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We describe a novel stacked split-ring type microwave (MW) resonator that is integrated into a 10 mm
by 10 mm sized microfluidic chip. A straightforward and scalable batch fabrication process renders the
chip suitable for single-use applications. The resonator volume can be conveniently loaded with liquid
sample via microfluidic channels patterned into the mid layer of the chip. The proposed MW resonator
offers an alternative solution for compact in-field measurements, such as low-field magnetic resonance
(MR) experiments requiring convenient sample exchange. A microstrip line was used to inductively cou-
ple MWs into the resonator. We characterised the proposed resonator topology by electromagnetic (EM)
field simulations, a field perturbation method, as well as by return loss measurements. Electron param-
agnetic resonance (EPR) spectra at X-band frequencies were recorded, revealing an electron-spin sensi-
tivity of 3:7 � 1011 spins �Hz�1=2 G�1 for a single EPR transition. Preliminary time-resolved EPR
experiments on light-induced triplet states in pentacene were performed to estimate the MW conversion
efficiency of the resonator.

� 2016 Published by Elsevier Inc.
1. Introduction

For EPR spectroscopy, a MW resonant structure is a key compo-
nent of the experimental setup. At resonance, it concentrates the
magnetic field in a confined spatial region, increasing the typically
weak spin-to-field interaction significantly. Consequently, res-
onator topologies that efficiently convert MW power P into an
oscillating magnetic field B1 ¼ 2Br

1 cosðxtÞ of high-magnitude Br
1

and minimize heating of the sample due to the electric component
of the MW, are desirable to achieve a high enough sensitivity (min-
imum number of detectable spins). This resonator characteristic is
described by the MW conversion efficiency K ¼ Br

1=P
1=2. Loss

mechanisms that compromise the resonator’s performance should
be minimised, demanding a high quality factor Q. Maximising the
filling factor g � V s=V r, i.e., the volume fraction of paramagnetic
sample in the sensitive area of the resonator, is particularly essen-
tial for experiments on precious samples available only in small
quantities.
In recent years, several authors have applied this rationale to
achieve inductively detected EPR of volume-limited samples using
miniaturised surface resonators [1–10]. Narkowicz et al. [11]
employed planar microresonators (PMRs) based on a microstrip
line topology featuring loop diameters D of down to 20 lm,
designed for operation at 14 GHz. The authors demonstrated that
the MW efficiency factor K and sensitivity scale with the PMRs
diameter as D�ð0:8...1Þ [11]. EPR resonators based on transmission
lines, such as compact striplines [12] and microstrip lines [13,14]
have been investigated to increase sensitivity of the EPR experi-
ment. Twig et al. [15] proposed surface loop-gap microresonators
with inner dimensions ranging from 150 lm down to 2 lm for
operation at the Ku, Q, and W frequency bands.

All of these studies take advantage of the convenient scalability
offered by surface micromachining, and compensate the typically
low quality factors (on the order of 100 compared to, e.g., metal
cavities with Q’s up to several 1000s) of microresonators by their
inherently high filling factors. Indeed, the low Q factor of a surface
resonator is a major advantage for pulse EPR experiments [11,12]
operating at considerably reduced MW input power, in which
broad bandwidths and a short dead-time after excitation are
required. However, the operation of miniaturised resonators
involve several issues: (i) Sample handling, including the exact
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Table 1
Design variables and representative values as used to simulate the EM field profiles of
Figs. 2 and 3. The variable ih denotes the chip’s height.

ls (mm) ws (mm) ro (mm) ri (mm) gc (mm) ih (mm) h (�)

28 0.9 3 1 0.15 0.65 80
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positioning of the sample into the resonator, becomes increasingly
difficult; (ii) The sample proximity to the metal walls of the res-
onator may cause static magnetic field distortions due to suscepti-
bility mismatch; (iii) The MW magnetic field magnitude rapidly
decays and/or is typically inhomogeneous throughout the sample
region; and (iv) The electric field can leak into the sample region
causing severe dielectric heating.

