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Abstract
This paper reviews the fabrication and performance of micromachined quartz resonator arrays.
Using inductively coupled plasma etching techniques, we have successfully fabricated
micromachined quartz resonator arrays with fundamental frequencies in the range of
25–85 MHz in an array format. These resonators have been experimentally evaluated for their
performance in viscous (liquid) and viscoelastic (a biomolecular film in liquid) loading
conditions. The paper discusses the ultimate sensitivity to mass and other properties of the
adsorbates/contacting materials onto high-frequency quartz resonator surfaces. Measuring the
frequency and Q-factor changes at the fundamental and third overtone of a 66 MHz resonator
upon adsorption of immunoglobulin G (IgG) protein film on a hexadecanethiol functionalized
surface, we were able to deduce: (i) the film thickness = 18 nm, (ii) density = 1040 kg m−3,
(iii) elastic modulus = 6.7 MPa and (iv) viscosity = 5.5 mPa s. Furthermore, from the
adsorption isotherm for the IgG film, two different Langmuir equilibrium constants (K) were
deduced. In the low-concentration region K = 2.13 × 108 M−1 and in the high-concentration
region K = 6.53 × 106 M−1 were obtained. The thickness and density values obtained for IgG
are consistent with the bilayer model predicted from interfacial packing of spherical protein
molecules as a function of the molecular weight, and K values are consistent with earlier
reported values for adsorption of IgG films. This is the first reporting of the elastic modulus
and viscosity of IgG films in phosphate buffer solution.

Keywords: quartz resonators, viscoelastic properties, protein monolayers,
immunoglobulin G, QCM, Langmuir isotherm

(Some figures in this article are in colour only in the electronic version)

Introduction

Bulk acoustic wave quartz resonators have been in steady
use for a number of years as a convenient tool to determine
mass loading of material layers at appropriate surfaces with
layer thicknesses ranging well below the monolayer level.

In spite of the experience gained with the wide use, the
operating and design parameters of these devices have not
been thoroughly explored to date, and there are opportunities
to drive both the sensitivities and the measurement capabilities
to new levels that can lead to new opportunities for improved
operation in practical applications ranging from biomolecule
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adsorption to exceedingly sensitive chemical sensors. In this
paper, we describe, in detail, our recent experimental work
with microfabricated high-frequency resonators operating in
the transverse wave mode in which we have explored the
determination of both the mass loading and viscoelastic
response of adsorbed layers, including biomolecules. We
show that by measuring the frequency and Q-factor changes
at the first and third overtones, we are able to determine
the thickness, density, viscosity and the elastic modulus of
viscoelastic films in liquids. The paper is organized in terms
of a review of the fundamental principles of operation of the
resonators followed by the types of material parameters of
adsorbed films that can be made, including mass, viscosity
and viscoelastic response, and finally a presentation of our
own results with micro resonator arrays.

General description of quartz shear mode resonators

A thickness shear mode quartz crystal resonator typically
consists of a slab of thin, single-crystal, piezoelectric quartz,
with very large lateral dimensions in comparison to its
thickness, which is sandwiched between two metal electrodes.
Application of a sinusoidal electric field using the electrodes
sets up a shear wave through the thickness of the quartz, and
under ideal boundary conditions where no other loading is
present, the device exhibits a resonance behavior when the
thickness of the quartz slab is half the wavelength of the shear
acoustic wave. Thus the fundamental resonance frequency of
a quartz resonator can simply be given by

f0 = 1

2tq

√
μq

ρq

, (1)

where tq is the thickness of the quartz slab, μq and ρq are
the shear modulus and density of quartz, respectively. One
of the reasons for the widespread use of quartz resonators in
frequency control applications is the exceptionally low phase
noise obtained which allows for a precision of few parts in
1014 at optimal measurement times [1]. The phase noise is
quantitatively specified in terms of the Q-factor defined as the
half width at the full maximum of the resonance curve or in
terms of an energy dissipation factor D, which is inversely
proportional to the decay time constant and is also equal to the
1/Q-factor.

