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by JUN ZHU

Dissertation Director:

Professor Yicheng Lu

Tunable surface acoustic wave (SAW) devices have been attracting considerable
research efforts, as they are highly desired in advanced communication systems by
offering versatile signal processing capability. Among various tuning mechanisms, the
perturbation of the electrical boundary condition based on the acoustoelectric interaction
in a semiconducting/piezoelectric multilayer structure is a promising approach to realize
tunable SAW devices with low bias, large tunability, and small device dimension. To
reduce the fabrication complexity and enhance the device reliability, the monolithic
device structure is preferable.

This dissertation addresses the design and development of the tunable ZnO SAW
devices based on the acoustoelectric interaction. Epitaxial ZnO and MgsZn,;.<O multilayer
structures grown by metal-organic chemical vapor deposition (MOCVD) on r-Al,O3

substrates are used as the basic structure, which offer advantages as high coupling
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coefficient and multimode SAW generation. The device related processing techniques,
including wet chemical and dry etching of ZnO and Mg,Zn; O films, are investigated
with respect to the etch rate, etch profile, surface morphology and process induced
damage. The maximal 1:1 pattern edge slope has been achieved.

A prototype of ZnO UV SAW device has been demonstrated using semiconducting-
piezoelectric ZnO multilayer structure, which enables the wireless output for sensor
network. The interaction of the SAW with the UV induced carriers in the semiconducting
ZnO layer results in a phase shift and an insertion loss change, as functions of the
incident light wavelength and power. A phase shift of 107° is achieved at 365 nm for a
light power of 2.32 mW/ cm”.

A prototype of ZnO based voltage controlled multi-mode tunable SAW device
has been demonstrated through the integration of a depletion-type MIS structure
(Al/SiOy/semiconducting ZnO) and a piezoelectric ZnO/r-Al,Os3 system. The acoustic
velocity tunability is achieved by changing the sheet conductivity of the semiconducting
channel through the gate biasing. Due to the in-plane piezoelectric anisotropy of the
Zn0/r-Al,O5 system, the device can be operated with both Sezawa and Love mode for
gaseous and liquid sensing, respectively. Under —18 V bias, 420° and 277.3° phase shifts

are achieved for Sezawa and Love mode operation, respectively.
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Chapter 1. Introduction

1.1 Motivation

Surface Acoustic Wave (SAW) devices utilize one or more interdigital transducers
(IDTs) to convert acoustic wave to electrical signal and vice versa utilizing the
piezoelectric effect of certain materials. SAW devices can be designed to provide quite
complex signal processing functions within a single package. Due to their special
advantages such as mass-producible, low cost, small size, lightweight and versatile
functionality, SAW devices have been widely employed in telecommunications as
bandpass and spectrum-shaping filters, convolvers, duplexers and delay lines. In addition,
SAW devices are also used in Wide Area Network (WAN), Wireless Local Area Network
(WLAN) communications, wireless passive identifications tags, miniature

chemical/biochemical sensors.

In the development of SAW devices, one important phenomenon, the
acoustoelectric interaction, has been continuously studied and implemented for various
signal processing applications, such as the acoustoelectric amplifier, acoustic convolver,
optical scanner, acoustic focusing and imaging devices, etc. This acoustoelectric
interaction is based on the fact that there is a longitudinal electric field associating with
the surface acoustic waves, which propagates along the surface of a piezoelectric material.
When a semiconducting layer is located close to the surface of a piezoelectric material,
on which the SAW is propagating, the acoustoelectric interaction between the SAW
associated longitudinal electric field and free carriers in the semiconductor will influence
the SAW propagation properties by resulting in attenuation due to ohmic loss and

velocity change due to the piezoelectric stiffening of the material. The acoustoelectric



interaction can be exploited with many different effects, such as field effect controlled or
photon induced carrier changes, etc., leading to a family of novel multifunctional tunable

SAW devices.

Traditional photoconductor and photodiode type UV sensing devices require
either voltage or current to drive. The direct wire connection and additional power supply
become necessary. These requirements limit their applications in the distributed sensor
network. Based on the acoustoelectric interaction, by integrating UV sensing function
with SAW technology, zero power and wireless UV sensing devices can be realized. The
UV induced free carriers in the semiconducting sensing layer interact with the electric
field accompanying the propagating SAW, resulting in a velocity reduction and increased
insertion loss, leading to a phase shift and a time delay across the device. In the UV SAW
device, the UV sensing information is transported in frequency domain. UV SAW device
will find potential applications in early missile threat warning, chemical and biological

agent detection, engine flame detection and pollution monitoring, etc.

For traditional SAW devices, one of the major limits is lack of the tunability of
the operation frequency and wave velocity. However, in many modern communication
systems, adaptive filters for signal processing are desired for increased signal to noise
performance and security concerns. Furthermore, tunability of the time or frequency
domain response is desirable for the system to adapt to its operating environment. Some
tunable SAW device concepts have been proposed based on various tuning mechanisms,
including filter banks with selectable filters, perturbation of piezoelectric material
properties and perturbation of SAW propagating boundary conditions. In comparison

with other tuning mechanisms, the perturbation of the electrical boundary condition based



on the acoustoelectric interaction is more practical to realize tunable SAW device with
low bias, large tunability range, continuously tuning and small dimension. By considering
the fabrication complexity, production yield and device reliability, a monolithic device is

preferable.

Zinc oxide (ZnO) is a versatile material and has many applications including
optoelectronic devices, acoustic wave devices, piezoelectric MEMS actuators, and
sensors. The as-grown ZnO is n-type semiconductor. Through proper doping or alloying,
ZnO can be made piezoelectric, ferromagnetic and conducting. ZnO is a wide band gap
semiconductor (E; ~ 3.3 eV at room temperature). In comparison to conventional Si
based photosensitive devices, ZnO possess excellent optical properties for high sensitive
UV detection. As a piezoelectric material, ZnO can be deposited on various substrates
with high coupling coefficient. Based on the acoustoelectric interaction, the ZnO UV
sensing layer can be monolithically integrated with ZnO piezoelectric layer to form ZnO
UV SAW devices, which offer advantages as high UV sensitivity, passive operation and
RF wireless readout. By integrating the ZnO based MIS or MES structure with SAW
device, the voltage controlled charge density change can directly impact the SAW
propagation and tune the acoustic velocity. In the acoustoelectric interaction, the
electromechanical coupling coefficient, the measure of the efficiency of a given
piezoelectric in converting the electrical signal into mechanical energy, is the key factor
influencing the magnitude of the interaction and directly impacts the performance of the
UV SAW and tunable SAW devices. In this work, ZnO/r-Al,O3 material system is used,
which offer high electromechanical coupling coefficients, low insertion loss and high

acoustic velocity. Due to the in-plane anisotropy of ZnO/r-Al,O3 material system, it offers



another unique advantage as multi-mode SAW generation. Both Rayleigh and Love type
SAW modes can be excited in ZnO/r-Al,O3 system, which enables the multi-mode

sensing functions on a single chip.

1.2 Scope of Work

The objective of this research is to conduct the feasibility studies of implementing
the acoustoelectric interaction in the versatile ZnO/MgsZn; xO material system to realize
novel multifunctional devices. Two types of the integrated SAW devices will be designed,
fabricated and evaluated, including (1) ZnO based UV SAW device; (2) ZnO based
multimode tunable SAW device. Meanwhile, the related processing techniques, the wet
chemical and dry etching of ZnO, will be investigated and applied to the ZnO integrated
SAW device fabrication. The scope of this study covers:

(1) Investigation of the wet chemical etching of ZnO film grown on r-Al,O;
substrate by MOCVD and the optimization of the processing conditions.

(i1) Investigation of the SiCly based Reactive Ion Etching of ZnO and Mg,Zn; O
film grown on r-Al,O3 substrate by MOCVD.

(ii1))  Design, fabrication and characterization of ZnO based UV SAW devices.

(iv)  Design, fabrication and characterization of ZnO based multimode tunable

SAW devices.

1.3  Organization of the Dissertation

After a brief introduction in Chapter 1, piezoelectricity and surface acoustic devices

are reviewed in Chapter 2, along with the analysis of the acoustoelectric interaction



associated with the homogeneous bulk semiconductor and thin semiconducting layer.
Chapter 2 also reviews the status of the devices studied in this work, including UV SAW
devices and tunable SAW devices. At the end of Chapter 2, the material properties of
ZnO and Mg,Zn; <O are discussed. In Chapter 3, the investigation of the wet chemical
etching and SiCly based Reactive Ion Etching of ZnO and MgZn; O thin film are
presented with respect to the etch rate control, etch profile control and surface damage. In
Chapter 4, the SAW characterization of the piezoelectric ZnO (Li doped) film grown by
MOCVD on r-Al,O3 substrate is evaluated. The device structure, fabrication procedure
and result analysis of a prototype ZnO based UV SAW device are presented. In Chapter 5,
the sputtering and MOCVD hybrid growth technology is discussed targeting for the thick
piezoelectric ZnO film growth. The structure of a prototype ZnO based multi-mode
tunable SAW device, device performance and the comparison between the measured and
simulated results are presented and discussed. Finally, Chapter 6 summarizes the

accomplished tasks and proposes future investigations in the related areas.



Chapter 2. Technical Background
2.1 Piezoelectricity

In the design and application of surface acoustic wave (SAW) and bulk acoustic
wave (BAW) devices, the piezoelectricity of materials is of the fundamental importance.
Piezoelectricity is the phenomenon coupling elastic stresses and strains to electric fields
and displacements, which was first discovered by Jacques and Pierre Curie in the 1880's
during experiments on quartz. For a piezoelectric material, when an external stress is
applied, an electrical charge is collected at its surface. Conversely, when a piezoelectric
material is subjected to a voltage drop, it mechanically deforms. Piezoelectricity occurs
only in anisotropic materials whose internal structure lacks a centre of symmetry.
Piezoelectricity occurs in most non-centrosymmetric crystal classes but is often weak.

For general elastic materials, Hooke’s Law describes the relation between the
compressional stress 7 and strain S along the same axis as:

T=cS (2.1)
where ¢ is the elastic stiffness coefficient, also known as Young’s modulus (N/m?). In
order to accommodate all possible components of stress and deformation, Eq. (2.1) needs
to be expressed into a tensor equation:

(T)=(c):(S) (2.2)

Here (c)is referred to as a fourth-rank tensor and its components have four suffixesc ,,, ,

(T)and (S)are classed as second-rank tensors. Due to the symmetry of the crystal, tensor
Eq. (2.2) can be reduced to a matrix equation [7] =[c] [S], so that the stress and strain
matrix have only one suffix instead of two. The tensor components of 7" and S can be

related to their matrix components as:



T1=T1, To=T2, T5=T3;

Ty=T5:=T23 Ts=T13,=T13 T6=T12=T2s

S1=811, §2=822, §3=833

S4=283,=2873, S5=283,=283, S6=251,=25>; (2.3)
In this way, the elastic stiffness constant is reduced to a 6x6 matrix [c]. Now,

Hooke’s Law becomes:

T, €y Cp G G4 Cs5 C4 | S
T, Cy Cyp Cyy Cy G5 Cy ||,
T, Cy Cyp Cy Cyy Cy5 Oy || S
= (2.4)
T, Cy Cayp Cyy Cyy Cys Cye |5,
T C5; Cs Cs3 Csy Css Csg || S5
[ Ts | [Co Co Co Ca Cos Cop | S6 |

Because of the coupling between electrical and mechanical parameters, the simple
version of Hooke’s Law is not sufficient to describe the interaction in piezoelectric
materials. By introducing the piezoelectric constant matrix [e] and electrical displacement
density D, the general piezoelectric equations of state are given below:

[T]1=[c][S]-[4][E] (2.5)

[D]=[el[S1+[][E] (2.6)
where [E] is the electric field intensity, [£] is permittivity or dielectric constant of the
material, which is measured at zero or constant strain. [e] is the piezoelectric constant for
the material and [d] is the transpose of the piezoelectric constant [e]. Because the S term
has six components, the dielectric permittivity [&] is a 3x3 matrix with 9 elements and the

piezoelectric constant terms in [e] will form a 3x6 matrix with 18 elements.



