reducing SU-8’s autofluorescence emission
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Table 1. Thickness error between the autofluorescence measurement technique and SEM for the five layered pyramidal structure on

borosilicate glass.

Thickness measured using

2D depth profiles (4m) Autofluorescence Intensity
Thickness measured 25% and 95% confidence 25% and
using SEM (pm) Mean + SD 75% quartiles % error Intervals (pum) Mean + SD 75% quartiles
42 43.1+43 38.5-46.4 2.6 32.4-53.9 6906 + 507 6361-7284
104 1029 +£5.0 98.7-108.1 1.1 90.4-115.4 12760 + 409 12408-13183
168 1649 £ 7.1 158.6-170.3 1.8 153.3-176.3 17213 £453 16816-17 557
221 2294 +17.3 222.2-233.8 38 218.6-240.2 20859 + 371 20491-21082
272 267.5+9.1 259.6-276.2 1.7 251.9-283.1 22685+ 413 22324-23075

Depth Estimate (ym)

Figure 5. Metrology and characterization of the interconnected microwell array using the expression generated from the previous results.
(a) Grayscale bitmap image of the exposed design showing circular microwells containing hollow micro pores at their centers
interconnected to each other using microchannels. The microwells and microchannels are partially exposed to create hidden subsurface
features. At the center of every four microwells are fully exposed hexagonal pads with a circular central pore of 50 m diameter.

(b) Autofluorescence emission of the interconnected microwell array fabricated on borosilicate glass wafer. The fully exposed regions have
higher intensities than the partially exposed regions. A fabrication error is highlighted by the red arrow. (c) 2D depth profile of the hidden
microwell array generated with the help of equation (1). The thicknesses of different regions can be determined using the side legend. The
fully exposed region is roughly 80 pm thick and the partially exposed region is roughly 62 pm thick.

[9, 11, 12] and, to our knowledge, there are no models in
the literature that relate autofluorescence to SU-8 thick-
ness measurement for metrology purposes. However, other
groups [13, 14] have used a variant of Beer—Lambert’s Law
(equation (1)) incorporating a term accounting for fluores-
cent emission to characterize the thicknesses of fluorophore-
doped thin films and this equation works equally well
for autofluorescence materials as evidenced by the good
fit we observed. These results also agree well with pre-
vious autofluorescence emission measurements of SU-8,
which appear to follow the general shape of an exponen-
tial association curve [11, 15] similar to our data, but it
is difficult to make direct comparisons due to differences
in excitation intensity, microscope camera gain, and other
factors.

3.2. Identification of hidden subsurface SU-8 topologies

The key advantage of fluorescence imaging for SU-8 met-
rology is the identification and measurement of complex
3D microstructures containing hidden subsurface features
such as microchannels or microwells since these features
are difficult to observe with conventional metrology tech-
niques without destructive testing. By measuring emitted
fluorescent light radiation from SU-8 samples, as opposed

to the reflected light measured by SEM and optical pro-
filometry, fluorescent imaging is capable of non-destructive
measurements of hidden SU-8 microstructures even if they
are in-situ on the fabrication wafer. To explore the poten-
tial of this technique, we used grayscale photolithography
to fabricate an enclosed microwell array (figure 5(a)) in a
single step exposure. When the resulting microstructure was
fluorescently imaged (figure 5(b)) following fabrication, clear
contrast differences were observed between the full thick-
ness regions (high intensity) and the partial thickness of the
enclosed microwells (lower intensity). Since this microstruc-
ture is fully enclosed, it was impossible to non-destructively
measure the thicknesses of the hidden microwell array using
SEM but the 2D depth profile produced from autofluorescence
emission imaging (figure 5(c)) clearly shows that the microw-
ell cover was approximately 64 pm, which matches up well
with our expectations. The high contrast differences observed
between different SU-8 thicknesses also allows quick and
easy identification of fabrication errors such as the fabrica-
tion defect highlighted in red in figure 5(b). However, these