The resonance frequency is significantly affected by any
surface load placed on the quartz crystal including electrode
metals. Loading on the resonator surface can be of three
types: (i) pure elastic loads (rigid solids), (ii) pure viscous
loads (liquids) and (iii) viscoelastic loads (polymers) and/or
a combination of any of these. The interaction of the
transverse shear wave with these loads has been treated using
three fundamental approaches: (i) evaluation of electrical
admittance characteristics upon mechanical perturbations on
the resonators [2, 3], (ii) a continuum mechanics approach
wherein the added material is modeled as a viscoelastic
material with associated viscosity and elastic modulus [4, 5],
(iii) the energy transfer model in which the quartz resonator
and the deposited film are treated as a compound resonator,
and energy balance methods are used to evaluate the perturbed

characteristics of the resonator [6]. These approaches are
based on a one-dimensional treatment of the problem since
the lateral size of the resonators is typically much larger than
the relevant dimensions such as the penetration depth of the
acoustic waves in the direction perpendicular to the surface of
the resonators.

Response of quartz resonator: elastic loading

The concept of mass measurement using a resonating quartz
crystal was first presented by Sauerbrey [7]. For a resonator
with a resonance frequency of f0(0) with no attached mass to
it, the frequency change, �f , upon addition of a rigid mass of
small thickness in comparison to the quartz resonator thickness
and under no-slip condition can be given by

�f = −
(

2f 2
0 (0)

A
√

ρqμq

)
�m = −

(
1

t2
qA(2ρq)

√
μq

ρq

)
�m, (2)

where μq is the shear modulus of the crystal (2.947 ×
1010 N m−2 for AT-cut quartz), ρq is the density of quartz
(2.648 × 103 kg m−3), tq is the thickness of the quartz crystal,
and A is the area of the electrode on the quartz crystal. The
negative sign indicates a reduction in the resonance frequency
upon mass loading. The most common commercially available
quartz microbalances (QCMs) have a resonance frequency of
5–10 MHz. These typically consist of 25.4–12 mm diameter
and 333–167 μm thick AT-cut quartz discs with gold electrodes
on each face and exhibit a mass sensitivity of 17.7–4.42 ng
cm−2 Hz, respectively. From equation (2) we can see that the
mass sensitivity of the QCM can be increased by increasing
its resonance frequency. Additionally, we can also conclude
that as the area A of the resonator is made smaller, the change
in frequency (�f ) for the same mass loading (�m) increases.
Thus as the quartz crystal resonators are made smaller, their
absolute mass sensitivity increases. Based on empirical data,
the smallest frequency noise in an AT-cut quartz resonator has
been approximated to be ∼1.2×10−20f 2

0 [8]. Thus the highest
mass resolution that can be achieved by a given QCM can be
calculated by dividing this expression by the mass–sensitivity
factor in equation (2), i.e.,

�multimate = 0.6 × 10−20 × A
√

ρqμq = 5.3 × 10−15A, (3)

where �multimate is given in grams, and area A is given in
cm2 units. Thus it is clear that decreasing the area of the
resonator will improve the absolute mass sensitivity of the
QCM. For instance, if the diameter of a resonator is reduced
from 1 cm to 0.001 cm, an absolute mass resolution in the
range of zeptograms (10−21 g) can be realized. At this size,
micromachined quartz resonators can be viewed akin to the
cantilever-type gravimetric sensors since the small active area
can be better viewed as a platform more suitable for point mass
loads than uniformly covering films with constant areal mass
density.

In finite electrode sized resonators, energy trapping is
necessary to maintain a high Q-factor and is determined by the
effectiveness of the total internal reflection of vibrations at the
edge of the electrodes to confine the acoustic energy to within
this region only. For resonators where the diameter of the
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electrodes is small compared to the quartz thickness, leakage
of acoustic energy through the volume of the quartz increases
considerably as vibrational energy reflection at the electrode
edges becomes increasingly small. As a consequence, poor
Q-factors are observed in such resonators.