In this work we present a novel stacked split-ring [16–18] type
MW resonator fabricated by means of surface micromachining
techniques, in order to address the aforementioned problems. In
our design we implement fluidic channels, as known from Lab-
on-a-chip devices, that can easily handle sub-microliter volumes
and precisely position the sample in the active region of the res-
onator. The sample reservoir, as well as the channels, are defined
by a polymer layer which is sandwiched in between two polyimide
films that together feature a resonator structure. Therefore, the
sample is always separated and electrically isolated from any
metal parts. Liquid samples can be remotely introduced into the
resonator, e.g., via tubings driven by a syringe pump. The stacked
ring topology, as well as the interdigitated design of the proposed
resonator, are designed to offer both a homogeneous magnetic
field distribution of high magnitude, and a minimal exposure of
sample to the electric field.

2. Design and simulation

2.1. Design

A diagram detailing our probehead is shown in Fig. 1. It consists
of two key parts, (i) the MW resonator implemented on a polymer
chip and featuring a microfluidic sample channel and (ii) a micro-
strip line MW coupling structure. Fig. 1(a) presents a schematic of
the basic model parameters that are also summarised in Table 1.

The proposed MW resonator is a stacked double split-ring type
structure. Copper rings are formed on the top and bottom face of
the (10� 10� 0:65) mm3 (w� l� h) small chip. The inner and
outer ring radius ri and ro as denoted in Fig. 1(a) are related by
the fixed ratio ro ¼ 3ri. We designed the split region such
that inter-digitating fingers, separated by a distance gc, form
Fig. 1. (a) Schematic representation of the microstrip line coupling structure (top
and bottom view) as well as the three-layer-stack resonator chip. The fixture for the
chip and the substrate are made from the same material (see Section 3 for details).
Denoted are the principle design variables used to define the geometry. The
operation frequency of the resonator is mainly determined by its outer radius ro,
which was kept constant for this study, and the design variable h. The mid layer of
the chip features the fluidic channels, which could accommodate additional fluidic
unit operations, e.g., analyte separation or mixing. (b) Detail of the refined
tetrahedral mesh of the computational model as used for FEM simulation.
distributed capacitors. Another capacitive pathway is present
between the overlapping metalization area from the two copper
ring tracks separated by the chip, which acts as a dielectric. The
resonance of the structure is primarily determined by the outer-
ring radius ro, the top/bottom ring separation distance (i.e., the
insert height ih), the geometry of the finger, and the distance
between the microstrip line and the resonator. The opening angle
of the finger h, as depicted in Fig. 1(a), is a design variable used
to adjust the resonator’s resonance frequency without changing
its outer diameter. The chip is easily filled with sample solution,
and fluidic channels guide the fluid to a reservoir of approximately
1 lL active volume.

An open-ended microstrip line of length ls is used to excite the
resonator. The electrical length is chosen to match ð3=2Þk at
9.5 GHz, resulting in a magnetic field maximum at the centre of
the microstrip transmission line. This allows for efficient inductive
side-coupling of MW energy into the resonator positioned at a
distance of ð3=4Þk from the open end of the microstrip line.
Substrate and ground-plane material from beneath the MW
resonator is removed by a through-hole (100 lm larger than ro)
to reduce constraints on the resonator’s EM characteristic. The
microstrip line is designed to have a characteristic impedance Z0

of 50X, by adjusting its track width w according to known
formulas [19]. The skin depth in copper at 9.5 GHZ is around
1 lm, thus well below the employed copper thickness of 35 lm
for the microstrip line and 9 lm for the resonator. The input port
of the microstrip line is soldered to an SMA flange connector that
connects via a semi-rigid coaxial cable (CE50047, Elspec GmbH,
Germany) to the EPR MW-bridge.