high contrast differences also make it difficult to observe
very small features such as the 10 pm diameter microports at
the center of each microwell, which appear as diffuse bright
spots.
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Figure 6. The calibration curve on silicon wafer and the bridge structures used for validation of lateral and thickness dimensions. (a) The
autofluorescence intensity vs thickness of the individual layers of the semicircular pyramid fabricated on silicon wafer. The thicknesses of
the microstructures were measured using SEM. The resulting exponential curve (red line; dashed blue lines indicate 95% confidence
interval) was found to be a good fit with R? = 0.9968. (b) SEM micrograph of the top view (above) of the bridge structure and the
micrograph displaying the side view (below) of the bridge structure suspended on anchors captured using 90° tilt angle. There is a slight
depression at the center of the bridges caused due to surface tension effects of the developer as observed in the side view of bridge
micrograph. (c) Raw autofluorescence image captured using the inverted microscope at 10x objective showing autofluorescence emission at
different layers of the bridge structure fabricated on silicon wafer. (d) 2D depth profile of the suspended bridge structure generated with the
help of equation (2). The thicknesses of different regions can be determined using the side legend. The thickness of the bridge structure is
estimated to be about 40 pum and the thickness of the anchor structures is estimated to be about 119 pm.

Table 2. Validation of the lateral dimensions of the bridge structures from blinded experiments.

Measured using SEM Measured using 2D
micrographs (pm) depth profiles (um)

Dimension of 25% and 25% and 95% confidence intervals of the 2D
the bridge Mean + SD 75% quartiles Mean + SD 75% quartiles % error depth profile measurements (;m)
Length 1013.50 £34.76  997.09-1034.69 1002.4 4=2.44 1001.41-1003.42  1.09 1001.33-1003.47
Width 509.01 +16.50 502.55-516.50  500.01 £2.98  498.56-502.14 1.76 498.7-501.32
3.3. Calibration of the technique with silicon substrate and intensity and the thickness of the pyramidal steps as shown in
validation of lateral and thickness dimensions of the bridge figure 6(a). From this figure, we can see that the autofluores-
structures cence emission data were found to be well fit (R? = 0.9962)

We calibrated the autofluorescence emission technique on  With an exponential calibration equation (equation (2)) derived
a pyramidal structure fabricated on a silicon wafer and from Beer-Lambert’s Law. While the general behavior of

obtained a relationship between the autofluorescence emission  the two curves shown in figures 4(c) and 6(a) are the same,



Table 3. Validation results of the thicknesses of the bridge structures suspended on anchors from blinded experiments.

Measured using SEM Measured using 2D
micrographs (pm) depth profiles (rm) Autofluorescence intensity
Dimension of the 25% and 25% and 95% confidence intervals of the 2D 25% and
suspended bridge struct. Mean 4+ SD 75% quartiles Mean + SD 75% quartiles % error depth profile measurements (zim) Mean + SD 75% quartiles
Bridge thickness 3897+ 1.12 38.80-40.06 41.0 £ 2.6 39.2-43.2 52 38.8-43.3 8088 £410  7798-8440
Anchor thickness 118.09 + 1.8 118.77-120.64 1188 +3.4 115.8-122.1 0.6 116.7-120.9 18603 £398  18250; 18977
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the difference in their respective coefficients, as shown in
equations (1) and (2), can be attributed to the opaqueness of the
silicon wafer. Unlike borosilicate glass wafers, silicon wafers
reflect all the incident radiation during the fluorescence ima-
ging, and as a result the autofluorescence intensities of the
microstructures are higher when compared to those fabricated
on borosilicate glass wafers.