On the other hand, for the effective suppression of the
spurious modes, the rule-of-thumb thickness of quartz to
electrode radius ratio is given by [9]

�fpb < 0.744fq0
1

N2

(
tq

rq

)2

, (4)

where fq0 is the expected resonance frequency of the bare
quartz crystal of thickness tq before the mass loading due
the electrodes, and �fpb is the plate back frequency, i.e. the
frequency after the deposition of the top and bottom electrodes
of radius rq . This implies that as the quartz resonator thickness
is reduced, the electrode diameter must also be reduced in order
to effectively suppress spurious modes. Excessive decrease
in the electrode diameter, however, will result in acoustic
energy leakage and poor confinement of energy resulting in
small Q-factors. These opposing requirements entail a design
compromise. Our results show that for 50–70 MHz resonators
with 100 nm of gold electrodes on both faces, the optimal
electrode diameter (2rq) to resonator thickness (xq) ratio is
∼10–20. Large deviations from this value either way result in
resonators with poor characteristics.

Response of quartz resonator: viscous loading

When used for applications such as biosensing and
electrochemical studies, where one of the resonator surfaces
is in contact with a liquid medium, the viscous drag effects
need to be considered and now determine the ultimate device
performance. Behavior of quartz resonators under purely
viscous loading was first reported by Kanazawa and Gordon
in 1985 [10]. Under such conditions, the fundamental mode
QCM frequency shift is given by

�f = − f
3/2
0√

πρqμq

√
ρLηL, (5)

where ρL and ηL are the viscosity and density of the liquid,
respectively. The change in the quality factor �Q of the
resonator under viscous loading conditions can be given
by [9]

�Q = πρqμq

2
√

πf0ρLηL

− ρqμ
2
q

2πf0ηq

. (6)

For operation in liquids, the mass resolution of the QCM is
modified and can be given as [11]

QCMResolution−Liquid = 5.64 × 10−8
√

ρLηL√
f0

A, (7)

where all quantities are specified in SI units. In the case
of liquid operation, it is quite clear that a high-frequency
resonator is likely to provide a higher mass resolution.
However, often in liquid applications, we are interested in
measuring viscosity and density changes in liquid rather than
mass changes.

In order to calculate the ultimate density/viscosity
resolution of a quartz resonator, we begin by noting that
the smallest frequency variation that can be detected in the
presence of noise is given by the expression

�f (τ) = 2 × 10−7 f0

Qmax
, (8)

where Qmax ≈ ω0Lq/RL is the maximum Q-factor that can be
achieved in a resonator loaded with liquid on one of its faces.
Lq is the motional inductance of the quartz resonator, ω0 =
2πf0, and RL is the motional resistance arising due to the liquid
in contact with the quartz resonator. Using the expression for
RL [12]

RL = ω0Lq

π

(
4πf0ρLηL

μqρq

)1/2

, (9)

Qmax can be written as

Qmax = π

(
μqρq

4πf0ρLηL

)1/2

. (10)

Expressing �f as a function of liquid density and viscosity,
we can write

�(�f ) = d(�f )

dρL

�ρL +
d(�f )

dηL

�ηL. (11)

Substituting equation (8) in equation (10) for �(�f ), and
using equation (5) for the functional dependence of �f on the
density and viscosity of the liquid, we can write

�ηL

ηL

+
�ρL

ρL

= 4 × 10−7 (12)

for the ultimate resolution of viscosity and density using a
QCM. Since most liquid experiments are accompanied by
simultaneous changes in the density and the viscosity of the
liquid, equation (12) gives the combined minimum resolution
in both parameters.

Furthermore, in liquid medium applications, the shear
wave rapidly damps out as it travels through the thickness of
the liquid, and consequently the QCM typically samples a layer
of thickness equivalent to the decay length δ = (ηL/πρLf0)

0.5

[13]. For a commercial 5 MHz QCM, the typical decay length
in water is ∼250 nm, which is large in comparison to the
thickness of molecular or even polymer and biomolecular (e.g.,
proteins) films which can be in a thickness range of 10–50 nm.
As a result, a commercial QCM not only samples the adsorbed
film but is also significantly affected by the viscous liquid
layer above it. Small changes in the viscoelastic properties of
adsorbed layers are often masked by the viscous effects from
the liquid overlayer. However, if the QCM thickness is
decreased, its fundamental resonance frequency increases
inversely as a function of the thickness of quartz and thus
the decay length in liquid also decreases consequently. For
example, if the thickness of a quartz resonator is decreased
from 330 μm (commercial 5 MHz resonator) to 24 μm
(miniaturized 66–69 MHz resonator), the decay length in
water is reduced to ∼68 nm. These factors are critical
to the improved abilities of miniaturized devices to probing
viscoelastic characteristics of adsorbed layers compared to
standard commercial QCMs.
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Response of quartz resonator: viscoelastic loading
in liquid ambient

