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Abstract—The design and performance of a silicon-based RF de-
tector coil for use in magnetic resonance (MR) spectroscopy appli-
cations is described. The coil is fabricated using microelectrome-
chanical systems (MEMS) technology by deep reactive ion etching
(DRIE) of an oxidized silicon substrate carrying electroplated con-
ductors. The DRIE step simultaneously forms a sample trough and
creates a trepan cut around the coil so that it may be detached from
the substrate by cleaving short sections of sprue. A single-turn coil
with -factor 16 at 63.6 MHz is demonstrated and MR spec-
troscopy experiments are described. An accurate numerical model
based on the time-domain finite integration technique is used to in-
vestigate the effect on the -factor of deliberately structuring the
substrate to limit the volume of silicon exposed to RF energy. The
model is compared with known analytic approximations, and good
agreement is obtained.

Index Terms—Magnetic resonance (MR) receiver coils, micro-
coils, microelectromechanical systems (MEMS), numerical
modeling.

I. INTRODUCTION

RECENT WORK HAS suggested that magnetic resonance
(MR) spectroscopy may be useful in evaluating cancerous

lesions [1], [2]. To obtain data sufficiently quickly, small coils
are required to ensure close sample-detector coupling. Since a
resonant detector with a high Q-value is required to maximize
the signal-to-noise ratio (SNR), one goal is to minimize coil re-
sistivity and leakage. A second goal is the availability of cheap,
single-use coils that will avoid potential contamination between
patients.

Increasingly, coils are being constructed using microelec-
tromechanical systems (MEMS) technology, thereby allowing
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the fabrication of disposable devices with complex, three-di-
mensional geometries. Planar spiral microcoils fabricated by
lithography and electroplating [3], and solenoidal microcoils
constructed by methods including nonplanar lithography,
multilayer lithography and self-assembly [4]–[6], have been
reported. MR detector coils have been combined with etched
troughs to increase coupling to the sample [7], -factors have
been increased on glass substrates [8], capacitors [9] and
transistors [10] have been integrated on-chip and implantable
coils have been developed [11]. Helmholtz coils, which offer
increased field uniformity, have also been constructed from
stacked substrates [12], [13].

One of the most interesting approaches to microcoil construc-
tion is silicon MEMS, since this allows the substrate to be struc-
tured accurately into arbitrary shapes such as sample troughs
[14] and needles [15] by deep reactive ion etching (DRIE). How-
ever, the presence of a nearby semiconducting substrate de-
grades the -factor, an effect well known in silicon integrated
circuit design [16]–[18]. Despite this, empirical methods have
been used to develop silicon-based microcoils for MRS using in-
trinsic substrates with thick oxide isolation that have -factors
as high as 25 at 200 MHz [14] and can, therefore, detect useful
spectral data [15]. The high sensitivity of -factor to local loss
mechanisms, and the fact that the topography of MRS detector
coils differs from the uniform silicon substrate of a simple inte-
grated inductor in an ultra large-scale integration (ULSI) circuit,
give rise to the need for accurate models as part of the design
process.

In this paper, we describe construction of experimental micro-
coils using metal electroplating and DRIE of silicon substrates,
and present typical experimental results, including initial MR
spectroscopy experiments. An equivalent circuit model and a
numerical approach are used to explore the effect of varying dif-
ferent design parameters of structured substrates and to demon-
strate the beneficial effect of removal of silicon from key regions
around the coil.

