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Non-Invasive Millimeter-Wave Profiler
for Surface Height Measurement
of Photoresist Films

Nonchanutt Chudpooti, Student Member, IEEE, Viktor Doychinov, Member, IEEE,
Prayoot Akkaraekthalin, Member, IEEE, lan D. Robertson, Fellow, IEEE, and Nutapong Somyjit, Member, IEEE

Abstract — This work presents a low-cost non-invasive
millimeter-wave surface-height measurement sensor of dielectric
and polymer films on glass and quartz substrates. The surface-
height profiler utilizes near-field resonance measurement
technique operating at 96 GHz implemented by using a single
complementary split-ring resonator (CSRR) integrated with a
tailor-made WR10 rectangular waveguide. By placing a glass or
quartz substrate uniformly coated with SU-8 photoresist on top
of the CSRR, the thickness of the SU-8 polymer can be extracted
based on the reflected and transmitted electromagnetic-wave
energy interacting at the electrical boundary between the
substrate and polymer film. Uniform single layers of SU-8
polymer with thicknesses from 3 to 13 pm, coated on top of glass
substrate are measured and characterized. The extracted
polymer-film thicknesses from the sensor in this work show an
agreement of higher than 95% as compared to the commercial
surface profiler instrument, while offering various advantages
e.g. non-invasion, ease of measurement setup, low-cost and
miniaturization.

Index Terms—non-invasive measurement, millimeter-wave
sensor, thickness characterization, SU-8  photoresist,
W-band.

I. INTRODUCTION

ON-DESTRUCTIVE measurement of dielectric and
polymer structures with varying layer thicknesses and
relative permittivity offer valuable information when
characterizing these structures in a multitude of fabrication
processes and quality control applications, such as on-wafer
thin-film coating thickness, microfabrication of micro-
electromechanical systems (MEMS), biomedical applications
such as joint replacements protective coatings, and material
science for purposes of material characterization [1]-[6], [19].

This work was supported in part by the Engineering and Physical Sciences
Research Council (EPSRC) under Grant EP/N010523/1, in part by the
Thailand Research Fund through the TRF Senior Research Scholar Program
under Grant RTA6080008, in part by the Royal Golden Jubilee Ph.D. Program
under Grant PHD/0093/2557.
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There are multiple techniques for thickness characterization
of single and multilayer structures, the most popular of which
are white-light interferometry and surface profile scanning.
Generally, surface profiles in step-height analysis mode are
used in cleanrooms to determine the thickness of a deposited
dielectric film. However, this method requires contact between
the probe stylus and the sample, which could lead to damage
of the surface of the film, if the force applied on the stylus is
too high. Furthermore, testing multiple samples can be a time-
consuming process, as each sample needs to be loaded and
unloaded individually and care must be taken not to damage
the sensitive probe stylus. This method is also sensitive to
mechanical vibrations and special damping measures are
required. A white-light interferometer, on the other hand, can
offer better resolution than a surface profiler and is often used
for high-precision measurements. At the same time, it is also a
more expensive instrument that requires even more floor space
in a laboratory, as well as specialized personnel training. A
white-light interferometer is even more sensitive to
mechanical vibrations than a surface profiler and as such is
normally housed on solid ground floors. Moreover, the use of
white light to measure surface and height profiles necessitates
that any photoresist layers have been fully exposed to UV
light beforehand; otherwise their properties will change during
the course of the measurement.