2.2. Simulation

To gain more detailed insight into the EM behaviour, the struc-
ture was simulated using the finite element method (FEM) soft-
ware HFSS (ANSYS, version 16), to extract the EM field
distributions and resonance frequencies f i. The model included
the microstrip line coupling structure on 0.46 mm thick high fre-
quency laminate, and the MW resonator made from 9 lm copper
on polyimide sheets. For our studies we kept the outer radius ro
of the resonator constant at ro ¼ 3 mm. For the frequency sweep
analysis, a wave port of 50X impedance was used for continuous
(CW) MW excitation, and was defined directly on the front facet
of the microstrip transmission line. The simulation model included
loss effects for the materials used (Rogers RO4003C substrate,
polyimide and copper). The whole structure was placed inside a
box-shaped domain to model the surrounding air. Back scattering
was avoided by applying a radiation boundary condition, which
acted as an absorbing layer. As shown in Fig. 1(b), the free tetrahe-
dral mesh was refined to resolve the structure accurately, e.g., for
small geometry features such as the interdigitated fingers of the
resonator. Model parameters were systematically changed until
the reflected power was minimal, indicating a matched impedance
between resonator and the distributed coupling circuit.

Fig. 2 visualises the electric and magnetic field distribution of
the resonator within the x=y-plane of the chip. The first four res-
onator modes computed from an eigenmode analysis are shown.
The EM field distribution of the resonator is important for our
application. A strong static magnetic field B0, e.g., along the
x-axis, causes a net magnetisation of the sample. The resonator’s



Fig. 4. (a) Process flow-chart for resonator chip fabrication. The compound step II
included laser ablation of photoresist as well as laser cutting of the alignment holes,
followed by chemical wet etching of copper. (b) Represenative 10 by 10 mm chips
featuring MW resonators of different h values. (c) Fabricated fixture made from
PMMA including the MW resonator, a copper plate for frequency tuning as well as
custom made EPR modulation coils.

Fig. 2. Eigenmode simulation of an unloaded MW resonator with a targeted
operating frequency of 9.5 GHz. Shown are the qualitative electric and magnetic
field distributions of the first four eigenmodes. The first four rows show the field
magnitudes plotted on the symmetry cut plane at half height of the chip and the
corresponding z/x-cross section. The bottom row shows the magnitude of the z-
component of the electric field plotted 300 lm above the resonators surface. The
fundamental mode localises the magnetic field maximum within the resonator
centre, coinciding with the sample reservoir. The electric field is localised between
the interdigitating fingers and only minimally overlaps with the sample region.
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oscillating magnetic field B1, when orthogonal to B0 (e.g., along the
z-axis), excites the spin species present in the sample in resonance
with its corresponding precession frequency. The spin relaxation
and MW transmitter power absorption processes are then amen-
able to measurements.

EPR experiments require resonators to efficiently generate high
magnetic fields within the sample volume under investigation. At
the same time, the electric field magnitude E1 impinging the sam-
Fig. 3. Field profiles extracted from the simulation study (MW input power
P ¼1 W). (a) and (b) Magnetic field components B1z and B1y as a function of x and y,
i.e., in the cutting plane at half the height of the chip, (c) B1z in the resonator’s axial
direction, perpendicular to its surface. A copper plate introduced from above for
frequency tuning perturbs the otherwise symmetric field profile. Dashed lines
represent the in-plane magnetic field component B1y with negligible magnetic field
contribution. (d) Electric field magnitude plotted as a function of x and y. Electric
and magnetic field maxima are well separated.
ple should be maintained as low as possible to minimize dielectric
sample heating. Polar and electrically conductive sample solutions,
in particular, easily absorb MW power Pabs that scales as

Pabs / �jE1j2, with � being the sample permittivity, and can cause
significant increases in temperature. We therefore consider the
fundamental mode of the resonator (left column in Fig. 2) which
fulfills the aforementioned requirements.