[e]= 2.7

The element values of [e] are dependent on the symmetry properties of the piezoelectric

crystal.

In the piezoelectric material, one important parameter used to evaluate the
piezoelectricity is the electromechanical coupling coefficient. Due to the additional
potential energy stored in each unit cell, a piezoelectric material has an augmented elastic
stiffness effect when compared to its non-piezoelectric counterpart. This stiffening
increases the effective elastic stiffness coefficient by:

csti{féned = C(l + Kz) (2.8)
where K> =e’/ce and c, e and ¢ are the elastic, piezoelectric and dielectric constants for
the propagation direction of the acoustic wave in the solid. K’ is defined as the

electromechanical coupling coefficient, which is to measure of the efficiency of a given

piezoelectric material in converting an electrical signal into the mechanical energy.

2.2 Surface Acoustic Wave Devices

Surface acoustic wave was first investigated by seismologists in the behavior study
of various earthquake waves. In 1885, Lord Rayleigh demonstrated the existence of the
basic type of surface acoustic waves. These are Rayleigh waves, involving wave motions

confined to and propagating along the surface of the body. By 1911 a second type of



surface wave motion, produced in a bounded body with layered material properties, was
characterized by Love and is hence named as Love wave. Rayleigh and Love waves are
surface waves and resulted from the interaction of longitudinal and shear particle
displacement with the boundary condition of the body. Figure 2.1 shows the possible
particle displacements relative to the propagation direction. Surface acoustic waves have
particle motion in at least two out of three directions of the Cartesian coordinate system.
The generalized SAW has particle motion in the propagation direction and the two shear
directions. The Rayleigh wave mode has both longitudinal and shear vertical particle
displacement, while the Love wave mode has longitudinal and shear horizontal particle

displacement. Figure 2.2 shows the sense of particle motions for Rayleigh and Love wave.
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In the layered system with various velocities, Love indicated that beside the Love
wave, a Rayleigh-type wave could also exist. Further study of the layered Rayleigh wave
showed that a series of higher order modes could exist in addition to the fundamental
wave mode. Among these higher order mode, an important one is the first higher order
mode My, or Sezawa mode, which was first introduced by Sezawa (1927) [3]. Sezawa
wave has larger velocity than basic Rayleigh wave and in certain layered system may
have much higher electromechanical coupling coefficient, which is critically important to
SAW device applications. The generation of the Sezawa wave mode in a dispersive
material system will have a cutoff frequency and critical thickness/wavelength ratio.

Although piezoelectricity and surface acoustic wave in solid and layered structure
have been introduced for long time, piezoelectric SAW devices were not well exploited
until invention of the thin-film interdigital transducer (IDT) by White and Voltmer in
1965. The interdigital transducer becomes the key feature for all SAW devices, which
supplies the most efficient method to generate and detect the SAW waves on piezoelectric
surfaces. The simplest type of SAW device is a delay line employing two IDTs on top of
a piezoelectric substrate, as shown in Figure 2.3. The input IDT converts signal voltage
variations into mechanical acoustic waves and the output IDT converts mechanical SAW
vibrations back into output voltages. Absorbers are sometimes used to absorb the

spurious SAW transmissions.
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Figure 2.3. SAW delay line structure on the piezoelectric substrate
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The IDT has a set of identical electrodes connected alternately to two metal bus-bars.
The basic operation mechanism of the SAW devices is that when an AC voltage is
applied to an input transducer, due to the piezoelectricity, the transducer produces
periodical mechanical deformation of the piezoelectric substrate and generates
mechanical wave. This mechanical wave propagates along the surface in both directions.
After the mechanical wave reaches the receiving IDT, the mechanical energy will be
converted back to a suitably filtered electrical signal due to the piezoelectricity of the
substrate. By designing the superimposed thin metal input and output IDTs, SAW devices
can provide desired bandpass filtering function H(f) = Voupus/Vinpu, as the SAW
propagates along the piezoelectric crystal surface. Quite complex signal processing
functions can be realized within a single SAW package, such as various filters, delay
lines, resonators and convolvers. SAW devices offer advantages as low power
consumption, lightweight, functional versatility, and low cost. Compared to the digital
signal processors, SAW-based processors are passive, hence with low power consumption.
This is critical for most of the modern SAW applications, which involve portable wireless
communications devices. Up to now, SAW devices found wide applications in analog
signal processing for telecommunications, wireless passive RFID tags and recently
sensors (chemical, biochemical torque, pressure mass and temperature, etc.).

In the design and application of SAW devices, the center frequency and 3dB
bandwidth are the key parameters. For a SAW device, the basic relationship among

acoustic velocity vs,,, center frequency f. and wavelength A is:

Vaw =4+ 1. (2.9)
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The wavelength A is determined by the IDT electrode structure. The 3dB bandwidth

of the passband is given by:

B, =o.9-% 2.10)

where N is the number of electrode pairs in the IDT. Another important SAW parameter is
the temperature coefficient, which is dependent on the variation of the material volume
and the acoustic velocity. It is a critical parameter for temperature stable applications,
such as oscillators and chemical/biochemical sensors.

When the surface acoustic wave propagating along the surface of the piezoelectric
substrate, there is accompanying electrical field and potential in addition to the
mechanical deformation. This potential is not just confined to the piezoelectric surface. It
also extends above or beneath the surface by a distance on the order of one acoustic
wavelength [4]. The spatial variation of the potential at the piezoelectric surface produces
electric fields in both the longitudinal and vertical directions. This effect is also called as
piezoelectric stiffening, which means the material becomes stiffer because the same
potential energy produces less deformation than in a non-piezoelectric material. When a
perfect conductor is deposited on or put close to the piezoelectric surface, the longitudinal
electrical field will be partially cancelled, space charge will accumulate on the conductor,
the material becomes less “stiff” and the acoustic wave slows down. This effect is used to
define the electromechanical coupling coefficient K° as a measure of the strength of the
piezoelectricity of a given material. In Eq. (2.8) K” was defined in terms of piezoelectric
parameters as K> = ¢’/ ce . This parameter may also be obtained experimentally as:

_ —2Av
v

K’ (2.11)
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where Av is the SAW velocity difference between the metallized surface (short circuit)
and free surface (open circuit) and v is the unperturbed SAW velocity (open circuit).
Instead of the good conductor, when a semiconductor with finite conductivity is adjacent
to the piezoelectric surface, it will not only modulate the wave velocity, but also generate
an energy loss or attenuation for the surface wave due to the much longer time constant to
redistribute the space charge. The variability of the conductivity of the semiconductor
allows the continuous change of the SAW velocity and attenuation. By integrating this
acoustoelectric interaction with the multi-functional ZnO material system, novel high

efficiency electric and sensor devices can be realized.

2.3 Acoustoelectric Interaction

The interaction between the SAW and piezoelectric semiconductor has been
investigated by several authors [5-11]. In the development of SAW devices, the
acoustoelectric interaction has been used in the design of acoustoelectric amplifiers,
SAW-based convolvers and correlators, and various SAW related charge coupled devices

(CCD) for imaging, memory and signal processing etc.

2.3.1 Interaction of SAW and Piezoelectric Semiconductor with

Homogeneous Bulk Conductivity

Although the basic equations used in acoustic wave analysis are generally written in
tensor forms, the interaction between SAW and semiconductor with homogeneous bulk
conductivity can be effectively discussed in terms of a one dimensional model. The basic

equations of state that govern the propagation of acoustic wave in the piezoelectric
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semiconducting medium connect the mechanical stress 7 and the electrical displacement
D with the mechanical strain S and the electric field £. In one-dimensional form, these
are:
T=cS-eE (2.12)
D=eS+¢E (2.13)
where c is the elastic constant at constant electric field, ¢ is the dielectric permittivity at
constant strain, and e is the piezoelectric constant.
By considering acoustic wave propagation in the x direction of a piezoelectric
semiconducting medium, by using

Ou oT o’u
Sza and gzpy (214)

where u is the displacement amplitude in the x direction and p is the mass density, the one

dimensional longitudinal wave equation is:

pﬂzc[ngjg_g%’j (2.15)
There are three cases of SAW propagation with respect to the homogeneous bulk
conductivity of the semiconductor:
1) Conductivity is zero (c = 0).

As the zero space charge condition, Poisson’s equation requires the derivative of the

displacement vector to be zero, as:

o _
ox

0=0 (2.16)
From Eq.(2.15), the increased elastic constants will be:

c'=c[1+ij (2.17)

ce



18

and thus acoustic velocity becomes:

A (2.18)

This effect is defined as piezoelectric stiffening and is used to define the
electromechanical coupling coefficient K” as a measure of strength of the piezoelectricity

of a given material.

2) Conductivity is infinite (c = o).
The very high conductivity implies that the internal electric field has to vanish. Thus,

the electric stiffness is absent. The wave equation (2.15) reduces to:

2 2

which describes longitudinal sound wave in a medium appearing to be non-piezoelectric.

The sound velocity is then:

A (2.20)

3) Limited conductivity (0<c<w).

For the intermediate value of the conductivity, the wave is accompanied by D
fields, currents, and varying space charge. The acoustoelectric interaction between the
piezoelectric semiconductor and longitudinal electric field accompanying the SAW will
has two effects on the acoustic wave. 1) The surface acoustic wave is attenuated due to
ohmic losses; 2) The surface acoustic velocity is altered by the piezoelectric stiffening of
the material. The propagation of the SAW in piezoelectric semiconductor with
homogeneous bulk conductivity can be described with a frequency dependent relaxation-

type model. The dispersion frequency is directly controlled by the bulk conductivity of
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the material. The attenuation, I', and change in SAW velocity, Av/vy, in the case of a

homogeneous piezoelectric semiconductor are [5]:

Av _v-y, K ? 1
v, v, 2 1+(0,/w)
2
r-X° kLa’)z (2.21)
2 1+(w./w)
where K” is the piezoelectric coupling coefficient and & =2 is the wave vector. o,
Vo
is the conductivity relaxation frequency defined as:
o, =—2 (2.22)
£ +¢,

where o is the conductivity of the semiconductor, €, and &, are the dielectric

constants of the piezoelectric substrate and the half-space above it, respectively [7].

2.3.2 Interaction of SAW and Thin Semiconducting Layer

In the case of a thin semiconducting layer system placed on the piezoelectric
crystal’s surface, the mobile carriers are confined to a conductive layer of thickness d,
which is assumed to be much smaller than the wavelength of the SAW in the following
analysis. The thin semiconducting layer can be either single layer semiconductor film or
two dimensional electron gas (2DEG) formed by heterojunction, which supplies special
advantage as the high electron mobility. The longitudinal electric field of the SAW can
only be screened at the piezoelectric surface, i.e., z=0. The fact that here the conductivity
is restricted to a thin sheet results effectively in a modification of the relaxation frequency

o, which is dependent on the SAW wave vector, k = 2n/A for homogeneous
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semiconductor.