II. MICROCOIL FABRICATION

Experimental microcoils were constructed using the process
outlined in Fig. 1(a) [14]. 100 mm diameter, -oriented, in-
trinsic Si-wafers of resistivity 5 m were thermally oxidized to
form a 1 m thick isolation layer. The resistivity of the Si-wafers
measured after stripping the thermally grown oxide was found
to be 50 m. This was considered to be due to a combina-
tion of surface contamination during thermal oxidation and in-
terface states [19]. A conductive seed layer of 300 Ti and
2000 Cu metal was then deposited by RF sputter-coating.
Next, a 22 m thick layer of AZ9260 photoresist was spin-
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Fig. 1. (a) Fabrication process for silicon-based microcoils. (b) Completed
wafer. (c) Die layout. (d) Completed device die.

coated and patterned to provide a mould for electroplating. Con-
ductors were formed using 14 m Cu and 4 m Au, which were
both plated using commercial solutions (Technic FB, from Lek-
trachem, and ECF 60, from Metalor, respectively). The mould
was then stripped, together with residual areas of exposed seed
metal. The wafer was then coated with a 20 m thick layer
of AZ9260 photoresist. Using this layer as a mask, the oxide
layer and then the wafer were etched through completely by
DRIE, a method of near vertical etching that operates by cyclic
etching and passivation of silicon using a high-density induc-
tively coupled plasma. Fig. 1(b) shows a wafer after completion
of processing.

Detectors were formed as single-turn coils based on a 100 m
wide conductor surrounding an etched sample trough measuring
5 mm 1 mm, as shown in Fig. 1(c). The coils were attached
to the wafer using short sections of silicon sprue, which could
be cleaved to detach the dies without the need for dicing. A
completed device die is shown in Fig. 1(d).

Electrical connections to a silicon baseplate were formed
using indium metal as solder. Coil assemblies were configured
as parallel resonators using surface mount capacitors. Coil
performance was measured using an Agilent E5061A vector
network analyser. Four-point probe measurements of wafers
stripped of thermal oxide were also carried out.

III. MR EXPERIMENTS

MR experiments were performed using a 1.5 T Siemens Mag-
netron Vision system. The Vision system body coil was used
for RF transmission and a microcoil, placed within a body coil
loading annulus, was used as the signal receiver. A free induc-
tion decay was obtained using the following measurement pa-
rameters, repetition time (TR) 2.0 s, nonselective 500 s exci-
tation pulse (90 ), two averages and receiver gain set at 90 dB.
Data processing comprised of FFT and manual phase correction.

Two experiments were carried out. In one, the microcoil
was loaded with a sample of Spenco, a vinyl plastisol material
(Spenco Healthcare International, Horsham, U.K.), measuring

Fig. 2. Schematic diagrams showing location of samples in two MR experi-
ments. (a) Spenco sample. (b) Cod liver oil sample.

mm mm mm, and standing vertically on its long
edge within the sample volume of the coil [Fig. 2(a)], which
provided a source of mobile protons. Unlike other sources of
protons such as doped water or oils, Spenco is stable over a
period of several years and does not exhibit evaporation and/or
leakage with time. It can also be easily moulded, an important
factor when minimizing susceptibility disturbances at sample
interfaces. A disadvantage of Spenco is that its relaxation
properties are not ideal since the material is semiplastic with
relatively broad intrinsic linewidth. However, overall, Spenco
has proven to be a useful signal source [20].

In the second experiment, a semicylindrical capsule of cod
liver oil, approximately 10 mm in height and 8 mm in diameter,
was placed directly above the microcoil [Fig. 2(b)].

IV. NUMERICAL MODEL

Numerical modeling was carried out using a commercial
electromagnetic, time-domain solver within CST Microwave
Studio V 5.1.3 and V 2006 (Computer Simulation Technology,
Darmstadt, Germany). This provides a solution to the time-de-
pendent Maxwell’s equations using a time-domain variant of
the Finite Integration Technique (FIT) [20]. A summary of the
method is given in [22].

Fig. 3 shows the geometry of the model consisting of a rectan-
gular silicon substrate mounting a single-turn conductor on an
insulating spacer. The dimensions, similar to those in the exper-
imental device, are listed in Table I and material properties used
are given in Table II. An open boundary condition with added
space was used and the model was meshed to a hexahedral grid.
The minimum and maximum mesh steps used were 1 m and
693 m, respectively; the total number of mesh cells was 4
million. The coil was excited by a Gaussian voltage pulse of
888.6 ps duration applied across the left ends of the copper con-
ductors. Time stepping with an increment as small as 1.9 fs was
necessary because of the fine mesh. The impedance was found
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Fig. 3. Model of single-turn coil.