We analysed the results from the simulation, using the param-
eters as displayed in Table 1, more closely. Fig. 3(a)–(c) sum-
marises the findings quantitatively. At positions where the
sample is located (centre of resonator, position x ¼ y ¼ 5 mm),
the MW magnetic field B1z had its maximum strength as would
be desired for spin excitation in EPR experiments. Dashed lines
represent the transverse magnetic field component B1y perpendic-
ular to the resonator axis showing only a negligible contribution to
the main MW field excitation along the z-axis. The profile of the
unperturbed magnetic field’s z-component B1z in the z-direction
is perfectly symmetric about the x-axis, has its maximum at the
half height of the insert, and decays rapidly outside of this region.
For the simulated case shown in Fig. 3(c) a thin copper plate for fre-
quency tuning was in place, braking the symmetry. The z-
component of the MW magnetic field profile along the x=y-axis
shows a dip at the centre of the resonator, leading to a 17%
decrease in magnetic flux density compared to the average value
of 0.39 mT considered within 2ri . The MW conversion factor is
computed from the average B1z field values across the inner ring
diameter to be approximately Kcal ¼ 0:39 mTW�1/2.
3. Fabrication

The chips featuring the MW resonator were fabricated from
three layers of polymer that were cut and structured with a UV
laser (TruMark 6330, Trumpf, Germany). The copper resonators
were defined by chemical wet etching. Top and bottom sheets
(AkaFlex KCL 2-9/26 HT, Krempel GmbH) of the insert were made
from 25 lm thick polyimide sheets with a single-sided laminated
layer of 9 lm thick copper. Fig. 4(a) outlines the basic process flow
in three steps.

For step I the polyimide sheets were cut and glued to a 4 inch
handling wafer, spincoated for 60 s at 3000 rpm with 2 lm thick
AZ4015 photoresist (MicroChemicals GmbH, Germany). UV laser
machining was employed for both maskless ablation of the pho-
toresist, to define the resonator pattern, as well as for cutting the
polymer sheets to define the individual chips. A prior cleaning step
of the copper surface by a 10 s dip in sodium persulfate (Na2S2O8,
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250 g per 1 L) solution enhanced photoresist adhesion. Microfluidic
inlet and outlet ports, as well as alignment holes, were subse-
quently also laser-cut. Exposed copper parts were removed by
wet-etching for approximately 5 min in a sodium persulfate solu-
tion (Fig. 4(a) step II). Etched structures showed geometric confor-
mity with a relative deviation of less than 1%. The process allows
minimal feature sizes of down to 40 lm without significant arte-
facts due to, e.g., over-etching. After etching, the photoresist was
stripped and the polyimide sheets were removed from the han-
dling wafer. The mid layer featuring the sample reservoir was cut
out of two stacked sheets, double-liner adhesive sheets (7961MP,
3M, �r ¼ 3:42; tan d ¼ 0:01) using the same UV laser. The sheets
are constructed from a double coated 0.18 mm thick polyester car-
rier featuring 0.05 mm adhesive layers (200MP, 3M, High Perfor-
mance Acrylic Adhesive). After cutting, the protective paper was
removed and the processed top and bottom polyimide sheets were
aligned to the reservoir layer by using alignment pins. The assem-
bled stack was laminated under heat by a hot roll laminator
(LP25HS, ACCO Rexel). Alignment marks enabled precise laser cut-
ting of the laminated stack into single chips shown in Fig. 4(b).

The microstrip line coupling structure was defined by precision
milling (ICV 4030, isel, Germany) of the top copper layer (35 lm
thickness) of a 0.406 mm thick high frequency laminate (Rogers
RO4003C, �r ¼ 3:55; tan djf¼10GHz ¼ 0:0027). The coupling structure
was mounted on a custom made holder laser cut (VLS2.30, Univer-
sal Laser Systems Inc.) from polymethyl methacrylate (PMMA)
sheets. The fabricated holder shown in Fig. 4(c) is equipped with
a set of EPR modulation coils of 40 mm in outer diameter featuring
150 windings each wound from isolated copper wire (100 lm in
outer diameter). A proprietary coaxial connector (Bruker) was
employed to connect the coils to the modulation coil driver of
the EPR spectrometer.
4. Experimental performance