Because the electric field in the homogeneous bulk semiconductor decreases
exponentially with the height (¢*), a layer of thickness 1/k effectively carries this current.
For the thin semiconducting layer, the available thickness to carry the current is defined

as d. Thus the effective resistance, and the time constant becomes 1/kd times larger:

r=8t5 (2.23)
o kd
and the conductivity relaxation frequency becomes:
o, = kd-o _ ok (2.24)
& té& & té&,
where c4=c-d is the sheet conductivity of the thin film.
Thus, the ratio o./m in Eq. (2.21) becomes frequency independent
o,k
O, _&+éE _ o, __ g, _04 (2.25)
2 2 o V(6 +&) oy
Vet e)
where oy = vy (€1 + €2), is the conductivity, at which the maximum loss occurs.
Now Eq. (2.21) becomes:
g_v—vo_K2 1 (2.26)
A A 2 1+(o,/0,) '

_K_zk (O-d/GM)
2 1+(o,/0,)

Figure 2.4 (a) and (b) illustrate Eq.(2.26), i.e., (a) the relative change Av/vy=(v-vg)/vo
of the sound velocity; (b) the attenuation I' per unit length, as function of the sheet

conductivity of the thin semiconducting layer.
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Figure 2.4. Change in sound velocity Av/vy (a) and attenuation coefficient per unit
wave vector k (b) in units of effective coupling coefficient K’ as a function of the

ratio 6g/cm. The thin conducting layer is assumed to be located on top of the

piezoelectric surface.
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2.4 UV SAW Devices

The ultraviolet (UV) light photodetectors have been extensively studied for years, as
they have wide applications in the UV astronomy, flame detection, UV radiation
dosimetry, early missile threat warning, and chemical/biochemical reagent detectors. For
solid-state UV photodetectors, various materials have been used, such as Si, GaAs, SiC,
GaN, AlyGa;xN, ZnO and Mg,Zn;<O. The basic device structures of current solid-state
UV photodetectors include: 1) photoconductors; 2) Schottky metal-semiconductor-metal
(MSM) detectors; 3) Schottky barrier photodiodes; 4) p-i-n photodiodes; 5) Avalanche
photodiodes; and 6) Focal plane arrays [12]. These structures have been designed to
fulfill various UV detection requirements, such as detection speed, sensitivity, bias,
quantum efficiency, and fabrication simplicity. However, most of these UV
photodetectors need either voltage or current to drive. As a result, the direct wire
connection and additional power supply become necessary. In order to construct zero-
power and wireless UV detector for distributed sensor network, several UV SAW
photodetectors have been proposed to integrate the UV sensing function and SAW
technology based on the acoustoelectric interaction [13-20]. In the UV SAW
photodetectors, the UV sensitive semiconductor layer is integrated on, or in, the SAW
device. The incident light will be absorbed by the semiconductor and generate electron-
hole pairs. These free carriers in the semiconductor layer will interact with the electric
field accompanying the propagating SAW, resulting in an increased insertion loss.
Additionally, a velocity reduction will occur due to the piezoelectric stiffening, resulting
in a phase shift and time delay across the SAW device. Both the attenuation and phase

changes can be used as the sensing information. Beside the sensitivity issue, the UV SAW
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photodetectors offer important features as passive (no power supply necessary) and RF
readout (for wireless communication).

Recently, several UV SAW photodetectors have been proposed and demonstrated
with various piezoelectric and UV sensing layer integration. GaN based UV SAW devices
were demonstrated by using MOCVD grown GaN on c-plane sapphire substrates [13-17].
In these devices, GaN, which is a weakly piezoelectric wide bandgap semiconductor, was
used for both SAW excitation and UV sensing. A GaN-based SAW UV detector was
reported to cause a 60 kHz oscillation frequency shift at 221.3 MHz when used as a delay
element in the feedback path of an oscillator. The estimated electromechanical coupling
coefficient K” is ~0.055% and the achieved relative oscillation frequency shift is 271 ppm.
The maximum response was observed at the optical wavelength of 365 nm, which
corresponds to the photon energy equals to the band gap width of GaN 3.4eV [14]. In an
alternative configuration, a SAW launched from an input interdigital transducer (IDT)
was used to sweep electron-hole pairs generated in the sensing area to an MSM
photoconductive detector out of the sensing region [15]. The schematic experiment setup
is shown in Figure 2.5. The responsivity of this MSM photodetector was reported to be a
function of the frequency and power of the SAW.

Based on the acoustoelectric interaction, the coupling coefficient K is the key factor
to influence the change of velocity and attenuation. A higher K is desirable for the larger
acoustoelectric effect and hence the high sensitivity. A hybrid ZnO/LiNbO; SAW UV
photodetector was also reported, for better piezoelectric coupling [19]. The LiNbO;
substrate was used for SAW excitation, while the unbalanced RF magnetron sputtering

deposited ZnO film was used as the photosensitive layer. This device was reported to
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exhibit a frequency shift of 170 kHz at 37 MHz, for a UV light intensity of 40 mW/cm®.
The wavelength of the UV light is of 365 nm. In order the enhance the UV sensitivity, a
hybrid ZnO/LiNbO3; UV SAW photodetector was reported with thinner ZnO thickness
(71 nm) to minimize the influence of the mass loading [20]. The UV SAW photodetector
was connected in the feedback loop to form an oscillator. The UV sensitivity was
evaluated by both the oscillation voltage amplitude and frequency shift. For the
amplitude measurement, the UV sensitivity was depended on the power supply V.. of the
oscillator circuit and an oscillation quench was observed with a higher UV light intensity.
The voltage responsivity is reported to be ~24 kV W', which is better than the results
from [19]. For the frequency evaluation, there was ~28 kHz oscillation frequency

(f,=35.4 MHz) down shift when UV illumination (~34 pW c¢m™) was chopped after 5s.
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Figure 2.5. Schematic experiment setup for the integration of SAW generator and a

UV photodetector [15].
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2.5 Tunable SAW Devices

Another important application example of the acoustoelectric interaction in the
communication and sensing is the tunable SAW devices. For traditional SAW device, the
acoustic velocity and frequency are un-adjustable because after the fabrication, metal
patterns, such as IDT fingers, and the delay line length is fixed. However, such tunability
is critically important in many applications, such as advanced communication receivers,
as it enhances filter flexibility and allows adaptive signal processing, and tunable sensors.
The tunable SAW device can be inserted to the feed back loop to form a voltage-
controlled oscillator (VCO) without additional phase shifter. Tunable SAW delay lines
can also be used in various analog signal processing circuits, for example in radar
applications. As a SAW sensor component, the tunable SAW sensor can improve the
sensitivity and selectivity of the sensing, extend the lifetime by “resetting” the sensor
velocity range. The tunable SAW device can also be used as adjustable RF ID tag for
wireless identification.

Great efforts have been involved to realize practically usable tunable SAW
devices. The proposed approaches mainly include three categories based on the operation
mechanisms, including filter banks with selectable filters [21-23], perturbation of
piezoelectric material properties [24-31], and perturbation of SAW propagating boundary
conditions [32-41]. In the first approach, the responses of a number of IDTs, placed either
in series or parallel, are combined to achieve the desired time delay or frequency
spectrum [21, 22]. RF or mechanical switches have been used to select the suitable filter
channel. Figure 2.6 shows the schematic diagram of the tunable SAW device with RF

switch [22]. A mechanical switch approach, as shown in Figure 2.7, has also been
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reported, in which the channel SAW filters in the separate package are located
sequentially in an imaginary cylinder and on the ribs in the radial planes passing through
a symmetry axis of this cylinder [23]. However, there are several major drawbacks of
filter bank approaches: 1) the tuning of the time delay and frequency is not continuous; 2)
the dimension of the device is large, such as the device reported in [23], which has the
dimension of 55 x15 mm?”. These drawbacks make the filter bank based tunable SAW
filters impractical for a number of applications which require miniaturized components,

such as cellular phones or wireless sensors.
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Figure 2.6. Schematic diagram of the tunable SAW device with RF switches [22]
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Figure 2.7. 3-D construction of the tunable SAW device with mechanical switch [23]
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In the second approach, either DC bias or magnetic field was applied to the
piezoelectric material directly or magnetostrictive material adjacent to the piezo-substrate
to adjust the material stiffness and then SAW propagating properties. For example, a
tunable SAW oscillator was proposed [25] with the normal field configuration on x-cut
quartz, in which two electrodes deposited on the upper and lower surface of the SAW
propagation medium. DC bias was applied to the medium through these two electrodes to
adjust the effective stiffness coefficients of the material. In such a device, a voltage as
high as 5.5 kV was needed to achieve a 12kHz oscillation frequency shift at the center
frequency of 59.08 MHz, corresponding to a tuning range of only 0.02%. Obviously, this
high bias is highly incompatible with most applications. Another proposed device used
the in-plane filed configuration, which located the two electrodes beside the SAW
propagation path or delay line on various LiNbO3 substrates [26]. Although the operation
frequency increased up to ~800 MHz, the velocity tuning rang is still very small. For
example, a Av/v of 15x10® V™' was reported for the in-plane configuration, and a
comparable Av/v of 33x10™® V! for the normal field configuration. It requires voltages on

the order of 6 kV to achieve 0.1% velocity tunability.
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Figure 2.8. Tunable SAW device configurations using an electrical field to vary the
effective stiffness constants of the piezoelectric material: (a) normal field top view;

(b) normal field side view; (c¢) in-plane field top view; and (d) in-plane field side view.
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Beside the application of DC bias to adjust the material effective stiffness, the
magnetic field dependence of the stiffness coefficients in a magnetostrictive material was
also proposed to realize the tunable SAW devices [28-31]. Compared to electrical field
configuration, the reported magnetic field depended tunable SAW devices had relative
larger velocity tunability. However, the requirement of additional magnetic field
generation equipment makes this kind of devices not suitable to portable or mobile
applications.

In comparison to the first two approaches, the perturbation of the electrical boundary
condition based on the acoustoelectric interaction is more practical to realize tunable
SAW device with low bias, large tunability range, continuously tuning and small
dimension. In the device operation, the effective coupling coefficient K~ is the key factor.
The perturbation of the electrical boundary condition can be realized by either current
flow control or charge control. The current flow control mechanism was proposed in the
design of piezoelectric acoustic amplifier or SAW delay line amplifier based on the
acoustoelectric interaction [32-34]. By applying DC bias to the semiconducting medium
adjacent to the piezoelectric substrate, amplification gain could be achieved when the
carrier drift velocity vs exceeds the phase velocity v,. In this design, the external DC
electric field is aligned in the same direction of the propagating SAW. For charge control
mechanism, there is no drift current inside the semiconductor. The total power
consumption is reduced. The velocity tunability is realized through the control of the free
carrier density in the semiconducting medium by forming either depletion or
accumulation layer. Metal-insulator-semiconductor (MIS) and metal-semiconductor (MS)

schottky diode (normal or in plane) configurations were proposed in the device design
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[35-37]. J. D. Crowley et al. proposed a voltage tunable SAW device with a Si/Air
gap/LiNDbOs vertical structure and SiO, was used as the spacer [35]. DC and pulse bias
was applied to the electrode on top of the silicon and the ground electrode beneath the
LiNbOs; to from the depletion or accumulation layer in the silicon. The center frequency
of the SAW was 230MHz. For a device with 12mm long Si bar, at +30V pulse voltage,
the reported phase shift of the device was 180 °, corresponding to a 0.06% relative
velocity change. T. W. Grudkowski et al. reported another configuration by integrating
the GaAs SAW and lateral Schottky barrier diode at the delay line region [36]. With an
electrode length of 10mm, the maximum velocity change was reported to be 0.0575%
with a —60V reverse bias. In order to investigate the silicon IC compatibility, S. Urabe
investigated the velocity tunability of the device with a metal-zinc oxide-oxide-silicon
(MZOS) structure [37]. After the thermal growth of 100nm SiO; layer on top of the n-
type Si wafer, a 1.0 um ZnO film was fabricated using an rf-sputtering system with
hemispherical configuration. Aluminum IDT and top electrode were fabricated on the top
ZnO surface. Another ohmic electrode was deposited on the bottom surface of the n-Si
wafer. DC bias was applied to the structure and depletion layer was formed in the n-Si.
The length of the top electrode is 4mm. The schematic of the prototype MOZS SAW
phase shifter is shown in Figure 2.9. The maximum phase shift of the device is 67 ° at —
5V bias, corresponding to a relative variation of 0.085%. Further increase of the bias will
make the device into strong inversion and surface charge polarity change. The phase shift
tends to zero, and the attenuation due to minority charge carriers is large. By comparing
these reported results, it can be seen the velocity tuning ranges are rather small, mainly in

