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Abstract

Gravimetric sensors based on thin-film bulk acoustic wave (BAW) resonators op-

erating between 1-5 GHz have tremendous potential as biosensors because they

are inexpensive, label-free, fast and highly sensitive. The two main challenges in

this objective are: the conventional longitudinal mode resonance in c-axis oriented

piezoelectric films suffers from more than 90% damping in liquid; the alternative

is the shear mode resonance, with lower damping in liquid but which requires an

inclined c-axis piezoelectric film, a process that is still not fully scalable. In this

thesis, seed layers such as AlN with mainly (103) orientations are used to promote

the growth of homogeneously inclined c-axis ZnO (inclination of up to ∼45◦) films

without significant equipment modifications. Sputtered Al electrodes with con-

trolled roughness are then substituted for the parasitic AlN seed layers to improve

the electromechanical performance. At a substrate temperature, TS = 100 ◦C, an

optimum surface roughness of 9.2 nm yields homogeneously inclined c-axis ZnO films

with angles ∼25◦. Solidly mounted resonators (SMRs) operating in a shear mode

at ∼1.1 GHz with the Al electrodes have resonant quality factors (Qr) higher than

150 and effective electromechanical coupling coefficients, k2eff , of 2.9-3.4%, which are

improved from only 2.2% with the AlN seed layers. This shear mode of the ZnO

SMRs has mass sensitivities, Sm of (4.9± 0.1) kHz·cm2/ng and temperature coeffi-

cients of frequency (TCF) of −(66±2) ppm/K. Viscosity sensing is carried out with

different ethanol-water compositions; the SMRs are functionalised and successfully

used in the detection of Rabbit Immunoglobin G. To mitigate the longitudinal mode

damping in water, multi-wall carbon nanotube (CNT) forests are grown by chemical

vapour deposition (CVD) at 600 ◦C using Fe/Al layers on the active area of inclined

c-axis AlN SMRs designed for improved thermal and chemical stability. The dense

CNT forest (with 0.5/8 nm Fe/Al) of ∼15 µm height provides an acoustic isolation

to DI water with only 50-70% drop in the longitudinal mode Qr compared to 99%

in SMRs without the CNTs. Mass loading is still detected and demonstrated by

detecting bovine serum albumin (BSA) in water whereas with forest heights of ∼30

µm and no significant frequency shifts due to mass attachment are observed. With

the CNTs the longitudinal mode is shown for the first time to be more sensitive to

mass (∼7×) than the shear mode in liquid, highlighting the potential of CNTs for

the large scale use of the longitudinal mode for in-liquid sensing.
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Chapter 1

Introduction

Early detection of diseases can save millions of lives. In 2012, the International

Agency for Research on Cancer (IARC) reported that approximately 8.2 million

deaths were caused by cancer worldwide, and it is estimated that this number will

rise to 13 million by 2030.[1] According to the World Health Organisation (WHO),

over 30% of cancer deaths can be prevented by early detection of cancer biomarkers,

treatment and healthy life-style.[2] Biochemical substances such as cancer biomark-

ers can be identified and measured by biosensors, which are important for early

diagnosis and eventually successful disease treatment. A biosensor consists of two

fundamental components —a biological recognition element (receptor) and a trans-

ducer —that are in close contact to each other.[3–5] The selectivity of the biosensor

depends on the binding affinity of the biological receptors. Successful biorecognition

events are transduced to either an optical or an electrical signal, which in general

directly relates to the concentration of target molecules.[4, 6] The most common

ways to classify biosensors are based on either the biological element in the receptor

(enzymes, antibodies, nucleic acids, DNA and organelles) or on the transduction

principle (electrochemical, optical, mechanical, piezoelectric, magnetic and thermo-

metric).[4, 7, 8] Most biosensing technologies aim to analyse multiple samples in

real-time for early disease diagnosis. In order to achieve this, biosensors need to be

highly sensitive to ideally track single molecules, highly selective to detect specific

molecules only, have low noise for low detection limit, fast with no sample treat-

ment, small for array assembly, low-cost for industrial fabrication, bio-compatible to
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eliminate sample destruction, easy to operate for point of care (POC) applications

and reliable to avoid false-positive results.[9–13] Electrochemical sensors are low

cost, small and disposable but lengthy sample treatments are required.[14, 15] Non-

specific binding from electrolyte ions renders them unsuitable for real-time sens-

ing.[16] Optical biosensing techniques such as fluorescence spectroscopy have high

sensitivities, a range of fluorophores and labelling techniques.[14, 17] Nevertheless

fluorophores are costly and have short shelf lives.[18] Fluorescent tagging can also

inhibit binding of small molecules.[16] Surface plasmon resonance (SPR) biosensors

are highly sensitive, real-time, label free, and use minimal amounts of reagents.[17,

19, 20] Although commercial SPR sensors have the best limit of detection of the

order of 0.01 ng/cm2, they need expensive and bulky optical systems.[16, 21–23]

Mechanical biosensors such as micro-cantilevers are fast, small, label-free and can

theoretically have detection limits of 0.01 ng/cm2.[24, 25] Yet in fluids, the viscosity

causes severe impairment to the sensitivity, which often entails the removal of the

liquid after target-receptor interactions.[21, 25] Microcantilevers with low damping

in liquid have been fabricated by Lee et al. [26], but mechanical biosensors remain

fragile and flexible.[27]

1.1 Electro-acoustic devices and sensors

Electro-acoustic sensors have the potential for application in low-cost and real-time

biosensors. These sensors consist of a piezoelectric material in which electrical

energy is converted into mechanical energy and vice-versa, when a small radio-

frequency (RF) signal is applied across it. Most of electro-acoustic devices use

frequency shifts due to mass accretion after successful target-receptor interactions

to track specific biomolecules —gravimetric sensing.[28] Such devices are broadly

categorised into Surface Acoustic Wave (SAW) and Bulk Acoustic Wave (BAW)

resonators. Acoustic waves (10 MHz to 1 GHz) propagate on the surface of a piezo-

electric substrate in SAWs whereas in BAW resonators, the waves (1 GHz to 10 GHz)

propagating through the thickness of the piezoelectric material.[29, 30] SAW devices

can either be used as resonators or delay lines. In the latter configuration successful

recognition events cause time delays in the signal at the output.[31] Achieving high

operation frequencies for high sensitivities is, however, limited by the high resolu-
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tion lithographic processes needed in fabricating inter-digitated transducers (IDTs)

with short finger spacings.[32, 33] Static discharge can be another issue with the

proximity of the IDTs; scaling down the device also undermines its power handling

capabilities.[34, 35] The quartz crystal microbalance (QCM) is a well-established

BAW technology, where a thickness shear mode (TSM) is generated within a single

crystalline AT–cut quartz wafer “sandwiched” between two electrodes.[36] QCMs

have relatively large diameters of the order of 1 cm.[33, 37] Typical thicknesses of

the quartz layer vary between 100 and 300 µm, which limit the resonant frequency

from 5 MHz to 20 MHz.[33] The mass sensitivities of QCMs, Sm, which is pro-

portional to the square of the resonant frequency according to Sauerbrey [38], is

therefore limited.[37, 39] Scaling down the dimensions of quartz layers for high res-

onant frequencies is complicated because the layers become fragile.[39, 40] Moreover

multiplexed sensing with arrays of QCMs is costly and incompatible with CMOS

technologies.[41] Nonetheless QCMs have unparalleled Q-factors (20,000 - 50,000

in air) that ensure mass resolutions of less than 1 ng/cm2.[13, 42] For example,

Nirschl et al. [23, 43] reported a detection limit of 0.38 ng/cm2 for QCM in protein

detection.

The advent of microfabrication technologies has spawned a new generation of

high frequency (from 1 GHz to 5 GHz) thin film BAW resonators with inherently

higher sensitivities, which have the potential to outperform QCM biosensors.[44]

Their small size (µm scale), low-cost and CMOS-compatibility make them ideal for

array fabrication.[45, 46] Yet mass resolutions with high-frequency BAWs are not

significantly better than QCMs mainly because of the effects of boundary conditions,

small size and increased noise at higher frequencies.[41] Also a major limitation in

the application of BAW resonators as biosensors is the substantial acoustic damping

in liquid environments of the conventional resonant mode —the thickness longitu-

dinal mode (TLM).[47] A thickness shear mode (TSM) is instead necessary for

biosensing as shear waves do not compress and thus have lower damping in liquids,

which is caused by the viscous loading.[48, 49] With the growing need for BAW res-

onators for real-time biosensing applications, different methods have been adopted

to achieve the shear resonance in thin piezoelectric films. The shear resonance is

most efficiently excited when the piezoelectric film has a crystallographic orientation

that is inclined at an angle to the exciting electric field.[50, 51] Nonetheless signif-
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icant modification to the deposition systems are necessary to achieve wafer-level

uniformity of thin piezoelectric films of ZnO and AlN to resonate with a TSM.[52,

53] There have also been attempts to laterally excite the shear mode in highly ori-

ented films (mainly used for longitudinal modes) demonstrating poor shear mode

electromechanical performance thus far.[40, 54] However such piezoelectric films ex-

cite the longitudinal mode efficiently, and such films are already in use for large scale

fabrication for filters.[55–57] For example Avago Technologies Ltd produces more

than 1 billion longitudinal mode filters annually.[58] For this reason, the possibility

of using the longitudinal mode for real-time biosensing is still desired.

Carbon nanotubes (CNTs) are among the most attractive carbon based struc-

tures due to their extraordinary mechanical and electrical properties.[59] They

demonstrate high electrical and thermal conductivities, high in-axis elastic con-

stant and low mass density.[59] These characteristics make them suitable for a large

variety of applications ranging from interconnects to biological sensors. In addition

their high surface to volume ratio and the possibility of being easily functionalised

ensure that CNT forests perform as both an electrode and a sensing layer simul-

taneously. In most of these cases CNTs are either used in a tangled-like form or

composing a dispersion or composite or alternatively they can be used as vertically

aligned forests for electro-acoustic sensors.[60, 61]. Several works have combined

CNTs on thin-film BAW resonators although very few works have fully exploited

the benefits of CNTs in gravimetric resonators for real-time biosensing.

1.2 Thesis aims and outline

The objectives of this thesis are to improve the film quality and uniformity for TSM

BAW resonators and to investigate the potential of minimising TLM damping in

liquids. The thesis is divided in six chapters, and in Chapter 2, the background

information for BAW resonators and the origin of the shear mode to use in liquid

are described. Chapter 3 is a description of the deposition of inclined c-axis ZnO

for shear mode resonances using different textured surfaces to achieve homogeneous

inclination angles. Chapter 4 explores the use of carbon nanotubes (CNTs) to

provide an acoustic mismatch that reduces TLM damping in liquid. This chapter

also describes the optimisation of CNTs with different morphologies on the active
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area of the BAW resonators, and assesses the TLM and TSM performances in de-

ionised (DI) water. Chapter 5 aims to demonstrate the performance of the sensors

fabricated, and biosensing experiments to detect antibodies and cancer biomarkers.

A summary of the key results achieved in this work and potential future works are

provided in Chapter 6.
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Chapter 2

Bulk acoustic wave resonators

This chapter begins with an introduction to the different categories of thin film

BAW resonators. The piezoelectric effect in hexagonal crystals is then introduced to

describe the transduction between electrical and mechanical energy, which forms the

basis of the resonant behaviour and its use in high frequency acoustic wave devices.

Wave propagation in thickness excited BAW resonators is then described and the

polarised waves in inclined c-axis piezoelectric materials are detailed. Models based

on acoustic transmission line and equivalent circuits are explained. The gravimetric

sensing principles of BAW resonators are outlined. Common materials used for

piezoelectric layer, electrodes and acoustic reflectors are then compared. Finally the

implications of operating in liquid and the associated damping factors are discussed.

The current technology achieved with carbon nanotube (CNT) integration in BAW

resonators is given as a prelude to their effect in BAW resonators operating in

liquids.

2.1 Electrical performance of BAW resonators

Thin-film BAW resonators are based on the conversion of electrical energy to acous-

tic energy in a thin piezoelectric material. The most basic resonator is a piezoelectric

layer “sandwiched” between two electrodes.[29, 57] A standing wave is generated

in the layer at resonance, which occurs at a frequency dependent on the material

properties and device geometry.[62] Different environmental conditions such as the
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mass load, temperature and viscosity of the medium affect this frequency of reso-

nance.[33, 63] The changes in those parameters can be sensed by tracking the shifts

as discussed in section 2.7. The input electrical impedance, Zin of a simple BAW

resonator shown in Figure 2.1 has two resonances. At the resonant frequency, fr,

the magnitude of Zin tends to its minimum value, which is ideally zero.[62, 64]

Conversely at the anti-resonant frequency, fa, the magnitude of Zin tends to in-

finity. In addition the phase between resonant frequencies is 90◦, which indicate

that the resonator behaves as an inductor within the resonance region, whereas at

other frequencies, the phase is −90◦, where the resonator behaves as a capacitor.[64]

Measurement data often involve the scattering parameters, either the reflection co-

efficient, S11 for 1-port devices or the forward voltage gain S21 for 2-ports devices

(with RF signal at input and measured at output). Zin is related to S11 and S21 by

the relations given by equation (2.1)

S11 =
Zin − Z0

Zin + Z0

, S21 =
Z0

Zin + Z0

(2.1)

where Z0 is characteristic impedance, which is usually 50 Ω. Assuming negligible

Frequency2(GHz)

lo
g2

(Z
)2

(Ω
)

fr

fa

P
ha

se
2(

de
g)

0

Infinity

90

-90kt
2

Figure 2.1: Electrical impedance curve of a typical BAW resonator showing the

resonant, fr and anti-resonant fa frequencies, the red shaded region represent

the frequency spacing indicating the piezoelectric coupling coefficient, k2t of the

resonator.

effect from the electrode thickness, the first harmonic, fr of a resonator with thick-
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ness, tp and acoustic velocity v can be approximated using equation (2.2) [13]:

fr,0 ≈
v

2tp
(2.2)

Additional harmonics are present at frequencies that are odd multiple of the fr,0

[64]:

fr,n = (2n+ 1)fr,0 (2.3)

where n is the harmonic number. Several important electromechanical parameters

are considered when characterising the performance of BAW resonators. Among

them is the quality-factor, Q, which is the relative measure of the amount of energy

stored in the resonator to the energy dissipated through losses from the acoustic

wave to the surrounding medium.[13, 65]

Q =
ω × Stored energy

Dissipated energy per cycle
(2.4)

where ω is the angular frequency, 2πf . A well-known definition of the Q value at

fr and fa is given by [62, 64]:

Qr,a =
fr,a
2

∣∣∣∣d6 Zindf

∣∣∣∣
f=fr,a

(2.5)

where d 6 Zin/df is the derivative of the phase of Zin with respect to frequency.

A high Q causes sharp resonances in the frequency response of Zin. Therefore

smaller resonant frequency shifts, ∆fr, owing to smaller surface perturbations can

be monitored, thus enhancing the sensitivity and mass resolution of the device.[66,

67] In a practical resonator, there are losses associated with the device and hence the

achievable Q value is limited.[68] The Q value at the resonance frequency, Qr is lower

than at the anti-resonance frequency Qa, since there is a strong influence of electrical

(ohmic) losses at resonance. Acoustic losses and hence the power dissipated in the

material are proportional to f 2 leading to lower Q value at higher frequencies.[62]

Mechanical losses are investigated with Qa and therefore acoustic leakage through

other attached layers and spurious modes can be characterised. Electrical losses on

the other hand are analysed using Qr, and is dependent on the electromechanical

conversion efficiency.

9



The electromechanical coupling constant, k2t , is conversion efficiency of electrical

energy to mechanical energy and vice-versa in the piezoelectric material.[64, 69] This

parameter is based on the definition of the internal energy for a piezoelectric body

given by [70]:

k2t =
U2
m

UeUd
(2.6)

where Um is the mutual energy (energy transduction from electric to elastic energy

in the piezoelectric material), Ue is the elastic energy and Ud is the electric energy.

The value of k2t is maximised when Um is maximum. In practice, the k2t of a

BAW resonator can be estimated using the effective coupling coefficient, k2eff , of the

resonator using [64, 71]:

k2eff =
πfr
2fa

1

tan
(
πfr
2fa

) (2.7)

An approximation based on the Taylor’s series for equation (2.7) when fa and fr

are not significantly different can also be used:

k2eff =
π2fr
4fa

(
fa − fr
fa

)
(2.8)

k2eff is a measure of the strength of coupling between the acoustic and electric fields

in the resonator structure as a whole.[62] For a BAW resonator with ideal (infinitesi-

mally thin, perfectly conducting) electrodes, k2eff = k2t . For practical resonators, k2eff

depends on the electrode (geometry and thickness) and the reflector stack layer con-

figurations.[62, 71] Therefore, in practice k2eff differs from k2t . In some circumstances,

k2eff could be even larger than k2t of the piezoelectric material used, depending on

the thickness of electrodes and materials.[64]

2.2 Types of BAW resonators

Film bulk acoustic resonators (FBARs) and solidly mounted resonators (SMRs)

are the two main types of BAW devices.[72] FBARs are membrane structures with

air (low acoustic impedance) for isolation whereas SMRs have multi-layer acoustic

reflectors for acoustic energy confinement.[73] Simple models of FBARs and SMRs

are shown in Figure 2.2.
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Substrate

Substrate Substrate
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(c) Solidly mounted resonator
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Figure 2.2: Topologies of thin-film bulk acoustic wave resonators (FBARs) show-

ing the back trench FBAR with the substrate etched completely in (a), air-gap

isolated FBAR using surface micromachining to etch a sacrificial layer or etch-

ing the substrate partially in (b) and more robust solidly mounted resonator

(SMR) comprising of an acoustic reflector with alternating layers of high and

low acoustic impedances in (c).
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Free-standing FBARs shown in Figure 2.2 (a) and (b) have a piezoelectric layer

between two electrodes suspended in air. The back trench FBAR is fabricated by

etching the substrate completely whereas in the air-gap isolated FBAR, a sacrificial

layer is deposited prior to the electrodes, and this sacrificial layer is etched isotrop-

ically to form a very thin air-gap underneath the piezoelectric film. Alternatively

the substrate is partly etched through via-holes.[64, 71] Although the back trench

and air-gap resonators are the simplest configuration, these structures are mechan-

ically weak as the released membranes break easily due to residual stress.[55, 74]

Comparatively the reflector stack of SMRs is fabricated by alternating between ma-

terials of high acoustic impedance and low acoustic impedance.[29, 75] Each layer

has a thickness of a quarter of the acoustic wavelength, λ.[72] At each layer interface

of the Bragg reflector, a part of the acoustic wave energy is reflected. The latter

causes the wave amplitude to diminish with depth into the reflector. The number

of layers in the Bragg reflector needed for complete wave reflection is determined by

their acoustic impedance ratio and the quality of the interfaces. Although SMRs

require additional manufacturing processes and design optimisation compared to

FBARs, their purely additive fabrication is an attractive option for integrated sen-

sor designs.[76] However biosensors based on the membrane types FBARs enable

manufacturing of a microfluidic channel within the substrate underneath the FBAR

for convenient transportation of samples to the bottom electrode, which acts as the

sensor surface.[77, 78] The latter configuration is advantageous, in that it minimises

parasitic fringe capacitances and dielectric losses, and the contacts can be made at

the top electrode, which decouple the electrical signal from the liquid.[48]

The mechanical losses in SMRs mainly include acoustic leakage to the substrate,

laterally escaping waves, viscous losses and wave scattering at the piezoelectric-

electrode interface.[79, 80] Except for acoustic leakage to the substrate, all other

loss mechanisms are associated with both FBARs and SMRs. In most cases the

additional layers will reduce the relative spacing between fr and fa. A proper

choice of electrodes, and the quality of the piezoelectric layer are necessary to have

high k2eff as will be explained in section 2.8.[55] Moreover a rough bottom electrode

significantly degrades coupling due to scattering of the acoustic wave. Thus, the

smoothening of the bottom electrode is also important, which is commonly achieved

by mechanical polishing of the final reflector layer. For SMRs with metal layers in

12



the Bragg reflector, an additional parasitic capacitive coupling with the contact

pads will reduce the coupling coefficient further.[81] This parasitic coupling can be

eliminated by patterning of the Bragg reflector as proposed in [82] or by using a

dielectric reflector.[57, 83, 84]
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2.3 Piezoelectricity in hexagonal crystals

The operation of FBARs and SMRs is dependent on the ability of the piezoelectric

materials to generate a mechanical deformation in response to an applied electrical

field —the reverse piezoelectric effect.[85] In this section, the piezoelectric effect

leading to the generation of acoustic waves in BAW resonators is outlined. The na-

ture of the piezoelectric effect is closely related to the occurrence of electric dipole

moments in solids. The latter may either be induced for ions on crystal lattice

sites with asymmetric charge surroundings or may directly be carried by molecu-

lar groups.[85] The piezoelectric effect occurs when the charge balance within the

crystal lattice is disturbed. When there is no applied stress on the material, the

positive and negative charges are evenly distributed so there is no potential differ-

ence. When the lattice is changed slightly the charge imbalance creates a potential

difference, often as high as several thousand volts.[86] However, the current is ex-

tremely small and only causes a small electric shock. The reverse piezoelectric effect

occurs when the electrostatic field created by electrical current causes the atoms in

the material to move slightly. In piezoelectric materials, the Maxwell’s equations

and Christoffel’s equation are coupled with each other by the piezoelectric strain

equations:

D = εT : E + d : T

S = d : E + sE : T (2.9)

where D is the electric field displacement, E is the electric field, S is the strain and

T is the stress. The piezoelectric-stress equations are given by:

T = cE : S− e : E

D = e : S + εS : E (2.10)

where εT is the clamped dielectric constant, d is the piezoelectric strain constant, sE

is the elastic compliance coefficient, cE is the elastic stiffness constant in constant

strain, e is the piezoelectric stress constant. The parameters in bold indicate the

anisotropy, “:” implies matrix multiplication and superscripts indicate the parame-

ter that is kept constant. Using piezoelectric hexagonal crystals such as aluminium
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nitride (AlN) and zinc oxide (ZnO) as examples, the elastic stiffness in constant

strain (constant electric field) is given by:

cE =



cE11 cE12 cE13 0 0 0

cE12 cE11 cE13 0 0 0

cE13 cE13 cE33 0 0 0

0 0 0 cE44 0 0

0 0 0 0 cE55 0

0 0 0 0 0 cE66


(2.11)

the piezoelectric stress constant is given by:

e =

 0 0 0 0 e15 0

0 0 0 e25 0 0

ee31 e32 e33 0 0 0

 (2.12)

and the clamped dielectric constant is given by:

εS =

 εS11 0 0

0 εS22 0

0 0 εS33

 (2.13)

A full derivation of the plane wave solutions of the Christoffel matrix for thickness

excited BAW resonator is provided by Zhang and Chen [69] and it is given by

equation (2.14):

[
k

ω

2(
cE33 +

e233
εS33

)
− ρ
][(

k

ω

)2

cE44 − ρ

]2
= 0 (2.14)

where ρ is the density of the material and k is the propagation wavevector given

by 2π/λ, with λ being the wavelength of the acoustic wave. Since ω = vk, the

acoustic velocities, v, can be solved from equation (2.14). The first solution is the

pure longitudinal wave with a phase velocity, vL, which propagates along the c-axis
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of the hexagonal crystal. This longitudinal velocity is given by

vL =

√
cE33 + e233/ε

S
33

ρ
(2.15)

The second and third solutions are the waves that have orthogonal polarisations and

propagate normal to the c-axis. These are the pure shear modes, with phase ve-

locities, vS and they are independent from the piezoelectric constants; they depend

only on the stiffness and density.[69]

vS =

√
cE44
ρ

(2.16)

2.4 Shear and longitudinal waves

The two general types of wave propagation in BAW resonators —the longitudinal

and the shear wave —are different in the particle displacement and wave propagation

direction. Particle displacement is parallel to the propagating wave vector in the

case of the longitudinal mode, whereas for a shear mode, this particle displacement

is in a direction normal to the wave propagation axis as shown in Figure 2.3.