In this paper, we present an alternative method for non-
destructive thickness characterization of dielectric layers
deposited on top of glass or quartz substrates. This is
achievable through the use of a custom-made hollow
rectangular metal waveguide-based sensor integrated with a
single complementary split ring resonator (CSRR) fabricated
into the top broad wall of the waveguide. This sensor
implements the resonance technique, where the change in the
resonance frequency of the CSRR, due to dielectric loading
provided by the sample under test, is used to determine the
thickness of a uniform layer of SU-8 photoresist, deposited
onto standard-size laboratory-grade glass substrates. The
sensor operates in the WR-10 millimeter-wave frequency
band, i.e. 75 — 110 GHz, millimeter-wave measurements are
preferred in certain applications, as they can easily penetrate
low-loss dielectric materials, such as photoresists, without
inducing any chemical reaction and property change as well as
achieving high measurement resolution.
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The advantages offered by the sensor proposed in this work
are several. First of all, working with the sensor does not
require complicated training, as the data processing can be
automated and staff will only be required to load the sample
onto the sensor. The material cost of the sensor, as well as
fabrication time, is kept to a minimum by using conventional
manufacturing processes. The entire measurement setup takes
a fraction of the space required by more expensive
instruments, and can be easily relocated as it is not sensitive to
mechanical vibrations. Finally, no contact is required with the
surface of the sample and there are no restrictions on ambient
light conditions. Based on the simulation and measurement
results, the thinnest measurable photoresist polymer file is
approximately 0.276 um, which was deemed acceptable for
several microfabrication applications such as MEMS devices.
The measurement procedure developed for extraction of the
photoresist thickness and experimental data show that the
sensor in this work can provide an accuracy in excess of 95%
when compared to a commercial surface profiler. Although the
demonstration of the surface height profiler in this work is
based on glass substrates with certain SU-8 photoresist
thicknesses, which are limited by materials available in our
laboratory, other semiconductor-grade substrates with
different polymer thicknesses thicker than 1 um can be
characterized, provided that the dielectric properties of the
substrates are well defined. Moreover, higher dielectric-film
measurement accuracy can be enhanced by using higher
frequencies but this will lead to higher fabrication cost and
design complexity due to smaller sensor size.

II. WORKING PRINCIPLE, SENSOR DESIGN AND FABRICATION

The sensor structure consists of a custom-made H-plane
split WR-10 waveguide block, operating at 75 — 110 GHz. A
single CSRR is machined into the top broad wall of the
waveguide block. An additional 3D-printed fixture is used for
aligning individual samples, which are placed on top of the
CSRR. Fig. 1 shows a schematic view of the waveguide
sensor in its assembled state, with an outline of a sample under
test.

A. Working Principle

The working principle of the sensor is based on one-port
S-parameter measurements, reflected and radiated interaction
between the standing electromagnetic (EM) wave in the short-
circuited waveguide and the multilayered dielectric sample
under test, placed on top of the CSRR.

To design the waveguide sensor for operation with the
resonance technique, a short-circuited termination is inserted
at one of the rectangular waveguide ports. The distance
between the CSRR and the short-circuited point is A¢/4, where
Ag is the wavelength of the EM signal propagating inside the
waveguide at the nominal design frequency of 96 GHz. The
design procedure and requirements for the short-circuited
termination, implemented as alternating low-impedance and
high-impedance sections, are detailed in [7].

By implementing a CSRR into the top-lid of the waveguide
with no sample placed on top, i.e. the CSRR is not loaded by

M4

Screw 4>

Flange holder
M4

S o -
Testing __ rew
area |
3D printed

fixture

Fig. 1. Schematic view of the tailor-made WR-10 hollow-waveguide
thickness characterization and 3D-printed fixture which mounted in bottom
part of the sensor to fix the glass substrate during the measurement.

_¥Radiated wave
SU-8 L |
Glass substrate :
Top-lid of the waveguide 1 X :
1 i
Incident wave : 1
- l
Input ! |
signal Total reflected wave : :
Bottom wall of the waveguide ! U
] i
DEVRTEERE
Center Short
of CSRR circuited point

Fig. 2. The EM-wave propagation mechanism after placing a glass substrate
coated with SU-8 on top with reflected and radiated EM energy inside the
sensor and between free-space, respectively.

the substrate coated by a polymer or dielectric layer, a
minimum in the reflected EM energy, |S11], is observed at the
operational frequency, 96 GHz, due to the EM-wave radiation
into free space. This frequency is referred to as the nominal
resonant frequency and is denoted as f;.

However, when a sample consisting of a multilayered
dielectric, such as a substrate with a thin-film dielectric layer
deposited on top, is placed on top of the CSRR, a lower
resonant frequency shift is observed. The amount by which the
resonant frequency shifts is dependent on the thickness of the
individual layers and their relative permittivity, and is due to
the dielectric loading of the resonator. The EM interaction of
the radiated EM wave, show in Fig. 2, when a glass substrate
with coated SU-8 is placed on top of the CSRR. Hence, this
shift can be used to characterize thin film of dielectric and
polymer layers of known materials, such as the widely-used
SU-8 photoresist, and determine their thicknesses.