the ppm level.
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Figure 2.9. Schematic of the experimental MZOS SAW phase shifter [37]
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An improved result is reported using a two dimensional electron system (2DEG) to
tune the acoustic velocity [38-41]. The first demonstration of 2DEG tunable surface
acoustic waves used the GaAs/ AlyGa;  As system, where the GaAs substrate was used as
a piezoelectric medium, and the 2DEG was formed in the AlyGa;xAs quantum well [40].
Due to the small coupling of the GaAs (k’gaas< 0.06%), the reported tunability range was
<0.1%. The better version of the 2DEG tunable SAW device was reported by the same
group which integrates the GaAs/ AlyGa;xAs quantum well (QW) with LiNbOj3 substrate
[41]. The QW was epitaxially lifted off, and bonded to the LiNbO; substrate using Van
der Waals forces. The effective coupling coefficient of this hybrid structure was reported
to be 3.5%, with a velocity tunability of 0.5%. However, the epitaxial lift-off and Van der
Waals bonding technologies are very complicated with low yields, poor reliability and
high expenses; therefore, unsuitable for commercial applications.

Tunable SAW devices have wide applications in advanced communication systems
and chemical/biochemical sensors. The tunable SAW device can be inserted into the feed
back loop of an oscillator to form a SAW VCO. VCO is one of the principal components
in transmitter and receiver systems. Tunable SAW devices can be implemented into
adaptive filters, which are necessary in many wireless sensors and communications
applications, where the signal may shift frequency to adapt to environmental factors such
as multipath interference, and to avoid interception by a third party. Tunable SAW
devices are attractive platforms for chemical and biochemical sensing, by improving the
sensors’ sensitivity, selectivity and lengthening the SAW sensor lifetime by “resetting”

the sensor velocity range.
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2.6 ZnO and Mg,Zn,_ O related properties

As a direct wide bandgap semiconductor, ZnO (E; ~ 3.3 eV at 300K) has attracted
increasing attention in potential blue and UV optoelectronic applications. Because of its
large exciton binding energy (~ 60meV), which is 2.4 times the thermal energy at room
temperature, the excitonic emission mechanisms are significant at temperatures even
above room temperature. ZnO is a [I-VI compound semiconductor whose ionicity resides
at the borderline between covalent and ionic semiconductor. ZnO crystals commonly
exhibit a wurtzite structure (hexagonal symmetry) or a zincblende structure, with
c=5.2069A and a=3.2495A. Compared to another popular wide bandgap semiconductor
GaN (~3.4eV at 300K), ZnO offers advantages as 1) more efficient optical emission and
detection [42], 2) better radiation resistance [43, 44], 3) ZnO has commercially available
native substrate, 4) simpler growth technology and lower cost for devices, 5) wet
chemical processing is feasible; 6) epitaxial films can be grown at low temperature (<400
°C). Because of the small lattice mismatch, ZnO has been used as the buffer layer to grow
high quality GaN film [45, 46]. GaN films grown on high quality ZnO buffer layers have
been observed to have better structural properties compared to GaN films grown on
sapphire and SiC. Compared conventional Si based photosensitive devices, ZnO
possesses excellent optical properties for high sensitive UV detection [47-51]. ZnO is
inherently visible blind. The wide bandgap promises a low dark current in the photodiode,
reducing the need of a cooling system. The large photoresponse leads to high quantum
efficiency and low bias voltage. ZnO can be alloyed with CdO and MgO to form the
ternary compounds, extending the direct energy band 2.8eV to 3.3 eV and 3.3eV to 4eV.

Such properties eliminate the needs for bulky blocking filters, dramatically simplifying
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the optical system design. By tailoring the energy bandgap, ZnO based photodetectors
can used to detect radiations ranging from UVA (315-400nm), to UVB (280-315nm) and
UVC (200-280nm). Optically pumped laser emission has been observed in ZnO films
deposited by plasma enhanced MBE on sapphire [52]. This opens up the possibility of
developing UV lasers from ZnO films.

Beside the excellent optical properties, ZnO is also known as a piezoelectric
material with high electromechanical coupling coefficients for years. ZnO has been used
as a piezoelectric material in bulk acoustic wave (BAW) and surface acoustic wave (SAW)
delay lines, filters, and resonators in wireless communication and sensors. ZnO thin films
have been used in conjunction with low loss high acoustic velocity substrates, such as
sapphire (Al,03) and diamond; with semiconductors, such as Si, GaAs, and InP; and with
low coupling coefficient piezoelectric materials, such as quartz.

The as-grown ZnO film is usually n-type semiconductor, due to crystal defects [53,
54]. Through proper doping, ZnO film can be made from highly conductive to highly
insulating, transparent, ferroelectric and piezoelectric, and ferromagnetic. ZnO based
transparent conductive oxides can be realized by Al and Ga doping, which can be used as
transparent electrode in the field of photovoltaic solar energy conversion [55, 56].
Compensation doping using Li, Ni and Cu has been used to achieve insulating ZnO films
for piezoelectric applications [57-59]. In-situ N doping, Ga : N and Ga : As co-doping
have been reported to achieve p-type ZnO [60-62]. Various transition metals (TM), such
as V, Co, Mn and Fe, have been reported to dope into ZnO and realize the diluted

magnetic semiconductor for novel spin-electronics applications [63-67].
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Alloying ZnO with MgO (E, ~ 7.7eV) forms Mg Zn, O, extending the direct
energy band gap from 3.3 eV (ZnO) to ~4.0 eV (Mg, ;;Zn,, (,O). The range of direct band

gap energies obtainable is limited by the solubility limit of MgO in ZnO. According to
the phase diagram of the ZnO-MgO binary system, the thermodynamic solid solubility of
MgO in ZnO is less than 4 mol % [68]. In addition, MgO has a NaCl-type structure,
which consists of interpenetrating face centered cubic (f.c.c) Mg and O sub-lattices, while
ZnO has a wurtzite structure, which consists of interpenetrating hexagonal close packed
(h.c.p) Zn and O sub-lattices. Several deposition methods have been used to grown
MgZn; O films with Mg content up to 33%, including sputtering, pulsed laser
deposition, MOCVD, metal organic chemical vapor phase epitaxy (MOVPE) and laser-
assisted molecular beam epitaxial (MBE) [69-71]. It has been found that MgO segregates
in the wurtzite MgZnO lattice above 33% of Mg content and further increase of the Mg
content will result in MgsZn; 4O films into metastable cubic. The 0.85 eV bandgap offset
(x=36%) between MgiZn; O and ZnO indicates that MgyZn; O is a suitable barrier

layer in MgyZn;.xO/ZnO heterostructure. The electronic and optical properties of Mg Zn,_
LO can be tuned by adjusting the Mg composition x in the ternary compound. These
properties make Mg 7Zn, O a promising candidate for solar blind UV photodetectors.
Mg 7Zn, O/ZnO heterostructure has wide potential applications, such as UV lasing and
heterostructure field effect transistor (HFET) devices. Integrating the Mg Zn, O/ZnO

heterostructure with SAW technology may realize high efficiency tunable SAW device
based on the acoustoelectric interaction, which offers low bias and large tuning range.

Some important material properties of ZnO are listed in table 2.1 below.
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Table 2.1 Important material properties of ZnO

Crystal class Waurtzite (hexagonal)

Lattice parameters [A] a=3.2498 ; c=15.20661

Energy bandgap ~3.32 eV at room temperature
Dielectric constants (constant strain) €11 =8.55;¢e33=10.2

Piezoelectric stress constants [C/mz] e15=-0.48 ;31 =-0.573 ;e33=1.32

2.7 Summary

The scope of this thesis work is to develop integrated multifunctional ZnO SAW
devices based on the acoustoelectric interaction. Traditional SAW devices have found
wide applications in telecommunications and sensors. However, they lack tunability of
acoustic velocity, which is critically important in many applications, such as adaptive
communications and tunable sensors. Different approaches have been proposed to
achieve the tunability of SAW devices with their special advantages and disadvantages.
The acoustoelectric interaction between the adjacent free carriers and SAW supplies an
efficient way to impact the SAW propagation properties and realize acoustic tunability. In
addition, the implementation of the acoustoelectric interaction will extend the
functionality of the SAW device and generate novel electronic and sensing devices.

As a versatile material, ZnO shows multiple functionalities and supplies the
fundament for multifunctional device integration based on the acoustoelectric interaction.
To fulfill the device fabrication requirements, we will investigate the wet and dry etching
of ZnO films grown on r-Al,O; substrate. In this dissertation, we will investigate the
feasibilities to fabricate two types of integrated SAW devices based on the acoustoelectric

interaction. A novel ZnO based UV SAW device will be investigated, in which the UV
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sensing function of ZnO film will be integrated to the SAW technology. In comparison to
the traditional UV detectors, the ZnO UV SAW device is passive and enables the output
in frequency domain, suitable for wireless sensor network. In this dissertation work
another integrated multifunctional device, the ZnO based multimode tunable SAW device,
will be demonstrated. The acoustic velocity tunability is achieved by changing the sheet
conductivity of the semiconducting channel through the gate biasing. The ZnO based
tunable SAW devices are expected to find broad applications in communications, as well

as in chemical/biochemical sensing.
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Chapter 3. ZnO Processing Technology — Wet and Dry etching

In the development of ZnO tunable SAW devices, various semiconductor processing
techniques are involved, such as etching, diffusion and Schottky/ohmic contact, etc.
Based on the device design, the ZnO tunable SAW devices are constructed with a
semiconducting ZnO/ piezoelectric ZnO multilayer structure on r-Al,Os substrates. The
etching process is of critical importance to the device fabrication and device performance.
Beside the function of forming and delineating patterns accurately, there are special
etching requirements in the tunable SAW device fabrication, including 1) The ZnO
etching rate needs to be controllable to make good ohmic contract to the semiconducting
ZnO layer and to avoid over etch the piezoelectric ZnO layer; 2) the etched surface need
to be smooth and less surface damage to achieve good metal contact, IDT fabrication and
SAW response; 3) to isolate the cross-talk between each device, mesa etching to the
substrate is desired for thick ZnO films (~2.0 um). The mesa etching of the thick ZnO
layer requires steep sidewall and less lateral pattern shrink for compact device design.

Similar as other semiconductors, wet chemical and dry etching technologies has been
applied to ZnO, with the consideration of their special advantages and disadvantages. In
order to fulfill the requirement of ZnO tunable device fabrication, investigation of both
the wet chemical etching and dry etching of ZnO and MgZn; O films grown by
MOCVD on r-Al,O5 substrate has been conducted. The processing optimization has been
carried out to generate controllable etch rate, steep etch sidewall, smooth etched surface
and less surface damage. The developed ZnO etching processes have been successfully

applied to the prototype ZnO tunable SAW device fabrication.
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3.1 ZnO and Mg,Zn;_ O Films Grown by MOCVD on r-Al,O; Substrate

Epitaxial ZnO and Mg,Zn; O (0< x< 0.35) films grown by MOCVD on r-Al,O3
substrates were used in this etching study [72-74]. In the MOCVD growth, diethyl zinc
(DEZn) and oxygen (O,) are the precursors for ZnO growth. (MCP), Mg is the precursor
used for alloying ZnO with Mg. The Zn and Mg vapors are introduced onto the rotating
substrate in the vacuum chamber, using argon (Ar) as the carrier gas flowing through the
bubblers. The oxidizer O; is introduced through a separate line into the chamber to avoid
the gas phase reaction before deposition. The substrate temperature was maintained at
400-500°C.