The QCM frequency shift resulting from the deposition of a
viscoelastic layer in a viscous liquid ambient can be analyzed
using the continuum mechanics approach, for example as
developed by Kasemo and coworkers [5]. In order to model
this situation, the QCM surface is considered to be in intimate
contact with a layer of the continuous viscoelastic slab with
an infinitely thick Newtonian liquid overlayer on one of its
surfaces. Under the assumption that the thickness of the bulk
liquid layer is much larger than the decay length of the acoustic
wave in the liquid, the frequency, Q-factor and dissipation
factor changes with respect to liquid loading conditions can
then be written as

�f ≈ − 1

2πρqtq

(
tviscρviscω − 2tvisc

(
ηL

δL

)2
ηviscω

2

μ2
visc + ω2η2

visc

)
,

(13)

�Q ≈ −2πf0ρqtq

(
2tvisc

μviscω

μ2
visc+ω2η2

visc

)
[
1 +

(
2tvisc

(
ηL

δL

)
μviscω

μ2
visc+ω2η2

visc

)] , (14)

�D ≈ 1

2πf0ρqtq

(
2tvisc

(
ηvisc

δvisc

)2
μviscω

μ2
visc + ω2η2

visc

)
, (15)

where μvisc, ηvisc and ρvisc are the elastic modulus, viscosity
and density of the viscoelastic layer respectively, and tvisc is its
thickness and δL is the penetration depth of the acoustic wave
in the liquid.

Description and fabrication of micromachined
quartz resonator arrays

Figure 1 shows the schematic illustration of the process flow
for the fabrication of micromachined quartz resonator arrays.
On a 100 μm thick, 1” diameter polished AT-cut quartz
crystals (figure 1(a)), a 20/100 nm thick Cr/Au seed layer
was deposited. 10–12 μm thick nickel was electroplated
with a patterned photoresist as the mask (figure 1(b)).
75 μm deep circular pits with a diameter of 1 mm were etched
using reactive ion etching in the SF6+Ar plasma (figure 1(c)).
After completion of the etch, the remaining nickel hard mask
was stripped in aqua regia solution (figure 1(d)). This was
followed by the deposition and patterning of the bottom side
20/150 nm thick Cr/Au electrodes for individual resonator
pixels (figure 1(e)). Finally, 20/80 nm thick Cr/Au top-
side electrodes were evaporated and patterned to complete
the device (figure 1(f )). The creation of an abrupt step in the
quartz substrate for each pixel acoustically and energetically
isolates each of these for the shear mode operation [14, 15].
Each resonator is individually addressed through backside
(etched side) electrodes, which are extended to the rim of
the sensor array chip. The top electrode is common to all
the pixels of the array. In order to effectively confine the
acoustic energy in each pixel, the pixel thickness to diameter
of the electrodes ratio has been carefully optimized [16]. The
mounting and packaging of the array and the interconnection

(a)

(b)

(d )

(c)

(e)

(f )

Figure 1. Schematic illustration of the fabrication of
micromachined quartz resonator array. (a) 100 μm thick AT-cut
quartz substrate, (b) electroplating of the patterned nickel layer,
(c) inductively coupled reactive ion etching of quartz, (d) stripping
of the nickel hard mask, (e) deposition and patterning of the Cr/Au
backside electrode and (f ) deposition and patterning of the Cr/Au
front-side common electrode.

were also carefully optimized to maintain a high-quality factor
of the resonators. The resonance frequency is determined by
the thickness of the pixel. Figure 1(a) shows a schematic
illustration of the fabricated resonator array and figure 1(b)
shows the packaged device placed on the liquid test cell. As
shown in figure 1(b), a dual in-line ceramic package was
modified with a square hole cut in it for the mounting of
the array. The array was attached to the package using room-
temperature vulcanized silicone. For the fabricated 25 μm
thick pixel, the fundamental resonance frequency is expected
to be 66.72 MHz. Fabricated devices were mounted in a
specially designed Teflon test cell capable of liquid testing
experiments.