B. Complementary Split Ring Resonator Design

The CSRR is embedded into the top-lid of the waveguide,
which is fabricated out of a copper sheet with a thickness of
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(@ (b)

Fig. 3 (a) 2D geometry of the top lid of the waveguide with a CSRR
(b) the equivalent circuit model of the CSRR, which is embedded into the top
lid of the waveguide.

0.5 mm. The resonator is designed and placed at the middle of
the waveguide channel to maximize the electric field around
the CSRR slot, resulting in highest electromagnetic radiation
of the resonator. Fig. 3 (a) show a 2D geometry of the CSRR,
and Fig. 3 (b) depicts the equivalent circuit model of the
CSRR structure [18]. The capacitance, contributed by Ci, is
due to the slot etched into the top wall, and is dependent on
the slot width and overall length. The inductance, denoted by
L, is contributed by the metal strips denoted as “gap” in Fig. 3
(a). These strips connect the inner metal patches to the rest of
the sheet at the top and the bottom of the CSRR. The
resistance, represented by R, reflects the losses of the CSRR,
and is used to tune the resonant frequency in the reflection
coefficient (S11). The values of Router, Rinner, gap, R, C1, and Ly,
optimized by 3D EM simulator (CST Studio Suite) to center
the nominal operating frequency at 96 GHz, are 0.64 mm, 0.46
mm, 0.17 mm, 40.1294 Q, 1.8155 pF, and 6.0156 pH,
respectively. In this paper, an operating frequency of 96 GHz
is selected as the best compromise between the slot width and
gap due to fabrication limitations of the manufacturing facility
used.

C. 3D-Printed Fixture

The 3D printed fixture is used to provide a reliable
alignment and mechanical stability between the samples under
test and the CSRR, ensuring repeatable comparisons between
glass substrates coated with SU-8 layers of different
thicknesses. During the measurement, the waveguide sensor is
fully inserted in the fixture, with the glass substrate being held
in place by two recessed pockets. The fixture is 3D printed out
of Polylactic acid (PLA) and its geometry, together with the
final values of all design parameters of the fixture, are shown
in Fig. 1. The mechanical fixture must be designed in the way
to avoid any EM interference to the CSRR.

D. Fabrication and Integration

The individual parts of the sensor, shown in Fig. 3, were
fabricated in the EPSRC National Facility for Innovative
Robotic Systems at the University of Leeds.

The bottom half, which contains the full-sized WR-10
waveguide channel, is machined out of a single copper block
using a 5-axis DMU 40 CNC milling machine. The bottom
half also has four tapped holes for attaching the upper flange

Flange holder Short
with two M4 screws circuited
termination

Top-lid of
the waveguide

Bottom part of
the waveguide

3D printed fixture

Fig. 4. Fabricated sensor before integration, consisting of the bottom of the
waveguide, a single CSRR machined into the top broad wall of the
waveguide, flange holder with two M4 screws, the short circuited
termination, and 3D printed fixture.

structures and the top lid sheet using fastening screws.

The top lid of the waveguide is fabricated out of a 0.5 mm
thick copper sheet, with the CSRR etched into it by using
LPKF ProtoLaser U3. Implementing the sensor with this
approach provides customization options, by allowing
different top lid sheets with different resonator structures to be
used and fabricated separately from the bottom waveguide
structure. The flange holders, which are mounted on one end
of the sensor, were fabricated from a smaller copper block.
More information regarding the tailor-made WR10 waveguide
fabrication can be found in [8].

The 3D-printed fixture was printed using a CEL Robox
RBXO02 Dual Material 3D printer out of 1.75 mm diameter
PLA filament, using the finest available layer resolution.