TABLE I
DIMENSIONS USED IN THE NUMERICAL AND

EQUIVALENT CIRCUIT MODELS

TABLE II
MATERIAL PROPERTIES USED IN THE NUMERICAL AND

EQUIVALENT CIRCUIT MODELS

from the S-parameter and the dependence of -factor on
frequency from , where and are the reactance
and resistance, respectively. The model ran on a Pentium 4 CPU
3.73 GHz PC with 4 GB of RAM and the typical total solver time
was approximately 24 days. This was because of the very small
minimum cell size, the overall size of the model, and the rela-
tively low frequency used in this time-domain technique. The
runtime was sufficiently long as to eliminate blind variation as
a possibility of exploring parameter space.

Fig. 4. Equivalent circuit of single-turn coil.

V. EQUIVALENT CIRCUIT MODEL

To allow appropriate parameters to be identified more
quickly, an equivalent circuit representing a single-turn coil on
a uniform substrate was developed, as shown in Fig. 4. The
inductance and resistance of the conductor are represented by

and . , , and represent the oxide capacitance,
the silicon substrate capacitance, and the silicon substrate resis-
tance, respectively. Since the distance between the two parallel
conductors is relatively large in the present case m ,
the effect of capacitive coupling between the input and output
ports of the coil is negligible. The separation between the
two parallel conducting tracks is also sufficiently large for the
proximity effect of one copper conductor on the other to be
ignored. Eddy currents induced in the substrate are ignored
too since the conductivity of the substrate and the working
frequency are both relatively low. The skin effect is considered
in this lumped element model.

The input impedance associated with the equivalent circuit is

(1)

where is the angular frequency. The inductance is com-
prised of self inductance and mutual inductance components
and is given (in nH) by [23]

(2)

The parallel conductors have equal and rectangular cross sec-
tions , and their length is large com-
pared with their separation . All dimensions are in millime-
ters (mm). is a constant relating to the distances between the
conductors and is a constant relating to the geometric mean
of the conductor cross-sectional dimensions. and are de-
termined from tabulated data in [23] and for the present model
are 0.006 and 0.0023, respectively. Using (2), is found to
be approximately 9 nH.

At high frequency, a thick conductor supports a current den-
sity that decays exponentially from the surface to the center of
the conductor. If the thickness of the conductor is comparable
to the skin depth , an effective one dimensional skin depth [24]
is given by

(3)

where and , , and are the conductivity
m and the permeability m of the conductor, and
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the frequency (Hz), respectively. For copper,
m and m when the frequency is 64 MHz. The

series resistance, , can be expressed as

(4)

where represents the total length of the conductor, namely,
. According to [24] and [25], the capacitance

due to the layer may be found using

(5)

where is the permittivity of free space. The resistance of
the silicon substrate is calculated using [26]

(6)

where and the capacitance of the sil-
icon substrate can be obtained from the relaxation time constant

[27] as

(7)

The impedance and -factor are found using a Matlab program
employing the above parameters and equations.

VI. RESULTS

A. Electrical Performance of Microcoil

Typical DC values of inductance and series resistance were
11.2 nH and 0.15 , respectively. Using (2), is found to be
approximately 9 nH, slightly below the experimental value due
to the omission of short track segments leading to the bond pads.

Fig. 5 shows a typical variation of -factor with frequency.
At low frequencies, the -factor rises linearly, but at interme-
diate frequencies, the rate of increase slows and the -factor
peaks at 23 at approximately 150 MHz. This performance is
worse than expected from devices fabricated on intrinsic Si,
which should approach that achievable on glass. Four-point
probe measurements of wafers stripped of thermal oxide re-
vealed a decrease in resistivity to around 0.5 m.