The substrate used in our work is r-plane sapphire (Al,Os3). The use of r-Al,O3
substrate offers following three advantages targeting for ZnO tunable SAW devices: 1)
the c-axis of the ZnO film is in-plane, resulting in unique anisotropic acoustic properties,
which can be used for multi-mode SAW generation; 2) the system has higher
electromechanical coupling coefficients, k?, up to 6% for certain wave modes. The high
coupling coefficient is critically important for applications based on acoustoelectric
interaction; 3) lattice mismatch between ZnO and r-Al,O; is less than that in ZnO/c-
AL O3, resulting in high quality ZnO thin films.

The quality of the films was characterized using a Leo-Zeiss field emission electron
microscope (FESEM), high-resolution x-ray diffraction (XRD) 6-20 scan. Figure 3.1
shows FESEM image of the MOCVD grown ZnO on r-plane Al;O;. The as-grown film is
dense and uniform. Figure 3.2 shows the 6-20 scan of x-ray diffraction pattern of the
MOCVD grown ZnO film on r- Al,O; with full width half maximum (FWHM) 0.12

degree. The epitaxial relationships between ZnO and r-plane sapphire were determined to
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be (1120) ZnO|| (0112) ALO;, and [0001] ZnOJ|[0111] ALO; The MOCVD grown
MgiZn; 4O (0<x<0.33) films on r-Al,O; substrate were characterized by using FESEM,
XRD, Rutherford backscattering spectrometry (RBS) and optical transmission. Figure 3.3
shows the FESEM image of the MOCVD grown Mg,Zn; O (x=0.2) film on r-Al,O3
substrate. Figure 3.4 shows the x-ray 6-20 scan of the MOCVD grown Mg,Zn; 4O (x=0.2)
film on r-Al,O3 with FWHM of 0.28 degree. The epitaxial relationships between Mg,Zn;.

O and r- ALL,O; are determined to be (112 0) Mg.Zn;O || (0112) AlO3, and [0001]

MgyZn; <O || [0111] ALOs. The composition of the as grown MgiZn; O films was
analyzed by Rutherford Back Scattering (RBS) method. Figure 3.5 shows the RBS
spectrum of a Mg,Zn, O film. The dotted line is the experimental data and the solid line
presents simulation results of Mg 26Zng 740 film. It can be seen that the experimental data
fit well with the simulated profiles. The MgyZn;xO film was thus determined to be
Mg 26Zn0740. Figure 3.7 shows the optical transmission spectra for ZnO, MgsZn; O
films with different x values. The progressive blue shift with increasing Mg content is

evident.
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Figure 3.1. FESEM image of ZnO on r-Al,O3
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Figure 3.2. 0-20 scan x-ray diffraction of ZnO film on r-Al,O3
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Figure 3.3. FESEM image of Mg,Zn; O (x=0.2) on r-Al,O3
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Figure 3.4. 0-20 scan X-ray diffraction of Mg,Zn;.,O (x=0.2) on r-Al,O;
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Figure 3.5. RBS spectrum of Mg.6Zn.740 film. The value of x was determined by

fitting the simulated profile with the experimental data.
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Figure 3.6. Optical transmissions of ZnO and Mg,Zn; O films with various Mg

compositions.
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3.2 Wet Chemical Etching of MOCVD Grown ZnO films on r-Al,O3

Substrates

Wet chemical etching process has been widely used in the ZnO-based device
fabrication with the major advantages as simple processing, low cost and less surface
damage. ZnO films can be etched with both acidic and alkaline solutions, including
mixtures such as, HNO; HCI, HBr, BOE, BHF, NH4Cl and Ammonia [75-85]. The
etching products of ZnO in aqueous alkali or ammonia are mainly zinc hygroxide
(Zn(OH),), or tetramminezinc (II) complex and soluble zincates by excess alkali.
Reacting with acidic solutions, numerous salts are the products. Many of these salts,
including chlorides, bromides, iodides, nitrates, sulfates, acetates, chlorates, and
perchlorates, are soluble in water. For example, the basic etching process of ZnO in
aqueous HCl is:

H,0+ HCI( — H,0%(ag) + Cl " (ag)

aq)

ZnQ,

+ 2H3O+(aq) + 2Cli(aq) = Zn2+(aq) + 2C17(aq) + 3H20
Because of the crystalline structure of ZnO, the etch rates of many etchants are

direction dependent. In the wurtzite type structure of ZnO, Zn layers and O layers are

alternately stacked along the ¢ axial direction. In the single crystal ZnO, there are two

polar surfaces: the Zn-terminated (0001) surface and the O-terminated (0001 ) surface.
These two surfaces were terminated by the same ion, i.e. Zn or O, respectively; therefore,
these surfaces have great potential for appearance of distinctive chemical properties [75].
It has been reported that the etch rate of the oxygen face is one order of magnitude faster
than the zinc face. Normal to the c-axis, the etch rate is between 40 and 50 times higher

than the zinc face [76]. The etching of ZnO is mostly reaction-rate limited with the usual
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characteristics, i.e., no dependence of the etch rate on the agitation of the acid mixtures
and high activation energy (>6 kcal mol ') with a linear dependence of etch depth on
time. In the case of viscous acids such as HySO4 or H3POy, the etching may be diffusion-
limited with a low activation energy (<6 kcal mol™), strong dependence on agitation of
the mixture, and a square root dependence of etch depth on time [77].

In the ZnO based thin film device fabrication, several parameters are used to evaluate
the etching process, including the etch rate, sidewall slope, etched surface roughness and
damage. Currently, various technologies are used to grow ZnO films, including molecular
beam epitaxy (MBE), pulsed laser deposition (PLD), RF Sputtering and chemical-vapor
deposition (CVD), etc. The etching phenomena show differences in ZnO films grown by
different methods.

The etching sidewall slope is mainly determined by the vertical and lateral etch rate
of the ZnO film with different etchants. For strong acid as HCI and HNOj3, the etching
process is less controllable, even if the acid concentration is drastically reduced, because
of the relatively large H3;O" concentration. Etching solutions with suitable H;O"
concentration is desired for a controllable etch rate [78]. During the ZnO film etching, the
adhesion between the mask layer and the ZnO film is another factor influencing the
etching profile. Traditional photoresist (PR) mask can be used for large pattern etching.
However, due to the poor adhesion to ZnO films, the lateral etch rate is high and the etch
profile shows a shallow etch slope. Metal masks, such as Cr and Ni, show good adhesion
to the etched film and may generate the steep sidewall. However, the strong acid based
metal mask etchants will attack ZnO and finally destroy the pattern.

Up to now, most of the previous studies of ZnO etching were carried out based on
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polycrystalline or epitaxial (0001) ZnO films. For the ZnO/r-Al,O3; material system used
in the tunable SAW device fabrication, since the c-axis of ZnO film is located in the
surface, there exists unique in-plane anisotropy in electrical and optical properties. On the
other hand, the anisotropic etching behaviors are also expected. In the ZnO wet chemical
etch rate investigation, different etching solutions and composition ratios have been used,
including HCI: HO, HNOs: H,O, BOE and H3;PO4: H,O. The used MOCVD grown ZnO
films had thickness ranging from 0.5 to 2.5 um. The etched surface was inspected by
using SEM and optical microscope. In order to investigate the influence of this etching
process on the material properties, such as surface binding and electrical resistivity, X-ray

photoelectron spectroscopy (XPS) and four-point probe measurements were carried out.

3.2.1 Investigation of ZnO Etch Rates

The etching rates of different etching solutions and composition ratios are shown in
table 3.1. From table 3.1, it can be seen that the etching rate has close relation with the
concentration of acid solution. Strong acids with high concentration usually yield higher
etching rate. Based on the requirement of device fabrication, controllable etching rate can

be achieved by adjusting the solution concentration.



Solution Etching rate
Etching solution _
Concentration (um/min)
HCI: H,O 1:60 1.9
HCI: H,O 1:200 0.9
HCI: H,O 1:500 0.4
HCI: H,O 1:900 0.2
HNOs: H,O 1:100 0.9
BOE 1:7 0.06
1:1:30 2.2
1:5:60 1.8
1:1:80 1.4
H3PO4§ C6H807 ZHzo

1:1:150 1.0
1:1:200 0.8
1:2:300 0.65

Table 3.1. The etching rates of different etchants and concentrations

50
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3.2.2 Investigation and Optimization of the ZnO Etching Slope

For ZnO film epitaxially grown on r-Al,Os, different etching solutions generate

different etching slopes of the pattern edges, resulted from the difference of vertical and
lateral etching rates. This is due to the in-plane anisotropy of the (1120)ZnO films. Most
of the etching solutions used in our experiments have a higher lateral etching rate than the
vertical one, and generate a small etching slope. For 2.0 pm (1120) ZnO film with

photoresist as an etching mask, HCI: HO (1:100) and H3PO4: H,O (1:200) generate
etching slopes as 1:12~13 (4.6+£0.2°) and 1:9~10 (6.0+0.3°), respectively. Higher
concentration of strong acid solutions, such as HCI: H,O (1:60) and HNO;: H,O (1:100)
do not improve the slope. In contrast, it has been found that by using H;PO4 etching
solution, a relatively steeper edge slope is generated. For example, a H3PO,4 : CsHgO7:
H,0O (1:1:60) solution resulted in an etching slope 1:5~6 (10.3+0.8°). The introduction of
citric acid is to reduce the concentration of H;O" in the etching solution. H3;POy is not as
strong as HCI and HNOs;, indicated by its first dissociation constant Kal=7.5><10_3 .
Although in the solution, phosphoric acid behaves as a triprotic acid, having three
ionizable hydrogen atoms, its K, and K,3; are much smaller than K,; as shown in Table

3.2 [86].

H;PO4(aq) | < | H'(ag) +H,PO, (aq) Ka=7.5%10 °
H.PO4 (aq) H'(ag) + HPO4* (aq) Ko=62x10 °
HPO, (aq) | & H'(ag) + POs (aq) Kia=17x10 "

0

Table 3.2. Dissociation constants of H;PO,
In wet chemical etching, ZnO dissolves in the aqueous H3;POs acid by the

hydronium ions (H;O") attacking the oxygen, forming water, then producing soluble salt
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Zn0(s) + 2H;0%(aq) --> Zn**(aq) + 3H,0(1) (3.1

The enhanced edge etching, or corner effect, has been observed on all samples as
shown in Figure 3.7. Generally, the enhanced edge etching indicates a diffusion limited
etching reaction [87]. For strong acids in a diffusion limited etching process, the
consumed etchant can be resupplied fast due to the high dissociation constant and H;O"
concentration. This results in a less controllable etching process. In contrast, for the
relatively weaker acids such as H3POy, the supplement of consumed etchant penetrating
below the mask is relatively slower because of its smaller dissociation constant and H;O"
concentration. Thus, the in-plane lateral etching rate is limited in comparison with the
case of the strong acids. By maintaining, or increasing, the vertical etching rate, the edge
slope becomes steeper. In our experiments, instead of the stationary etching process, a
series of discrete short time etching cycles were applied. Each cycle includes a 10 second
stationary etching followed by water cleaning and N, drying. By using this technique
with a H3PO4: CqHgO7 (citric acid): H,O (1:1:60) solution, a 1:3.4~4 (15.1£1.0°) etching
slope is obtained.