To fully assemble the sensor, as presented in Fig. 8, two M4
screws are used to fasten and secure the top half and the flange
holders to the bottom half, minimizing air gaps in the H-plane
and ensuring good EM performance. At the same time, a
standard UG-387/U-M flange [9] is implemented, to ensure
correct mating with laboratory measurement equipment. The
3D printed fixture was secured to the waveguide sensor with
double-sided adhesive tape. Finally, the assembly is mounted
onto a vertical positioner, to be properly connected with the S-
parameter measurement equipment.

III. TEST SAMPLE PREPARATION

An attractive material used for microfabrication of passive
and microfluidic devices for millimeter-wave and terahertz
(THz) frequency applications [10]-[13] is SU-8, which
exhibits low loss and the ability to form permanent, high-
resolution structures of different thickness. SU-8 is a high-
contrast epoxy-based negative photoresist, commonly used in
the fabrication of multilayer structures with high aspect ratio
(>10:1) [14], and can yield single-layer thicknesses between
0.5 um and 200 um. Furthermore, this polymer photoresist
exhibits excellent adhesion to inorganic substrates as well as
metals that are typically used in microfabrication processes,
such as electroplated copper and gold. These features also
make SU-8 attractive for future applications such as wafer-
level integration of wideband millimeter-wave antennas and
digital baseband circuits for system-on-chip (SoC).
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organic contaminants, which is a standard first step in 204  Measured Measured
. . . c g glass substrate .

cleanroom fabrication processes. This helps providing good without loaded
adhesion between the substrate and the SU-8, and ensures that ’s (Air)

there are no other substances affecting the S-parameter
measurements. The procedure used to clean the glass
substrates was as follows:

1. Immerse the sample in a beaker of acetone and rinse in
an ultrasonic bath for 5 minutes.

2. Immerse the sample in a beaker of Isopropyl Alcohol
(IPA) and rinse in an ultrasonic bath for 5 minutes.

3. Wash the sample in a beaker of DI water for 30 seconds.

4. Dry the sample using a nitrogen blow dry.

5. Perform a de-humidifying bake on a hot plate, set at
120C, for 5 minutes.

Finally, the thickness of each individual glass substrate was
measured independently with an Alpha-Step IQ surface
profiler and a calibrated drop-down micrometer.

B. SU-8 Coating

Three different types of SU-8 photoresist were used, in
order to obtain a wider range of layer thicknesses. These were
SU-8 2002, 2005, and 2010, which are regularly used for
microfabrication processes. Prior to processing, the bottles
containing the polymer are allowed to reach room temperature
and subjected to a 5-minute ultrasonic bath to reduce the air
bubbles inside the photoresist. The recipe followed for the
subsequent processing for all samples was:

1. Deposit 1 ml of SU-8 onto the glass substrate via pipette.

2. Perform initial spin of 500 rpm for 10 seconds with
100 rpm/s acceleration.

3. Perform the main spin for 30 seconds with 500 rpm/s
acceleration. The main spin speed was 3000 rpm for
2002 and 2005; and 3500 rpm for 2010.

4. Perform a soft bake on a hot plate set at 95C for 1/2/2.5
minutes for SU-8 2002/2005/2010, respectively.

5. Perform a flood exposure using a Karl Suss MJB3 Mask
Aligner with a Mercury lamp, emitting at near UV
wavelength of 365 nm, for a total dose of 120/158/188
mJ/cm? for SU-8 2002/2005/2010, respectively. The
dosage is calculated based on the expected layer
thickness and takes into account the transparency of the
glass substrate.

6. Perform a post-exposure bake (PEB) on a hot plate set at
95C for 2/3/3.5 minutes for SU-8 2002/2005/2010,

T ¥ T
79 80 85 90 95 100 105 110
Frequency (GHz)

Fig. 5. Simulated (dashed line) and measured ( solid line) S, results, for
unloaded CSRR (Air), glass substrate, and SU-8 coated on glass substrate.

respectively.

7. Perform a hard bake immediately after the PEB to fully
cross-link the polymer, by increasing the temperature of
the hot plate to 180 °C with a 5-minute dwell time.

While the samples investigated in this work were exposed
to UV light and baked in accordance with standard operating
procedures for SU-8 fabrication, the technique described in
Section IV still also works with unexposed and non-baked
layers, with the only requirement being that the system is
placed in a yellow light room.