Fig. 6 shows the frequency dependence of impedance of a
single turn, resonant detector tuned to 63.87 MHz (the proton
resonance frequency in a 1.5 T field).

B. MR Performance of Microcoil

Preliminary results regarding MR spectra obtained from the
Spenco and cod liver oil samples are shown in Fig. 7(a) and (b),
respectively. Linewidths are full width at half maximum unless

Fig. 5. Experimental variation ofQ-factor with frequency for single-turn coil.

Fig. 6. Experimental variation of impedance with frequency for resonant
single-turn coil.

explicitly stated otherwise. The Spenco spectrum exhibited a
large peak, approximately 54 Hz wide, and two clearly resolved
side peaks. Spenco is semiplastic, and therefore has a relatively
broad intrinsic linewidth. The sample is also small and, there-
fore, the environment includes air/Spenco and other interfaces
that will contribute further to line broadening through slightly
different susceptibilities. The spectrum from the cod liver oil
sample showed the linewidth of the lipid peak to be 12–17 Hz.
The SNR, estimated to be approximately 900, was obtained
from two averages and so assuming Gaussian noise, the SNR
per acquisition was . The B1 field varied from 100% (at
the edge of the sample adjacent to coil based on the image data
from the cod liver oil) to approximately 10% over 2.4 mm.

The data shown here have been apodized to boost high fre-
quencies; this procedure helps to identify doublets, which can,
otherwise, appear as a single broad peak. Considerable struc-
ture may be seen in the oil spectrum, and preliminary assign-
ment of the different peaks is in progress. Unlike the Spenco
sample which was comparable in size to the coil components,
the oil sample was relatively large and any local effects would
be masked by the signal from the large sample volume.
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Fig. 7. MR spectra obtained using a single-turn coil. (a) “Spenco” sample.
(b) Cod liver oil capsule.

Fig. 8. Frequency dependence of Q-factor predicted by the equivalent circuit
and numerical models.

C. Comparison Between Numerical and Equivalent Circuit
Models

1) Frequency Dependence of Q: Fig. 8 shows the frequency
dependence of the -factor as predicted by each model. The
two agree extremely well over the wide frequency range shown.
However, agreement with the experiment is surprisingly poor;

both theoretical models predict peak -factors that are much
higher than the experimental device, and occur at much higher
frequencies. We explore possible explanations below.

2) Substrate Resistivity: Given the results of the four-point
probe test, it is natural to investigate the effect of limited sub-
strate resistivity. Fig. 9(a) shows the variations of -factor with
frequency predicted using the equivalent circuit when the resis-
tivity was varied. The thickness of the in-
sulating layer was kept fixed at 1 m. In general, the trend is
for both the maximum -factor and the frequency at which it
occurs to decrease with decreasing resistivity. However, when

m, a small increase in the maximum value and
the corresponding frequency is predicted as the resistivity is de-
creased. The maximum -factor for m is somewhat
below the experimental result.

3) Isolation Layer Thickness: Fig. 9(b) shows the variation
of -factor with frequency predicted using the equivalent cir-
cuit model assuming now that the thickness of the layer
is varied from 1 to 100 m. The resistivity was 0.5 m. Al-
though it is difficult to form a layer thicker than 4 m
by thermal oxidation, thicknesses in the range studied are pos-
sible using SU-8, which has a similar permittivity to and
a very high-resistivity m . Although SU-8 contains
protons, this would not be problematic in MR applications since
a significant signal would not be obtained without the special-
ized techniques of solid-state MR. The results suggest that the
maximum -factor rises, together with the corresponding fre-
quency, as the insulator thickness increases. However, unrealis-
tically large thicknesses are required to obtain a -factor similar
to the experiment.