We used bridge structures suspended on anchors to val-
idate the dimensions obtained using the 2D depth profiles.
Figure 6(b) shows the representative micrograph of the top
view of the bridge structure, and the side view obtained by tilt-
ing the stage to about 90° during SEM imaging to facilitate the
thickness measurements. From the side view, a small depres-
sion of the bridge structure can be observed caused due to sur-
face tension effects during the photoresist development stage
of the microfabrication. Figure 6(c) shows the top view of
the autofluorescence emission image of the suspended bridge
structure. Clear contrast differences corresponding to different
thicknesses of the bridge and anchors can be observed from
this image. Also, the effects of depression of the bridges are
seen as bright lines on the autofluorescence emission image,
and its 2D depth profile image shown in figure 6(d). The 2D
depth profile of the same bridge structure depicts the thick-
nesses of the bridge structures and the anchors, whose dimen-
sions are represented on the colored legends.

The thicknesses and the lateral dimensions of the suspended
bridge structures were validated using the SEM micrograph
as part of blinded experiments. A total of ten bridge struc-
tures were analyzed. The results from the two different human
operators were pooled because there was no statistically sig-
nificant effect of operator (p > 0.05; ANOVA test). Table 2
shows the comparison of the lateral dimensions obtained using
SEM and the 2D depth profile images. From the error mar-
gins, we can see that the lateral dimensions obtained using
the autofluorescence emission technique closely matched with
those obtained using SEM. Table 3 shows the comparison of
the thickness dimensions of the bridges and anchors obtained
using SEM and the 2D depth profile images. The anchor thick-
nesses obtained using autofluorescence emission technique
closely matched with that obtained using SEM. A relatively
higher error margin of 5.2% was recorded from the compar-
ison of the values of the bridge thicknesses obtained using the
autofluorescence emission technique and the SEM. This could
be partially attributed to the slight curvature of the bridge,
which might have caused some variation in the autofluor-
escence measurements since they were averaged across the
entire span of the bridge. Despite this error margin, the abso-
lute difference in means between the two techniques was only
2 pm and within the standard deviation of the autofluorescence
measurements.

3.4. Advantages and limitations of fluorescence imaging of
SU-8 metrology

Autofluorescence emission imaging offers several unique
advantages over existing metrology methods for identifying
and measuring the thicknesses of SU-8 microstructures. First,
it allows completely non-destructive measurement of SU-8
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samples facilitating the identification and quantification of
fabrication defects, multilayered 3D microstructures, and hid-
den features such as microchannels and microwells. Second,
since the technique measures emitting autofluorescence of
SU-8, it can be accomplished in-situ on the wafer immediately
following fabrication without any sample preparation, dyes, or
releasing the microstructure. Finally, it is a quick and relatively
low-cost alternative to current SU-8 metrology methods since
it only requires a fluorescent microscope, a DAPI filter-set, and
a microscope camera.

While autofluorescence emission provides an accurate
methodology for dimensional characterization, there are some
limitations. Prolonged high intensity UV stimulation can pho-
tobleach the samples and, as a result, cause inaccurate meas-
urements [15—-17]. Moreover, devices with smaller footprints
can be harder to measure because of the edge effect as
observed in figure 5(b). However, higher resolution imaging
of smaller features can be accomplished using higher micro-
scope magnifications at the cost of a substantial reduction in
the image field of view. Finally, this methodology needs to
be validated for other UV sensitive polymers as well as other
grades of SU-8. Further work is needed to fully explore the
advantages and applications of SU-8 fluorescent imaging, but
these results demonstrate that it can be an effective yet eco-
nomical alternative to existing metrology methods.

4. Conclusions

In this study, we have established an accurate new method-
ology for the metrology and characterization of SU-8 micro-
structures using the autofluorescence emission intensity. We
have demonstrated that this technique can be used to meas-
ure a variety of SU-8 microstructures including hidden sub-
surface microstructures. We have also validated the results
obtained from our technique using SEM. Unlike the com-
monly used characterization techniques like SEM, our meth-
odology is non-destructive, cost effective, and can measure
different features in a 3D SU-8 microstructure. The generated
depth profile images based on the relationship between the
thickness of the fabricated microstructures and emitted auto-
fluorescence emission intensity are demonstrated to be highly
reliable and reproducible. Further work is needed to determine
the application of this technique to microstructures fabricated
using other polymer materials.
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