Once the sample cooled down to room temperature, the
total thickness of the glass substrate plus the SU-8 layer was
measured, using the same equipment and methods described in
Section III-A.

IV. THICKNESS CHARACTERIZATION MODEL

A. Sensor Model Optimization and Material Characterization

In an initial design study conducted by using 3D EM
simulation tool CST Studio Suite, the dimensions of the CSRR
are designed at the resonant frequency f; of 96 GHz. After
fabrication, the measured result of Si; showed that the f; had
shifted to 96.38 GHz, which was attributed to dimension
tolerance inaccuracies from the fabrication process. To
improve the accuracy of the model based on EM simulations,
actual dimensions of the fabricated sensor were measured
under high magnification optical microscope and then used to
obtain better matching results between measurement and
simulation. The final simulated and measured results for |S)]
are shown in Fig. 5.

Afterwards, standard lab-grade glass substrates and SU-8
2000 series photoresist are used to develop the thickness
characterization model, which requires knowledge of the
dielectric properties of the two materials at the frequency band
of interest, i.e. 75 — 110 GHz. This process to obtain the value
for relative permittivity of glass and SU-8 2000 for the design
frequency band consists of the following steps:
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Fig. 6. Glass substrate thickness determination fitted curve as a function of
resonant frequency in GHz. The regression value and fitted polynomial, as
calculated by Origin, are also annotated.

1. Measure the thickness of a glass substrate using an
Alpha-Step 1Q surface profiler.

2. Measure the S parameter by loading the CSRR of the
sensor with the same glass substrate.

3. Accurately model the physical dimensions of the glass
substrate in CST Studio Suite and optimize the value of
its relative permittivity until there is a match in the
resonant frequency in the |S11|, and optimize the value of
its loss tangent to match in the magnitude of |S11] .

4. Repeat steps 1-3 and change the sample loading the
sensor to an SU-8 layer of 13.56 um deposited on top of
the 160.5 um thick glass substrate.

The simulation results obtained using this process, together
with their corresponding S-parameter measurements, are
shown in Fig. 5. The relative permittivity and loss tangent of
the glass substrate for W-band were investigated to be 4.10
and 0.045, respectively, while the relative permittivity and loss
tangent of SU-8 2000 was 3.22 and 0.025, respectively. The
results for SU-8 show good agreement with those reported in
[15]-[16].

B. Glass Thickness Determination

The numerical technique for extraction of glass substrate
thickness from |S;| measurements was also developed using
CST Studio Suite.

This was achieved by fixing the values for relative
permittivity and loss tangent of glass to 4.10 and 0.045,
respectively, and then follow the analysis in Section IV-A.
The next step was to sweep the thickness of the glass substrate
loading the waveguide sensor from 145 um to 175 pum in steps
of 1 pum. For each simulation, the resonant frequency in |Sii
was recorded. A plot of this frequency as a function of glass
substrate thickness is presented in Fig. 6.

The next step was to fit these discrete data points to a
polynomial by using commercial software package called
Origin, where a 2™ order polynomial was found to provide the

— —
0 100 200 300 400 500 600 700 800
AFrequency (MHz)

Fig. 7. SU-8 layer thickness determination fitted curve as a function of
resonant frequency change in MHz. The regression value and fitted
polynomial, as calculated by Origin, are also annotated.

TABLEI
EXTRACTION RESULTS OF VARIOUS GLASS SUBSTRATES THICKNESSES

Measured Extracted glass Measured glass
No. resonance thickness from thickness from ) H%
frequency Eqn. (1) Alpha-Step Difference
(GHz) (um) (um)
1 78.955 153.0715 152.75 0.2105
2 78.885 154.4750 154.50 0.0162
3 78.815 155.8708 155.75 0.0776
4 78.670 158.7176 158.20 0.3272
5 78.605 160.0113 160.00 0.0071
6 78.570 160.6946 160.50 0.1212
7 78.570 160.6946 160.50 0.1212
8 78.535 161.3759 161.20 0.1091
9 78.500 162.0552 161.75 0.1887
10 78.255 166.7559 166.50 0.1537

best fit with regression value R? of 0.99916. The polynomial
itself is given as

g(f)=—0.796 2 +105.722 f —3226.792 )

where g(f) is the glass substrate thickness in um as a function
of the resonant frequency f. GHz. A comparison between the
fitted and measured values is also shown in Fig. 6. Eqn. (1)
can now be used to determine the thickness of glass substrate
samples.