In-liquid BAW sensing applications typically employ thickness shear (TS) mode

acoustic waves. For such a structure, the top sensing surface moves side to side,

parallel to the sensor-liquid boundary. Energy is not effciently coupled across this

boundary, as fluids do not support shear wave propagation modes.[87] The mechan-

ical action is therefore minimally degraded by energy loss. Bjurström et al. [88] have

demonstrated a 1.6 GHz membrane FBAR operated with one face in air and one

face in water, which caused a 60% degradation in the transduction efficiency.[88]

TS modes can be excited in an FBAR structure using two common methods. The

first is to grow a ZnO or AlN film whose columnar, piezoelectric c-axis is inclined

with respect to substrate normal.[48, 50] When a normal electric field is applied,

both the shear and the longitudinal modes can be excited. The alternate method

is to use lateral field excitation, in which electrodes are applied on either side of

the resonator surface, instead of through its bulk. This produces a lateral electric

field within the piezoelectric layer, which can excite TSM waves within the bulk

16



Longitudinal wave

Shear wave

Particle motion

Particle motion

wave propagation

Figure 2.3: Longitudinal and shear wave propagation, with particle displacement

being parallel to the propagation wave vector in the longitudinal wave whereas

the particle displacement is perpendicular to the propagation vector for a shear

wave.
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material. This method has been employed by Dickherber et al. [54] and Corso et al.

[40] to demonstrate aqueous biosensing. In practice, the electric fields between the

coplanar electrodes are weak, and excited shear modes have low electromechanical

coupling coefficients (<0.01%) in SMRs.[89, 90]

For a thickness longitudinal (TL) mode acoustic wave, particle displacement

within the bulk is parallel to the wave propagation axis. Wave propagation com-

prises alternating peaks and troughs of higher and lower density material planes,

forming a compression in the material. For BAW resonators, the TLM has been em-

ployed commonly in both RF applications and gas-based sensing applications.[91–

93] This is due in part to the straightforward deposition of ZnO and AlN with a

piezoelectric c-axis normal to the substrate. Additionally, the longitudinal mode

for a given crystal has a higher phase velocity than does the shear mode, yielding

higher frequency devices for a given thickness [62]; this is advantageous for both

RF and sensing applications. While longitudinal mode resonators are rarely used

in a liquid environment, aqueous TLM operation using the second harmonic has

been demonstrated by Zhang and Kim [78] using a ZnO resonator on a thin silicon

nitride support membrane achieving 88% energy loss compared to 94% using the

fundamental mode. Xu et al. [77] have demonstrated a method to confine a very

thin fluid layer at the resonator surface. This microfluidic layer is thick enough

to be useful as a sensing layer, with a thickness of 4-5 µm, but it is thin enough

that energy cannot be effectively coupled into the fluid layer.[94] This mitigates the

commonly observed Q value degradation and suggests that TLM operation can be

potentially used for in-liquid sensing

2.5 Quasi-shear and quasi-longitudinal waves

Pure TLM is excited when the c-axis is parallel to the E-field, whereas a pure

TSM is excited when the c-axis is perpendicular. However a piezoelectric film can

generally excite both longitudinal and shear waves simultaneously, when the c-axis

is inclined from the E-field at an angle, χ as shown in Figure 2.4. The derivation

of inclined c-axis ZnO and CdS was carried out by Foster et al. [95]. Depending

on the inclination of the c-axis with respect to the resonator normal, which is

generally parallel to the applied E-field, and depending at which frequency the
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resonator is excited, longitudinal or shear wave modes are predominately excited.

In inclined c-axis films, the modes are polarised at an angle, α. This polarisation

is also neither exactly aligned with nor exactly perpendicular to the propagation

direction and therefore not exactly equal to χ as shown in Figure 2.4 (b).[33, 95]

At different values of χ (from 0 to 90◦) for inclined c-axis ZnO, α ranges from 2◦ to

−5◦, implying that the difference between particle displacement direction and the

wave vector is not substantial.[96] Accordingly the displacement of the particles is

a neither pure shear mode nor a pure longitudinal wave mode. For this reason they

are called quasi-longitudinal and quasi-shear mode respectively.

Quasi-

longitudinal 

mode

Quasi-shear 

mode

α 

Electric field

c-axis

χ 

Propagation 

direction

(a) (b)

Figure 2.4: (a) The inclination of the c-axis relative to electric field of hexagonal

crystal. (b) the polarisation angle α with respect to the propagation direction

and the actual propagation direction of the quasi-longitudinal and quasi-shear

modes. The modes are neither parallel nor perpendicular to the propagation

vector.

The coefficients of the elastic stiffness of inclined c-axis piezoelectric materials

are modified to [95]:

c′33 = cE33 cos4 χ+ 2(cE13 + 2cE55) sin2 χ cos2 χ+ cE11 sin4 χ

c′55 = cE55(cos4 χ+ sin4 χ) + (cE11 + cE33 − 2(cE13 − 2cE55) sin2 χ cos2 χ

c′35 = sinχ cosχ
[
(cE11 − 2cE55 − cE13) sin2 χ+ (cE13 + 2cE55 − cE33) cos2 χ

]
(2.17)
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and the piezoelectric stress coefficients are changed to [95]:

e′33 = cosχ
[
(e31 + e15) sin2 χ+ e33 cos2 χ

]
e′55 = − sinχ

[
e15 sin2 χ+ (e33 − e31 − e15) cos2 χ

]
(2.18)

The clamped dielectric constant, which is the modification due to the inclined c-axis

is given by:

ε′33 = εS11 sin2 χ+ εS33 cos2 χ (2.19)

The piezoelectrically stiffened elastic constants of the inclined c-axis materials is

then given by [95, 96]:

c∗55 = c′55 +
e′35
ε′33

c∗35 = c′35 +
e′35e

′
33

ε′33

c∗33 = c′33 +
e′33
ε′33

(2.20)

For non-piezoelectric and anisotropic materials, these modified elastic constants are

only equation (2.17) as the piezoelectric stress constants of the matrix, e, are zero.

The quasi-longitudinal and quasi-shear velocities of the inclined c-axis crystal are

given by:

vL =

c∗33 + c∗55
2ρ

+

√(
c∗33 − c∗55

2ρ

)2

+

(
c∗35
ρ

)2
 1

2

(2.21)

vS =

c∗33 + c∗55
2ρ

−

√(
c∗33 − c∗55

2ρ

)2

+

(
c∗35
ρ

)2
 1

2

(2.22)

which leads to a Zin of a simple transducer with thickness t and with infinitesimal

electrode thickness given by:

Zin =
1

jωC

[
1− k2L

tan(ωt/vL)

ωt/vL
− k2S

tan(ωt/vS)

ωt/vS

]
(2.23)

where the electromechanical coupling coefficients of the quasi-longitudinal , k2L and
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quasi-shear k2S modes are given by:

k2L =
(e′33 cosα + e′35 sinα)2

ε′33ρv
2
L

(2.24)

k2S =
(e′35 cosα− e′33 sinα)2

ε′33ρv
2
S

(2.25)

α is given by:

α = arctan

(
2c∗35

c∗33 − c∗55

)
(2.26)

This angle shows that the displacement is inclined with respect to the propagation

direction. The quasi-shear and quasi-longitudinal velocities of a typical ZnO mate-

rial at different χ are plotted in Figure 2.5 (a) showing that the ratio of the TL to

TS modes is different at different χ. In inclined c-axis films, the TS mode is most

effectively excited at χ = 32◦ whereas the TL mode has the highest electromechan-

ical coupling at χ = 0◦. In contrast, AlN has higher acoustic velocities but smaller

electromechanical coupling coefficients as shown in Figure 2.6.
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Figure 2.5: (a) The quasi-shear wave velocity and quasi-longitudinal wave ve-

locity of inclined c-axis ZnO at different c-axis angles. (b) shows the electrome-

chanical coupling of the quasi-shear and quasi-longitudinal modes with different

c-axis angles for ZnO. The graphs demonstrate that the highest TSM velocities

and k2t are obtained at angles ranging from χ = 30− 45◦.

For isotropic materials and non-piezoelectric materials, the acoustic velocities of
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Figure 2.6: (a) The quasi-shear wave velocity and quasi-longitudinal wave ve-

locity of inclined c-axis AlN at different c-axis angles. (b) shows the electrome-

chanical coupling of the quasi-shear and quasi-longitudinal modes with different

c-axis angles for AlN. The graphs demonstrate that the highest TSM velocities

and k2t are obtained at angles ranging from χ = 30− 45◦.

the pure modes are calculated using [85]:

vL,p =

√
E(1− ν)

ρ(1 + ν)(1− 2ν)
, vS,p =

√
E

2ρ(1 + ν)
(2.27)

where E is the Young modulus and ν is the Poisson ratio. The quasi-shear and

quasi-longitudinal velocities in such materials are then determined using:

vL = vL,p cosχ+ vS,p sinχ (2.28)

vS = vL,p sinχ+ vS,p cosχ (2.29)

The acoustic impedance, Z in Rayl (kg/(s m2)), of a material can be calculated

from:

Z = ρv (2.30)

For a resonator with active area, A, the acoustic impedance caused by this material

in the BAW resonator, Za in (kg/s) is given by the product of the corresonding
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acoustic velocity and the density:

Za = Aρv (2.31)

2.6 One dimensional model of acoustic resonators

One-dimensional models using equivalent circuits are necessary to correctly design

BAW resonators and to understand the impact of the different layers on the fre-

quency response of the devices. With the well-known electrical transmission line

model, the acoustic properties of the materials can be modelled using acoustic

impedance and propagation constants. In the first case the transmission line model

of a non-piezoelectric block is considered before the Mason model is used for the

piezoelectric slab. Such one dimensional models assume that the piezoelectric layer

is infinite in its lateral dimensions, thereby only thickness excited waves are present.

2.6.1 Transmission line model

The mechanical displacement in the z direction, u(z) of a non-piezoelectric material

can be expressed as:
∂2u

∂z2
=
ρ

C

∂2u

∂t2
(2.32)

where C is the modulus of elasticity. For a lossless, isotropic, charge-free mate-

rial, there are two different mechanical waves that propagate —an incident and a

reflected —which can be expressed as:

u(z) = [A+ exp(−jkz) + A− exp(+jkz)] (2.33)

where A+ is the amplitude of the incident wave and the A− is the amplitude of the

reflected wave, with the term k being the wave number, defined as k = ω/v. The

first case considers a non-piezoelectric material as shown in Figure 2.7 (a), which

has a thickness, t, with an applied force F1 causing a particle velocity v1 and force

F2 causing a particle velocity v2.

By solving equation (2.33) between the boundaries z1 and z2, F1 and F2 can be

23



F1 F2F1

F2

z1

z2

v1 v2

v1 v2

v1 – v2

z
y

x

Za/jsin(kt)

jZatan(kt/2) jZatan(kt/2)

t

(a) (b)

Figure 2.7: (a) A non piezoelectric slab with thickness t, showing the force and

displacement directions at each interface, (b) Transmission line model for a non-

piezoelectric layer, representing the acoustic impedances and relation between

the input and output port.

expressed as [97]:

F1 =
Za

j sin(kt)
(v1 − v2) + jZa tan

(
kt

2

)
v1

F2 =
Za

j sin(kt)
(v1 − v2)− jZa tan

(
kt

2

)
v2 (2.34)

with Za being the acoustic impedance of the material. Furthermore this can be rep-

resented as a circuit model as shown in Figure 2.7 (b), which is a classic distributed

T -impedance equivalent network for a transmission line.[98] If the applied force, F ,

is related to the electrical voltage V , and the particle velocity to the current, I, the

non-piezoelectric material can be considered as an acoustic transmission line. An

easier way to represent equation (2.34) is by using ABCD matrices, which is given

by [69, 99]: [
F1

v1

]
=

[
a+b
b

2a+ a2

b
1
b

a+b
b

][
F2

v2

]
= M

[
F2

v2

]
(2.35)
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where the acoustic impedances a and b are given by:

a = jZa tan

(
kt

2

)
(2.36)

b =
Za

j sin(kt)
(2.37)

and theABCD transmission matrix, M, of this layer can be simplified using trigono-

metric identities to give [69, 100]:

M =

[
cos(kt) jZa sin(kt)
j sin(kt
Za

cos(kt)

]
(2.38)

The non-piezoelectric materials in a BAW resonator such as the electrodes, reflector

layers and substrate are represented by this transmission matrix.

The equivalent circuit for piezoelectric materials is given by the Mason model.[101]

An electrical port consisting of V and I is used to represent the application of an

electric field through the piezoelectric slab (Figure 2.8 (a)), and transformer turn

ratio hC0 to demonstrate the electrical to mechanical energy as shown in Figure 2.8

(b).

F1 F2

v1 v2

V

I

1:hC0

C0 -C0

v1 – v2

jZatan(kt/2) jZatan(kt/2)

Za/jsin(kt)ACV

I

Piezoelectric 

material

t

(a) (b)

Figure 2.8: (a) A representation of the ac voltage and current through a piezo-

electric layer, (b) the Mason model of the piezoelectric layer and its relation with

the transmission line model.
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The static capacitance, C0 is given by:

C0 =
εSA

t
(2.39)

and h represents the electromechanical energy conversion ratio given by e/εS, where

e is the piezoelectric stress constant and εS is the dielectric constant. Considering

the stress equations 2.10, the corresponding forces and particle velocities for a piezo-

electrically active material are given by [97]:

F1 =
Za

j sin(kt)
(v1 − v2) + jZa tan

(
kt

2

)
v1 +

h

jω
I

F2 =
Za

j sin(kt)
(v1 − v2)− jZa tan

(
kt

2

)
v2 +

h

jω
I (2.40)

This one-dimensional model leads to a piezoelectric layer with a transmission matrix

of the form [69]:[
V

I

]
=

[
1 0

jωC0 1

][
1 − 1

jωC0

0 1

][
1
hC0

0

0 hC0

][
A B

C D

][
F2

v2

]
(2.41)

where the ABCD matrix is given in the same way as equation (2.35) for a non-

piezoelectric material. The acoustical transmission line models of devices consisting

of electrodes and the reflectors are illustrated in Figure 2.9 (a) and (b). FBARs

are represented as a three layer structure with a piezoelectric material in between

two electrodes (Figure 2.9 (a)). Conversely SMRs are represented as a multi-layer

structure with the addition of reflector layers and the substrate (Figure 2.9 (b)).

Subscripts in the acoustic impedances denote the layer position in the structure. If

the devices have no mass loading, F1 is zero on the top electrode. By combining the

top electrode and the piezoelectric transmission line structures, a simpler circuit of a

BAW resonator can be obtained as shown in Figure 2.9 (c), which provides a direct

relation between the electrical and mechanical parameters through transmission line

matrices. The combined transmission structure of the piezoelectric layer with the

top electrode has the ABCD matrix, Mpiezo [69]:

A =
a2 + b2 + a1 + a1b1

a1+b1

b2 + a1 + a1b1
a1+b1

, B =
1

b2 + a1 + a1b1
a1+b1
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C = b2 + a2 +
a2b2

a1b2 + a1b1
a1+b1

, D =
a2 + b2 + a1b1

a1+b1

b2 + a1 + a1b1
a1+b1

(2.42)

The total transmission of the device can then be calculated by multiplying the

individual transmission matrices [69]:

Mdevice = Mpiezo ×Mbottom ×Mreflectors ×Msub (2.43)

Since all the reflector layers are designed with a thickness of λ
4
, the value of kt

becomes π
2
, the transmission matrix of a single reflector layer, Mreflector becomes:

Mreflector =

[
0 jZa
j
Za

0

]
(2.44)

With a pair of low acoustic impedance layer and a high impedance layer, the total

reflector matrix becomes:

Mreflectors = (Ml ×Mh)m

=

([
0 jZa,l
j
Za,l

0

][
0 jZa,h
j

Za,h
0

])m

=

[
− Za,l

Za,h
0

0 −Za,h

Za,l

]m
(2.45)

where m is the number of reflector pairs, Za,l and Za,h represent the acoustic

impedances of the low and high acoustic impedances layers respectively. The volt-

age V and current I at the electric port are related to the mechanical ports F5 and

v5 by: [
V

I

]
= Mdevice

[
F5

v5

]

=

[
Mdevice(1, 1) Mdevice(1, 2)

Mdevice(2, 1) Mdevice(2, 2)

][
F5

v5

]
(2.46)
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Figure 2.9: Transmission line models of FBAR in (a), SMR with reflectors

and substrate in (b) and a converted transmission model for simpler analysis

in (c).[69, 100]
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The input electrical impedance, Zin of the device can be obtained using the matrix

elements of Mdevice:

Zin =
V

I
=
Mdevice(1, 1)× F5 +Mdevice(1, 2)× v5
Mdevice(2, 1)× F5 +Mdevice(2, 2)× v5

(2.47)

F5 = 0 if there is no mass loading on the substrate. The electrical impedance can

then be obtained as matrix elements only:

Zin =
Mdevice(1, 2)

Mdevice(2, 2)
(2.48)

For FBARs, the frequency response can be obtained by removing the reflector ma-

trix in equation (2.43). Mass loading at the top and bottom surface of a device

can be modelled by setting either F1 or F5 to non-zero values. The mechanical

impedance of the load, ZL, is related to F1 or F5 by:

ZL =
F1

v1
or ZL =

F5

v5
(2.49)

2.6.2 Butterworth-Van-Dyke model

The classical approximation of BAW resonators is the Butterworth-Van-Dyke (BVD)

model, where a RLC-circuit is in parallel with a static capacitance, C0. A BVD

circuit consists of a mechanical resonance branch (Lm, Cm, Rm) in parallel with

C0, which is simply the plate capacitance formed by the piezoelectric film or crystal

sandwiched between the electrodes and is given by equation (2.39) (ignoring fring-

ing field contribution). Rm, Lm and Cm are the motional resistance, inductance

and capacitance respectively.[62] The BVD model only considers the mechanical

loss of the piezoelectric films, while the medium loss and the electrode loss are not

included in this model. In order to describe the electronic behavior more accu-

rately, the modified BVD (mBVD) model is adopted. The modifications shown in

Figure 2.10 by Larson et al. [102] include the addition of two loss resistors (Rs and

R0) to compensate for electrodes and intrinsic losses in real thin film BAW devices.

A series inductance Ls is added to represent the inductance formed by the electrode

layout of the resonator and the finite resistivity of the piezolayer can be described by

the resistor Rp, which is usually insignificant. Rs describes the electrode resistance,
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Figure 2.10: Modified Butterworth-Van-Dyke model for FBAR and SMRs

demonstrating a motional arm for the piezoelectric layer, its associated intrin-

sic losses with a clamped arm and external parasitics caused by the presence of

electrodes.

R0 the dielectric losses in the piezoelectric layer, Rm the acoustic losses (viscosity,

radiative) and Rp the finite resistance of the piezoelectric layer. According to this

mBVD model, the parameters of the electrical response of BAW resonators can be

approximated by [62, 64]:

fr =
1

2π
√

(LmCm)
(2.50)

fa =
1

2π

√
(C0 + Cm)

LmC0Cm
(2.51)

The k2eff is dependent on C0, which is determined by the active area, and therefore

the geometry of the resonator:

k2eff =
Cm

C0 + Cm
(2.52)

The Q value at resonance and anti-resonance can be approximated by:

Qr ≈
ωrLm

Rs +Rm

(2.53)

Qa ≈
ωaLm

R0 +Rm

(2.54)
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Qr depends on the loaded resistance caused by the electrodes, whereas Qa is depen-

dent on internal losses in the piezoelectric material.[64] Qr is the most commonly

used parameter for evaluating the performance of sensors based on BAW resonators

as it includes the electrodes.[62] In practical BAW resonators, Qa is not affected

by the electrode resistances or contact resistance in the measurement, and can be

used to assess the mechanical losses in the piezoelectric layer. In addition a purely

mechanical Qmech can de defined as:

Qmech =
ωaLm
Rm

(2.55)

Optimised Q values can be achieved by reducing Rs by suitable electrode morphol-

ogy, thickness, geometry, dimension and material. The quality of the piezoelectric

layer and the resonator active area determine the values of Lm, Rm and Cm.[69]

2.7 Gravimetric principle

Sensors based on BAW resonators operate by tracking the resonant frequency shift,

∆fr when there is a perturbation on the surface such as mass loading as shown in

Figure 2.11 (a). This mass load causes fr to decrease and the mass sensitivity, Sm

is the resonant frequency shift per unit mass change when target molecules bind

to the receptors on the surface. This parameter can be estimated from Sauerbrey’s

equation [38] when the mass attached on the surface of the sensor is rigid and less

than 2% of the total resonator mass.[103] The higher frequency of operation and

smaller dimensions of BAW resonators leads to higher sensitivities.[104] Although

Sauerbrey’s equation [38] for QCMs (equation (2.56)) holds approximately true for

FBARs and SMRs, multi-layered structures require simulations and more precise

analysis.[105] According to Wingqvist et al. [48] the sensitivities calculated from

Sauerbrey’s equation are in fact underestimates of the actual sensitivities observed

in BAWs.