4.1. Resonator characterisation

All radio frequency (RF) measurements were performed using
the fixture shown in Fig. 4(c), without the modulation coil in place.
The resonator chips were mounted and operated in the orientation
as shown in Fig. 1(b). Resonance frequencies f i and loaded quality
Fig. 5. Measured (solid lines) and simulated (dashed lines) resonance frequencies f i
and loaded quality factors Q L as a function of the design variable h; each data point
represents a separate resonator. The inset shows the measured spectra of the
corresponding reflection coefficient S11. Arrows indicate the corresponding axis for
the plotted data.
factors Q L ¼ f 0=ðf 2 � f 1Þ, as shown in Fig. 5, were determined from
power reflection curves measured by a calibrated network analyser
(ZVA24, Rohde & Schwarz, Germany).

Acquired S-parameter data were averaged ten times, and base-
lines were corrected by a linear fit, to accurately determine the
�3 dB frequencies f 1 and f 2 at each side of the resonance. For tun-
ing the resonance frequency, a circular copper sheet co-axially
aligned with the resonator was attached to the blunt tip of a poly-
mer screw which enabled continuous adjustment of the tuning dis-
tance. Fig. 6(a) illustrates the strong dependency of f 0 on the
tuning position. The frequency tuning curve as shown in Fig. 6(a)
was measured from an unloaded resonator with an outer radius
ro of 3 mm and a value for h of 53�. Table 2 summarises the mea-
sured results for three distances between the copper sheet and
the resonator surface. Coupling factors j of the tuned resonators
were determined from the Smith chart shown in Fig. 6(b) in order
to evaluate their unloaded quality factor Q0 ¼ Q Lð1þ jÞ.

The EM field distribution of the resonator was experimentally
evaluated by means of a perturbation method [20] as used for res-
onant EM cavities. A small blunt tip metallic needle of 300 lm
outer diameter was mounted on an x=y-linear stage (VT80 150-
2SM, PI miCos GmbH, Germany) to raster the resonator approxi-
mately 300 lm above its surface. The resonance frequency of the
resonator is perturbed by the conducting tip by an amount
depending upon the local electric and magnetic fields, which is
therefore a measure of the field strength at the position of the
tip [20]. The electric field strength in this region is related to the

frequency shift by jEj2 / 1� ðx=x0Þ, where x and x0 are the per-
turbed and unperturbed frequencies, respectively. For the mea-
surement the linear stages and a network analyzer (N5224A,
Agilent, USA) were controlled by a personal computer which also
stored the x=y-coordinates as well as the corresponding resonance
frequency data. Fig. 7 compares the simulated and measured elec-
tric field distributions side by side. The simulated field distribution
shows the absolute value of the z-component Ez of the electric field
at a height of 300 lm above the resonator surface and does not
include the perturbation of the metallic tip. As the simulation con-
firms, this mode corresponds to the respective fundamental mode
as depicted in Fig. 2. We note that the simulated electric field pat-
terns (jEj and jEzj) of the second eigenmode (f 2nd ¼ 13:32 GHz)
appear almost similar when compared to the field distribution
jEzj of the fundamental mode (f 1st ¼ 9:42 GHz) and must not be
confused.
Fig. 6. (a) Measured (data points) and simulated (dashed line) shift of resonance
frequencies f i for different distances between the resonator surface and the copper
tuning plate. The inset shows the measured spectra of the reflection coefficient S11
that correspond to the color-coded tuner positions. Error bars correspond to the
standard error of the mean a = 0.1 mm. (b) Smith chart representation for the
measured S11 data at tuner positions 1.2 mm, 1.3 mm and 1.5 mm.