C. SU-8 Thickness Characterization

A similar approach was used to develop a relationship
between the thickness of the SU-8 layer coated on top of the
glass substrates, and the resonance frequency shifts
7] = £ A0

The simulated thickness of the SU-8 photoresist layer was
swept from 1 pm to 15 pm with 1-um steps, while the
thickness of the glass substrate was kept constant at 160.5 um.
A 2" order polynomial was again used, yielding a regression
value R? of 0.99576. The polynomial itself is
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TABLEII
EXTRACTION RESULTS OF VARIOUS SU-8 LAYER THICKNESS
Glass Resonant frequency subsilaiis lus Resonant frequency FCZI:I:;\;E Measured SU-8 Extracted SU-8
No substrate of glass substrate SU-8 Ja per of glass substrate frequenc layer thickness from layer thickness %
" thickness  without SU-8 layer oAy with SU-8 layer quency Alpha-Step IQ from Eqn. (2)  Difference
(um) (GHz) thickness (GH2) i (um) (um)
(um) (MHz)
1 152.75 78.955 155.25 78.815 140 2.50 2.4715 1.14
2 154.50 78.885 158.25 78.675 210 3.5 3.9346 4.92
3 155.75 78.815 162.08 78.500 315 6.33 6.1290 3.18
4 160.00 78.605 167.75 78.220 385 7.75 7.5917 2.04
5 160.50 78.570 170.70 78.045 525 10.20 10.5164 3.10
6 160.50 78.570 174.06 77.905 665 13.56 13.4402 0.88
RSN e =
-8 2 Waveguide \
1(f) =-2.12573 x10 5 (Af)? +0.02091 Af —0.45553  (2) o e 0 10 20 T g
- W-band Extender I mlm l Integrated

where 7(f) is the SU-8 thickness in um as a function of Af,
which is in MHz. A plot of the simulated discrete values and
fitted polynomial are presented in Fig. 7. Eqn. (1) can now be
used together with Eqn. (2) to fully characterize a glass
substrate of unknown thickness with a coated SU-8 layer,
again of unknown thickness.

V. MEASUREMENT RESULTS

A. Measurement Setup

The S-parameter measurements are obtained by using a
Keysight PNA-X N5242A with OML WR-10 VNA Extender
Heads. A full two-port calibration was performed using the
Thru-Reflect-Line method, in order to eliminate the systematic
errors contributed by the PNA-X, connecting cables, and the
Extender Heads. The measurements were taken over the entire
WR-10 frequency range, i.e. 75 GHz — 110 GHz. Thickness
measurements obtained using the Alpha-Step IQ surface
profiler [17] were used for comparison and validation
proposes. The profiler was configured to run and average
three-line scans of 500 um length, with a transversal scan
speed of 10 um/s and a sampling rate of 100 Hz. Independent
of that, a calibrated drop-down micrometer was also used to
confirm the Alpha-Step IQ results.

B. Glass Substrates Thickness Measurement

Using the model developed in Eqn. (1), the thickness of the
glass substrates is determined from the measured resonant
frequency shift. A larger shift in the resonant frequency is
observed for a glass substrate with larger thickness. Once the
substrate thickness was determined this way, results were
compared with the measurements obtained with the Alpha-
Step IQ surface profiler, and the difference ratio between the
two calculated in percent.

A summary of the measured data and findings is given in
Table I. A good agreement is observed between extracted and
measured values, which validate the correct and accurate
operation of the sensor. The biggest different in glass
thickness between two methods was only 0.3272%. The
extracted values of the thickness from our measurements were
also more consistent than the surface profiler ones in this
regard.

sensor

3D printed
fixture

Fig. 8. Fabricated sensor after mounting the 3D printed fixture on the bottom
part of the integrated sensor prototype and connecting the sensor to the W-
band frequency extender.
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Fig. 9. The measured reflection coefficient S;; in dB of the various SU-8
layers coated on glass substrates. The values of the glass substrate thickness
plus the SU-8 thickness are annotated for each measurement.
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Fig. 10. Comparison between the extracted and measured values of thickness
of SU-8 layers coated on glass substrates.