Sm =
−2f 2

r

nA
√
ρpµp

∝ f 2
r (2.56)

where n is the harmonic number, A is the active area, ρp is the piezoelectric film den-

sity and µp is the film stiffness. The mass sensitivity of sensors based on frequency

31



shifts is generally determined in practice using:

Sm = − 1

fr

∆f

∆m
(2.57)

where ∆m is the change in surface mass density (mass/area) on top of the resonator.

The limit of detection (LOD), or mass resolution, mr is the minimum mass or

quantity of a target per unit area that can be sensed. It can be defined using Sm,

and the minimum detectable resonant frequency shift ∆fr,min as [13]:

mr =
∆fr,min
Sm

(2.58)

The value of ∆fmin depends not only on the resonator but also on electronic read-

out circuitry. A minimum mass, mmin that can be detected is then the product of

the mass resolution and the active area, A:

mmin = mr × A (2.59)

It then follows that to detect trace amounts of biochemicals, the active area should

be small; it should ideally be of the same size as the target molecule.[106] Mass

loading on the resonator surface is expressed through the addition of a series induc-

tance, L3, in the mBVD model as shown in Figure 2.11 (c) and it is given by [69,

96]:

L3 =
4frLmρ3t3

ρpvp
(2.60)

where ρ3 and t3 are the density and thickness of the coating layer respectively.
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Figure 2.11: (a) shows the frequency shift observed in the real part of the ad-

mittance (Y ), when mass is loaded on the resonator, the frequency decreases.

(b) represents the modification of the mBVD model when mass attaches to the

resonator, which is shown by the addition of an inductance in the motional arm.

2.8 Materials

In this section, the common materials used in BAW resonators are discussed and the

requirements to achieve high Q value and k2eff are outlined. Silicon is the material of

choice for the substrate because of its well-known fabrication process, abundance,

integration and affordability. However it can absorb the acoustic waves generated

by the FBARs and SMRs, therefore rendering acoustic insulation essential below

the active area.[67] Resonators have also been fabricated on glass substrates for

optically transparent devices [107] and arbitrary polymers such as polyimide for

different flexible applications.[108]

2.8.1 Piezoelectric layer

In biosensing applications, a piezoelectric layer with a high acoustic coupling is

required for efficient transduction of biorecognetion events. Low acoustic losses in-

crease the energy confined in the resonator resulting in high Q.[109] High acoustic

velocities ensure higher resonant frequencies for similar film thicknesses, which then

translate into a higher mass sensitivity.[109] A summary of the important longitu-
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dinal mode electromechanical characteristics of common piezoelectric materials can

be found in Table 2.1.

Table 2.1: Electromechanical properties of some common piezoelectric materials,

data from [82, 102, 110–112]

Material ρ (g/cm3) ε33 vL (m/s) Za (MRayl) k2t (%) Loss
(dB/µs)

CdS 4.82 9.5 4465 21.5 2.56 > 50
ZnO 5.68 10.2 6330 36.0 8.38 8.3
AlN 3.27 10.2 10400 34.0 6.37 ∼ 5
LiNbO3 4.64 29 7320 30.6 2.66 0.7
LiTaO3 7.45 43 6160 46.4 3.25 0.8
PZT 7.60 > 80 4570 29.8 9.88 > 400

LiNbO3 and LiTaO3 have low acoustic losses and high acoustic velocities, but

they are expensive and are not easily integrated in standard electronics because

of their difficult deposition techniques.[34, 39, 110] Lead zirconate titanate (PZT)

films are unsuitable because of their high piezoelectric attenuation, low acoustic

velocities and poor biocompatibility.[39]

ZnO is an optically transparent II-VI semiconductor which is also referred to as

a metal oxide. The crystal structure is found in three forms: wurtzite, zincblende

or rocksalt. At room temperature and pressure, wurtzite is the most thermody-

namically stable form of ZnO. In the most common wurtzite configuration, it has a

hexagonal structure with a = 3.25 Å and c = 5.21 Å lattice spacing and c/a ratio

of ∼1.60. The stacking pattern for the wurtzite structure is ABABABABAB with

A representing the Zn atoms and B representing the O atoms. Each set of atoms

forming a tetrahedral shape creating a polar stacking. Initially, ZnO was the mate-

rial of choice but Lakin [113] reported AlN as a substitute in 1981. AlN is a III-V

compound with a wurtzite crystal structure. The lattice constants are a = 3.112

Å, c = 4.982 Å. AlN has some outstanding physical properties that have attracted

much interest: AlN has a wide band gap of 6.2eV. Its hardness (stiffness constants

slightly inferior to those of diamond films) and low density of 3300 kg/m3 leads to a

high vL of 11550 m/s.[114] However the stoichiometry of AlN films is more difficult

to control.[39] Conversely ZnO has better acoustic coupling and can be deposited
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easily.[115] In addition, as described in [39], ZnO interacts with biological species

safely, without contaminating samples. Still AlN is a strong material with a Young

modulus similar to quartz, and it is also resistant to chemical attack at temper-

atures below 700 ◦C.[48] The acoustic velocity of ZnO has a larger temperature

coefficient, TCF, of (−60 ppm/◦C) compared to AlN (−25 ppm/◦C), implying that

a larger ∆fr is produced in ZnO for the same temperature change.[116] This can

cause large and undesired ∆fr in ZnO biosensors operating in thermally unstable

environments. Even so this property could be employed in temperature sensing in

conjunction with other properties such as pressure and mass.[117, 118] Nonetheless

for higher fr and thus enhanced Sm, AlN is the primary choice.[29, 57, 119]

The electromechanical properties of ZnO and AlN are given in detail next as

they will be used in future chapters. The elastic stiffness matrix for ZnO is:

cEZnO =



2.10 1.21 1.05 0 0 0

1.21 2.10 1.05 0 0 0

1.05 1.05 2.11 0 0 0

0 0 0 0.423 0 0

0 0 0 0 0.423 0

0 0 0 0 0 0.44


(1011 Pa)

the ZnO piezoelectric stress constant:

eZnO =

 0 0 0 0 −0.48 0

0 0 0 −0.48 0 0

−0.57 −0.57 1.32 0 0 0

 (C/m2)

while the clamped dielectric constant of ZnO is:

εSZnO =

 7.6 0 0

0 7.6 0

0 0 9.0

 (10−11 F/m)
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In comparison the elastic stiffness matrix for AlN is:

cEAlN =



3.45 1.25 1.20 0 0 0

1.25 3.45 1.20 0 0 0

1.20 1.20 3.95 0 0 0

0 0 0 1.18 0 0

0 0 0 0 1.18 0

0 0 0 0 0 1.10


(1011 Pa)

whereas its piezoelectric stress constant is given by:

eAlN =

 0 0 0 0 −0.48 0

0 0 0 −0.48 0 0

−0.58 −0.58 1.55 0 0 0

 (C/m2)

and AlN has the following clamped dielectric constant:

εSAlN =

 8.0 0 0

0 8.0 0

0 0 9.5

 (10−11 F/m)

The thicknesses of other layers in BAWs are in practice comparable to the piezoelec-

tric film and loss mechanisms through such acoustically ‘dead’ layers should also be

reduced for better electromechanical performance to achieve high Sm and improved

LOD.[41] New designs and appropriate material choice are necessary to improve

signal to noise ratio and eliminate spurious modes in FBARs and SMRs.[41, 120]

2.8.2 Electrodes

Electrical losses are caused by the resistance of the resonator electrodes and wires

connecting resonators and bonding/probing pads. Low resistivity materials such

as Au or Al in the electrodes with suitable thickness can reduce ohmic losses, but

thicker electrodes reduce k2eff , which implies necessary trade-offs.[64, 71] Dielectric

loss and eddy current losses are the other reported electrical loss paths.[116] Ideally

the electrode should have a low mass density to minimise mass loading and a high

acoustic impedance to confine energy within the piezoelectric film, thus suppress-
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ing spurious responses.[116, 121] Yokoyama et al. [116] estimated that the acoustic

impedance of the electrode should be at least 1.5 times the acoustic impedance of

the piezoelectric material. A graph illustrating the acoustic impedance of common

electrode materials against their densities is shown in Figure 2.12. Accordingly the

most suitable electrode materials would be in the top-left corner of the impedance

against density graph.[66] Clement et al. [122] recently demonstrated Ir as an excel-

lent electrode material for AlN BAWs because of its superior acoustic impedance,

but at the expense of a high density that causes additional damping. Au has higher

acoustic losses; yet it is a common electrode material since immobilisation of bio-

logical entities is more amenable on Au.[39, 65] Mo is another common electrode

material owing to its high Za and low ρ, which implies that thicker Mo can be used

without causing large mass loading effects.[64]
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Figure 2.12: Acoustic impedance for different electrode materials as a function of

their densities. Materials in the left hand corner (only CNTs) of the overlapping

region meet the low density (Density of ZnO used as reference for the mass load)

and high acoustic impedance requirements (1.5× Zpiezo).

From Figure 2.12, carbon nanotubes (CNTs) have the desired properties as elec-

trodes for BAW resonators. The low density of CNTs reduces mass loading on the

resonator and their high acoustic impedance improves acoustic wave confinement
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within the piezoelectric layer.[66, 123, 124] In addition CNTs have a higher sur-

face area to volume ratio, which increases the number of binding sites and hence

the sensitivity.[13, 125] They are also easily functionalised with biological species

to improve the sensor selectivity towards target molecules.[125–127] Eventually

these characteristics are beneficial for biosensors because a single layer of intercon-

nected CNTs could function simultaneously as the electrode and the biorecognition

layer.[66, 121]

2.8.3 Acoustic reflectors

FBARs were recently shown to have better sensitivities than SMRs by Garćıa-

Gancedo et al. [65] for identically designed devices. The main source of losses was

ascribed to the Bragg reflector, which introduced additional loss mechanisms in

SMRs.[57, 65] Designing the acoustic reflector layers with the best film quality is

essential for confining the mechanical vibration in the piezoelectric cavity. Layers

with excess stress and strain can cause improper reflection at the interfaces, thus

the deposition of low-stress materials is necessary for best performance.[96, 128]

The number of layers and materials should be appropriately chosen and deposi-

tion conditions should be tuned to obtain the optimum thicknesses and acoustic

properties.[64, 69]

SiO2 is a low acoustic impedance material used in the acoustic reflectors, due

to its compatibility with silicon processing and its easy deposition.[129] The mir-

rors require a high acoustic mismatch at the interfaces, which is achieved with

alternating layers of high and low acoustic impedance.[64] The total reflectivity of

the mirror is determined by the number of layers and the materials utilised. High

acoustic impedance materials such as W or Mo are normally chosen.[64, 69] Sil-

icon oxy-carbide (SiOC) is also a low Za material but it has significant acoustic

losses and does not adhere well on other materials.[130, 131] Both Si3N4 and SiO2

have similar densities but the higher acoustic velocity of Si3N4 gives it a relatively

higher Za.[64, 132] However the impedance mismatch is only 2.9. Comparatively a

SiO2/Mo interface impedance mismatch is 5 while a SiO2/W interface has a cor-

responding mismatch of 8.5 leading to better confinement of the acoustic wave as

shown in Figure 2.13.[69] Dielectric materials such as Ta2O5 and WO3 have also
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been adopted in acoustic reflectors but they have lower acoustic impedances than

metals.[89, 131, 133] A high acoustic mismatch reduces the number of layers re-

quired to reach the maximum reflection and a low acoustic velocity implies that a

thinner layer is needed in the mirror fabrication.[64, 69] The simulated transmission

using the transmission line model from section 2.6.1 in MATLAB, of the longitu-

dinal and shear mode through 5 layered reflector made with different high acoustic

impedance materials with a center frequency at 1.5 GHz are shown in Figure 2.13.

Marksteiner et al. [129] also demonstrated that the shear reflection characteristics

of the Bragg reflector can have profound effects on the Q value of a longitudinal

mode resonator at antiresonance. A logarithmic transmission, T , of the form:

T = 10 log10

(
1−

∣∣∣∣Zmirror − ZpiezoZmirror + Zpiezo

∣∣∣∣2
)

(2.61)

can demonstrate the details of the reflection lobes in the reflector spectrum.
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Figure 2.13: Acoustic wave transmission through the reflector made of 5 layers

for longitudinal mode of 1.5 GHz in (a) and with the same thicknesses, the

reflection spectra for the shear mode in (b) Different high acoustic impedance

materials are compared, with W and Mo having lower transmission compared

with dielectrics such as Ta2O5.

In addition the acoustic reflector can be designed to reduce the TCF of the

resonators, which eliminates the active compensation techniques reported in [73,

134] that are costly, complex and require reference devices. Intrinsic or passive
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compensation can be achieved using layers with opposite temperature coefficients to

eliminate thermal interferences.[118, 135] The unique TCF (+80 ∼ +100 ppm/◦C)

of SiO2 can reduce the fr sensitivity to temperature.[34, 72] Designing the reflector

layers with the correct thickness and properties as described in [136, 137] can reduce

the temperature sensitivities in order to detect only mass attachment.

2.9 In-liquid operation

BAW shear waves are associated with in-plane displacements which couple to the

liquid through internal friction forces at the interface and which forces depend on

the viscosity of the liquid. Assuming no-slip, the particles at the liquid-resonator

interface move synchronously with the resonator surface and couples motion into

the liquid. Since liquids do not support shear waves the amplitude of the motion

decays rapidly with distance from the surface as shown in Figure 2.14.

liquid

Piezoelectric material
with inclined c-axis

electrode

longitudinal

shear

Figure 2.14: Propagation of shear and longitudinal mode from the piezoelectric

layer into a liquid, the shear mode decays immediately in a short length, whereas

the longitudinal mode propagates and the energy is lost in the liquid causing a

higher damping compared to the shear mode.

The characteristic length or decay length (δ) depends on the angular frequency

(ω), liquid viscosity (ηl) and density (ρl) as given by [74]:

δ =

(
2ηl
ωρl

)0.5

(2.62)
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The decay length in water at 5 MHz is 250 nm whereas at 1 GHz this value is one

order magnitude less (∼20 nm), demonstrating the fundamental difference between

QCM and FBAR operation in liquids. However, the shear frictional motion in

the near surface region represents energy radiated into the liquid and causes a

reduction in Q. The ∆fr when the piezoelectric material borders a liquid can be

represented as an increase in motional inductance (Ll) while the acoustic loss due

to energy dissipation can be seen as an increase in the motional resistance (Rl) in

the equivalent circuit. This motional resistance leads to resonance damping and is

ideally proportional to (ηlρl)
0.5.[138, 139]
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Figure 2.15: Addition of a resistance Rl to the mBVD model to represent acoustic

attenuation in liquid, and an inductance, Ll to show the mass change that occurs

depending on the viscosity and density of the liquid. The mass attachment

inductor L3 is still present to show the mass loading.

The Qr of the resonator is therefore:

Qr =
ωL
R
≈ 2πfr(Lm + Ll + L3)

Rm +Rl +Rs

(2.63)

It is noted that this model assumes smooth surfaces and laminar flow while the

41



coupling to the liquid is through viscosity only. In reality there can be additional

factors that result in deviations from above calculations. Rough surfaces can cause

non-laminar flow and also out-of-plane motions that will increase the motional el-

ements and consequently reduce the Q.[48, 77, 140] The ∆fr with ηl is given by

Kanazawa and Gordon [138] model, which leads to a viscosity sensitivity, Sv, of:

Sv =
−f 3/2

r

∆η

√
ρlηl
πρpµp

(2.64)

Several works have reported the use of BAW resonators for in-liquid biosensing.

Weber et al. [141] first demonstrated shear mode SMR biosensor in liquid media. A

ZnO thin-film with an inclined c-axis of 16◦ was fabricated to excite a quasi-shear

mode at ∼800 MHz.[141] The sensitivity was reduced in the shear mode (Sm = 585

Hz cm2/ng) compared to the longitudinal mode (Sm = 938 Hz cm2/ng). However

the minimum detectable in ng/cm2 was improved from 21 to 2.3 in the shear mode

operation. Similar to [141] Link et al. [105] fabricated a ZnO shear mode SMR

with Q of 199 in liquid compared to 380 in air. Wingqvist et al. [48, 140] reported

liquid sensing using a shear mode AlN FBAR with an inclination of around 30◦

and fr of 1.2 GHz. In the liquid the shear mode Q was 150 compared to only 30 in

the longitudinal mode.[140] Bjurström et al. [88] also reported that the same AlN

FBAR shear mode Q was 350 in air. The resonance of the longitudinal mode in

liquid was indiscernible.[140] Wingqvist [6] also demonstrated that an inclination of

50◦ between the electric field, E, and the c-axis produced the strongest shear mode.

In the same review by Wingqvist [6], the minimum detectable mass using shear

mode in liquid was shown to be in the range of 0.3 ng/cm2 to 7.5 ng/cm2. Hence it

can be deduced that a pure shear mode is not ideal. A quasi-shear wave obtained

with an inclination of approximately 50◦ is well-suited to liquid sensing, illustrated

by Bjurström et al. [142]. Pure shear mode FBARs were succesfully fabricated using

(112̄0) textured ZnO by Yanagitani et al. [53] but this method requires significant

modification to the deposition chamber. The most effective method to excite the

TSM has been achieved by the deposition of seed layers with controlled roughness

and orientation in conjuction with an off-axis deposition to promote the growth of

inclined c-axis piezoelectric films.[50, 88, 143]

Zhang and Kim [78] demonstrated liquid sensing with the second harmonic of
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longitudinal mode of a ZnO FBAR. It was shown that the Q at fr,0 decreased

from 210 in air to 12 in water (by 94%). The Q of the second harmonic was

reduced from 340 to 40 in water (by 88%). Although the work by Zhang and

Kim [78] explained that there is a smaller acoustic loss in liquid when sensing with

higher order harmonics, a Q of 40 is still not adequate for sensing low quantities

of biomolecules in liquids. Additionally the second harmonic will likely produce

a lower mass sensitivity, with n = 2 in by equation (2.57), than a device with a

corresponding high fr,0. Besides the LOD of 10 ng/cm2 achieved by the second

harmonic resonance reported by Zhang and Kim [78] is one order of magnitude

worse than the corresponding value for QCMs, which is 1 ng/cm2.[13, 42, 43]

Longitudinal modes with high Q in liquids were shown by Pottigari and Kwon

[144] with a design incorporating a parylene layer on top of the resonator. A vacuum

gap was created between the resonator surface and the parylene layer to eliminate

acoustic energy leakage in the liquid.[144] In air, a Q of 153 was measured and

it decreased by only 9% to 140 in liquid.[144] A conventional FBAR would have

suffered a Q reduction of more than 85%.[47, 52] Parylene is a polymer that can

operate at high temperatures and it is also biocompatible.[145] Additional work

needs to be carried out on vacuum-gap FBARs devised by Pottigari and Kwon

[144] to confirm their viability for sensing actual biological specimens in liquid with

high sensitivities. Xu et al. [94] reported high Sm and relatively better Q in a

microfluidic integrated FBAR for direct liquid sensing with the longitudinal mode.

At fr = 2 GHz, Sm of 1000 Hz cm2/ng (3 times greater than the shear mode) and a

LOD of 1.35 ng/cm2 were extracted.[94] According to Xu et al. [94], the thickness of

microfluidic channel should be a multiple of half the acoustic wavelength in water to

maximise acoustic reflection at the interface. However imprecise liquid thickness can

lead to exponential acoustic leakage, making this technique difficult to implement

in practice.[94]

Despite the lower damping of the TSM in liquids, the acoustic leakage through

more viscous liquids is large, which damps the TS resonance substantially.[139] Also

the use of the shear resonance limits Sm to be only one-third that of a longitudinal

mode BAW resonator with similar dimensions.[94, 141] Moreover the scalability

of fabricating inclined c-axis films is limited compared to c-axis oriented films for

the longitudinal modes, which remains the desired mode of operation for in-liquid
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sensing. An interface layer that can provide an acoustic mismatch between the

resonator and the liquid to confine the wave and with low mass density can reduce

this damping significantly, in order to achieve a Q value sufficient for biological

detections.

2.10 Carbon nanotubes integration

Owing to their extraordinary electronic and mechanical properties, CNTs have great

potential to find applications ranging from molecular electronics to ultrasensitive

biosensors. Their biological compatibility provides them with specific chemical han-

dles that would make several of these applications possible. Besides the larger sur-

face area to volume ratio of CNTs makes them an attractive alternative to metallic

electrodes for improving the Sm and the LOD of BAW resonators. Indeed the sur-

face area of a thin film of interconnecting CNTs is significantly greater than the

surface area of a metal thin film electrode; hence the binding area is increased with-

out physically increasing the size of the devices.[66, 121] Consequently, for the same

concentration of biological samples, a larger number of targeted molecules can be

bound onto the resonator surface compared to devices with metal electrodes; devices

with higher Sm can therefore be realised. In addition CNTs have lower ρ (1.3 g/cm3)

compared to metals, which reduce mass loading and their high Za (comparable to

Mo) ensures maximum confinement of the acoustic wave in the piezoelectric mate-

rial.[127] CNTs offer an additional benefit compared to metals in that it is possible

to functionalise CNTs for direct covalent bonding to molecules, or with different

types of polymers which could be used for non-covalent bindings, thereby prevent-

ing non-specific binding or the need for additional bonding layers.[146] Ultimately,

CNTs have the simplest chemical composition and atomic bonding configuration,

being entirely composed of carbon atoms, which provide a natural match to organic

molecules.