The mask/film adhesion condition influences the lateral etching rate. Good adhesion
will limit the penetration of the etchant below the mask; therefore, reduce the lateral
etching rate. To improve the adhesion, a 150 nm Al layer was deposited on the ZnO films
to serve as the etching mask. The SEM photography of the etched sample with an Al
mask is shown in Figure 3.8. The film thickness is ~1.4 um and the Al mask has been
removed. In comparison to thin ZnO films (< ~500nm), the thick ZnO film on r-ALO;

substrate shows larger surface roughness. The root mean square (rms) roughness of a
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~2.0 um ZnO film on r-Al,O3 substrate is ~9nm. The c-axis of the a-plane ZnO film lies in the

growth plane, which results in the in-plane anisotropy of the physical properties between the

directions perpendicular to the c-axis versus parallel to the c-axis. The surface roughness is
caused by anisotropic growth kinetics and in-plane strain relaxation in the films. From
Figure 3.8, it can be seen that this etching process results in a steep sidewall in the
direction along to c-axis of ZnO film, and the profile slope is close to 1:1(45°). For the
edge in the direction perpendicular to the c-axis, the profile slope reaches 1:2 (26.6°).

This etching slope difference indicates that because the film’s primary symmetric axis is

located in the plane, the wet chemical etching of (1120) ZnO film is anisotropic.

70O film (Pattern)

/ 700 film (residuc)

Enhanced etching region
(to r-sapphire substrate

®x150 200 prm
HE2059503 ZnNnO0/R—3arpP

Figure 3.7. SEM of a ZnO sample with enhanced edge etching (Corner effect)
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(b)
Figure 3.8. SEM photography of a ZnO sample etched with Al mask+Phosphoric
etching mixture. Pattern edge (a) parallel to c-axis (b) vertical to c-axis. (Film

thickness 1.4 pm after Al removal)
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3.2.3 Analysis of the Etched ZnO Surface

In order to investigate the influence of the wet chemical etching on the surface
properties, XPS measurements with Al K, radiation are taken. The test samples are
etched 0.6 um with selected phosphoric acid solution. The survey and detailed spectra Zn
2p and Ols are monitored. No change in Zn 2p spectra is found and no Phosphoric
related fragments are shown on the samples. The band broading 5% is found in the Ols
spectrum. Gaussian deconvolution of Ols peak shows the increasing of high binding
energy fragment, probably related with OH and CO contaminations during water cleaning
and etching. The survey and detailed Zn 2p and Ols spectra of the etched and un-etched
samples are shown in Figure 3.9, respectively. For the etched sample (0.6 um etching
depth), four-point probe measurements (MAGNE-TRON Mod M-700) shows no change

in the sheet resistivity (10.0-40.0 Q-cm) compared with the un-etched one.
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3.3 Reactive Ion Etching (RIE) of ZnO and Mg,Zn,_,O Films Grown on
r-Al,O; by MOCVD

Although wet chemical etching of ZnO films has advantages such as simple process
and less surface damage, the major disadvantages are the serious under cut, small
sidewall slope and direction dependence. Meanwhile, dry etching technology has been
widely used in semiconductor device fabrications, which supplies highly anisotropic etch

profile and fine pattern control.

3.3.1 Dry Etching Technology

Dry etching technology is an etching process without using liquid chemicals or
etchants to remove materials and form the pattern. In the dry etching process, a solid state
surface is etched in the gas phase based on three basic etching mechanisms, (1)
physically by ion bombardment, (2) chemically by a chemical reaction with a reactive
species at the surface, or (3) combined physical and chemical mechanisms. In various dry
etching techniques, physical sputtering and ion beam milling are examples of purely
physical dry etching techniques. The reactive plasma etching is an example of a purely
chemical dry etching technique. The reactive ion etching employs both physical and
chemical processes [88, 89].

In the pure physical plasma etching, the etching is realized mainly by momentum
transfer between energetic ions and the substrate surface. The etching process is
inherently nonselective, due to the large ion energies. The etch rate of the pure physical
plasma etching is lower than other dry etching means and the electrical damage from ion

bombardment can be problematic. In the reactive plasma etching, there are six basic steps
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involved: 1% the production of the reactive species in the gas-phase; 2™ the reactive
species diffuse to the solid; 3™ the reactive species are absorbed; 4™ reaction with the
solid surface; 5™ desorption of the byproducts from the surface; 6™ diffusion of the
desorbed byproducts into the bulk of the gas. However, the pure chemical dry etching
does not exhibit high anisotropy, because chemical reactions can and do occur in all
directions. By considering the advantages and disadvantages of pure physical and pure
chemical dry etching respectively, the more useful plasma etching is to add a physical
component to a purely chemical etching mechanism. As a result, the reactive ion etching
(RIE) has been widely used semiconductor industry. In the RIE, a reactive sputter etching
(RSE) consists of bombarding the material with highly energetic chemically reactive ions.
In addition to sputter-removal, the bombarding ions are chosen so that they will
chemically react with the material being bombarded to produce highly volatile reaction
byproducts that can simply be pumped out of the system. To generate plasma operating at
low pressure with very high ion density, which supplies high etch rate and good
anisotropic etch profile, new plasma sources, such as electron cyclotron resonance (ECR)

and inductively coupled plasma (ICP), have been developed [89, 90].
3.3.2 Current Status of ZnO Dry Etching

For ZnO dry etching, some initial investigations have been reported for the sputter-
deposited ZnO thin films and bulk substrates with respect to the etching conditions, etch
rates, etching profiles, surface damage, influence to the optical and electrical properties
[91-98]. Although various gas combinations have been used, there are three basic gas
chemistries 1) Cl, based; 2) CHy4 based and 3) BCl; based.

(a) Cl; based ZnO Dry Etching
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Chlorine based ZnO dry etching is favorable than fluorine based chemistries due to

the volatility of the ZnCl, etch product versus the ZnF, product. The etch rates range

from 20 to 300 nm/min, depending on the etching mixture, RF power, chamber pressure
and substrate temperature [91-94]. The general gas mixtures used in the Cl, based ZnO

dry etching includes Cl,/Ar, C1,/H,, and Cl,/H /Ar.

Band-edge photoluminescence (PL) study indicates that a substantial decrease in the
PL intensity is observed in Cl, and Cl,/H,/Ar plasmas etched ZnO samples [93]. In
comparison to Cl,/H,/Ar plasmas, a more severe degradation was observed in Cl,-based
chemistries and probably due to plasma induced surface damage.
(b) CH, based ZnO Dry Etching

To achieve high etch rate of ZnO, it prefers the etch products have high vapor
pressure and low boiling temperature to make the removal easier. In the CHs-based ZnO
dry etching, CHy fragments can react with ZnO to form volatile metallorganic zinc

compounds, such as (CHj),Zn. For example, one possible product (CH,),Zn has a very
high vapor pressure of 301 Torr at 20°C which is significantly higher than that of ZnCl,

(only 1 Torr at 428°C). The general gas mixtures used in the CH4 based ZnO dry etching
includes CHFs/H,, CH,/CF,, CH4/H,, and CH4/Hy/Ar. The CH4 based ZnO dry etching
rates range from 19 to 300 nm/min, depending on the etching mixture, RF power,
chamber pressure and substrate temperature [91-93, 95]. It has been reported the decrease

in PL intensity observed with CH,/H,/Ar mixtures is not as severe as that observed for
Cl/Ar gas mixtures [93]. Figure 3.10 give the SEM of a ZnO sample etched with ECR
plasma at condition of CH,:CF,=1:1 with 80W RF power and 1kV DC bias [95]. The

etched ZnO sample was grown by MBE with a metal zinc source (7N) and oxygen (6N).
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(¢) BCI, based ZnO Dry Etching

As the third basic ZnO etching chemistry, BCl, avoids the formation of polymeric
compounds during the CH,-based plasma etching. BCl; is a more effective etch
chemistry than Cl, because B and BCl radicals help to remove surface oxides by forming
volatile oxygen compounds such as (BOCl),, BOCI, and B.O,. The general gas mixtures
used in the BCl, based ZnO dry etching includes BCls, BCl; /Ar, BCly/Cly/Ar, and
BCl3/CH4/H,. The BCI, based ZnO dry etching rates ranges from 10 to 300 nm/min,

depending on the etching mixture, RF power, chamber pressure and substrate temperature
[96-98]. Figure 3.11 gives the SEM of a BCl; etched ZnO sample. The etching condition
is 20 sccm BCl; flow rate with 900 W ICP power and 100 W RF power [96]. The etched
ZnO sample was grown by RF-sputtering at 800 °C on c-sapphire substrate.

Besides these three basic ZnO dry etching chemistries, other reaction gases are
also used, such as SiCly and HI. In the ZnO dry etching study, in addition to the etch rate,
the etching profile, etched surface morphology, surface contamination and damage are

also of critical importance to the ZnO based thin film device fabrication.
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Substrate

Figure 3.10. SEM image of a ZnO film etched in a ECR plasma of the gas mixture

with CH, :CF=1:1 with 80W RF power and 1kV DC bias [95]
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Figure 3.11. SEM of ZnO sample patterned with NiCr mask and etched in 20 sccm

BCl,; flow rate with 900 W ICP power and 100 W RF power [96]
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3.3.3 Experimental investigation of SiCl; based RIE of MOCVD grown

ZnO and Mg,Zn,_O films on r-Al,O;

Although some initial dry etching results have been reported for both sputter-
deposited ZnO films and bulk ZnO substrates, there is little information available in
literatures on the dry etching of Mg Zn, O films. As described in chapter 2, Mg Zn, O
and Mg Zn, O/ZnO heterostructure have wide potential applications, such as solar blind
UV photodetectors, UV lasing and HFET. Integrating the Mg Zn, O/ZnO heterostructure
with SAW technology may realize high efficiency tunable SAW device based on the
acoustoelectric interaction, which offers low bias and large tuning range.