C. SU-8 Layer Thickness Measurement

Six samples of SU-8 layers coated on top of glass substrates
were investigated, with thickness as measured by the Alpha-
Step IQ of 2.5 um, 3.75 um, 6.33 pm, 7.75 um, 10.20 pm, and
13.56 pm, respectively. The corresponding |S|i| measurements
of these samples are shown in Fig. 9.

Using the model developed in Eqn. (2), the thickness of
SU-8 layers is extracted from the measured data in the
following way:

1. Measure the glass substrate without coated SU-8 and
record the resonant frequency in the magnitude of Si;.

2. Measure the glass substrate with coated SU-8 and
calculate Af;, which is the difference in resonant
frequency between the glass substrate with and without
the SU-8 layer.

3. Substitute the value of Af;, obtained in the previous step,
into Eqn. (2) to calculate the SU-8 layer thickness.

A summary of the experimental results is presented in
Table IT and Fig. 10. From these it is evident that the proposed
sensor achieves a good agreement between extracted and
independently confirmed values, which again validate the
accurate operation of the sensor. The biggest difference in
SU-8 layer thickness between the two methods was only
4.92%. This shows that the sensor retains the accuracy offered
by the resonance technique, when adding more dielectric
layers on top of the base substrate.

D. Sensor Sensitivity and Limitation

The sensitivity of the SU-8 photoresist thickness
characterization sensor can be defined as the ratio between the
change in thickness of SU-8 and the change in the resonant
frequency, or the slope of the transfer function in Fig. 7.
Therefore, the sensitivity of proposed sensor is found to be
0.0214 pm/MHz.

For limitations of the proposed sensor for SU-8 layered
thickness measurement, the minimum measurable thickness
depends on resolution in measurement setup. In this paper, the
measured data are obtained using the Keysight PNA-X
N5242A, together with Oleson Microwave W-band frequency
extenders by setting 1001 measurement points in 75 — 110
GHz. Using this measurement setup, a frequency change can
be detected every 35 MHz, which is the setup choice for fast
frequency sweeping. The resolution can calculate by using
Eqn. (2). Substituting the value of Af with 35 MHz, which is
the smallest frequency change in the measurement setup for
the proposed sensor. Therefore, the smallest SU-8 photoresist
film thickness change that can be theoretically detected is
0.276 pm. For the maximum value of the thickness, the
proposed can extract photoresist SU-8 layer up to 70 um,
based on the simulation results. At above 70 um, the Si;
frequency response will shift lower than 75 GHz, which is
lower than the cut-off frequency of the waveguide, causing the
measurement frequencies out of the fundamental band (TEio
mode) of the WR-10 waveguide. However, the number of
measurement points and frequency span (to smaller
bandwidth) can be changed to increase the resolution of the
sensor; however, this can increase the measurement time. In
this paper, 1001 points are used as the best compromise
between measurement time and resolution of the sensor due to
the performance of equipment available in our laboratory.

VI. CONCLUSION

A miniaturized custom-made  thin-film thickness
characterization sensor, operating at the WR-10 millimeter-
wave band, has been proposed and its performance
investigated and quantified in this work. A single CSRR was
found to be sufficient to provide the needed interaction
between the standing EM wave and the multilayer samples
under test. By loading the CSRR with such a sample, the
reflected electromagnetic waves propagating inside the
waveguide are changed depending on the relative permittivity
of the layer on top of glass substrate and its thickness.

The extracted SU-8 thickness results from the developed
numerical model show an excellent agreement when compared
with those obtained with a commercial surface profiler,
resulting in an accuracy of over 95%. Further advantages of
the proposed sensor are reduced measurement time, ease of
operation, and contactless mode of operating, as well as
potential to measure and characterize unexposed and non-
baked photoresist layers. Finally, the frequency range of the
sensor can be readily extended to higher waveguide bands,
improving its resolution.
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