Previous works on CNTs by Dragoman et al. [147] demonstrated a 10 times

improvement in the longitudinal mode Q in air due to enhanced acoustic con-

finement in the resonator by CNT electrodes. Penza et al. [148] functionalised

single-wall CNTs (SWCNTs) using the Langmuir-Blodgett technique before per-

forming multiplexed detection on vapours of acetone, ethylacetate and toluene.
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High sensitivities were obtained in all cases: acetone (12 kHz/ppm) and ethylac-

etate (17.3 kHz/ppm).[148] The minimum detected concentrations were well below

their threshold limit values.[148] The sensitivity of an AlN FBAR with CNT top

electrode fabricated by Garćıa-Gancedo et al. [66] was 0.25 MHz cm2/ng compared

to 0.14 MHz cm2/ng using Au/Cr electrodes. It was the highest Sm reported to date

in dry measurement with the ability to low quantities of materials.[66, 117] Hence,

the potential exists to use chemically-modified CNTs for in-liquid sensing with the

longitudinal mode which would function both as the electrode and as the sensing

layer. To fulfill this simultaneous use, CNT forests have to be grown directly and

surface-bonded to the piezoelectric film of the resonators.[61] However electrodes

made purely of CNTs introduce parasitics in the BAW resonator, which deteriorate

the Qr in air.[149] Indeed it was shown by Iborra et al. [150] that the high electrical

resistance and the surface roughness of the CNTs are detrimental to the resonator

response if grown directly on the piezoelectric material. Consequently CNTs can

be grown on metallic electrodes in the active area to function solely as the sensing

layer rather than an electrode.

2.11 Research objectives

This chapter described the piezoelectric effect and the operation of BAW resonators

both with an oriented c-axis and an inclined c-axis. In this thesis the following

works will be carried out to address the limitations of achieving high frequency

BAW resonator for biosensing applications on a large scale:

• Growth and characterisation of inclined c-axis BAW resonators using seed

layers and textured electrodes. The objective is to find controllable methods

to grow c-axis piezoelectric films for large scale applications of shear mode

resonators;

• CNTs with different morphologies as sensing layer for the shear mode res-

onators. In addition the interaction of CNTs in liquids and their viability as

an interface layer providing an acoustic mismatch, thus minimising longitudi-

nal mode damping in liquid, will be assessed.
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Chapter 3

Thickness shear mode resonators

In this chapter, the methods used to achieve the shear mode resonance in ZnO

SMRs are discussed. The chapter begins with a description of the process used to

grow ZnO and the optimum conditions to deposit inclined c-axis ZnO. Generally

polycrystalline ZnO with good piezoelectricity are obtained when all the microcrys-

tals are parallel to a given direction and exhibit same crystal polarity.[151] This

is achieved during sputtering under certain conditions that favour the preferential

growth of the (0002) planes parallel to a given direction, as the (0002) orientation

is more thermodynamically stable and such wurtzite structures are polarised along

the c-axis.[152] Usually the c-axis of the grown film is normal to the substrate sur-

face, which is the desired orientation for TLM operation. The nature, roughness

and crystallographic orientation of the surface are all essential parameters for con-

trolling the c-axis orientation of the piezoelectric films.[153] In order to effectively

excite the shear mode, this polarisation axis of the film should have a inclination

angle from 20◦ to 50◦ as shown in the chapter 2.[48]

Piezoelectric films with inclined c-axis can be sputtered on a surface with con-

trolled roughness immediately below the active layer as depicted in Figure 3.1.[53,

141] If the flux of atoms impinging on the exposed facets is constant, the grains of

the piezoelectric material will grow in different directions, leading to a randomly-

oriented layer with poor piezoelectric characteristics. However, if the substrate is

displaced from the center of the target as shown in Figure 3.1, an impinging di-
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rection is favoured. Therefore the grains will grow faster on the facets that are

most exposed to the atom flux and their inclination angle will be more uniform

as illustrated in Figure 3.1 (b).[50] A sawtooth surface profile is the best possible

structure to achieve homogeneously inclined grains; yet such topography is difficult

to fabricate. Instead, a layer with a textured surface is commonly used to grow

piezoelectric films with inclined c-axis.[50, 88] The aim of this chapter is to achieve

homogeneously inclined c-axis ZnO for SMRs with high shear mode Qr and k2eff to

be used in liquid for biological detection. Surfaces with different roughnesses and

properties are compared: the inherited random roughness of an acoustic reflector,

the controlled roughness of a seed layer and finally a textured bottom electrode

with controlled roughness.

(a) (b)

Target

Substrate Substrate

Target

Seed layer
Inclined 
growth

Figure 3.1: (a) Off-axis between the sputtering target and a substrate having

a seed layer that will promote the growth of a forthcoming piezoelectric film.

(b) Growth of the inclined c-axis ZnO favoured by the presence of seed layers of

a certain orientation and the off-axis deposition to get the desired inclinations.

Growth of this inclination is dictated by the initial seed layer.

3.1 Polycrystalline AlN seed layer and inherited

reflector roughness

In this section, AlN seed layers with mainly (103) orientation are considered as the

first seed layer in this work as this has already been shown to achieve inclined c-axis

AlN with an inclination angle of ∼25◦.[50] To compare the effect of the homogeneous

polycrystalline seed layer, a random roughness generated by the sputtering of an

acoustic reflector stack is also used.
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3.1.1 SMR fabrication process

The devices fabricated in both cases are schematically represented in Figure 3.2.

First five layers alternating between porous SiO2[154] and Mo are deposited by

Dr. Mario DeMiguel-Ramos in Spain on (1 0 0)-oriented Si substrates to form the

acoustic mirror. The five reflector layers (three of SiO2 and two of Mo) are sputtered

in a pulsed (pulsing at 250 kHz) DC Leybold Z550 system with 150 mm diameter

targets of Si and Mo in Ar/O2 mixtures and in pure Ar respectively. Table 3.1

provides the conditions used for the sputtering. The thicknesses (521 nm for SiO2

and 629 nm for Mo) are designed so that the reflectors have a reflection bandwidth

for the shear mode centered at 1.2 GHz in frequency. One set of reflector is mechan-

ically polished using alumina slurry to reduce the root mean square (rms) surface

roughness of the top SiO2 layer from around 20 nm to less than 1 nm.

Table 3.1: Sputtering conditions of porous SiO2 and Mo.

Parameters SiO2 Mo

Ar (sccm) 44.1 18.1
O2 (sccm) 16.5 0
Pressure (Pa) 1.2 0.2
Power (W) 1200 400

After sputtering 120 nm of Mo as the bottom electrode using the DC Leybold

Z550 system, the AlN seed (∼150 nm) is deposited on the polished samples in an

ultra-high vacuum sputtering system pumped down to a base pressure of 1.3×10−6

Pa to avoid contamination with O2. A 150 mm diameter 99.999% purity Al target

located at a distance of 55 mm from the substrate holder is used. The sputtering

process is performed at a pressure of 0.67 Pa with a 60% N2 in Ar admixture and a

pulsed (pulsing frequency of 250 kHz) DC power of 600 W without any intentional

heating of the substrate; these conditions promote the growth of (103) oriented AlN

microcrystals as shown in [155, 156]. A high target utilisation sputtering (HiTUS,

S500, PlasmaQuest Ltd, Hook, UK) system [157] is then used to reactively sputter

the piezoelectric ZnO layer (∼0.8-1.0 µm thick) from a 100 mm diameter 99.999%

Zn target in a 60% O2 in Ar gas admixture, at a total pressure of 0.24 Pa. A

power of 1000 W from a 13.56 MHz COMDEL RF supply generated the remote

plasma and the Zn target is biased with a DC power of 800 W producing a DC
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Inclined c-axis ZnO

Si (~500 um)

SiO2 (521 nm)

Mo (629 nm)

SiO2 (521 nm)

Mo (629 nm)

SiO2 (521 nm)

Mo (~120 nm)

AlN seed (~150nm)

Figure 3.2: SMR with AlN seed layer at the interface between the bottom Mo

electrode and the ZnO layer. The SMR devices have 5 layers in the acoustic

reflector using porous SiO2 and Mo with thicknesses of 521 nm and 629 nm

respectively and achieving a reflector center frequency of 2.2 GHz in the longi-

tudinal mode.

voltage of ∼670 V during the deposition. The chamber is first pumped down to a

base pressure of 2 × 10−4 Pa and the target is cleaned for 7 mins in Ar (gas flow

rate: 25 sccm), before O2 (gas flow rate: 37 sccm) is introduced and stabilised for

another 7 mins. Off-axis deposition of the piezoelectric ZnO is achieved by reducing

the distance separating the substrate holder and the target to 50 mm as shown in

Figure 3.3 (a) and (b).

A lower substrate holder is made to move the substrate at a vertical distance

of 5 cm from the target in the HiTUS (Figure 3.3 (b)). With this method, the

substrate can be kept horizontal for off-axis deposition, whereas at longer distances,

the substrate has to be held vertically to obtain the inclined c-axis growth, a method

that is not scalable. In addition the ZnO film is sputtered at a low pressure of 0.25

Pa to increase the directionality of the atom flux; the thickness variation on a Si

sample is evident from Figure 3.3 (c). Thickness measurement is carried out using a

Dektak V2 stylus profilometer with 10 mg force. The sputtering conditions provided

a sputtering rate of approximately 40-60 nm/min at the edge of the substrate holder

as illustrated by the graph in Figure 3.3 (e). The chosen range of sample placement

is selected as a trade-off for the sputtering rate, axis offset and plasma glow effect
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1. RF coil 5. Zinc target
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(a) (b)

Figure 3.3: (a) The generation of the plasma and bias applied to the target in the

HiTUS system and the position of the substrate relative to the target for off-axis

deposition (b) Holder fabricated as an addition to the existing susbtrate holder

to reduce the substrate to target distance to 50 mm and create a large offset (c)

ZnO sputtered off-axis from the target along the substrate, showing rapid colour

variations initially and a more gradual change towards the end of the sample.

(d) The position of the sample on the substrate holder for the deposition rate

calibration showing that the thickness variation also decreases further away from

the target thus increasing the uniformity of the film. (e) Deposition rate of

inclined ZnO along the substrate holder width confirming the rapid decrease

close to the target which becomes more uniform towards the edge.
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on the samples. Indeed having the samples too close to the edge caused the samples

to be inside the plasma glow and subsequently the samples are highly stressed due

to heat and Ar bombardment. A horizontal distance from the edge of the sample

holder ranging from 10 mm to 30 mm from the is found to be the optimum. Mo

(∼120 nm) is then deposited as the top electrode using a 99.95% Mo target at a

power of 100 W and pressure of 0.30 Pa in a White Magic DC magnetron sputtering

system. Finally, the top electrode is defined using standard photolithography with

Microposit S1818 photoresist followed by a dry etch process (Phillips reactive ion

etching (RIE)) system with a CF4/O2 plasma using 100 W forward power and

20% O2 (10 sccm of O2 in 40 sccm of CF4) at a total pressure of 20 Pa. Devices

are also fabricated on Bragg reflectors designed for another frequency (0.9 GHz

shear) to assess the effect of film thickness on the shear mode resonance. It is also

determined that the AlN seed has to be above the bottom electrode because when

the AlN seed is below the electrode, a highly stressed ZnO film is obtained after

off-axis deposition, which peeled off in the photolithography stage when defining

the top electrode.

3.1.2 Characterisation of AlN seed layers and ZnO films

The exposed facets of the AlN seed layers are observed by scanning electron mi-

croscopy (SEM, Carl Zeiss, Cambridge UK) (Figure 3.4 (a)) using an acceleration

voltage of 3 kV. The surface of an unpolished reflector (Figure 3.4 (b)) demon-

strates larger grains (∼100 nm) compared to the AlN seed layers, which have grains

of approximately 50 nm and a clear faceting. A cross-sectional cut of a device on

the AlN seed layer is shown in Figure 3.4 (c) and on a rough reflector is shown in

Figure 3.4 (d). These reveal an inclination of approximately 40◦ in the ZnO grains.

The X-ray diffraction (XRD) polar measurements around the (0002) axis of the

ZnO (Figure 3.5) confirm that the film on the AlN seed layer (Figure 3.5 (a)) have

a c-axis inclination of ∼45◦ and a narrower inclination distribution compared to

those deposited on the rough surface (Figure 3.5 (b)), which have a mean inclina-

tion of only ∼25◦ and a greater dispersion because of the more dispersed and less

homogeneous local surface microscopic planes. Conversely the substrates with AlN

seed layers mainly have a (103) orientation showing uniformly distributed facets of
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Figure 3.4: SEM micrographs of surface and cross section of the devices. (a):

The AlN seed layer with exposed (103) facets that promote the growth of the

inclined ZnO, (b): the surface of the unpolished reflector with large grains (∼100

nm). (c): An inclined 800 nm ZnO sputtered on AlN and, (d):an inclined 800

nm ZnO sputtered on rough surface. The Mo and SiO2 layers from the reflector

stack are also observed in (a) and (d).
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the basal plane inclined ∼60◦ from the substrate surface as explained by DeMiguel-

Ramos et al. [50]. These promote the growth of a more uniformly inclined layer.[50]

ZnO films grown on surfaces with controlled roughness therefore have high c-axis

inclination angles without requiring significant and complex modifications to the

deposition system outlined in other similar work.[53, 105]

3.1.3 Electro-acoustic characterisation

A vector network analyser (ENA series, E5062A Agilent Technologies, Palo Alto,

CA, USA) is used to characterise devices in the frequency range from 0.5 GHz to 3.0

GHz in this chapter. This network analyser is connected to ground-signal-ground

(GSG) RF probes (Picoprobes, from GGB industries, Naples, FL, USA) with 150

µm pitch, which are fitted to micropositioners on a coplanar probe station. The

electrical input impedance, Zin, spectra measured for representative devices of each

set of resonator are shown in Figure 3.6. In total ten devices are characterised in

each case and the devices showing the best responses are analysed.

The SMRs exhibit appreciable shear and longitudinal modes but the frequencies

are higher than the predicted value of 1.2 GHz for the TSM, because of thickness

variation caused by the off-axis deposition. An estimate for the ratio of the longitu-

dinal resonant frequency, fL, to the shear mode resonant frequency, fS, is calculated

from vS, and vL using equation (2.21) and equation (2.22). At an inclination angle

of 25◦ for the rough reflector, the calculated ratio (fL/fS) of ZnO is 2.06, whereas

at 45◦ for the AlN seed, this ratio is 1.95. These are close to the experimental

frequency ratios of 2.10 (fS = 1.35 ± 0.02 GHz, fL = 2.67 ± 0.03 GHz) for the

rough surface and 1.98 (fS = 1.36± 0.04 GHz, fL = 2.87± 0.02 GHz) for the AlN

seed. Devices fabricated on rough substrates had longitudinal modes with k2eff of

only 0.95%. For comparison, values of k2eff for the longitudinal mode of resonators

fabricated with the same conditions on polished substrates located along the axis of

the target (pure c-axis oriented films) are around 5.4% at 2.5 GHz. Therefore with

the inclined grains the electrical energy couples less efficiently into the longitudinal

mode and more into the shear resonance. The electromechanical performances out-

lined in Table 3.2 demonstrate that devices with ZnO grown on AlN seed layers had

higher k2eff (∼2.2% at 1.35 GHz) compared to the rough substrates (∼1.3% at 1.36
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Figure 3.5: Polar measurements of the angles in 3D representation and plain

view for ZnO films deposited on (a) AlN seed with ∼45◦ inclination and narrower

dispersion and (b) rough substrate with a 25◦ inclination and broader dispersion.
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Figure 3.6: (a) Frequency response of the typical devices measured, the blue solid

line represents the device with AlN seed layer and the dashed red line shows the

response of SMR with the rough reflector. Both set of devices demonstrate the

shear mode (TSM) and longitudinal mode (TLM) mode, but devices on the

rough reflector had a more pronounced longitudinal resonance. A comparison of

the different thicknesses of the ZnO on the shear mode and longitudinal mode is

shown in (b).
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GHz). Growing ZnO on a layer of AlN with controlled orientation improves the ho-

Table 3.2: Shear mode performance of typical devices measured for the AlN seed

layer and rough reflector layer

Substrates fS (GHz) Qr Qa k2eff (%)

AlN seed 1.350 139 116 2.22
Rough 1.364 115 102 1.35

mogeneity of the inclination angles in the ZnO, which explains the higher k2eff of the

shear mode in these SMRs. However the random roughness of the acoustic reflector

surface leads to a larger range of inclination orientations as observed in the polar

patterns (Figure 3.5 (b)), which deteriorate the electromechanical performance of

the resonator. The shear mode Qr is low (80-140) compared to similar work with

inclined c-axis ZnO without a seed layer.[105] A lower Qr is equivalent to a broader

resonance peak, which reduces the number of frequencies that can be resolved and

hence limits mr. However, the Qr can be improved by using an electrode with a

controlled roughness as will be described in section 3.2. This would eliminate the

interfacial and scattering losses caused by either the random roughness of the acous-

tic mirror or the piezoelectrically ‘dead’ AlN seed layer. Furthermore thicker ZnO

layers lose the homogeneous inclination as the grains re-start to orient parallel to

the c-axis as this is the more stable state thermodynamically. Eventually depositing

thicker ZnO leads to more pronounced longitudinal modes as observed in Figure 3.6

(b). Therefore 800-1000 nm thick ZnO layers are ideal for obtaining a strong shear

modes for in-liquid operation in the GHz regime.

The electro-acoustic spectra are then analysed and the key parameters for the

mBVD model outlined in section 2.6.2 are extracted by means of a MATLAB® soft-

ware (details in Chapter 5). Table 3.3 lists these parameters which will be compared

in section 3.2.

3.1.4 In-liquid performance

The effects of liquids with different products of viscosities (η) and densities (ρ) on

the shear mode of a device with an AlN seed layer resonating at 1.35 GHz are shown

in Figure 3.7. The shear mode Qr decreases from 139 to 76 (by 45%) in acetone (ρ =
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Table 3.3: MBVD model parameters extracted for the inclined c-axis ZnO grown

on AlN seed layer and rough reflector.

Surface C0 (pF) Cm (pF) Lm (µH) Rm (Ω) R0 (Ω) Rs (Ω)

AlN seed layer 1.385 0.025 1.080 63.78 9.23 3.95
Rough reflector 1.363 0.021 0.802 75.79 4.93 2.46

0.79 g/cm3, η = 0.3 mPa·s). In contrast, longitudinal mode Qr (shown in Figure 5)

is reduced by 87% in contact with acetone, thus rendering it unsuitable for in-liquid

sensing. The shear mode Qr decreased by 72% in water (ρ = 1.00 g/cm3, η = 1.0

mPa·s) and by 92% in AZ5214E photoresist (ρ = 1.00 g/cm3, η = 22 mPa·s).[158]

As a comparison human blood typically have values of ρ = 1.06 g/cm3 and η ≈
2.0-3.0 mPa·s.[159, 160]

This Qr decreases because the shear modulus of the liquid is non-negligible when

its viscosity increases and acoustic energy leaks into the liquid. Furthermore the

shear mode fr decreases linearly with the product of (ηρ)0.5 as shown in Figure 3.8

and predicted by Kanazawa and Gordon [138] model for the shear mode. The

sensitivity of fr to (ηρ)0.5 is calculated to be −340 ppm/{(g/cm3)·mPa·s}0.5

Nonetheless the number of liquid measurements is limited to 9 trials on average

because of microcracking of the ZnO layer due to its porous nature and sensitivity

to liquids, but this is acceptable for disposable sensors to which this technology is

most suited. Therefore capping with SiO2 or Si3N4 outside the active area could

solve this problem. It has been shown in this section that by using a surface with

controlled roughness and an off-axis deposition, polycrystalline ZnO films with a

controlled and uniform inclined c-axis are grown at room temperature, which is

promising for process compatibility and plastic substrates. However the AlN seed

layers are electrically insulating and piezoelectrically inactive, which consequently

reduce the capacitive coupling and the electric field, hence lowering Qr and k2eff .

The devices fabricated using AlN seed layers had Qr of up to 140 in air, which

decreased to less than 70 in liquids. A low Qr increases the upper limit on the

minimum resolvable frequency shift, ∆fmin, and hence mr, that can be detected

is therefore large. Increasing Qr is essential to track smaller mass attachment and

improve the LOD.
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Figure 3.7: Effect of liquids of different viscosities and densities on the shear

resonance electrical admittance, Y (S) (a) (of a device with AlN seed layer with

shear mode at 1.35 GHz) demonstrating that when viscosity increases (acetone

to AZ5214E photoresist), the Qr decreases due to damping (b) the longitudinal

mode resonance has much higher damping in all liquids.
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3.2 Textured Al electrodes

From section 3.1, it is deduced that an electrically conductive surface with a con-

trolled roughness promoting the growth of inclined c-axis ZnO is necessary to reduce

the parasitic losses between ZnO and the bottom electrode, which were undesired

features of the insulating AlN seed layer. Earlier works have shown that the mor-

phology of sputtered metals such as Al can be controlled by the substrate tem-

perature, TS during deposition.[161, 162] At higher temperatures, more energy is

supplied to the deposition atoms resulting in a higher migration mobility, which

in turn favours the crystallisation of the film.[163] Indeed, with higher energy, the

sputtered particles form nucleation islands that coalesce in crystals, hence promot-

ing the formation of oriented grains and crystalline materials.[164] By varying TS

the adatom mobility on the surface and the resulting film morphology can be tuned

to achieve a surface with optimum roughness necessary for growing inclined c-axis

piezoelectric films. The potential of using Al as a textured surface to favour the

growth of inclined c-axis ZnO and operating as an electrode simultaneously for

shear mode resonators is attempted in this section. The objective is to eliminate

a parasitic seed layer to improve the electromechanical performance of shear mode

SMRs. Al electrodes sputtered at different TS are compared by fabricating SMRs

with inclined c-axis ZnO to determine the suitability of this method.