Targeting for fine pattern device fabrication and accurate etch rate control, we also
conducted the dry etching investigation of the MOCVD grown ZnO and Mg,Zn; O films
on 1-Al,Os substrates. In this work, SiCly was used as the reaction gas for the ZnO and
Mg Zn, O films. The Reactive Ion Etching was conducted in a Trion MINILOCK II
ICP-RIE system. The plasma density and ion energy are controlled by the ICP coil power
supply and RIE power supply, respectively. Instead of using photoresist or metal as
etching masks, SiO, layer deposited by plasma enhanced chemical vapor deposition
(PECVD) was used as the etching mask. The SiO, mask layer was deposited in a Plasma-
Thermal 790 PECVD system with deposition condition as: substrate temperature: 250°C;
Wall temperature: 60 °C; SiH4 flow rate: 200 sccm; N,O flow rate: 1100 scem; and RF
power: 25 W. To form the SiO; etching mask pattern, a CF4 based RIE process was used
with the photoresist mask. After the ZnO dry etching, the Si0, mask was removed by the

same CF4 based RIE process. Up on the finish of the ZnO RIE, the etched samples were
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immediately rinsed in DI water then dried by N, gas to avoid corrosion by hydrochloric
acid, formed by residual chlorine and water vapor. The Mg,Zn; O RIE etch rates were
investigated as a function of the Mg composition (x=0 for ZnO, 0.17, 0.22, 0.28), with
RIE power ranging from 200 W to 500 W and chamber pressure from 40 mTorr to 100
mTorr. The RIE etch rates of Mg,Zn; O with respect to RIE power and chamber pressure
are shown in Figure 3.12 (a) and (b), respectively. As observed in Figure 3.12 (a), at a
fixed chamber pressure of 60 mTorr, as RIE power changes from 200 W to 500 W, the
etch rates of both ZnO and MgZn, O samples increase. ZnO etch rate is found to change
from 12.8 nm/min to 28.8 nm/min. An increase of the RIE power raises the plasma ion
energy, which in turn enhances the reaction product dissociation from the etching surface,
thus increasing the etch rate. The relatively low etch rate of the SiCly RIE of ZnO is
primarily due to the high boiling temperature (737°C) of the reaction product ZnCl,,
which makes the evaporation of the reaction products from the etching surface difficult,
thus preventing the sample being etched further. As compared to the pure ZnO samples,
the etching of MgcZn; <O includes both ZnCl, and MgCl, as reaction products. The
boiling temperature of MgCl, is 1412°C, which is much higher than that of ZnCl,. With a
higher Mg composition in Mg,Zn; 4O, the ratio of MgCl, in the reaction products
increases, which increases the difficulty of the reaction product removal, thus reduces the
etch rate. In Figure 3.12(b), at a fixed RIE power of 300 W and with a change of the
chamber pressure from 40 to 100 mTorr, the etch rates of both ZnO and MgyZn; 4O is
found to decrease initially, till it becomes relatively saturated. The etch rate of ZnO is
found to change from 22.5 nm/min to 10.9 nm/min. The chamber pressure was chosen in

the ion-assisted etching range. An increase of the chamber pressure reduces the mean free
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path length of the ions, thus reducing the ion energy. Low ion energy in an ion-assisted
etching makes the ion-assisted desorption of the etching products less efficient and
reduces the etch rate further. The possible reason for observed saturation in the etch rate
at high-pressure range (~80 to 100 mTorr) could be due to a shift of etching mechanism
from ion-assisted etching to chemical plasma etching.

Figure 3.13 (a) shows the SEM micrograph of a ZnO sample etched with chamber
pressure of 60 mTorr, RIE power of 300 W and SiCls flow rate of 20 sccm. The SiO,
etching mask is removed by CF4 based RIE. From this figure, it can be observed that
well-defined ZnO pattern is fabricated on the r-sapphire substrate. The etching sidewall is
steep and the sidewall facet is smooth. In comparison to the as-grown films, there is no
observable change in the surface morphology after the removal of the SiO, mask. Figure
3.13 (b) shows a comparison between the RIE etched and un-etched ZnO surface. The
etched surface is found to be smooth, with surface roughness at the similar scale as the
un-etched ZnO surface. Due to the in-plane anisotropy in (1120) ZnO and Mg,Zn,.,O, the
difference in etch rate along c-axis [0001] direction against the etch rate in the
perpendicular to c-axis [1100] direction is observed for wet chemical etching. This in-
plan etching anisotropy is found to be reduced in the SiCls-based RIE.

In order to evaluate the surface damage due to the RIE, room temperature
photoluminescence (PL) spectra were measured. No changes in PL peak intensity and
half-width are observed, suggesting that the good optical quality of the samples is
preserved after RIE etching. To investigate the influence of the SiCly-based RIE to the
surface characteristic of ZnO and Mg.Zn, O, X-ray photoelectron spectroscopy (XPS)

was carried out with Al K, excitation at 1486.6 eV on the etched and un-etched samples.
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The survey spectrum was monitored. Figure 3.14 shows the XPS comparison of the
etched and un-etched ZnO samples. Figure 3.14 (a) and (c) are the survey spectrum of the
un-etched and etched sample. Figure 3.14 (b) and (d) are the zoom-in view of the survey
spectrum to investigate possibility of surface contamination induced by RIE. The
comparison samples were prepared with RIE conditions of chamber pressure of 60 mTorr,
RIE power of 300 W and SiCly flow rate of 20 sccm. Short time BOE cleaning was
applied to the testing samples after the SiCly RIE. Neither Si, nor CI traces are found,

within the sensitivity limit of the XPS equipment.



68

350 - Chamber pressure: 60 mTorr 7
r SiCl4 flow rate: 20 sccm 1
300- m ZnO ]
—_— . Mgl:l1?znt|&’30 . 1
E =T . Mgtl 2zznn ?ao " i
g o i v Mgn?aznmzo ~
m -
©
o 150 F .
i 100 -
é
50 . v -
v v
0 L i 1 1 " L i 1 L 1 " L
200 250 300 350 400 450 500
RIE Power (W)
(a)
T L) T ¥ I %, ] y I x T L T
. RIE power: 300W,
~ SiCl flow rate: 20 sccm
n . 4 _
200 . = 7n0
= ® Mgnﬁznoaao
E 150 ¢ A Mguzzzno.?ao |
3 Y MgU 2azno.?2o
@ 2 »
® 100 | ' L
o A
= e
i o
o
w S0 i
v
v = W
0 1 " 1 L | " 1 i | M 1 " 1

40 50 60 70 80 90 100
Chamber pressure (mTorr)

(b)

Figure 3.12. RIE etch rate of Mg,Zn; O (0< x < 0.28) with respect to the Mg
composition, chamber pressure and RIE power: (a) etch rate vs. RIE power; (b)

etch rate vs. chamber pressure.



69

x10000 SkU

#12405 Orv Etch

Un—etched ZnO surface

RIE etched Zn0 surface

x10000 SkV
#12405 Drv Etch

(b)

Figure 3.13. The SEM photographs of the etched ZnO samples. (a) The SEM of a
RIE etched ZnO sample; (b) The SEM of the un-etched and etched ZnO surface.

The SiO; mask is removed.
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3.4 Summary

In order to fulfill the requirement of the ZnO device fabrication, investigation of the
wet chemical etching and dry etching of MOCVD grown ZnO and MgyZn;.,O films on r-
Al,Os substrates has been carried out. A wet chemical etch process with controllable

etching rate is developed to etch (1120)ZnO epitaxial films. H;PO, generates a better

etching slope due to a diffusion limited etching mechanism. Compared with the
stationary etching, a series of discrete short-time etching-rinsing cycles increase the
vertical etching rate, and therefore improve the vertical/lateral slope ratio. The use of an
Al metal as the etching mask to replace the photoresist mask improves the mask/film

adhesion and limits the lateral etching rate. A vertical/horizontal-etching slope of 1:1 was

obtained in the directions perpendicular to c-axis of (1120)ZnO films. The wet chemical

etching of (1120) ZnO film is anisotropic. The XPS and electrical tests indicate that the

etching process preserves the surface properties of the original films. For the SiCly based
reactive ion etching of ZnO and Mg,Zn; O (x<0.3) films grown on r-sapphire substrates,
it is found that the etch rate of Mg Zn, O increases with an increase of RIE power and
with a decrease of the chamber pressure. It is also observed that an increase of Mg
composition in the Mg Zn, O reduces the etch rate. This is attributed to the high boiling
temperature of the etching products. SiO; is found to be a suitable mask material for
SiCls-based RIE for ZnO and Mg Zn, O. The SEM, XPS and PL measurements show
that under the current RIE conditions, there is no observable surface damage or optical
deterioration of the etched ZnO and Mg,Zn; O films as compared to the as-grown

samples.
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Chapter 4. ZnO based UV SAW Device

The ZnO UV SAW device is based on a multi-layered structure, composed of
semiconducting and piezoelectric ZnO thin films on r-Al,Os substrates. The basic
structure and operation principle of the device is presented. The device fabrication
procedure and testing setup of the prototype UV SAW device are described in this chapter.
In this analysis, the relationship between SAW response (phase shift and attenuation

change) and the UV illumination (light wavelength and power density) is evaluated.

4.1 Device Structure and Operation Principle

The schematic vertical structure of a ZnO UV SAW device is shown in Figure 4.1.
Based on the acoustoelectric interaction, the device is designed by integrating UV
sensitive semiconducting ZnO layer with piezoelectric ZnO layer on r-Al,Os substrates.
The detailed bottom-up layer structure consists of a piezoelectric ZnO layer on r-Al,O3
substrate for SAW generation, an Mg,,Zn, 3O buffer layer, and a semiconducting ZnO
sensing layer. These three layers are all grown by using MOCVD. A thick piezoelectric
ZnO film (~2.0 um) is firstly grown on r-Al,Os substrates. As ZnO has a lower acoustic
velocity than r-Al,Os, this layered system has dispersive acoustic velocity, with higher
order wave modes excited at higher film thickness — frequency (hf) products. Based on
the SAW simulation, the thickness is determined to ensure the excitation of the first
higher order Rayleigh wave mode, the Sezawa wave mode, in the test devices below 1.0
GHz. The Sezawa wave mode is chosen as it has higher acoustic velocity, vsaw, and
maximum effective piezoelectric coupling, K., than the base Rayleigh wave mode and

the Love wave mode [99]. The as-grown, unintentionally doped MOCVD ZnO shows n-
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type conductivity, with a carrier concentration of about ~10'” cm™ [100]. To compensate
the excess carriers in ZnO film and ensure efficient SAW excitation, the piezoelectric
ZnO layer is doped with Li to increase its resistivity to above 10’ Q c¢m [101]. Then, a 50
nm thick Mg ,Zn, 3O buffer layer is used to isolate the semiconducting ZnO layer from
the piezoelectric ZnO layer and as a diffusion barrier for Li. The semiconducting ZnO
layer's thickness, hmesa, varies from 200 nm to 400 nm to analyze the thickness
dependence of the SAW and optical responses. After the formation of the semiconducting
ZnO sensing mesa by wet chemical etching, the Al interdigital transducers are deposited
and patterned on top of the piezoelectric ZnO surface.

For the horizontal device structure, there are three main parameters: the SAW
wavelength A, the delay line length L and the UV sensing mesa length Lye,. The SAW
wavelength A determines the operating frequency of the UV SAW device and is
determined by the periodicity of the IDT electrodes. Three wavelengths, 8, 12 and 16 um,
are chosen based on the photolithography constraints and the piezoelectric film thickness.
The aperture of the IDTs is chosen to be 380 um. The ZnO UV SAW devices are
comprised of two sets, with delay lengths, L, of 1.2 mm and 1.7 mm, and corresponding
mesa lengths, Liess, 0of 1.0 mm and 1.5 mm, respectively. Each set contains SAW devices
with 8, 12 and 16 um acoustic wavelength. The length of the sensing mesa Lyesa 1S
chosen based on ensuring sufficient phase shift and insertion loss change under UV
illumination. The devices are aligned parallel to the ZnO c-axis, which is in the surface
plane of the (1120) ZnO film, to generate the Rayleigh type wave modes. In the IDT
region, the base Rayleigh wave mode has an estimated maximum coupling coefficient of

1.9% with a velocity of 2768 m/s, while the maximum coupling coefficient for the
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Sezawa wave mode is estimated to be 6% with an acoustic velocity of 5658 m/s, leading
to a larger photoresponse.

When the sensing area of the UV SAW device is illuminated by UV light, the
incident light will be absorbed by the semiconductor, generating electron-hole pairs.
Based on the acoustoelectric interaction, these free carriers in the semiconductor layer
will interact with the electric field accompanying the propagating SAW, resulting in an
increased insertion loss. Additionally, a velocity reduction will occur due to piezoelectric
stiffening, resulting in a phase shift and time delay across the SAW device. These SAW
response changes are correlated to the light wavelength and power density of the incident

light and can be used as the UV sensing information.
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Figure 4.1 Schematic structure of UV SAW device.
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4.2 Device Fabrication and Testing Setup
Figure 4.2 gives the flowchart of the ZnO UV SAW device fabrication. After the
MOCVD growth of thick ZnO film (~2.0 um), a post growth Li diffusion process is

carried out to compensate the excess carriers. Then, the Mg »Zn, 3O buffer layer and ZnO

UV sensing layer are grown by MOCVD in sequence.