Performance of micromachined quartz resonators

All measurements reported in this work were measured using
Agilent 4294A and Agilent 4395A impedance analyzers.
Ceramic dual in-line packages similar to those used for the
packaging of the QCM device were modified to provide open-
and short-circuit compensation fixtures for accurate calibration
of the QCM. A 100 	 resistor was used to simulate the load for
compensation in the 1 kHz to 250 MHz frequency range. The
impedance analyzer was set up to simultaneously measure
the impedance magnitude and phase angle as a function of
frequency. All measurements were carried out inside a 4′′ ×
5′′ × 3′′ aluminum die-cast temperature controlled box
to prevent RF interference and the temperature set at
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(a) (b)

Figure 2. (a) Schematic illustration of the fabricated resonator array from the backside (etched side) showing eight resonators in the array.
(b) An optical picture of the packaged resonator array in a modified ceramic dual in-line 24-pin package placed on the Teflon test cell. The
inset shows the assembled test cell filled with ethanol.

Table 1. Summary of the typical resonance parameters of the
micromachined resonator in air.

C0 (static capacitance) (pF) 1.982 74 2.563 15
Cm (motional capacitance) (fF) 1.2448 2.346 272
Lm (motional inductance) (mH) 4.406 89 1.446 98
Rm (motional resistance) (	) 45.8688 16.1715
fs (series resonance) (MHz) 67.957 201 86.345 250
fp (parallel resonance) (MHz) 67.978 848 86.377 301
Q-factor 41 023.26 48 543

22.5 (±0.1) ◦C. For viscoelastic measurements, a single
pixel from the array was chosen for all the measurements
reported. All measurements were performed in air, water,
phosphate buffer solution using the Teflon test cells shown in
figure 2(b).

Admittance characteristics

Figure 3 shows the at-resonance admittance (Y) curve for the
8 pixels of the array in air. All the fabricated pixels show the
expected admittance characteristics. The motional resistance
and series resonance frequency were determined directly from
the inverse of the maximum and peak of the real part of
the admittance, respectively, and are listed in the graphs in
figure 3 for each pixels in the chip. The average
resonance frequency for the array is 70.103 ± 2.480 MHz.
Table 1 lists the typical resonance parameters obtained for the
micromachined quartz resonators.

Cross-talk measurement

To measure the cross-talk between pixels, the impedance
analyzer was programmed to scan a narrow band of frequency,
spanning the resonance frequency of the resonators. An HP-
4195A spectrum analyzer was used to measure the signal
strength when connected directly to the pixel being driven and
at several of the nearby pixels on the sensor array sequentially.
The experiment was performed with the top side of the
resonator exposed to air and water ambient. Measurement
of the direct output of the signal generator gave a signal output
of 88 dBm against the output from one of the neighboring
pixel of ∼58 dBm implying an isolation of ∼30 dB at 62 MHz
frequency in both air and water environment conditions [15].

Water–glycerol calibration experiment

Next the operation of the micromachined QCM array was
carefully investigated in liquids using water and water–
glycerol mixtures of various concentrations. Table 2 shows
the typical resonance frequency and Q-factors obtained for
the various resonators in air and water. As can be seen, the
micromachined resonators exhibit a Q-factor, which is very
close to the predicted Qmax from equation (10), indicating
that the resonator is primarily damped by viscous loading of
water. Water and glycerol are miscible liquids with pure-
form densities of 0.998 21 g cm−3 and 1.2613 g cm−3, and
viscosities of 1.005 mPa s and 1499 mPa s at 20 ◦C respectively.
The behavior of the QCM under viscous (liquid) loading
conditions is given by equation (5). The frequency decrease
is linearly proportional to the square root of the viscosity–
density product of the liquid loading atop the QCM electrode
surface. Figure 4 shows the frequency change for three
different sensors, with fundamental resonance frequencies
of ∼25, 66 and 83 MHz and at the third overtone of the
66 MHz resonator, as the resonator surfaces were exposed to
different concentrations of the water–glycerol mixtures. The
results clearly show the expected linear dependence for the
QCM frequency change with the square root of the liquid
density–viscosity product at the fundamental as well as the
third overtones and agree well with the expected behavior
predicted using equation (5). The sensitivity with respect
to liquid (ρLηL)1/2 clearly scales as f

3/2
0 at the fundamental

frequency and as f
1/2
0 at the third overtone in comparison to

the fundamental frequency.