3.2.1 Device fabrication

The SMRs shown in Figure 3.9 are fabricated by first depositing a five layer acous-

tic reflector stack designed for 1.2 GHz shear mode. This is composed of alter-

nating layers of porous SiO2 and Mo, sputtered using the conditions outlined in

section 3.1.1. The final layer is again mechanically polished by alumina slurry to

reduce the roughness inherited from the sputtering process.

Al films (∼180 nm) are deposited off-axis from the target in the HiTUS sys-

tem.[157] A power of 1100 W from a 13.56 MHz RF supply generated the remote

plasma in a 0.25 Pa Ar atmosphere and the Al target (99.999% purity) is biased

with a DC power of 900 W, giving a DC voltage of 590 V during the deposition, and

a sputtering rate of ∼16 nm/min. The Al deposition process is performed at four

different substrate temperatures, TS: room temperature (RT) (25 ◦C), 100 ◦C, 200
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Inclined c-axis ZnO

Si (~500 um)

SiO2 (521 nm)

Mo (629 nm)

SiO2 (521 nm)

Mo (629 nm)

SiO2 (521 nm)

Textured Al (~180 nm)

Mo (~120 nm)

Figure 3.9: SMR with textured Al as bottom electrode for growing inclined c-

axis ZnO, the reflector layers are designed for 2.5 GHz operation, the difference

is the absence of the parasitic AlN seed layer.

◦C and 300 ◦C. This upper limit on TS is due to the equipment safety and therefore

higher TS are not tested. Inclined c-axis ZnO films (∼1 µm) and the Mo electrode

are deposited with the conditions provided in Section 3.1.1.

3.2.2 Structural and morphological properties of the Al and

ZnO films

The film structure of the Al electrodes observed in SEM and AFM are shown in

Figure 3.10. The histogram in Figure 3.10 (d) is obtained by determining the grain

diameter of 100 particles on the SEM images and classifying the diameters in 10

nm size ranges to produce a spectrum of the distribution for each value of TS. At

low temperatures (25 ◦C) the Al surface consists of small grains (<100 nm in size)

and low roughness (<10 nm); when TS increases, the Al grains become larger (>100

nm), and more disordered, leading to an increase in rms surface roughness (∼16

nm) as shown in Figure 3.10 (a), (b) and (c). When TS = 300 ◦C, a mixture of

large (>100 nm) and small Al grains are present as observed in Figure 3.10 (c) and
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25 °C 100 °C

200 °C 300 °C

Figure 3.10: (a) Topography of the Al electrodes observed with AFM showing

the effect of temperature on roughness, (b) Lateral cut profile across the AFM

images showing increased roughness and grain sizes with TS < 300 ◦C, (c) SEM

images of the Al showing the increased grain sizes as temperature increases and

a mixed phase at 300 ◦C and (d) Histogram of the grain size distribution of the

Al electrode at different sputtering temperatures. All scale bars in (a) and (c)

represent 400 nm.
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(d). Nonetheless Al grains larger than 200 nm are less common when TS = 300 ◦C

compared to when TS = 200 ◦C, which had grains of up to ∼300 nm (Figure 3.10

(d)). Therefore the surface of the Al sputtered at TS = 300 ◦C has lower roughness

(14.2 nm) compared to when TS = 200 ◦C, which has a roughness of 16.2 nm.

Zone II

Zone I

Zone T

Zone III

Zone IV

Ts/Tm

Figure 3.11: Schematic representation of the Thornton zone structure dia-

gram[163] for sputtered materials at different pressures and substrate temper-

atures, TS, showing the evolution of the grain structure with substrate tempera-

ture to melting temperature (TS/TM) ratios. In Zone I, the grains are porous and

become larger as TS/TM increases. The transition zone (T) has densely packed

and smaller grains and in Zone II the film crystallises and have large columnar

grains.

The morphology of the Al films at different TS observed in Figure 3.10 can be

explained by the zone structure diagram.[163, 164] A schematic of the morphology

of films sputtered at a different pressure and temperatures is illustrated in Figure

3.11. With a melting temperature (TM) of 660 ◦C the different ratios of TS/TM can

be related to the structures observed in Figure 3.10 (c).[165] When TS is less than

200 ◦C, the ratio of TS/TM for the Al film is < 0.3 where the film structure will

be in Zone I, thus being porous and having tapered crystallites, as illustrated in

Figure 3.11. The roughness of these crystallites increases as TS increases, which

is observed in the growth of the Al electrodes. When TS = 300 ◦C, the ratio of

TS/TM for the Al layer is therefore 0.45 and the film morphology is located at the
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boundary of Zone T (transition) and Zone II (shown in Figure 3.11) leading to a

mixture of densely packed fibrous (small) grains and columnar (large) grains, as

shown in the grain distribution in Figure 3.10. Moreover in Zone T, the Al films

have high residual compressive stress leading to poor adhesion to the substrate and

hence delamination of films in contact with liquids.

SEM micrographs of the cross-section of the ZnO films subsequently deposited on

the textured Al electrodes are displayed in Figure 3.12. An appreciable inclination

angle (∼30◦) from the surface normal of the ZnO film is observed in each case.

However when TS = 25 ◦C, the ZnO c-axis inclination angles are non-uniform as

the ZnO microcrystals change orientation after the initial growth. This can because

of the lower roughness (6.2 nm) of the Al electrode at TS = 25 ◦C, which does not

favour the continuous and homogeneous growth of the inclined ZnO films. For

the Al electrodes deposited at higher TS, the ZnO films have more uniform c-axis

inclination angles as observed in Figure 3.12 for TS = 100, 200 and 300 ◦C.

25 °C 100 °C 

200 °C 300 °C 

1 μm 

Figure 3.12: SEM cross-sections of the ZnO films deposited on the Al surfaces at

different TS, showing an appreciable inclination of ∼30◦ from the surface normal.

Uniform inclinations are observed at 100 ◦C, 200 ◦C and 300 ◦C. At 25 ◦C, the

ZnO inclination is discontinuous as the film becomes thicker. All scale bars

represent 1 µm. The last two reflector layers of SiO2 and Mo are observable.

XRD pole figures of the (0002) orientation of ZnO (1 µm thick) around 2θ =

34.42◦ (Figure 3.13 (a)) sputtered on Al deposited at different TS shown in Figure
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3.14 indicate that the c-axis inclination angle, Ψ, with respect to the surface normal

is approximately 20◦. When TS increases from 25 ◦C to 200 ◦C, the ZnO c-axis in-

clination angles are more distributed (area of maximum contour intensity in Figure

3.14 increases), and follows a similar trend to the Al grain size distribution (Figure

3.10 (d)) except when TS = 100 ◦C. In addition the mean c-axis inclination angle

(center of red regions in Figure 3.14) of the ZnO films shifts gradually from ∼20◦ to

∼26◦ as the Al TS increased from 25 ◦C to 300 ◦C. At TS = 300 ◦C, the mean c-axis

inclination angle is approximately 26◦ (Figure 3.13 (b) for Φ cuts along the maxi-

mum intensities). The inhomogeneous Al grain distribution and larger grains at 200
◦C and 300 ◦C cause a wider distribution in the Ψ value (∼ 40◦, and area enclosed in

Figure 3.14 are > 100 unit2), and hence more disperse ZnO c-axis inclination angle

around the average value as shown in Figure 3.14. At 300 ◦C the population mix

of small and large Al grains improves the intensities observed compared to when

TS = 200 ◦C, which is dominated by mostly large grains causing smaller intensity.

The morphologies of the Al and ZnO films demonstrate that homogeneous c-axis

inclination angles can be achieved when the Al films are sputtered at temperatures,

TS < 200 ◦C. In this work the optimum TS is therefore 100 ◦C as the ZnO c-axis

inclinations are more concentrated around a mean angle of 20◦ compared with other

values of TS. At lower TS the dispersion is large and the mean c-axis inclination is

less than 20◦ as the surface does not have the optimum roughness to promote the

homogeneous c-axis inclinations and the grains re-orient in the more energetically

favorable c-axis oriented direction. The difference in Φ for TS = 25 ◦C is caused by

sample positioning in the XRD scans and has no effect on determining Ψ.

3.2.3 Electro-acoustic characterisation

The electrical admittance, Y (S) spectra of typical devices with TS = 100 ◦C are

shown in Figure 3.15 (a). The reflector transmittance (red dashed line in Figure

3.15 (a)) is simulated with the Mason transmission line model to ensure that the

shear resonance is confined within the ZnO layer.

The shear mode resonant frequency of the device shown in Figure 3.15, fS is

1.10 GHz while the longitudinal mode frequency, fL is 2.18 GHz. From Figure 3.15

(a), it can be observed that the shear resonance is located within the reflector
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Figure 3.13: (a) X-ray diffraction spectrum of ZnO fabricated on the acoustic

reflectors showing the presence of the ZnO peak at 34.42◦ (b) XRD intensity at

the position where the maximum intensities occur, with the different values of

TS showing that the c-axis inclination angle increases as TS increases but the

distribution also increases.
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100 °C 25 °C 

200 °C 300 °C 
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Figure 3.14: X-ray pole figures of ZnO grown on Al deposited at different TS,

showing distribution of c-axis inclination angles with respect to the surface nor-

mal (Ψ = 0). The calculated areas enclosed within the contour surrounding

the maximum intensity indicate the dispersion of the c-axis inclination angles.

Narrower dispersions (smaller area) are observed when ZnO is deposited on Al

sputtered at TS = 100 ◦C. Large dispersions are observed in the case of Al sput-

tered at TS of 200 ◦C and 300 ◦C. A gradual increase of the mean value of Ψ

(position of center of red regions) and the FWHM (ΨI/2) of the peak intensity

can be observed as TS increases from 25 ◦C to 300 ◦C.
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Figure 3.15: (a) Electrical admittance spectrum of a typical device showing a

TSM resonance at 1.1 GHz and a TLM at 2.2 GHz. Dashed red line shows the

modelled shear mode transmittance spectrum of the fabricated acoustic reflector.

(b) Optical image of a device on the inclined c-axis ZnO. (c) SEM cross-section

of a device before top electrode showing a inclination of ∼30◦ in the ZnO and

acoustic reflector layers.

bandwidth, thereby ensuring an efficient reflection of the shear wave. A resonance

of smaller amplitude can be observed at 1.8 GHz, which corresponds to resonances

from the reflector layers that are either thinner or thicker than estimated during

the deposition process.

The impedance spectra for all the best devices measured for each TS are shown

in Figure 3.16 demonstrate values of fL/fS between 1.98 to 2.01, corresponding to

theoretical c-axis inclinations of approximately 20◦ to 25◦.[95] However this value

is only an estimate as the material properties are assumed to be those of bulk

ZnO. Qr and k2eff outlined in Table 3.4 are calculated for each set of Al deposition

temperatures using the standard definitions from Chapter 2.

Figure 3.17 is obtained by extracting the values of 25 devices from each set and

calculating the average values and standard deviation (error bars) in each direction

from the mean value. These values are tabulated in Table 3.4. SMRs with ZnO

grown on Al deposited at 100 ◦C had the highest shear mode Qr. Devices are

measured with Qr of up to 180 as shown in Figure 3.17 (a). Therefore the optimum
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Figure 3.16: Electrical impedance spectra of devices with Al at different TS, the

graphs have been separated for clarity. The performance of samples with Al

grown at TS = 100 ◦C gives the best performance for both the longitudinal and

shear modes.

Table 3.4: Shear mode performance of typical devices (25 best devices) measured

at different TS

TS (◦C) fS (GHz) Qr Qa k2eff (%) fL//fS

25 1.00 138 110 2.48 2.01
100 1.00 145 110 2.90 1.99
200 0.98 133 109 2.22 2.00
300 1.00 123 94 3.59 1.98
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Figure 3.17: The average Qr of devices measured at each Al deposition temper-

ature, TS, the highest Qr is achieved at 100 ◦C. (b) shows the k2eff of devices,

which follow a similar trend as Qr except at 300 ◦C where a mean k2eff of 3.5 is

achieved. Shaded areas show the performance of devices from section 3.1 using

AlN seed layer to grow inclined c-axis ZnO.
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TS for the electrode surface is determined to be 100 ◦C. At this temperature, the

surface has the ideal roughness to promote the homogeneous growth of the inclined

ZnO, achieving the highest average Qr of 150 (Figure 3.17 (a)). This value decreases

at higher TS because of the increased roughness as the series resistance, Rs increase.

At lower TS, the shear mode is not effectively excited leading to both a lower Qr and

k2eff as displayed in Figure 3.17. This is because the Al surface has low roughness,

which does not favour the ZnO grains to orient in an inclined c-axis. The rough

electrode without the use of a seed layer such as AlN ensures a higher piezoelectric

performance of the shear mode ZnO. When TS is 300 ◦C, the highest k2eff of ∼3.5% is

obtained, which is probably because of the wide distribution of different grain sizes

in the Al film leading to the presence of grains of the appropriate sizes and roughness

to promote the TSM mode. This is also evident in the larger error bars in the

case of TS = 300 ◦C demonstrating the variations across the devices. Nevertheless

the SMRs fabricated at this TS value exhibit high stress and delaminate easily in

the fabrication steps, and the SMR yield was consequently low when TS = 300
◦C. Using the electro-acoustic spectra of the best devices measured, the equivalent

mBVD model parameters are extracted and listed in Table 3.5.

Table 3.5: MBVD model parameters extracted for the inclined c-axis ZnO grown

at different TS, average of 10 devices are used for each set.

TS (◦C) C0 (pF) Cm (pF) Lm (µH) Rm (Ω) R0 (Ω) Rs (Ω)

25 0.762 0.0170 1.60 101.96 11.60 8.65
100 0.790 0.0167 1.45 64.90 13.81 10.22
200 0.730 0.0154 1.62 81.88 16.93 12.02
300 0.731 0.0157 1.44 72.33 14.12 8.26

In order to obtain a comparison among the different surfaces analysed in this

chapter, the ratio of the mBVD model parameters for Qr, Qa and k2eff as described in

section 2.6.2 are calculated and listed in Table 3.6. The second column in Table 3.6

relates to Qr, the third to Qa and the fourth to k2eff . It is observed that all the ratios

are improved by the use of an electrically conductive textured electrode with con-

trolled roughness. This has been demonstrated by the enhanced electromechanical

parameters experimentally and extracted mBVD circuit equivalents. Comparing

the Al electrode at TS = 100 ◦C, it is shown that the improvement is approximately
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Table 3.6: Ratio of extracted MBVD model parameters to compare textured Al

electrodes with AlN seed layers and rough reflectors independent of fS

Surface Lm

Rs+Rm

(
1

106 Hz

)
Lm

R0+Rm

(
1

106 Hz

)
Cm

C0+Cm
(%)

Rough reflector 0.064 0.062 1.5
AlN seed layer 0.100 0.093 1.8
Al (TS = 100 ◦C) 0.121 0.116 2.1

1.2 times in all the parameters. A quick comparison for Qmech between SMRs us-

ing the polycrystalline seed layer and those with textured Al can be obtained by

analysing Lm/Rm ratios, demonstrating that the SMRs with the textured Al have

higher Qmech , as expected. Further improvements in Qr can be achieved by the use

of a textured electrode such as W due to its higher acoustic impedance compared

to Al that can confine the mechanical resonance in the piezoelectric layer, thereby

suppressing the acoustic leakage through the reflector. However its high TM also

implies that the substrate temperatures need to be high to achieve similar effects as

with Al. In addition the HiTUS cannot be safely run at temperatures higher than

300 ◦C to cause similar effects in W. Although the inclination angle using textured

Al electrodes is ∼20-30◦, compared with AlN seed layers where an inclination of

45◦ is achieved, the shear mode is most effectively excited (higher k2eff ) by a c-axis

inclination angle of 20-40◦.[6] This inclination angle of the c-axis can be increased

by further reducing the target to substrate distance to cause a larger offset of the

target center to the substrate.

3.3 Chapter conclusion

In summary shear mode devices with high Qr (>150) are successfully fabricated

using an inclined c-axis ZnO with thickness ranging from 800 nm to 1 µm. This

is achieved using an off-axis deposition by positioning the substrate at a distance

from the center of the target and a surface with specific roughness. Different sur-

faces were tested: a rough reflector layer, polycrystalline AlN seed layer with (103)

orientations, and textured electrodes. Homogeneously textured surface are found to

be ideal for improving the uniformity of the c-axis inclinations compared to random

roughness. Textured Al electrodes provide the optimum roughness and conductivity
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necessary to excite the shear mode resonance; and the ideal inclination angles are

achieved with Al electrodes sputtered at a temperature of 100 ◦C. With this surface

a rms roughness of ∼9.2 nm is obtained and SMRs demonstrate Qr as high as 180,

and k2eff of 3%. In Chapter 4 the possibility of having a CNT layer on the surface

to isolate the TLM mode from liquid will be discussed.
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Chapter 4

Carbon nanotubes integration for

SMRs in liquid

In this chapter, the growth optimisation of CNTs on the SMRs will be described.

The aim of this work is to mitigate the damping in liquid by using a CNT forest

to provide an acoustic mismatch between the BAW resonator and the liquid. More

specifically, the investigation will focus on the TLM and the potential of dense CNT

forests to enable biosensing with the longitudinal mode owing to its more scalable

fabrication process compared to the inclined c-axis for shear mode resonators. Chal-

lenges in achieving this objective include the height optimisation of the forest to

ensure the mechanical wave is still sensitive and the forest density to ascertain that

the liquid does not not directly contact with the resonator, which eventually reduces

the longitudinal propagation through the liquid.

CNTs can be grown using different methods such as arc-discharge, laser vapor-

isation or chemical vapour deposition. Arc-discharge uses evaporation of graphite

electrodes in electric arcs that involve very high (∼4000 ◦C) temperatures. Although

arc-grown CNTs are well crystallised, they are highly impure; about 60-70% of the

arc-grown product contains metal particles and amorphous carbon.[166] In laser-

vaporisation a high purity graphite is evaporated by high-power lasers in a high

temperature furnace. Despite the higher purity of CNTs grown with this method,

the yield is low.[167] On the other hand, chemical vapor deposition (CVD) uses a
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catalyst-assisted thermal decomposition of hydrocarbons to synthesise CNTs. CVD

is an inexpensive and scalable process for large scale growth of CNTs.[168]

Figure 4.1 shows a schematic diagram of the experimental set up used for CNT

growth by CVD method in this work. The process is carried out in a cold wall

chamber with a graphite heater that is powered by a DC supply and a type-K

thermocouple is used to monitor the temperature during growth. CNT growth is

achieved by passing a hydrocarbon vapour at sufficiently high temperature (400-

1200 ◦C) over a substrate, on which a catalyst material is present to assist with

the decomposition of the hydrocarbon.[168] The hydrocarbon, catalyst, tempera-
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Rotary Pump
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Pressure gauge

Acetylene

Ammonia

Argon

Main Valve to chamber

Manual Valve

Vent valve

Graphite heater
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showerhead(a) (b)

Figure 4.1: (a) Photograph of the cold wall CVD system (Black Magic II) used to

grow CNTs, with a graphite stage powered by a DC supply and a gas showerhead

at a distance of 3 cm from the stage. (b) Schematic of the cold wall CVD system

with the available valves and the gases to grow CNTs, a glass bell jar is used to

cover the equipment.[59]

ture, pressure, gas-flow rate, deposition time, and reactor geometry all play very

important roles in the growth of CNTs.[60] In this work the catalyst, temperature,

gas flow rates and deposition times are changed to achieve the dense CNT forests.

All the parameters are controlled by a software (NanoUSB v1.1) created by Aix-

tron AG. Low-temperature CVD (300-900 ◦C) generally yields MWCNTs, whereas a

high-temperature (900-1200 ◦C) reaction is more favourable for SWCNT growth.[60]

SWCNTs have a higher energy of formation due to smaller diameters and higher
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strain energy caused by their smaller radius and therefore larger strain compared

to MWCNTs.[169, 170] Therefore MWCNTs are easier to synthesise compared to

SWCNTs. Hydrocarbons such as CO or CH4 are usually preferred for SWCNT

growth owing to their stability at high temperatures.[169] In contrast MWCNTs

are synthesised with hydrocarbons such as acetylene or benzene; however their

instability at higher temperature cause amorphous carbon deposits.[169] Catalyst

nanoparticles assist the hydrocarbon decomposition at lower temperature, and cata-

lyst engineering can be used to grow SWCNTs at lower temperatures.[171] Catalysts

such as Fe, Ni and Co are typically used because carbon diffuse easily in these met-

als at the growth temperature.[168, 172] In addition the high melting point and low

equilibrium vapour pressure of these metals allow for a larger CVD growth window

and CNT growth reproducibility.[173]

The chapter begins with the initial growth of dense CNTs with a Co/Mo/Ti

catalyst structure and the results achieved. The work described in this chapter is

necessary to compare the effects of the CNTs when used as surface coatings for

the BAW resonators. Taller and more reproducible CNT forests are then grown

with Al/Fe bi-layer system on AlN SMRs, and the effect of DI water on the TSM

and TLM are compared. Attempts are also made to densify the forest further with

solvents.

4.1 High mass density CNTs with Co/Mo/Ti sys-

tem on ZnO SMRs

Initially a low temperature process for growing high mass density and well-packed

CNTs is chosen as a demonstration that such a layer can be feasibly grown on the

ZnO SMRs. Sugime et al. [174] demonstrated that the presence of an interlayer of

Mo between a Co-Ti bi-layer can achieve well packed, short and high density CNTs.

The thicknesses of the Ti and Co are fixed at 5 nm and 2.5 nm respectively.[174,

175] In addition Co-Mo and Fe-Mo have been reported to enhance the growth of

nanotube forests on insulators. The presence of Mo on the Ti layer effectively

stabilises small Co[176, 177] or Fe [178] nanoparticles by forming complex carbides

or oxides [179, 180] even when the Mo thickness is 1 nm.[178, 181] Co is used here
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as it can form small nanoparticles at a lower temperature compared to Fe. During

this work the top electrode chosen was Au/Cr (Figure 4.2 (a)) because a thick Mo

electrode inhibits the growth of the CNTs using this catalyst combination. Different

thicknesses of the Mo layer are tested and the results are shown in Figure 4.2 (c).