4) Silicon Structuring: We now consider the effect of struc-
turing the silicon itself, first into a die of finite size. These pos-
sibilities are simulated using the numerical model. Fig. 10(a)
shows the predicted variation of -factor with frequency for
cases in which the substrate dimensions are varied, following
the pattern and , where is a con-
stant multiplier. In each case, a substrate resistivity of 0.5 m
and an oxide thickness of 1 m are assumed. The other dimen-
sions and material properties are as in Tables I and II. The re-
sults suggest that the maximum -factor and the associated fre-
quency increase as the substrate dimensions tend to those of the
coil itself. Removal of lossy surrounding material clearly allows
improved performance without the need for an unrealistic iso-
lation layer thickness.

We now consider the effect of an etched cuboid sample trough
cut through the isolation layer and the silicon, whose perimeter
lies just inside the coil. Fig. 10(b) shows the predicted variation
of -factor with frequency, for various trough depths . The
parameters assumed are as in Table I. The results imply that
performance improves as the trough is made deeper, and the
peak -factor now approaches the experimental result for the
deepest etch.

VII. DISCUSSION

The results above suggest that optimum performance is
achieved when the resistivity of the silicon substrate is maxi-
mized, the thickness of the insulating layer is maximized, the
dimensions of the substrate are minimized and the volume of
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Fig. 9. Frequency dependence of Q-factor predicted by the equivalent circuit model. (a) For different substrate resistivities � and a fixed oxide thickness of
t = 1 �m. (b) For different oxide thicknesses t and a fixed substrate resistivity � = 0:5 
m.

Fig. 10. Frequency dependence of Q-factor predicted by the numerical model. (a) For different relative substrate sizes N . (b) For different sample trough depths
d .

the sample trough is maximized. It is worthwhile considering
the physical reasons for this behavior.

When the substrate resistivity is increased beyond m,
the resistance of the substrate increases, energy loss in the sub-
strate is decreased, and the value increases, as shown in
Fig. 9(a). As the resistivity continues to increase, the substrate
branch of the equivalent circuit shown in Fig. 4 (i.e., ,

, and ) approaches an open circuit condition and the
frequency associated with the maximum -factor increases.
However, more complex behavior occurs when the substrate
resistivity is low, as we now show.

The impedance of the substrate branch is

(8)

and the corresponding -factor is

(9)

At low angular frequencies, such that , where
, then .

Under these conditions, increases when and
decrease. However, when ,

, and the opposite occurs.
By differentiating, we can show that the maximum is at

. On the other hand, for
the conductor branch of the equivalent circuit, the -factor is

, where and are as given in (2) and
(4). As a result, increases with increasing frequency.

The net effect is that at low frequencies, conductor effects
dominate— increases with increasing frequency, and the sub-
strate resistivity has little effect. At high frequencies, the sub-
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strate plays an increasing role and the coil eventually becomes
capacitive. Clearly, if the substrate resistivity is limited, it is im-
portant to compensate as far as possible by structuring the sub-
strate to remove the maximum unnecessary material.

VIII. CONCLUSION

We have demonstrated a wafer-scale process for batch fabri-
cation of MR detectors on oxidized silicon substrates. The con-
ductors are formed first, by electroplating metals inside a pho-
toresist mould, and the die topography is then defined by DRIE.

Good electrical performance has been demonstrated, with
-factors up to 15, despite the use of a semiconducting sub-

strate. Preliminary MRS experiments have been performed,
and good SNR and linewidth have been obtained. This level
of performance is extremely encouraging, and confirms the
essential validity of the fabrication scheme. However, further
improvements in signal obtained from optimized multiturn coil
geometries and from an increase in magnetic field strength (and
hence in operating frequency) are expected. Use of microcoils
in evaluating tissue samples is in progress.

It has also been shown that reasonable -factors can be
achieved using high-resistivity silicon substrates, selective
substrate removal both inside and outside the coil, and thick
oxide isolation layers. By accounting for these factors, ex-
perimental performance of microcoils has been verified using
a detailed numerical model, with additional physical insight
being provided by a simple equivalent circuit.
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