Adsorption characteristics of immunoglobulin G on the QCM
surface

The QCM gold electrodes were first functionalized to
produce a highly hydrophobic surface by chemisoprtion
of hexadecanethiol (HD) to form a densely packed self-
assembled monolayer (SAM). Immunoglobulin G (IgG)
protein was then adsorbed on these hydrophobic surfaces to
form a uniform viscoelastic layer.

Immunoglobulin G from rabbit serum (Sigma Aldrich),
2.4 mg ml−1 rabbit anti-human IgG, Fcγ , unconjugated (Pierce
Biotechnology) and glycerol (JT Baker) were used directly.
The phosphate buffer solution (PBS) was made by dissolving
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Figure 3. Admittance characteristics of the 8 pixels in the resonator array. An average frequency of 70.103 ± 2.480 MHz was determined
across the array. The average Q-factor for the array was 22 132 with an average motional resistance of 92.6 	.

Table 2. A list of the fundamental frequencies and Q-factors in air and in water of the commercial (333 μm) thick QCM and the
micromachined QCM. For all the resonators, the obtained Q-factors are close to the limit of maximum Q-factor (Qmax) that can be obtained
in water (shown in parenthesis).

QCM thickness In air In water

(μm) Frequency (MHz) Q-factor Frequency (MHz) Q-factor

333 5.008 854 170 962 5.008 091 3048 (3498)
26 62.926 070 20 745 62.895 670 903 (987)
18 83.036 181 45 916 82.987 985 847 (859)

( L L)0.5 (kgm-2s-0.5)

f
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f0 = 25 MHz (Fundamental)
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Figure 4. The expected linear dependence of the frequency change
as a function of the square root of the liquid viscosity–density
product for micromachined resonators with fundamental resonance
at 25, 66 and 83 MHz and at the third overtone of the 66 MHz
resonator.

phosphate buffered saline powder (Sigma Aldrich) into 18
M	 cm deionized water (Millipore Milli-Q system; Barnstead

international). 0.005 mg ml−1, 0.05 mg ml−1 and 0.5 mg ml−1

IgG concentration solutions were prepared by diluting a
5 mg ml−1 stock solution. Serial IgG concentration solutions
in the test cell were made by continuously adding higher
concentration solution.

The micromachined QCM was cleaned by three cycles
of exposure to UV ozone, each 30 min long, followed by
thorough rinsing with ethanol and immersion in ethanol for 1 h.
Finally, the electrodes were exposed to 1 mM hexadecanethiol
solution in ethanol for 48 h. This step functionalized the
gold electrodes with a high-density methyl-terminated SAM.
198 μl PBS solution was delivered to the electrode surface,
and the QCM was allowed to stabilize for 1 h to a constant
frequency. This was followed by the sequential injection of
increasing concentration protein solutions.

The real-time shift in the resonance frequency and quality
factor of the resonator as various concentrations of IgG are
sequentially added is shown in figure 5(a). A plot of the
resonance frequency shifts versus IgG solution concentration
for adsorption on the HD-SAM coated gold electrodes is
shown in figure 5(b). A similar shaped curve was obtained
in an earlier study on the adsorption of human serum albumin
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Figure 5. (a) The real-time frequency and quality factor shift as increasing concentrations of IgG are placed onto the QCM surface.
(b) Shift of the QCM resonance frequency as a function of the natural logarithm of the concentration of IgG in solution for adsorption on a
HD-SAM gold electrode.
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low-concentration region with a value of 3.5 × 10−9 Hz−1 and in the
high-concentration region with a value of 17.8 × 10−9 Hz−1.
The adsorbed film is expected to be less rigid and more viscous in
the high-concentration region.

(HSA) on HD SAM using a 62 MHz micromachined QCM
[16]. Both sets of data show very close fits with high
(>0.99) R2 values to a sigmoidal function. The curves differ,
however, in that the full span of the frequency shift over
similar concentration ranges of the two different molecules
was ∼6.8 kHz and ∼16 kHz for HSA and IgG molecules,
respectively.