The layers of Co, Mo and Ti are deposited in a DC magnetron sputterer with the

conditions outlined in Table 4.1. Between each deposition, the samples are exposed

to air.

Table 4.1: Deposition conditions for metal layers for dense CNT growth

Parameter Ti Mo Co

Ar flow (sccm) 30 30 30
Pressure (×10−3 mbar) 3.5 3.5 3.5
Target clean power (W) 100 100 100
Target clean time (s) 600 600 600
Deposition power (W) 100 20 20
Deposition rate (nm/min) 3.6 1.7 1.9

The growth of the dense CNTs is then carried out using the conditions outlined

in Table 4.2. The cold wall chamber is pumped down to 6.0 × 10−2 mbar and

NH3 (ammonia) is added before ramping up the temperature by 200 ◦C/min to

reach the growth temperature of 450 ◦C and stabilised for 60 s. For the growth,

the NH3 is stopped and the carbon feedstock (C2H2, acetylene) is added to grow

the dense CNTs. After the growth time (3 mins), C2H2 is turned off and Ar is

switched on to cool down the chamber until less than 50 ◦C after which the samples

are unloaded.[174, 175] From Figure 4.2 (c) it can be observed that the thickness

Table 4.2: Growth conditions for high density CNTs

Parameter Value

C2H2 flow rate 200 sccm
NH3 flow rate 200 sccm
Growth time 3 min
Pressure 8 mbar

of the Mo has a strong influence on the CNT morphology. As the thickness of
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Figure 4.2: (a) Representation of the layers above ZnO consisting of an Au/Cr

electrode, with a 5.0 nm Ti layer for adhesion with Mo (variable thickness) and

2.5 nm Co. (b) SEM image of the dense CNTs grown on the active area, the

forest thickness is ∼1 µm. (c) SEM cross-sections of the ZnO and CNT layers

with different thicknesses of the Mo interlayer
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Mo increases from 2.0 nm to 4.0 nm, the CNT forests become shorter and denser.

However as the thickness of Mo exceeded 5 nm, the CNTs are very short and the

growth is slower. 4.0 nm of Mo demonstrated the best compromise between density

and thickness of the forest compared to 2.0 nm of Mo where the CNTs are not well

aligned along the vertical axis. The thickness of Mo to achieve similar CNTs is

higher than reported by Sugime et al. [174], which can be because of the roughness

of the ZnO underneath the Au/Cr electrode, requiring a thicker Mo layer to form

a film compared to Sugime et al. [174] who used Mo thicknesses ranging from 0.3

to 1.0 nm on Cu deposited on polished SiO2. Despite achieving dense CNTs on

the device active areas as shown in Figure 4.2, the SMRs fabricated do not show

any resonance; this is attributed to the acoustic damping caused by the high mass

density CNTs and the reduction of ZnO exposed layer to Zn by flowing NH3 during

the annealing step. Other commonly used gases such as H2 also react with ZnO but

inert gases such as Ar cause the nanoparticles to be larger than with NH3 or H2 and

the resulting CNT forest will not be vertically aligned.[61] Moreover the growth of

this type of CNTs is not reproducible on different samples and required substantial

change to the catalyst thicknesses between layers of different roughness.

4.2 High forest density CNTs with Fe/Al system

To address the issues observed with the growth of CNTs on the ZnO SMRs, a

different approach is adopted to grow high forest density and vertically aligned

(VA) CNTs with an Fe/Al system, which also enabled the growth directly on Mo,

thereby obviating the presence of an acoustically lossy Au layer. This method was

demonstrated by Mirea et al. [61] and Olivares et al. [182] for the growth of vertically

aligned and tall CNTs on electrodes commonly used for FBARs and SMRs. Fe is

the catalyst, which is stabilised by the presence of the lower surface energy material

Al during the growth.[61] Similar to the growth in the previous section, NH3 is

introduced at a rate of 100 sccm in the chamber to raise the pressure to 1.6 mbar and

stabilised for 30 s. The substrate is subsequently heated up to growth temperature

(ranging from 450 ◦C to 650 ◦C) and stabilised for 300 s. Upon heating, the Fe

catalyst dewets to form nanoislands and by varying the thickness of Fe (from 0.5 nm

to 4.5 nm), different sizes of nanoislands are formed leading to CNTs with different
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densities and thicknesses. After the annealing step, C2H2 is added to commence

growth. The ratio of NH3 and C2H2 is 1:1 to prevent the deposition of amorphous

carbon during the growth. After the growth time has elapsed, the heater is turned

off, and C2H2 and NH3 are switched off before flowing Ar until the system cools

down to less than 50 ◦C. A schematic of the growth process is shown in Figure 4.3.

The Fe/Al layers can either be thermally evaporated in an Edwards E306 evap-

orator or deposited by DC magnetron sputtering using the White Magic sputter

system, the conditions of which are summarised in Table 4.3 with no substantial

difference between the two deposition techniques. After each layer, the samples are

again exposed to air.

Table 4.3: Deposition conditions for the catalyst layers by sputtering

Parameter Al Fe

Ar flow (sccm) 30 30
Pressure (×10−3 mbar) 3.5 3.5
Target clean power (W) 100 100
Target clean time (s) 600 600
Deposition power (W) 100 20
Deposition rate (nm/min) 4.7 0.6

Attempts are intially made on longitudinal mode ZnO to test the conditions

and viability of the SMRs with CNTs on top as shown in Figure 4.4. However

no resonance is observed on the devices and it became evident that the ZnO film

reacts strongly with NH3 and is etched away at temperatures higher than 500 ◦C

as illustrated in Figure 4.4 (b). A passivation and insulating layer that remains

unreacted in the annealing step is therefore necessary to protect ZnO for CNT

growth, however this increases the complexity of the fabrication process. Although

at lower temperatures the CNTs grow as demonstrated in Figure 4.4 (c) and (d),

the devices are still electrically shorted as the ZnO reacts with the reducing gas,

which eventually increases the conductivity of the ZnO exposed surface.[183, 184]

Consequently experiments are carried out of longitudinal mode AlN SMRs as

depicted in Figure 4.5. From these experiments no etching is observed even at
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Figure 4.3: (a) Graphical representation of growth of high forest density using

Fe/Al system with a 200 ◦C/min ramping in NH3 in stage 1. Stage 2 is carried

out at a fixed temperature to stabilise and form the nanoparticles, after which

the carbon feedstock C2H2 is added to commence the growth in stage 3. After

growth both NH3 and C2H2 are turned off after the heater is switched off and

cooling is carried out in an Ar atmosphere. (b) Representation of the top layers

of resonators during the three stages. Different thicknesses of Fe can tune the

forest density and height, with 0.5 nm Fe giving the highest density and tallest

CNTs while when Fe > 3 nm, the forests are no longer vertically aligned and

become “spaghetti” like.
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(b) (a) 

(c) (d) 

ZnO etched 

ZnO reduced ZnO reduced 

Figure 4.4: (a) No pattern on the active area of the SMR, (b) CNTs grown on

ZnO SMRs at 650 ◦C where ZnO is etched, (c) shorter CNTs grown at 450 ◦C

for 1 min, (d) longer CNTs grown at 450 ◦C for 3 min.

higher temperatures (>600 ◦C). However the ramping rate of the annealing step is

critical during the process. A high ramping rate of 5 ◦C/s causes the AlN layer and

the underlying reflector layers to delaminate as observed in Figure 4.5 (d) due to

residual stress in the film. At lower ramping rates, the CNTs are grown, however

the forests are either less dense or short due to agglomeration or the inability of the

Fe layer to be activated. A ramping rate of 3-4 ◦C is chosen as a compromise to

minimise delamination of the layers (Figure 4.5 (c)) while avoiding Ostwald ripening

of the catalyst.[185]

The TLM performance of the SMRs with different ramping rates are measured

and shown in Figure 4.6 (a). At higher ramping rates such as 5 ◦C/s, the resonance

is unclear and less pronounced than at lower ramping rates. However at lower

ramping rates tend to form amorphous carbon due to the inactive catalyst layer

which causes a larger mass load, and hence larger ∆fr from the SMRs without

CNTs, compared to higher ramping rates as observed in Figure 4.6 (a). The trade-

off ramping rate of 3 ◦C/s demonstrated clear resonance and anti-resonance peaks;
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Damage 

More damage 

Layers delaminate 

Figure 4.5: (a) No pattern on the active area of the SMR, (b) CNTs grown on

AlN SMRs at 650 ◦C for 3 min with 1 ◦C/s, (c) CNTs grown on AlN SMRs at

650 ◦C with 3 ◦C/s (d) CNTs grown on AlN SMRs at 650 ◦C with 5 ◦C/s where

the SMR layers delaminate.
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nonetheless the peaks are less pronounced compared to the SMR without CNTs,

which therefore indicate the addition of acoustic losses by the presence of the CNT

layer on the SMRs.
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Figure 4.6: (a) Performance of the longitudinal mode AlN-SMRs with CNTs

grown at different ramping temperatures. The performance degrades as the

ramping speed is increased from 1 to 5 ◦C due to delamination problems, however

a slow ramping speed also gives less dense and shorter CNTs. A tradeoff ramping

speed of ∼3 ◦C is therefore chosen. (b) Effect of IPA on the electrical response

of the SMRs with and without CNTs. No significant improvement is observed

with the presence of the CNTs as IPA tends to penetrate though the CNT forest

due to surface tension.

An experiment using isopropyl alcohol (IPA) on the resonator surface to assess if

the CNTs can function as an isolation layer between the resonator and the liquid as

shown in Figure 4.6 (b). 50 µL of IPA is dropped on the resonator while measuring

the electrical impedance of the resonators. Both the SMR with CNTs and without

CNTs have similar Qr drops of 85%. However this experiment was unsuccessful as

IPA is not an ideal liquid for testing the isolation, which therefore wets the CNT

forests better than DI water, and causes the liquid to be in direct contact with the

resonator.[186]
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4.3 Shear mode AlN SMRs for growth of CNTs

The issues with the delamination of the SMR layers are then alleviated by deposit-

ing reflector layers optimised for high temperature applications. This optimisation

procedure is carried out by Teona Mirea at the Polytechnic University of Madrid,

and consists of thermally oxidising Si wafers (wet-oxidation) to obtain ∼620 nm of

SiO2 and depositing reflector layers consisiting of Mo (∼650 nm) and SiO2 (∼620

nm) sequentially in a Leybold Z550 sputtering system to form a reflector stack of

5 layers with a reflection centered around a frequency of 2.2 GHz for the longitudi-

nal mode. The top reflector layer is polished mechanically using alumina slurry to

reduce the roughness to less than 2 nm.

Ir (∼150 nm) is deposited as the bottom electrode by electron beam evaporation

and patterned by Ar ion-milling using a hard mask of Mo (∼400 nm), which is

deposited using the Leybold Z550 sputtering system. The ion milling process is

carried out in a Phillips RIE system with 200 W RF power, 50 sccm of Ar and

an etching pressure of 20 Pa for ∼30 mins. Commercial Al etchant is then used

to remove the remaining Mo mask. AlN sputtering is performed in an ultra-high-

vacuum system, pumped to a base pressure below 8 × 10−7 Pa.[187] A pulsed DC

source (MKS ENI 235) operating at 250 kHz powers a high purity (99.999%), 150

mm diameter Al target in an 60% N2 in Ar admixture. To investigate the effect of

CNTs on the shear resonance, inclined c-axis AlN layers are grown, which is achieved

by growing an AlN seed layer prior to the piezoelectric AlN, at high pressure (0.66

Pa) and 600 W without intentionally heating or biasing the substrate. With these

conditions seed layers with mainly (103) orientation are deposited, which is essential

to promote the growth of the subsequent AlN films with inclined microcrystals to

excite the shear resonance. The seed layer promotes the growth of AlN films with

the wurtzite c-axis inclined up to 24◦ with respect to the surface normal with the

substrates placed between 2 and 5 cm from the target axis.[50]

The piezoelectric AlN films (∼1-1.2 µm thick) is sputtered at lower pressure

(0.27 Pa), and 1200 W pulsed DC power, while maintaining the substrate at 550
◦C and applying a DC bias of −50 V to keep the residual stress below 200 MPa.

The top electrode of Mo (∼150 nm) is sputtered in a the White Magic sputter

coater with 100 W DC power from a 99.95% Mo target in a 0.35 Pa Ar atmosphere.
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This top electrode is then patterned by standard UV photolithography using S1818

Microposit photoresist and dry etched with reactive ion etching using CF4/O2 chem-

istry. For the devices with CNTs, the active area is defined (Figure 4.7 (b)) using

standard UV photolithography (AZ2020 nLoF photoresist). The catalyst layers of

Fe and Al are deposited by thermal evaporation before growing the CNTs by CVD.

A completed device is shown schematically in Figure 4.7.

Si

AlN

Mo

CNTs

Ir

Mo

Mo
SiO2

Active area 

SiO2

SiO2

Ground

Signal

Ground

DI Water droplet on active area

(a) (b)

(c)

SMR with VA-CNTs grown on active area 

Figure 4.7: (a) Schematic of the SMR structure fabricated on Si showing the

5 layer acoustic reflector, the piezoelectric AlN layer and the top electrode on

which VACNTs are grown to cover the active area as shown in (b) and (c) DI

water is dropped to cover the resonator active area.

After the fabrication of the devices, the CNTs with different forest densities

are characterised by SEM and optical microscopy as shown in Figure 4.8. As the

Fe layer thickness decreases from 4.5 nm to 0.5 nm the CNT forests become taller

and more dense as confirmed by the reduced transparency of the active area in the

optical images in the last row of Figure 4.8. The observed images in Figure 4.8

correspond to 3 min growth time achieving CNTs with heights of ∼20 µm in the

case of 0.5 nm Fe and 12 µm when the Fe is 1.5 nm thick. However the presence of

thick Fe layers cause the CNTs to grow in all directions resulting in a “spaghetti”-
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like structure with a thickness of ∼500 nm to 1 µm as illustrated in the third column

of Figure 4.8. In addition the devices fabricated with the optimised reflector have

no delamination problems and can be used at temperatures as high as 800 ◦C.

Different growth times are characterised to obtain an approximate growth rate of

the forests as shown by the SEM micrographs in Figure 4.9. A rate of approximately

3 µm/min is achieved with 0.5 nm Fe as illustrated in Figure 4.9 (a) whereas in

the case of 1.5 nm Fe, a growth rate of ∼1 µm/min is obtained. With different

growth times, the forest height can therefore be controlled to obtain the desired

forest heights.

However as demonstrated in the magnified SEM images in Figure 4.9 (b), a

catalyst thickness of 4.5 nm yields scattered and “spaghetti”-like CNT layers, whose

heights are less than 1 µm although individual tubes can be much longer. The

CNT structures are subsequently assessed by Raman spectroscopy using a 532 nm

wavelength laser (InVia confocal Raman microscope, Renishaw plc, Gloucestershire,

UK). Raman spectra are plotted in Figure 4.10 and demonstrate the increased

presence of defects with higher Fe thicknesses. The G/D (G indicating the sp2

hybridisation peak and D for defect caused by graphite oxide and sp3 hybridisation)

ratio increases from 0.84 to 1.1 as the Fe layer thickness decreases from 4.5 nm to

0.5 nm, indicating an improvement in the quality of CNTs. As there was no radial

“breathing” mode (RBM) peak at 220 cm−1 (not shown in the Raman spectra)

that indicates the presence of SWCNTs, it is concluded that the CNTs grown in

this work are MWCNTs, and because the G peak is not substantially larger than

the D peak, the CNTs have a higher sp3 hybridisation compared to other related

works.[61]

Devices fabricated with the CNTs on their active areas are then characterised

in liquid by dropping 50 µL of DI water on top of the resonator by means of a

micropipette. First, devices without CNTs are measured for comparison and the

electrical responses are shown in Figure 4.11 (a) and Q spectra in Figure 4.11 (b).

In the electrical impedance spectra, quasi-shear and quasi-longitudinal resonances

are observed at 1.2 GHz and 1.8 GHz respectively. However the frequencies are

relatively lower than predicted because of a thicker AlN layer than designed. Con-

sequently a spurious mode caused by inefficient reflection is also observed at 1.5
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Increasing forest density
and height

Figure 4.8: First row illustrates the SEM images of devices on which different

densities and lengths have been grown with the 0.5 nm Fe giving the highest

whereas 4.5 nm Fe gives the lowest density and height. The second row shows

magnified images of the CNT grown on the active area confirming the higher tube

density in the case of 0.5 nm Fe. The third row displays the cross-sectional cuts

of the samples on to illustrate the thickness and spacing of the CNTs and their

alignment with the 4.5 nm Fe giving randomly aligned CNTs. In the fourth row

optical images of the devices are shown with a clear contrast of the CNTs grown

with 0.5 nm Fe and 4.5 nm Fe as the height and density decrease substantially.
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Figure 4.9: (a) Thickness variation with time for the densest CNT forest with

Fe = 0.5 nm (forest height growth rate ∼3 µm/min) and medium density of

Fe = 1.5 nm (forest height growth rate ∼1 µm/min). (b) When Fe = 4.5 nm,

magnified images of the grown CNTs for a growth time of 3 mins, and the CNTs

are “spaghetti”-like with thicknesses of less than 1 µm.
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Figure 4.10: Normalised raman shifts of the CNTs with different densities grown

on the SMRs, the G/D peak ratio decreases from 1.1 to 0.8 as the thickness of

the Fe layer increases from 0.5 nm to 4.5 nm indicating an increase in the defect

density in the tubes. G/D peak ratio was found to be ∼1, it is deduced that the

CNTs are multi-walled with sp3 hybridisation.

91



GHz as the reflectors are designed for 2.2 GHz reflection for the longitudinal mode

and with this thickness of AlN, a mode of 1.8 GHz is achieved. Adding DI water

on the resonator causes a significant damping in the quasi-longitudinal mode as

expected with a Qr degradation of 99% (from 499 to 5). In contrast the quasi-shear

resonance damps by ∼53% when the Qr drops from 260 to 120, and the shear mode

is still present and can be used for sensing mass attachments.
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Figure 4.11: (a) Electrical impedance of normal devices in air (blue) and in

liquid (red) (graphs displaced for clarity), demonstrating a shear (∼1.2 GHz)

and a longitudinal mode (∼1.8 GHz). A spurious mode from the design of the

reflector thicknesses is also observed at ∼1.55 GHz. Both modes damp in water

but the TSM damps by only 53% as shown in (b) whereas the TLM damps by

99%.

The same procedure is repeated with SMRs having CNTs on the active area.

The electrical input impedance and Q spectra are illustrated in Figure 4.12 and

Figure 4.13 respectively. Despite the presence of DI water the devices with CNTs

grown on the active area still have an appreciable longitudinal mode as compared

with devices without. Higher density and taller CNTs have both stronger shear and

longitudinal modes, and as the density and height decrease the two modes become

weaker.

The Q spectra indicate that the high density CNTs still have Qr above 100 in DI

water whereas this value reduces as the density and length of the CNTs decrease. A
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Figure 4.12: Electrical impedance of best devices with CNTs (purple) on the

active area demonstrating that the longitudinal mode is still present in water in

all cases (the high density CNTs (yellow) were ∼15 µm and the medium density

tubes (blue) were ∼10 µm. The shear resonance is still affected but the damping

is reduced. Graphs are displaced for clarity.
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quantitative analysis demonstrates that Qr damps by factors ranging between 50-

70% in the case of the high density CNTs, 60-80% with medium density CNTs and

70-90% with “spaghetti”-like forests. This is a substantial improvement from the

complete reduction of the longitudinal mode in the case without CNTs where Qr is

only 5, which renders mass attachment sensing impractical. The shear resonance is

comparatively damped by a smaller proportion as expected, it achieves the best Qr

with the high density CNTs. However as the density and the length of the CNTs

reduce, the shear mode Q damps significantly with almost 60-80% degradation. A

possible reason is the attenuation of the wave by acoustic leakage through the CNTs

caused by the proximity of the DI water with the resonator surface, which renders

the CNT isolation layer ineffective. Therefore it is necessary to have a dense CNT

forest and optimised height to limit the acoustic wave losses into the DI water,

which consequently results in a high Qr for the TLM.

After exposing the CNT forest grown with 0.5 nm Fe to a low vapour pressure

solvent such as IPA and drying, the surface become more hydrophobic as shown in

Figure 4.14 where the water droplet maintains its shape on contact with a densified

CNT layer. The substrate is densified by using a wipe onto which IPA has been

dropped, and gently placing the substrate upside down for 2 min. Upon evapora-

tion of the IPA, the CNTs tend to bundle up into a denser layer, improving the

hydrophobicity. For comparison, as illustrated in Figure 4.14, a CNT surface as

grown from the CVD system is actually not entirely hydrophobic, and the water

droplet spreads over the surface. This densification after rapid evaporation of the

IPA is caused by its high surface tension that allows it to flow without assistance

through the CNT forest.[188]

In order to understand the effect of the water on the resonator surface SEM is

used to investigate the surfaces of the devices. Images before and after liquid are

shown in Figure 4.15. A comparison before water (Figure 4.15 (a), (c)) and after

water (Figure 4.15 (b), (d)) demonstrates that DI water penetrates inside the CNT

forest to a certain extent and the alignment of the forest is maintained. This is

necessary to avoid electrical shorts in the event the CNTs fall on the ground pads,

which are ∼20 µm from the signal electrode. The penetration of the DI water to

a certain extent through the forest is important to ensure that biomolecules attach

to the CNTs rather than being completely isolated from the resonance if the liq-
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Figure 4.13: Q at resonance (positive values) of the devices obtained showing

the the degradation by the presence of the liquid (yellow to red). The highest

density CNTs (yellow line) still have high longitudinal mode Qr in liquid and

damps by only 50-70%; this degradation increases as the density decreases (from

yellow to red) and the shear mode degradation is also increased.
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No treatment IPA densified 

CNTs 

Figure 4.14: Picture of DI water droplets on CNTs as grown (left side) and after

densification with IPA (right side), indicating that the CNT forest becomes more

hydrophobic as the water does not spread over the surface.

uid droplet does not interact with the CNT forest surface, as is the case in purely

hydrophobic layers.[189] The densified CNT forest on the resonators after IPA treat-

ment are shown in Figure 4.15 (e) and (f). However this method can leave part of

the resonator surface exposed to direct interaction with DI water as illustrated in

Figure 4.15 (e). Furthermore densification of the surface can cause cause voids if

the process is non-uniform as observed in Figure 4.15 (f), which eventually allows

DI water to go through the forest thereby degrading the longitudinal mode Qr by

similar proportions as without the CNTs as shown in Figure 4.17.