Fig. 8. (a) Measured EPR single-scan signal from a LiF:Li crystal at room temper-
ature (RT). (experimental parameters: MW frequency fMW ¼ 9:947 GHz, MW power
P ¼ 2 mW, scan-rate 30 lT s�1, filter constant sc ¼ 5:12 ms, modulation frequency
fm ¼ 50 kHz with an amplitude of Bm ¼ 0:01 mT) (b) Measured EPR spectra of a
concentration series of MTSL dissolved in DMSO, recorded at RT. The (blue, red,
black) curves correspond to MTSL concentrations of 1 mM after a single scan,
100 lM after a single scan, and 10 lM after 25 scans. (experimental parameters:
fMW ¼ 9:862 GHz, P ¼ 6:3 mW, scan-rate 238 lT s�1, sc ¼ 10:2 ms, fm ¼ 50 kHz,
Bm ¼ 0:14 mT). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 7. (left) Simulated electric field distribution jEzj plotted in a parallel plane
300 lm above the resonator surface. (right) Measured field distribution as a
function of 1�x=x0. The measurement probe was approximately 300 lm posi-
tioned above the resonator surface. White dashed lines indicate the outline of the
resonator.

Table 2
Summarised data based on measurements presented in Fig. 6. Coupling factors j
were determined from the Q-circles plotted in a Smith chart (see Section 5 for details).

Tuner position (mm) 1.2 1.3 1.5

f i (GHz) 9.79 9.66 9.53
QL (–) 74 58 44
Q0 (–) 106 93 78
j (–) 0.44 0.60 0.78
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4.2. EPR experiments

Electron paramagnetic resonance measurements were carried
out using an X-band continuous-wave spectrometer (EMX, Bruker,
Germany), with a tuneable MW frequency bridge (ER041MR) from
9 GHz to 10 GHz. The resonators were placed into the PMMA
holder and the microstrip line coupling structure was connected
to the spectrometer by a low-loss coaxial cable. The assembly
was centred firmly between the poles of the EPR magnet to mini-
mize vibrations during the measurements. The magnetic field gen-
erated by the custom-made modulation coil was calibrated by
measuring a LiF crystal doped with Li particles of known g-factor
of 2.00229 (as formed by neutron irradiation, LiF:Li) and a narrow
line shape of 0.01 mT [21]. To load solid-state samples into the res-
onator, a hole was introduced to the top polyimide layer of the
chip. For the calibration a modulation frequency of 50 kHz was
used. In order to avoid any overmodulation, the dependency of
the peak-to-peak linewidth DBpp with respect to the modulation
voltage was investigated to ensure DBpp 6 0:01 mT. Fig. 8(a) shows
the resulting LiF:Li spectra.

To estimate the limit of detection (LOD) for radical solutions, a
concentration series was carried out (see Fig. 8(b)). It indicates that
a 10 lM of S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-
3-yl) methyl methanesulfonothioate (MTSL) in dimethyl sulfoxide
(DMSO) is still detectable under our measurement conditions. The
EPR spectra are well resolved and plausible, but also show an arte-
fact becoming prominent at sufficient signal averaging and low
MTSL concentrations. We attribute this background signal to para-
magnetic species in the polymer chip materials. We would like to
note, that similar measurements were carried out also with an
aqueous sample. No significant changes in Q factor were observed
during the EPR experiment. DMSO was chosen as a solvent due to
higher solubility of MTSL. The minimal concentration detection
limit cmin for our resonator was determined from the signal-to-
noise ratio (SNR) of the 1 mMMTSL sample. The noise level is given
by the standard deviation of the baseline rnoise, and the peak-to-
peak signal level Spp is the average over the three nitrogen hyper-
fine peaks, leading to an SNR ¼ Spp=rnoise � 243. By taking into
account the three isotropic hyperfine transitions of MTSL in DMSO
solution and three times rnoise, the minimal concentration detec-
tion limit reads cmin ¼ 1 mM=SNR � 4:1 lM for a single transition.
Under given experimental conditions (equivalent noise bandwidth
of Df noise ¼ 1=ð4scÞ � 25 Hz, average peak-to-peak linewidth of
LWpp � 1:6 G and resonator volume of V r � 2 lL), the upper limit
for the LOD for the resonator can be calculated as