In figure 6, the observed change in the dissipation
factor �D is plotted against the change in frequency �f
for the various concentrations of IgG. The dissipation factor
was calculated by taking the inverse of the experimentally
measured Q-factor under each loading condition. The slope
reveals the rigidity of the adsorbed layer. A low value of
�D/�f indicates a highly rigid, low dissipation layer, and
conversely a high �D/�f value indicates a soft, dissipative
film. The adsorption of IgG on the HD-SAM surface shows
two different values for the slope �D/�f (figure 6). In
the low-concentration region, a value of 3.5 × 10−9 Hz−1 is
obtained indicative of a rigid adsorbed film [17]. However, in
the high-concentration region, nearly five times higher value
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Figure 7. A Langmuir model plot of adsorbed IgG mass,
represented by �f , versus IgG concentration for the entire
concentration range tested. The solid line is a linear fit to the data,
consistent with a Langmuir behavior. Two distinct sloped straight
lines can be fitted to the low- and high-concentration region of the
data. Using these slopes, the Langmuir equilibrium constant K can
be calculated in the concentration regions. The spread in the data
indicates the error in the measurements which can only be seen in
the low-concentration region.

of 17.8 × 10−9 Hz−1 is obtained showing that the film has
become less rigid.

The appearance of more than one slope has also been
reported by Zhou et al [18] and can be interpreted as arising due
to the conformational changes expected at high concentrations.
As we will discuss later, IgG is expected to adsorb on a
hydrophobic surface as a bilayer [19]. It is possible that
the low-concentration slope is associated with the molecular
adsorption on the surface of the QCM until a monolayer is
formed. Upon the adsorption of a monolayer, the process is
expected to proceed toward the formation of the bilayer which
might be associated with further conformational changes in
the adsorbed film leading to the increased viscous behavior.
Next, we analyze this result in terms of the viscoelastic model
and its significance in terms of the currently known protein
adsorption models and theory.

Assuming a limiting coverage of a uniform layer IgG
adsorption behavior can be tested for a fit to a Langmuir
isotherm. Figure 7 is a log–log plot of C/�f versus C. Ideally,
a linear relationship is expected from the slope and intercept of
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Table 3. Measured and theoretically predicted frequency and Q-factor shifts for the 66 MHz resonator. Measuring the frequency shift and
Q-factor at the first and third modes allows for unique determination of the viscoelastic properties of the IgG film.

IgG film parameters used: tIgG = 18 nm,
Frequency shift

(kHz) Q-factor shift
ρIgG = 1040 kg m−3 μIgG = 6.7 MPa,
ηIgG = 5.5 mPa s Measured Theory Measured Theory

First mode 15.75 16.48 54 54
Third mode 48.39 47.20 254 258

which the Langmuir equilibrium constant can be calculated.
However, as seen in the graph, two different values of the
equilibrium constant are obtained. The low-concentration
behavior gives a value of K = 2.13 × 108 M−1 whereas at high
concentrations a value of K = 6.53 × 106 M−1 is obtained.
Similar observation was found in our earlier work on HSA
adsorption and has been reported for the adsorption for IgG on
protein A [16, 20].

For a further discussion on the viscoelastic effects, we
analyzed the results in the saturation region where we expect
the IgG film to have uniformly adsorbed over the entire QCM
electrode layer. Given the thin (∼2 nm), chemically attached,
dense nature of the HD-SAM layer, it can be accurately
considered as a rigid extension of the electrode. The adsorbed
IgG layer on the other hand is only attached to the HD-
SAM surface via van der Waals’ forces with each molecule
surrounded by water and in contact with the phosphate buffered
saline solution (PBS) [19]. Thus the IgG layer is considered
to be viscoelastic in nature whereas the surrounding PBS
solution, containing only a very low volume fraction of
protein molecules, can be represented as a Newtonian fluid.
Furthermore, we have measured the change in frequency as
well as the change in the Q-factor at the fundamental and third
mode of the resonator upon adsorption of IgG. Experimental
results show a decrease of 15.755 kHz in the frequency and
54.8 in the Q-factor at the fundamental mode of operation
and a decrease of 48.393 kHz in frequency and 254.8 in the
Q-factor at the third overtone. Using expressions given by
equations (13) and (14), the expected frequency and Q-factor
changes can be calculated. In order to model the system, the
thickness, density, elastic modulus and viscosity of the IgG
layer were considered as parameters and varied to fit to the
experimental data. As shown in table 3, we were able to
obtain a very good match between the observed and expected
�f and �Q for IgG parameters of tIgG = 18 nm, ρIgG =
1040 kg m−3, μIgG = 6.7 × 106 Pa and ηIgG = 0.0055 Pa s.