Therefore the CNTs grown in this work are not entirely hydrophobic and can

interact with biochemicals in water, which allows the transport and attachment of

biological species while decoupling the resonant waves partially from the liquid as

illustrated in Figure 4.16.

In addition to the Qr degradation from 60% to 87% after IPA densified CNT

surface, this process also cause a reduction of the longitudinal mode fr as illus-

trated in Figure 4.17 (a), which can be due to the increase in the forest density

that subsequently function as a bulk carbon layer on the surface. This solid layer

eventually causes a larger propagation of the longitudinal mode into the CNT layer,

and eventually into a liquid on top of this resonator, which explains the lower Qr

observed in these cases.
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Figure 4.15: (a) CNTs on devices before water showing a vertically aligned tubes,

(b) Effect of water on the device, the structure is still intact, (c) The surface

of the CNTs before water (d) The surface after water droplet showing some

liquid penetration through the tubes, (e) IPA treated CNTs with CNTs bundling

up and densifying after IPA evaporation (f) Damage that can result from IPA

treatment leaving holes for water to penetrate and deteriorate Q.

Resonator

Mo

CNTs

Solution

Biomolecules

Figure 4.16: Schematic illustrating the attachment of biomolecules on the CNT

wall with the liquid only penetrating through a distance short enough to maintain

a longitudinal resonance.
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Figure 4.17: (a) Longitudinal mode spectra for IPA treated CNT forest with and

without DI water droplet demonstrating that densifying the CNTs reduces the

resonant frequency (b) Q calculated from the electro-acoustic responses, showing

that the Qr in DI water is worse (drop by 87% compared to 60%) after CNT

densification.

4.4 Chapter conclusion

In summary, SMRs with CNTs grown on their active areas are fabricated and

AlN is found to be a better piezoelectric material to support this growth at high

temperatures as it is chemically stable. The CNTs provide an acoustic isolation for

the longitudinal mode in DI water allowing Qr comparable to the shear resonance,

with the densest and tallest CNT forest providing the optimum isolation. The

result is significant as this allows the use of the well-established longitudinal mode

operation in liquid using CNTs as a high sensitivity and isolation layer, and to the

best of our knowledge, it is the first time that a thickness longitudinal mode has

been demonstrated to have a high Qr in water despite the large volume of DI water

above the active area. In Chapter 5 experiments to assess the sensitivity to mass

loading of the highest forest density CNT layers will be described.
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Chapter 5

Gravimetric sensor performance

in air and liquid

In this chapter the application of the SMRs fabricated in Chapter 3 and Chap-

ter 4 for sensors is demonstrated. Parameter extraction and tools used for the data

analysis are explained in the first instance. The gravimetric principle of the shear

resonance and its frequency shifts with different mass loads are assessed. Subse-

quently the frequency variations leading to variations acoustic velocities caused by

temperature changes in the surrounding medium are also measured. In addition the

performance of the shear mode in liquids of different viscosity and density products

is evaluated before the viability of the devices as a functionalised sensor for anti-

bodies is demonstrated. Finally experiments are carried out on the CNT isolation

layer to investigate if the resonances are responsive to mass attachments. There are

two types of measurements: a single frequency sweep using the network analyser

where a file is stored for subsequent analysis and a continuous frequency tracking

which is carried out with a real time link to the network analyser.

5.1 Experimental data analysis

Single sweep data obtained from the Agilent Technologies E5062A network analyser

are handled by designing a graphical user interface (GUI) using MATLAB® (Fig-

ure 5.1). The GUI can be used to load both data files containing one-port parame-
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ters (S11) and two port parameters (S11, S12, S22, S21) and can handle multiple files

simultaneously, which is useful for frequency shift tracking by comparing multiple

static measurements. Furthermore electromechanical performance parameters such

as Qr and Qa, k
2
eff , fr and fa can be easily evaluated. This software also has the

ability to export the plotted figures and the processed data into many different

commonly used formats such as TIFF, EPS, PDF, JPEG, FIG and PNG.

1 

2 

3 

4 

5 

6 

7 

9 

8 

Figure 5.1: MATLAB® graphical user interface designed for calculating elec-

tromechanical parameters of measured resonators for both single port and two-

port devices. The interface can plot all the variations of the measured electrical

response and extract the electromechanical properties and mBVD model values.

In addition other characteristics of the software are its ability to provide mBVD

equivalent resistor and capacitor values, which are good indications of the origin

of losses in resonators, and the optimisation necessary to improve the performance

of the devices. The spectra can also be narrowed around the region of interest

to determine the peaks and Q in detail or to observe interferences such as laterally
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travelling waves that are common with membrane type resonators. Peak determina-

tion in the Z and Q spectra is achieved by the findpeaks function in MATLAB®.

The software has been a useful tool in this thesis especially to have a rapid elec-

tromechanical performance calculator that can output different parameters without

the need to handle complex equations for each device.

The data file (usually .s1p or .s2p) is loaded by the “Get file” button (marked by

1 in Figure 5.1) and plotted (2). A selection containing Z, Y , and the S-parameters

are available (7) with different outputs such as real part, imaginary part, absolute

value or the phase (7). Different thresholds in Q for the evaluation (3) can be

set (8) to avoid incorrect calculations, since the parameters are obtained using the

peak determination algorithm in MATLAB® on the Z spectra. For resonators

with large Q, a larger threshold needs to be set whereas a lower threshold for

resonators with lower Q. A threshold of ∼20% of the maximum Q is found to

give precise electromechanical parameters. Values of k2eff are obtained by using the

peaks obtained and equation (2.7) and the threshold of Q is necessary in this part

as erroneous peaks can lead to exaggerated k2eff values.

5.2 Resonant frequency tracking

For real-time measurements, the MATLAB® interface in the section 5.1 is not able

to acquire data and process simultaneously; therefore a LABVIEW® automation

software (Figure 5.2) is designed based on a similar interface designed by Prof. En-

rique Iborra from the Polytechnic University of Madrid. A connection to the net-

work analyser is first established with a general purpose information bus (GPIB)

and the initial response of the device is acquired in real-time and processed to ob-

tain Re (Y ), the magnitude of Z and the evaluated Q. The acquisition bandwidth

can be tuned to decrease the response time of the software and hence obtain data

continuously (within a few milliseconds). In a second step, the spectrum is nar-

rowed (around 200 MHz bandwidth) around the resonance as shown in Figure 5.3

(a) (the region where a peak in Y is observed) of interest to obtain a curve that can

be fitted with a polynomial. Alternatively this can be discarded and only the maxi-

mum of the real part of Y can be tracked. After selecting the region of interest, the

response is fitted with a curve simultaneously while tracking the frequency where
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Re (Y ) occurs. Depending on the quality of the fit and the roots of a polynomial

fit (normally a polynomial order from 5 to 8 to have low residues) are adjusted to

determine the frequency of the fitted Re (Y ). fr is obtained by determining the

root that is located in the narrowed frequency response. As observed in Figure 5.3

(b), this method reduces the noise significantly in the resonant frequency plot (red

line).

First screen 

where 

device is 

tested 

Figure 5.2: LABVIEW® interface showing the main screen in where the initial

response of the device is obtained with plots for Z, Y and the Q. Start and stop

frequencies can be changed and the acquisition bandwidth can be adjusted to

reduce the response time. Responses can also be saved as s1p files for reference.

In addition the progress of the Q with time is also evaluated (Figure 5.3 (c)),

which is necessary when liquids of different viscosities are used. This LABVIEW®

program is a state machine implementation allowing easy switching between the

frequency response part and the frequency tracking page. However at present the

software is only able to track a single frequency at a time. A future implementation

will include the possibility of segmenting the data points around 2 regions of interest

(for example a TSM and a TLM) and tracking the maximum of Y in each region

simultaneously. Such a software will also allow tracking ∆fr of dual-mode resonators

and hence mass loading and temperature, viscosity or pressure in parallel.
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(a) 

(b) 

First screen where response is narrowed to resonance 

Last screen where response is fitted and frequency is tracked 

Noise 

reduced 

Figure 5.3: Interface where the spectrum can be narrowed down to the resonance

point to obtain a curve that can fit a polynomial function in (a). After obtaining

the narrow response, the user can proceed to the frequency tracking screen (b)

where different algorithms can be used to fit with different polynomial orders.

The Q at resonance and the maximum of the real part of Y are also tracked

simultaneously but the fitting reduces the noise in the signal.
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5.3 Mass sensing

The Sm value of the shear mode SMRs from section 3.2 is calibrated by the thermal

evaporation of thin films of Al on patterned active areas of the resonator. In this

work the thickness of the evaporated Al is determined by a calibrated thickness

monitor to obtain a precise mass of the coated layer on the active area. Before this

evaporation the Z spectra of the devices are measured to obtain the original fr.

The measurement is repeated after the evaporation to obtain ∆fr. Mass attachment

caused by the deposition of the Al reduces the shear mode fr as shown in Figure 5.4.

Table 5.1: Mass and surface mass density of loaded resonator for different Al

thicknesses

t (nm) fr (GHz) m (ng) m/A (µg/cm2)

4.0 1.075 0.154 1.080
8.0 1.070 0.308 2.160
12.0 1.064 0.462 3.240
16.0 1.057 0.615 4.320

The added mass on the resonator surface is calculated using:

m = ρAt (5.1)

where ρ is the density of Al, A is the active area (A = 1.42 × 10−4 cm2) for the

designed pentagons), and t is the thickness of the Al. Table 5.1 is a summary of the

different mass surface density added on the SMRs for different Al thickness. The

value of Sm for the shear mode SMRs resonating at ∼1.1 GHz is calculated using

equation (2.57) from Chapter 2 to be (4.95±0.08) kHz·cm2/ng, which is sufficiently

high for biological detections.[187] In comparison TLM SMRs have higher Sm (≈
12.3 kHz·cm2/ng) with thin Al layers due to their higher fr.[65] Considering a

minimum detectable frequency of 1 kHz at a resonant frequency of 1 GHz [52],

mr is calculated as (0.202 ± 0.003) ng/cm2, and mmin is therefore (29.3 ± 0.4) fg.

Nonetheless the oxidation of the Al and added mass have not been considered in

∆m, which can occur when the the device is heated in air. Assuming ∼3 nm of
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Al2O3 (ρ = 3.95 g/cm3) for each thickness on the surface [190], the value of Sm is

then reduced to 4.86 kHz·cm2/ng.
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Figure 5.4: Mass sensitivity calibration by the deposition of known thicknesses

of Al on the resonator surface area, Sm = 4.95 kHz·cm2/ng.

5.4 Temperature sensing

To evaluate the TCF of the shear resonance, the SMRs are placed on a temperature

controlled hotplate and heated while measuring the electrical impedance. After 10

mins between each temperature step to allow for the temperature, T , to stabilise,

the spectra are recorded and the shear mode fr is determined from the maximum of

Re(Y (S)). This is shown in Figure 5.5 where a reduction in fr is observed with ∆T ,

which is the shift in the hotplate temperature from RT. The measurement errors

are estimated by assuming that the temperature on the hotplate is ±2 ◦C from the

actual set-point.

A TCF value of−(66±2) ppm/K is extracted from a linear fit of the graph in Fig-

ure 5.5, which was close to the value (−63 ppm/K) reported elsewhere.[53] Nonethe-

less this large TCF should be reduced to ensure positive detection of biomolecules.

This can be achieved by tuning the the reflector layer materials and properties by
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Figure 5.5: Temperature dependence of the shear mode fr measured for different

temperaures ranging from 20 ◦C to 100 ◦C.

adjusting the deposition conditions to compensate for the high intrinsic tempera-

ture sensitivity of the ZnO sound velocity.[136] However this TCF value can also be

useful for monitoring T using both the shear and longitudinal mode using a dual-

mode concept as explained in [117, 118]. The shear mode fr of the SMR decreases

because of the decrease in the acoustic velocities of the materials in the structure

including the porous SiO2 in the reflector stack, which also has a negative TCF.[191]

5.5 Viscosity sensing

In this section, the viability of the shear mode SMRs as a viscosity sensor is assessed.

Mixtures of different ethanol (EtOH) and DI water compositions ranging from 0-

100% are dropped in 50 µL volumes on top of the sensor active area by means of a

micropipette and ∆fr for each composition is measured. The values for η and ρ of

different water-EtOH compositions are obtained from Khattab et al. [192]. These

are summarised in Table 5.2 and the product, (ηρ)0.5, is plotted in Figure 5.7 (a)

against the percentage of EtOH in DI water. Water-EtOH mixtures having different

η and ρ cause a shift of the shear mode fr as shown in Figure 5.7 (b), where a linear

fit with the product (ηρ)0.5 is achieved, as proposed by the Kanazawa and Gordon

model.[138] This range of (ηρ)0.5 is suitable for determining the viscosity sensitivity
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Table 5.2: Viscosity and density of different water-EtOH compositions obtained

from [192]

Percentage of EtOH (%) ρ (g/cm3) η (Pa·s) (ηρ)0.5 (g/{cm2·s0.5})

0 1.000 1.003 1.002
10 0.979 2.004 1.401
20 0.958 2.655 1.595
50 0.895 2.787 1.579
80 0.832 1.837 1.236
90 0.811 1.500 1.103
100 0.790 1.190 0.969

because with higher viscosity solutions (> 1000 mPa·s), a divergence from this linear

dependence occurs as the liquid cannot be assumed to be Newtonian.[105] From

the measurements, a viscosity sensitivity, Sv of (−1860± 40) ppm/(g/{cm2·s0.5}) is

calculated. In DI water, Qr decreased by 60% (from 159 to 65), while in EtOH, Qr

reduced by 42% (from 159 to 92) as shown in Figure 5.6.
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Figure 5.6: Effect of water and ethanol on the thickness shear mode resonance

showing a reduction in the Qr from 159 to 92 in ethanol and 65 in water. Dotted

black line corresponds to EtOH, dashed red line to water and solid blue line to

device without liquid.
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Figure 5.7: (a) A plot of the variation of the product (ηρ)0.5 with different

percentages of ethanol in water with data for the viscosity obtained from liter-

ature[192]. (b) shows that the Kanazawa and Gordon prediction that the shear

resonance ∆fr decreases linearly with the product of (ηρ)0.5, the different values

of EtOH-water % are listed next to the points.
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5.6 In-liquid biosensing with antibodies

To functionalise and assess the performance of the SMRs for in-liquid biosensors,

the active areas are patterned by standard UV photolithography with Microposit

S1818 photoresist and a thin layer (∼50 nm) of SiO2 is deposited by RF magnetron

sputtering on this patterned region before lift-off. This deposition is carried out

using the same recipe in section 3.1.1. This active area is then functionalised us-

ing a standard (3-Aminopropyl) triethoxysilane (APTES) - glutaraldehyde (GA)

functionalisation protocol as shown in Figure 5.8.[187, 193] This functionalisation

process is performed with the help of Dr. José-Miguel Escolano and Prof. Enrique

Iborra from the Polytechnic University of Madrid. In the first step (labelled as 1

in Figure 5.8) the resonator is treated with capacitively coupled O2 plasma at 13.3

Pa for 2 mins to generate OH groups on SiO2. In a second step, the resonator is

incubated in a solution of APTES 2% (Sigma-Aldrich) in absolute EtOH for 10

mins at RT. The surface is washed with absolute EtOH, dried with N2 and cured

in air at 110 ◦C in an oven during 1 hour. Subsequently the resonator is immersed

in glutaraldehyde (GA) 1% (Sigma-Aldrich) for 1 hour at RT to bind the GA to

the silane. The ultimate aim of the functionalisation process is to cover the entire

active area of the resonator with streptavidin as receptor for the biotin marked an-

tibody that needs to be detected. The device is incubated in streptavidin 10 µg/ml

(purchased from Sigma-Aldrich) in 50 mM NaCl for 1 hour at RT. To block the

free aldehyde groups, the device is incubated for 1 hour at RT with Bovine Serum

Albumin (BSA) 1% (from Sigma-Aldrich) in 50 mM NaCl. Finally the device is

incubated with the Binding Buffer (PBS pH 7.4, BSA 0.1%, Tween-20 0.05%) for

30 min at RT. The molecule chosen to measure the binding to the biosensor sur-

face is Rabbit Immunoglobin-G (IgG) whole molecule which is biotin conjugated

(ab7074 purchased from Abcam). This antibody with concentration of 135 nM (a

concentration enough to saturate the active area of the resonator) is incubated in

a Binding Buffer recirculating with a peristaltic pump, which is connected to a

flow cell sealed around the SMR under measurement. The ∆fr is tracked using a

LABVIEW® software (section 5.2) to monitor the attachment of the antibody to

the functionalised resonator surface as a function of time.

The viability of the device for in-liquid sensing is carried out using the struc-
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Figure 5.8: Functionalisation steps involved in detecting the antibody identified

by the step numbers 1-6 on the resonator surface.
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Figure 5.9: (a) Schematic of the inlet and outlet water flow on the substrate

held in place by PDMS on a glass slide for the biosensing measurement in liquid.

(b)Detection of antibodies in-liquid using the shear resonance of a functionalised

device, detection is complete in 600 s. The signal is first stabilised for ∼100 s,

after which the antibody is injected in the fluidic arrangement while monitoring

the resonant frequency. As the antibodies bind to the recepors of the device, the

resonant frequency drops until a stable signal is obtained. A shift of ∼64 kHz is

achieved based on the relative shift of −60 ppm at fr of 1.08 GHz.
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ture illustrated in Figure 5.9 (a). After 200 s of stabilisation (±5 kHz) of fr by

recirculating Binding Buffer, the biotin conjugated Rabbit IgG is added to the flow,

which caused a ∆fr of approximately −64 kHz as shown in Figure 5.9 (b). All

streptavidin receptors are blocked after ∼600 s, after which there is no further de-

crease in fr. This ∆fr corresponds to a mass surface density of 1.3 ng/cm2 of the

biotin conjugated Rabbit IgG by using the value of Sm from section 5.3 and equa-

tion (2.57). The binding of the biotin conjugated antibodies to the streptavidin

receptors is completed in a longer time (∼600 s) than reported elsewhere: the time

to saturate the functionalised surface depends on the microfluidic arrangement and

in this case an open system is used.[187] During the biosensing experiments, it is

also observed that the ZnO gradually reacts with the buffers, and after long im-

mersion in liquids the surfaces are etched away due to its porous morphology and

reaction with chemicals in the buffers. A passivation layer with either SiO2 or Si3N4

is therefore necessary to protect the exposed ZnO layer if such devices are to be

used for in-liquid measurements.

5.7 CNTs for in-liquid sensing

In this section, initial experiments carried out using high density CNTs on the active

area with a forest height of ∼15 µm for in-liquid mass sensing are demonstrated.

Devices fabricated in section 4.3 are considered in this section, BSA is chosen as it

is water soluble and adsorbs easily on the CNTs.[194, 195] BSA dissolved in water

with a concentration of 20 mg/mL is obtained from Sigma Aldrich, which is then

diluted into 3 different concentrations ranging from 50 µg/mL, 1000 µg/mL and

2500 µg/mL. The compositions of the solutions from the base BSA concentration

is shown in Table 5.3.

Table 5.3: Volumes of BSA solution from the 20 mg/mL base to prepare 3

different concentrations for testing

BSA concentration (mg/mL) BSA volume (µL) DI water (mL)

0.05 10 3.99
1.00 200 3.80
2.50 500 3.50
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The SMR with CNTs is measured with a droplet of DI water initially and the

spectra for the shear and longitudinal modes are recorded. A volume of ∼50 µL

is dropped by means of a micropipette. After allowing the device to dry in air, a

similar volume (50 µL) of the prepared BSA solution is dropped on SMRs under

measurement, and allowed to bind for 5 mins before recording the measurement.

The process is repeated for each BSA concentration and the spectra are analysed

with the GUI from section 5.1.

Figure 5.10 illustrates the real part of the electrical admittance, Y , for each

concentration with the shear mode in Figure 5.10 (a) and the longitudinal mode in

Figure 5.10 (b). Clear ∆fr are observed in the longitudinal mode of the devices,

and the attachment of the BSA on the CNTs increases with concentration as there

are more BSA in the solution, leading to a decrease in the longitudinal mode fr as

demonstrated by the blue curve in Figure 5.11. However the shear mode ∆fr are

smaller compared to the longitudinal mode as shown in the inset of Figure 5.10 (a)

and Figure 5.11. This can be attributed to the low Poisson’s ratio of MWCNTs

[196]; and accordingly the shear wave does not propagate efficiently through the

thick forest. In addition individual tubes are mainly held by van der waal’s forces

and the transverse vibrational mode decays rapidly across the forest.[197]

The graphs in Figure 5.11 reach a plateau after a BSA concentration of approx-

imately 1 mg/mL because the concentration saturates the CNTs; the binding sites

on the CNTs are completely occupied, leading to a lower shift (< 50 ppm) in fr at

higher concentrations. With the ∆fr at 1 mg/mL of BSA in water, the longitudinal

Sm (∆fr/fr ≈ −280 ppm) can be estimated to be ∼7 times higher than the shear

mode (∆fr/fr ≈ −40 ppm) by the presence of the high density CNT forest. From

the results in this section, it is deduced that the resonator with vertically aligned

CNTs, which achieves a longitudinal mode Qr of ∼95 in water, can be used for

in-liquid biosensing measurements. In addition it is shown that the longitudinal

mode has a higher Sm than the shear mode in the devices isolated by the CNT

layer, which is a significant outcome of this work.