LOD ¼ cminV rNA

Df 1=2noiseLWpp

� g � 6:2 � 1011 spins
Hz1=2G

� g; ð1Þ

where NA ¼ 6:022140857 � 1023 mol�1 is the Avogadro constant.
To experimentally determine the MW conversion factor Kexp,

preliminary transient EPR experiments were carried out on a p-
terphenyl crystal hosting pentacene at a concentration of
1000 ppm [22]. A typical crystal was of cube like shape of approx-
imately 0.8 mm edge length. The MW conversion efficiency can be
calculated directly from the transient nutation frequency xn [23]
of the light-induced pentacene triplet state. The pentacene inside
the crystal was excited using a laser light source (Spectra Physics
GCR 190-10 Nd:Yag) and an optical parametric oscillator (Opta
BBO-355-Visible/IR) at a wavelength of 532 nm and a pulse rate
of 10 Hz. The laser light was coupled into a glass fibre, which
was guided through the frequency tuning screw of the resonator
and positioned directly above the crystal, in the middle of the res-
onator. Transient nutation experiments were carried out on a Bru-
ker ESP-300E spectrometer with a Bruker ER046 MRT MW bridge.
The data was recorded with an oscilloscope (LeCroy 9354A,
500 MHz). Fig. 9(a) shows the transient nutation for two different
MW powers at the maximum emissive resonance of pentacene.

The transient nutation is mainly dominated by a zero-order
Bessel function J0 multiplied by an exponential decay function
due to T2 [22,23]. To obtain the transient nutation frequency, the
nutation plot was Fourier transformed. Before FFT, the starting
point was set to the first maximum of oscillation, and also a zero
filling and a Hamming window was applied. Fig. 9(b) shows the
dependency of the nutation frequency for different square root

MW powers. Using the equation xn ¼ ceB12
1=2, and assuming for

the g-factor a value of 2 for pentacene, the nutation frequency
can be transformed into B1-field strength. This leads to a MW con-
version efficiency of Kexp ¼0.12 mTW�1/2.



Fig. 9. (a) Measured light-induced transient EPR nutations of pentacene in p-
terphenyl at B0 ¼ 360 mT, 9.37072 GHz, with a laser-pulse energy of 2 mJ. (b)
Nutation frequency vs. square root of the MW power P. The linear slope of
0.158 MHz/mW�1/2 is directly derived from the measured data and corresponds to a
MW conversion efficiency of Kexp ¼ 0:12 mT W�1/2 (see text).
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5. Discussion and conclusion

We introduced a MW resonator co-integrated with a microflu-
idic chip and fabricated in a batch process that combines surface
micromachining techniques with a simple lamination step, and
that allows rapid fabrication of multiple resonators within 3 h.
The fluidic channels allow precise delivery and positioning of
sub-microliter sample volumina for EPR measurements. The struc-
tures can be defined by the layout of the mid polymer layer and are
therefore adjustable in a flexible way. The typical sample volume
within the active region of the proposed resonator is around 1 lL.

The EM performance of the resonator was characterised by FEM
simulations, RF as well as EPR measurements. The simulation
results for the dependency of f i on the design parameter h (see
Fig. 5) are in excellent agreement with the measured data, for a
given structure within 2%. Linear fits to the curves show slopes
of approximately �49 MHz/� for the calculated and �46 MHz/�
for the measured curve, respectively. Therefore, multiple resonator
chips of identical outer diameter covering different frequency
ranges can be fabricated in a single process run. On average, the
simulated and measured loaded quality factors Q L were found to
be approximately 65 and 56, respectively. Minor deviations
between experimental and simulated results were mainly attribu-
ted to inadequate material properties at high frequencies, addi-
tional external loss factors, as well as surface roughness. Also,
the simulation model did not account for the co-axial cable to
microstrip line transition, which may have introduced minor fre-
quency offsets.