The protein adsorption model given by Krishnan
et al shows that the interfacial packing of spherical protein
molecules is a function of molecular weight [21]. The number
of layers, the size of protein molecules and the mass of protein
adsorbed onto the interphase can be calculated as long as the
molecular weight of protein is given. Applying this model to
IgG protein adsorption onto a hydrophobic surface, it can be
concluded that the IgG will form a bilayered structure with a
thickness of 9.4 nm per layer (or a total thickness of 18.8 nm
for the bilayer) and a density of 1017 kg m−3 per layer [21].
These values of thickness and density of IgG agree very well
with the values extracted from the first and third mode �f −
�Q changes upon IgG adsorption onto the QCM surface. To

(a)

(b)

Figure 8. The parametric dependence of �Q value as a function of
the resonator frequency and viscosity of the adsorbed film for two
different values of the elastic modulus of the film of 67 kPa and
6.7 MPa. In this simulation, the film thickness was assumed to be
18 nm, and its density as 1.04 g cm−3.

the best of our knowledge, this is the first report of the elastic
modulus and viscosity of the IgG protein layer.

Finally, to confirm that the observed effects are due to the
adsorption of the IgG layer, the resonance frequency and Q-
factor were monitored upon the addition of anti-IgG. Prior to
the addition of anti-IgG solution, the QCM surface was rinsed
ten times with PBS solution, rinsed thoroughly and gently
dried under a filtered N2 stream. 200 μl PBS solution was first
added for stabilization of the QCM and was followed by the
injection of 110 μl anti-IgG solution. An additional frequency
decrease of 9.275 kHz was obtained confirming the presence
of the IgG layer on the QCM electrode.

In conclusion, we have demonstrated that high-frequency
resonators are especially suited for monitoring small changes
in the viscoelastic loading in films adsorbed on their surface.
Figure 8 shows the parametric dependence of the �Q value
as a function of the resonator frequency and viscosity of the
adsorbed film for two different values of the elastic modulus
of the film of 67 kPa and 6.7 MPa. It can clearly be seen

8



Meas. Sci. Technol. 20 (2009) 124007 P Kao et al

that the higher-frequency resonators will resolve the Q-factor
better than lower-frequency resonators for most viscoelastic
loads except when the elastic modulus of the films is very
low. A large variation in the Q-factor and the frequency for
small changes in the viscoelastic properties of the adsorbed
film is highly desirable for the accurate determination of the
material properties of the films and for the observation of
conformational changes in these nanometer thin films. Lastly,
micromachined QCM resonators also show a smaller noise
level with regards to the dissipation factor. Under identical
IgG loading condition, we were able to obtain a dissipation
noise of 5.8 × 10−7 as compared to the reported value of 7 ×
10−7 for the commercial resonator [18]. This implies that the
micromachined QCM exhibits a much larger signal-to-noise
ratio for this application.

Conclusions

In this paper, we have reviewed the overall performance of 65–
85 MHz micromachined resonator arrays. The presented data
show that the devices can be fabricated as arrays and readily
packaged for testing in liquids. High Q-factors in the range
of 25 000–50 000 have been obtained for the resonators. For
pure elastic material loading in air or vacuum conditions, ideal
analysis predicts that the signal-to-noise ratio is unaffected
by increasing the frequency of the QCM devices. In liquid
ambient, the ideal signal-to-noise ratio improves as f

1/2
0

for elastic loading but more importantly the QCM is also
very sensitive to variations in density and viscosity of the
liquids. The high stability and inherent low noise of quartz
crystals allow for an unprecedented resolution of one part in
10 million for density/viscosity variations. However, without
measuring the frequency decrease at overtone frequencies, it is
not possible to identify individual variations in the density and
viscosity. By measuring the frequency and dissipation factor
changes at fundamental and third overtone, we were able to
accurately determine the thickness, density, elastic modulus
and viscosity of the IgG layer adsorbed on the hexadecane
thiol functionalized QCM surface.
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