Yet with the addition of BSA solutions (even at the saturation concentration of

2.5 mg/mL) on top of taller CNT forests (∼30 µm), there are no significant changes

to the fr and Q as illustrated by the electro-acoustic responses in Figure 5.12.
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Figure 5.10: (a) Effect on the shear mode by different BSA concentrations (inset

is a magnified spectrum near resonance) (b) Longitudinal mode fr decreases

as BSA concentration increases indicating mass binding is still detected with

VACNTs of ∼15 µm in height.
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High Qr > 200 are obtained in both the TSM (Figure 5.12 (c)) and the TLM

(Figure 5.12 (d)) despite the presence of the high concentration BSA solution on

top of the resonators. The results indicate a tall forest becomes hermetic and to

the liquid, which consequently yields the highest Qr.
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Figure 5.12: Plots showing the performance of tall (∼30 µm) VACNTs in a

solution of 2.5 mg/mL of BSA solution on Y (S) of the shear mode (fS = 1.12

GHz) in (a), the longitudinal mode (fL = 1.9 GHz) in (b) and the Q at resonance

(202) and anti-resonance (256)) in (c) for the shear mode and the longitudinal

mode (Qr = 204 and Qa = 312) in (d).

Inspite of the improved Qr of the resonant modes in the BSA solution, signifi-

cant fr shifts due to mass attachment are not observed, as shown in Figure 5.13.

Although a trend is evident as time progresses after dropping the 2.5 mg/mL BSA

solution, the ∆fr are almost two orders (10−6 for taller CNTs compared to 10−4 for

15 µm heights) of magnitude lower than in the case for a lower Qr (∼95 with ∼15 µm
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CNTs) resonator in liquid. The positive ∆fr in the case of the longitudinal mode

can be caused by temperature drift due to evaporation of the BSA solution from

the surface of the resonator, leading to surface cooling of the resonator. Nonetheless

both the TSM and TLM shift by only a few kHz, which is just above the noise floor

for frequency regimes higher than 1 GHz. In addition the concentration of the BSA

solution is high enough to saturate the CNT forest of ∼15 µm as demonstrated

earlier in this section.
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Figure 5.13: The relative frequency shifts for the shear and longitudinal modes

with time for a resonator with highest longitudinal mode Qr (∼200) achieved

in liquid using VACNTs of ∼30 µm in height. Dashed lines are guides for the

eye. The longitudinal mode (blue line) has a positive shift compared to the

shear mode (dark line) and the ∆fr/fr are smaller (100 times less) than with a

resonator with lower Qr (∼95) in liquid.
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5.8 Prostrate specific antigen (PSA) detection in

air with longitudinal mode SMR

In this section the initial results using a longitudinal mode in air to detect PSA

biomarker for early prostrate cancer diagnosis are discussed. The functionalisation

of the surface and biomarker attachment are carried out by Dr. Ewelina Wajs using

the protocol described in [198]. SMRs with a ZnO layer having a thickness longitu-

dinal mode at 2.5 GHz are fabricated for the biosensing experiment in this section.

After deposition of the top Mo electrode layer, a thin Au/Cr (20 nm/4 nm) layer

is evaporated thermally, as Au surfaces are easier to functionalise. The Au surface

is first cleaned in O2 plasma by RIE for 1 min with a forward power of 50 W, 40

sccm O2 gas flow and 25 Pa process pressure. The functionalisation protocol is

schematically shown in Figure 5.14.

Step 3: PSA antigen  

Step 2: antibody (Mab) - PSA (total) 

Step 1: thiol molecules 

 (11-mercaptoundecanoid acid) 

Step 0: clean device 

s 

Au 

Blocking 

active groups  

s s s 

Figure 5.14: Schematic illustrating the surface functionalisation steps in the PSA

detection on an Au coated SMR resonator.

Ethanolic solution of 11-mercaptoundecanoid acid is prepared to have a 5mM

total thiol concentration. Approximately 20 µL aliquot of this solution is spotted

on a clean device, then left incubating for 3 hours at 4 ◦C and washed with ethanol.

PSA (total) monoclonal antibody (Mab) is then immobilised on these self-assembled

monolayers (SAMs) via a peptide bond. To immobilise the capture antibodies

(Ab), the carboxyl groups of the SAM are sequentially modified with an aqueous

mixture of 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (0.2 M) and N-

Hydroxysuccinimide (NHS) (50 mM) for 30 min followed by rinsing with EtOH.

Capture antibodies (total PSA) are covalently immobilised on the NHS-activated
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SAM by spotting with 5 µL of a 0.5 mg/mL solution in 10 mM acetate buffer

pH 5.0 for 1 hour at RT. The remaining NHS-active ester sites are blocked with

1.0 M ethanolamine pH 8.5 for 30 min at RT. The devices are then exposed to

a solution of the PSA antigen, diluted in phosphate buffer pH 7.2 to the desired

concentration for 15 min, followed by washing with phosphate buffer pH 7.2 to

remove non-specifically bounded antigen. The devices are finally dried with N2.

At each monolayer immobilisation step on the surface, the SMR electro-acoustic

performance is recorded by measuring Y , around the resonance region as shown in

Figure 5.15 for the highest PSA antigen concentration of 20 ng/mL that is used in

this work.
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Figure 5.15: Frequency shifts at each stage for of the functionalisation process

demonstrating reduction in fr at each step indicating mass attachment. The con-

centration is for 20 ng/mL of PSA antigen, with step 1 being the thiol molecule

formation, step 2 binding of antibody, and step 3 for the detection of PSA anti-

gen.

The ∆fr (average of best 3 results) of the longitudinal mode devices at each

concentration of PSA is plotted in Figure 5.16 and from this graph the sensitiv-

ity to PSA antigen concentration of the functionalised SMRs is calculated to be

−(0.33 ± 0.02) MHz/(ng/mL). In the detection of prostrate cancer, the minimum
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PSA antigen concentration is 4 ng/mL [199], which in the functionalised ZnO SMRs

will lead to a ∆fr of 1.44 MHz that is well above the noise floor (∼ 3 kHz) of the

device operating at 2.5 GHz in the TLM.[200]
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Figure 5.16: Frequency shifts of the longitudinal mode SMR with the binding of

the different concentrations of PSA on the functionalised Au surface with SMR

resonating at 2.41 GHz.

5.9 Chapter conclusion

In summary SMRs with TSM achieved with inclined c-axis piezoelectric layers are

utilised to sense mass attachment, temperature variations, viscosity and finally to

detect antibodies as a proof of concept. Methods to analyse the experimental data

and to perform real time frequency tracking are described. Initial experiments with

the AlN resonators with VACNTs grown on the active area from Chapter 4 are

performed with BSA in water solutions. It is demonstrated that the longitudinal

mode can be used for mass sensing and eventually biosensing, with the presence of

the CNTs as an isolation layer to mitigate damping in DI water. The impact of this

layer has substantial prospect for the large scale deployment of FBARs and SMRs

operating in the longitudinal mode for real-time biosensing applications, thereby
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overcoming the fabrication limitations for TSM SMRs. Finally a typical cancer

biomarker (PSA) for prostrate cancer is sensed using the TLM of a functionalised

SMR operating air as a first experiment for future reference to compare function-

alised CNTs coated SMRs, for in-liquid TLM biosensors.
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Chapter 6

Conclusion

The main challenges in fabricating and using high frequency BAW resonators for

gravimetric sensors in liquid have been addressed in this work. Generally to min-

imise the liquid damping, FBARs and SMRs are operated in the thickness shear

mode that has a short decay length in liquids. TSM resonances are most effi-

ciently achieved by an inclined c-axis (∼30◦) piezoelectric layer, which leads to a

quasi-shear mode and a quasi-longitudinal mode. Nonetheless the shortcomings of

manufacturing inclined c-axis piezoelectric layers on a large scale due to the inho-

mogeneity of the inclinations and the costly modifications to the deposition systems

have restricted their use in biosensing only to research level.

6.1 Shear mode resonators

In Chapter 3 the possibility of reducing significant changes to the deposition cham-

ber is achieved by using textured surfaces and an off-axis deposition of the piezo-

electric layer. The random roughness inherited from the deposition of an acoustic

reflector stack and a polycrystalline AlN seed layer with uniform (103) orientations

are compared. Inclined c-axis ZnO films are grown on each surface and SMRs are

fabricated, leading to high inclination angles of up to 45◦ and narrower c-axis dis-

tributions, hence increased homogeneity, in the case of AlN seed layers. Both Qr

and k2eff are higher in the case of devices with the controlled surface texture of AlN

compared to the random roughness of the reflector surface. However the AlN seed
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layer is piezoelectrically inactive as it is deposited with high pressure, low power

and without substrate heating —conditions that promote polycrystalline and non-

piezoelectric layers. The presence of the AlN between the active inclined c-axis ZnO

and the bottom Mo electrode causes parasitic coupling losses thereby reducing both

the achievable Qr and k2eff .

To detect lower quantities of analytes, a higher Qr is necessary. Therefore an

electrically conductive textured surface such as Al deposited at higher TS is consid-

ered. Based on the adatom mobility and energy, the morphology of the sputtered

Al changes with TS. At TS = 100 ◦C, the optimum roughness of 9.2 nm is achieved

on ∼180 nm thick Al layers for the bottom electrode. The Al electrode deposited

at this TS has lower stress and uniform grain structure promoting a homogeneous c-

axis inclination in the piezoelectric film. In this case the ZnO layers had ∼25◦ c-axis

inclinations leading to k2eff higher than 2.5% and Qr larger than 150. In addition

the Al and ZnO could be deposited in the same chamber, thus facilitating the fabri-

cation. In Chapter 5, Sm of 4.95 kHz·cm2/ng is experimentally demonstrated with

the TSM resonance by evaporating thin Al films on the active area of the resonator.

TCF values of −66 ppm/K are extracted with the devices and their application

as a viscosity sensor with different EtOH-water compositions is also evaluated. A

functionalised SMR device is then used in liquid to detect Rabbit IgG antibody to

illustrate the potential of the SMR as a biosensor. Despite the improved homo-

geneity and reduced deposition modifications from this work, fabrication of inclined

c-axis piezoelectric films on larger substrates is still not viable. This is due to the

exponential thickness variation and hence wide distribution of inclinations across

large substrates in off-axis deposition. In contrast oriented c-axis piezoelectric films

to excite the TLM, can be deposited homogeneously on large substrates.

6.2 Carbon nanotubes as isolation layer

The potential of partially isolating the longitudinal mode in SMRs to mitigate

its propagation in liquid, while maintaining a sensitivity to mass attachment is

investigated in Chapter 4. CNTs are considered as the liquid isolation layer as they

have low mass density and provide an acoustic mismatch between the resonator

and the liquid; they are grown only on the active area to function as a sensing layer
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with high surface area to volume ratio simultaneously. After initial experiments

with the low temperature (450 ◦C) growth of high mass density and short CNTs

using Co/Mo/Ti on ZnO SMRs, it became evident that ZnO films are chemically

unstable in NH3 gas during the annealing step. Consequently the devices did not

show any response. A passivation layer such as Si3N4 or SiO2 is therefore necessary.

The growth of this type of CNTs is not reproducible on the top electrodes such as

Au or Mo, which are used in this work.

Instead with Fe/Al layers, more reproducible and high forest density CNT layers

are achieved on these electrodes. The growth conditions and SMR device structure

are modified to withstand the higher temperature growth (600 ◦C). AlN is chosen

as the piezoelectric film and the performance of both the shear and the longitudinal

modes are assessed. Different CNT forest density and height are obtained by varying

the Fe layer thickness from 0.5 to 4.5 nm, with the 0.5 nm Fe providing the tallest

(several µm) and densest MWCNT forest. With thicker Fe layers, “spaghetti”-like

and shorter CNT layers are obtained. Nevertheless all three CNT morphologies

considered reduce the damping of the TLM in DI water. Longitudinal mode Qr

around 100 are measured with high density and tall forests (∼15 µm) compared

with Qr of only 5 without the CNTs. In Chapter 5 the mass sensitivity of the tall

and highest density CNT forest is tested by dropping BSA solutions of different

concentrations (0.05-2.5 mg/mL). With CNT forests of ∼15 µm height, both TSM

and TLM are responsive to mass binding as the DI water can still penetrate to

a certain depth in the forest; the TLM exhibits larger ∆fr (∼7 times higher) for

the same concentration probably because the compressive vibration of CNT forest

is stronger than the transverse wave. In contrast CNT forests of ∼30 µm height

demonstrate Qr of over 200 in BSA solutions but no significant ∆fr, as the mass

attachment is further from the decay length of the resonances. A compromise

between Qr in liquid and Sm has to be considered in designing the CNT forest

height. This work highlights the possibility for the first time of using the TLM in

liquid for mass sensing with Qr comparable to the shear mode, and hence the large

scale fabrication of BAW resonators for real-time biosensors.
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6.3 Future works

In this research, improvements in the homogeneity and inexpensive deposition tech-

niques of inclined c-axis piezoelectric films for shear mode SMRs have been demon-

strated. In addition possibilities to utilise the longitudinal mode for in-liquid sensing

have been shown, with performance similar to —if not better than —those of con-

ventional shear mode resonators. However in both themes further works are possible

and are suggested in the following paragraphs for using BAW resonators as low-cost

and real-time biosensors on a larger scale.

6.3.1 Implementation on FBARs

Inclined c-axis piezoelectric films on FBARs form part of an area that requires

further work. Although SMRs are structurally robust, FBARs offer the possibility

of flowing liquid at the back thereby isolating the contacts from the liquids. In

addition, the membranes can be connected to a microfluidic channel to perform

real-time sensing using the shear mode resonance. Nonetheless a major issue with

the deposition of several materials such as the Al at higher TS and the inclined c-axis

ZnO is the residual compressive stress, which causes the films to crack during the

back trench etching. Thermal annealing of the films could help relax the stress and

increase the yield of FBARs, which can then be compared to shear mode SMRs.

6.3.2 Other materials

In the work on the shear modes, only ZnO was considered for the textured Al

electrodes. Additional experiments are still necessary on AlN to determine the

optimum surface promoting inclined c-axis AlN with uniform inclination angles.

Electrodes such as W and methods to texture them are also under consideration

owing to their higher acoustic impedance, which improve acoustic confinement of

the wave and consequently higher Qr can be obtained. AlN has superior chemical

stability compared to ZnO, the latter requires a passivation layer with either a

nitride or an oxide. This also needs to be investigated to confirm that ZnO is

protected by the presence of such layers and can function longer in BAW biosensors.

The merits of ZnO are its ease of deposition and higher piezoelectricity compared to

AlN, therefore a comparison with AlN on biosensing applications is also essential.
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6.3.3 CNT isolation layer

To assess the effects of the CNTs on both the shear and the longitudinal modes, the

SMRs in this work are fabricated with inclined c-axis AlN. Yet such films resonate

with neither the “pure” longitudinal nor the “pure” shear modes. Additional ex-

periments are accordingly required to evaluate the isolation effect of CNTs on the

c-axis oriented AlN films resonating in the longitudinal mode. The CNTs grown in

this work were multi-walled and thus the possibility exists in comparing the qual-

ity of isolation and mass sensitivities achieved with SWCNTs forests. Although

the SMRs with CNTs have been demonstrated to be sensitive to mass binding, a

proof of a functionalised CNT layer capable of binding to specific biomolecules is

envisaged to confirm the concept. This work is under consideration, which will con-

sist of functionalising the CNTs to detect PSA in real-time using the longitudinal

mode. Moreover alternative isolation layers such as parylene should be explored as

isolation layer because of their easier deposition.

6.3.4 Modelling

A shortcoming of this work has been the limited modelling both by analytical and

finite element analysis. This is due to time constraint and the complexity of mod-

elling CNT arrays, which are inherently different from bulk materials. In this work,

emphasis is on the experimental fabrication, which will then be extended to models

to explain the results achieved. Therefore simulations in COMSOL Multiphysics®

and analytical models to optimise the CNT densities and heights are avenues to

explore in order to design forest morphologies to improve longitudinal mode opera-

tion in detecting biochemicals in liquid. In addition such modelling can be used in

conjunction with the inclined c-axis growth of piezoelectric films to determine the

ideal roughness and structures necessary to efficiently excite the shear mode.
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[3] D. R. Thévenot, K. Toth, R. A. Durst, and G. S. Wilson, “Electrochemi-

cal biosensors: Recommended definitions and classification,” Biosensors and

Bioelectronics, vol. 16, no. 1–2, pp. 121–131, 2001.

[4] C. I. L. Justino, T. A. Rocha-Santos, and A. C. Duarte, “Review of analytical

figures of merit of sensors and biosensors in clinical applications,” Trends in

Analytical Chemistry, vol. 29, no. 10, pp. 1172–1183, 2010.

[5] G. G. Guilbault, “Biosensors,” Current Opinion in Biotechnology, vol. 2,

no. 1, pp. 3–8, 1991.

[6] G. Wingqvist, “AlN-based sputter-deposited shear mode thin film bulk

acoustic resonator (FBAR) for biosensor applications — A review,” Surface

and Coatings Technology, vol. 205, no. 5, p. 1279, 2010.

[7] J. I. Reyes De Corcuera and R. P. Cavalieri, “Biosensors,” in, M. D. Inc, Ed.

New York: Encyclopedia of Agricultural, Food and Biological Engineering,

2003, ch. 42, pp. 173–177.

129

http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx
http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx
http://www.who.int/features/factfiles/cancer/en/
http://www.who.int/features/factfiles/cancer/en/


[8] S. Badilescu and M. Packirisamy, BioMEMS: Science and Engineering Per-

spectives. CRC Press, 2011.

[9] D. Grieshaber, R. MacKenzie, J. Vörös, and E. Reimhult, “Electrochemical

Biosensors - Sensor Principles and Architectures,” Sensors, vol. 8, no. 3,

pp. 1400–1458, 2008.

[10] W. Tan, L. Sabet, Y. Li, T. Yu, P. R. Klokkevold, D. T. Wong, and C.-M. Ho,

“Optical protein sensor for detecting cancer markers in saliva,” Biosensors

and Bioelectronics, vol. 24, no. 2, pp. 266–271, Oct. 2008.

[11] G. S. Wilson and R. Gifford, “Biosensors for real-time in vivo measure-

ments,” Biosensors and Bioelectronics, vol. 20, no. 12, pp. 2388–2403, Jun.

2005.

[12] V. Scognamiglio, “Nanotechnology in glucose monitoring: Advances and

challenges in the last 10 years,” Biosensors and Bioelectronics, vol. 47,

pp. 12–25, Sep. 2013.

[13] W. Pang, H. Zhao, E. S. Kim, H. Zhang, H. Yu, and X. Hu, “Piezoelectric

microelectromechanical resonant sensors for chemical and biological detec-

tion.,” Lab Chip, vol. 12, no. 1, pp. 29–44, 2012.

[14] R. Pilolli, L. Monaci, and A. Visconti, “Advances in biosensor development

based on integrating nanotechnology and applied to food-allergen manage-

ment,” Trends in Analytical Chemistry, vol. 47, pp. 12–26, Jun. 2013.

[15] N. R. Stradiotto, H. Yamanaka, and M. V. B. Zanoni, “Electrochemical

sensors: a powerful tool in analytical chemistry,” en, Journal of the Brazilian

Chemical Society, vol. 14, pp. 159–173, Apr. 2003.

[16] J. M. Gamba, “The role of transport phenomena in whispering gallery mode

optical biosensor performance,” PhD thesis, California Institute of Technol-

ogy, 2012.

130



[17] M. N. Velasco-Garcia, “Optical biosensors for probing at the cellular level:

A review of recent progress and future prospects,” Seminars in Cell & De-

velopmental Biology, vol. 20, no. 1, pp. 27–33, Feb. 2009.

[18] T. D. Martins, A. C. C. Ribeiro, H. S. de Camargo, P. A. da Costa Filho,

H. P. M. Cavalcante, and D. L. Dias, “New Insights on Optical Biosensors:

Techniques, Construction and Application,” in State of the Art in Biosensors

- General Aspects, T. Rinken, Ed., InTech, Mar. 2013, pp. 111–140.

[19] J. A. Lane, R. K. Mehra, S. D. Carrington, and R. M. Hickey, “Develop-

ment of biosensor-based assays to identify anti-infective oligosaccharides,”

Analytical Biochemistry, vol. 410, no. 2, pp. 200–205, Mar. 2011.

[20] X. Yang, J. Kirsch, and A. Simonian, “Campylobacter spp. detection in the

21st century: A review of the recent achievements in biosensor development,”

Journal of Microbiological Methods, vol. 95, no. 1, pp. 48–56, Oct. 2013.

[21] O. Tigli and S. U. Senveli, “Biosensors in the small scale: Methods and

technology trends,” IET Nanobiotechnology, vol. 7, no. 1, pp. 7–21, Mar.

2013.

[22] M. Nirschl, F. Reuter, and J. Vörös, “Review of Transducer Principles for

Label-Free Biomolecular Interaction Analysis,” Biosensors, vol. 1, no. 4,

pp. 70–92, Dec. 2011.

[23] M. Nirschl, “Thin-film Bulk Acoustic Resonators for Biomolecular Interac-

tion Analysis,” PhD thesis, ETH Zürich, May 2011.
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[115] L. Garćıa-Gancedo, J. Pedrós, Z. Zhu, A. J. Flewitt, W. I. Milne, J. K. Luo,

and C. J. B. Ford, “Room-temperature remote-plasma sputtering of c-axis

oriented zinc oxide thin films,” Journal of Applied Physics, vol. 112, no. 1,

p. 014 907, 2012.

[116] T. Yokoyama, T. Nishihara, S. Taniguchi, M. Iwaki, Y. Satoh, M. Ueda,

and T. Miyashita, “New electrode material for low-loss and high-Q FBAR

filters,” in Ultrasonics Symposium, 2004 IEEE, vol. 1, 2004, pp. 429–432.
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[118] L. Garćıa-Gancedo, J. Pedrós, X. B. Zhao, G. M. Ashley, A. J. Flewitt,

W. I. Milne, C. J. B. Ford, J. R. Lu, and J. K. Luo, “Dual-mode thin film

bulk acoustic wave resonators for parallel sensing of temperature and mass

loading,” Biosensors and Bioelectronics, vol. 38, no. 1, pp. 369–374, Oct.

2012.
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