As for the determination of the unloaded quality Q0 and cou-
pling factors j (see Table 2), we note that the Q-circles for the fab-
ricated resonators, shown in Fig. 6(b), are detached from the
perimeter of the Smith chart, indicating coupling losses, probably
due to the high reactance of the coupling structure. We therefore
redefined the perimeter value of the Smith chart and normalised
the Q-circle diameters as described by Kajfez [24] to extract the
coupling factors j. The copper tuning plate allows both continuous
frequency tuning as well as impedance matching. Critical coupling
was achieved as indicated by coupling factors j of approximately 1
(see Table 2). The resonance frequency could only be increased,
which can be explained by the perturbational principle for the case
of inward perturbations at points of large magnetic fields [25]. The
achievable shift in resonance frequency jDf 0j is about 1 GHz over
the whole travel range of the tuner. The tuner can be further
optimised to decrease radiation loss and to increase the quality fac-
tor of the resonators, as suggested by Narkowicz and Suter [26].

An EPR spectrum of a LiF:Li standard was successfully measured
to calibrate the custom-made modulation coil. Further CW mea-
surements were carried out using this calibration curve. By using
a known concentration of MTSL dissolved in DMSO and consider-
ing a filling factor of g � 0:6, the LOD of the resonator could be esti-
mated to be around 3:7 � 1011 spins �Hz�1=2 G�1 in solution for a
single EPR transition.

The simulation study reveals a calculated value for Kcal of
0.39 mTW�1/2 and geometrically well separated magnetic and
electric field maxima. The minimum of the simulated electric field
intensity jEminj of 5 kV m�1 is located in the centre of the resonator.
We determined an average electric field intensity over the inner
diameter of 2 mm of approximately 13 kV m�1. For comparison,
Narkowicz et al. [11] presented simulations for a R-shaped PMR
with a loop diameter of 50 lm featuring an average electric field
intensity across the sample of approximately 600 kV m�1. Twig
et al. [27] published electric field distributions for an X-shaped
surface resonator with a loop diameter of 400 lm featuring an
average electric field intensity across the sample of approximately
243 kV m�1. These numbers for the electric field intensities (input
power P ¼ 1W) put our results in context. However, we note that
the values Kcal for above mentioned resonators are much higher
due to their small size.

First measurements with transient EPR on the light-induced tri-
plet state of pentacene in p-terphenyl crystals show a good possi-
bility to determinate K at low MW powers (see Fig. 9). The MW
conversion efficiency obtained was 0.12 mTW�1/2. This value
was calculated with a g-factor of 2, and assuming a transition

moment of 21=2 for the allowed triplet transitions in the high-
field limit. The discrepancy of a factor of three (i.e., 0.12 mTW�1/2

instead of 0.39 mTW�1/2) between the calculated and experimen-
tally determined MW conversion factor might be due to diffusion
of sample solvent into high electric field regions of the resonator,
as well as an incorrectly centred pentacene crystal.

Owing to the material composition, aggressive solvents should
be avoided as they tend to dissolve the polymer material. Also,
the EPR spectra shown in Fig. 8(b) reveal a fixed background signal
originating from the polymer chip itself. Therefore, next-
generation resonator chips will be made from glass and other
EPR compatible materials. A suitable process was published by
Spengler et al. [28,29], who developed a compatible process to fab-
ricate sample inserts for nuclear magnetic resonance experiments
based on glass, increasing chemical as well as mechanical robust-
ness substantially. Also, high permittivity substrates like ceramics
or sapphire can further decrease the resonator feature size, which
is roughly proportional to ��1=2 and hence increase K.

Further improvements for the simulation procedures might
consider the trade-off between minimal active resistance of the
structure, and maximum magnetic field values, as well as the
increase in MW efficiency versus ring diameter.
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