Substrate cleaning

!

MOCVD ZnO growth
thO~2.0 pLm

|

Li diffusion

|

MOCVD growth of Mg ,Zn, gO buffer
and ZnO UV sensing layer

!

Sample cleaning

|

UV Sensing mesa area
patterning

|

Aluminum SAW IDT
patterning

Figure 4.2 ZnO UV SAW device fabrication flow chat
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4.2.1 Li Diffusion of the ZnO Film

The as grown ZnO film by MOCVD technique shows n-type semiconductor
property. In order to compensate the excess carriers for piezoelectric applications, post-
growth Li diffusion was carried out with solid LiOH powder as the diffusion source. The
Li diffusion was performed in a close tube at 500~550 °C. The diffusion time was varied
from 1hr to 2 hrs based on the thickness of the ZnO film. The Li doped piezoelectric ZnO
layer increased its resistivity to above 10" Q.cm, in order to ensure efficient SAW
excitation. During the primary Li diffusion investigation, solid particle contamination
was found on the surface of the ZnO film [101]. These solid particles increase the
scattering of the SAW wave and introduce excess insertion loss to the device. The SAW
testing results indicate the insertion loss of both basic Rayleigh and Sezawa wave mode
are about -60 dB. To improve the SAW performance, optimization of the diffusion
process was carried out by optimizing diffusion tube setup and diffusion temperature. A
sample holder was inserted between the diffused sample and the diffusion box to avoid
particle accumulation during the cooling period. With the optimized diffusion setup, the
diffused ZnO samples show similar surface roughness as the as-grown film and there is
no observable particle contamination, which is important to the low loss SAW
performance.

To evaluate the effect of the Li diffusion process, SAW devices have been
fabricated on the diffusion piezoelectric ZnO film and multi-mode SAW responses have
been evaluated. Two sets of SAW test devices were fabricated on ZnO/ r-Al,O3. The

delay line lengths, Lpp were chosen to be 1200 um and 1700 um, respectively. Each set
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contains four devices, with wavelengths of 6, 8, 12 and 16 um. The aperture of the IDTs
was chosen to be 380 um. To excite the Rayleigh-type wave, the test devices were placed
along the c-axis of the ZnO film (in the direction of the [0001]).

The device fabrication process consisted of electron-beam evaporation of ~120
nm of Al, followed by photolithography and Al etching to define the IDTs. The fabricated
devices were characterized using a HP8753D network analyzer and Cascade Microtech
probes. The measurement results were time gated by using Matlab to identify the SAW
response, and to eliminate electromagnetic feed through, BAW responses, and secondary
effects such as triple transit interference.

Figure 4.3 shows SAW response of a SAW device made on a MOCVD grown ZnO
film (with post-growth Li diffusion). The device wavelength is 8 um with the delay
length of 1.7 mm. The thickness of the ZnO film is ~2.0 um to ensure the Sezawa wave
mode excitation. This device is aligned parallel to the c-axis of ZnO film. Multi-mode
SAW responses have been observed in Figure 4.3. The basic Rayleigh wave mode is at
center frequency of ~553 MHz, with an insertion loss of ~-49.3 dB. The SAW velocity is
~ 4424 m/s. Sezawa wave is observed at center frequency of 711 MHz with insertion loss

of ~-31.5 dB. The SAW velocity is ~5688 m/s.
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4.2.2 UV SAW Device Fabrication Procedure

After the finish of the material growth and diffusion, the UV SAW device fabrication
procedure mainly involves 1) Sample cleaning; 2) sensing area patterning; and 3) SAW
aluminum IDT patterning. Multiple processing techniques are used in the device
fabrication including photolithography, ZnO thin film etching, metallization and metal
etching.

In the sensing mesa etching, beside the pattern profile, the ZnO etching is controlled
for two purposes: 1) the area outside of the mesa needs to be etched to the piezoelectric
surface. Because the MOCVD grown ZnO UV sensing layer is semiconducting, it
reduces the surface resistivity of SAW propagating path and results large insertion loss.
Therefore, the secondary grown ZnO semiconducting layer needs to be removed outside
of the sensing mesa and the Al IDT electrode needs to be patterned on top of the Li
diffused piezoelectric ZnO surface; 2) the etch thickness of the area outside of the mesa
needs to be controlled. Based on the SAW simulation, the remaining thickness of the

piezoelectric ZnO layer needs to be close to 2.0 um for Sezawa wave mode generation,
larger local ZnO coupling K}, and corresponding higher UV sensitivity based on the

acoustoelectric interaction. The wet chemical etching technique described in chapter 3
has been used in the ZnO sensing mesa fabrication.

The microscopic images of a prototype ZnO UV SAW device are shown in Figure 4.4
(a) Top view of the UV SAW device; (b) Al IDT electrodes; and (c) UV sensing mesa

arca.
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Figure 4.4 Optical microscopic images of the UV SAW device, (a) Top view of the UV

SAW device; (b) Al IDT electrodes; (c) UV sensing mesa area
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4.2.3 UV SAW Testing Setup

The ZnO SAW UV devices were tested using an HP 8753D network analyzer and
Cascade Microtech probes for the RF response (the transmission parameter S;). The ZnO
UV SAW device was firstly evaluated under the dark condition and microscope light.
Then, a 75W Xe lamp with a monochromator system was used as the UV source for
detailed UV detection evaluation. Multiple UV filters were used to adjust the power
density of the incident light. Two optical illumination procedures were used, illuminating
the whole device surface and only illuminating the semiconducting ZnO mesa through a
shadow mask, as shown in Figure 4.5. The light wavelengths were varied from 630nm to
300 nm. The light power density was varied from 810 uW/cm? to 2.32 mW/cm” at Might =
365 nm. [-V measurements were used to determine the change in the resistance of the
mesa active layer as a function of the light wavelength and power, then correlated with

the SAW photoresponse.
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Figure 4.5 Schematic of the UV SAW testing setup
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4.3 UV Detecting Evaluation of the Prototype ZnO UV SAW Device

Figure 4.6 shows the SAW response of a UV SAW device with Agaw = 8 um, L
1 mm, and hpea = 300 nm, under dark and two different light power conditions (Aiigne =
365 nm), while using a shadow mask to limit the illuminated area to the mesa. The power
density of the incident light was adjusted by applying UV filters to the light beam. The
base Rayleigh wave mode response is at 545.9 MHz, with an insertion loss of -67.8 dB.
In comparison, the Sezawa wave mode response is at 711.3 MHz, corresponding to vsaw
= 5690 m/s, with an insertion loss of -52.5 dB. The Sezawa wave insertion loss increases
to -75.3 dB when the light power is 2.32 mW/cm?, while the Rayleigh wave insertion loss
is -83.3 dB. In comparison, the UV SAW detector with a 200 nm thick active region had
an insertion loss of -33.8 dB for the Sezawa wave mode, due to its lower conductance.
The insertion loss can also be improved by using better designed IDTs with narrower
bandwidth and unidirectional transducers. When the whole device surface is illuminated,
a shift in center frequency, up to 11 MHz, along with additional phase shift and insertion
loss, was observed. This is due to the generation of carriers in the Li-doped piezoelectric
ZnO layer under the IDTs, whose high resistivity (>10" Q.cm) is insufficient to totally

suppress carrier generation.
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The phase shift at center frequency for the Sezawa wave mode with respect to the
dark condition, as a function of light wavelength and power level, is shown in Figure 4.7.
The inset shows the transmission spectrum of ZnO epi-layer grown on r-Al,Os; for
comparison. The power density level of each curve (A-D) is summarized in table 4.1.

From Figure 4.7, it can be seen that the UV SAW device response closely follows
the absorption spectrum. For light wavelengths above 400 nm, the phase shift is small.
The phase shift increases rapidly as the light wavelength approaches the band edge at
about 372 nm. The phase shift at 365 nm for a light power of 2.32 mW/cm? is 107°,
corresponding to a frequency shift of 1.36 MHz in an oscillator circuit, calculated for the

standard oscillator circuit configuration with the SAW in the feedback path:

1A _ 1 A

7360°  mesa . Fipr  360°

VSAW ,mesa  VSAW ,IDT

Af

where t is the delay time across the device, Vsawmesa the acoustic velocity in the mesa
region, vsaw,pt the acoustic velocity in the IDT region, Lipr the delay path length in the
IDT region, and A¢ the phase shift across the device. The Sezawa wave velocity in the
mesa region, Vsawmesa, 1S estimated to be 5430 m/s. This 1.36 MHz frequency shift
corresponds to a 0.19% relative shift for a light power of 2.32 mW/cm?, which compares
favorably with the 0.46% relative frequency shift at 40 mW/cm® reported for a
ZnO/LiNbO3; SAW UV detector [19]. The estimated effective coupling, keffz, at hf=1710
is 1.6%, calculated using the transfer matrix method [102]. It is estimated that the
maximum effective coupling that could be obtained for this structure is 3.2% at hf = 2820.
Thus, device performance can be improved by operating at a higher frequency using a

smaller SAW wavelength.
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Figure 4.8 shows the differential insertion loss for the Sezawa wave mode with
respect to the dark condition, as a function of light wavelength and power level. The data
has been normalized for constant power on the device. As the light wave approaches the
band edge, at about 372 nm, the differential insertion loss rapidly increases, similar as the
phase shift changes. At 365 nm, the differential insertion loss for the Sezawa mode under

2.32 mW/cm? illumination is 22.8 dB.
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Curve ID Filter ID Power density ratio Actual power density
(mW/cm?)
A No filter 100% 2.32
B Filter 1 79% 1.83
C Filter 2 50% 1.18
D Filter 3 35% 0.81

Table 4.1 Power density level of the each measurement
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Figure 4.8 Differential insertion loss vs. light wavelength for light power of 2.32
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4.4  Summary

Based on the acoustoelectric interaction, a prototype ZnO based UV SAW device is
designed and demonstrated by using epitaxial ZnO multilayers grown on r-Al,Os
substrates, where piezoelectric and semiconducting ZnO layers separated by a
Mg 2Zny 3O buffer layer are used for SAW excitation and photodetection, respectively.
The ZnO/r-Al,O3 system possesses a high acoustic velocity and large maximum effective
coupling constant obtainable with the Sezawa wave mode, in comparison with the
previously reported GaN/c-Al,O; and ZnO/LiNbOs structures. The interaction of the
SAW with the photogenerated carriers in the semiconducting ZnO layer results in a phase
shift and an insertion loss change, as functions of light wavelength and power. The SAW

UV detector can be used as a passive zero-power remote wireless sensor.
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Chapter 5. ZnO based Multimode Tunable SAW Device

To fulfill the requirement of the adaptive communication and tunable sensor, a ZnO
based multimode tunable SAW device is designed, fabricated and demonstrated in this
research. The basic structure of the ZnO tunable SAW device consists of a ZnO SAW
device integrated with a SiO,/semiconducting ZnO MIS structure. The device fabrication
procedure is described in this chapter. The performance of the prototype device is
evaluated with respect to the acoustic velocity tunability, device phase shift, attenuation
change and external bias. The comparison between the measured and simulated results

are presented and discussed based on the acoustoelectric interaction model.

5.1 Device Structure and Operation Principle

The structure of a prototype ZnO based multimode tunable SAW device is
schematically described in Figure 5.1. In this device, r-Al,Os3 substrate is used as the
substrate material instead of the popular c-plane sapphire for the following three
advantages:

(1) The c-axis of the ZnO film in the ZnO/r-Al,O3; material system is in-plane, resulting
in unique anisotropic acoustic, optical, and electrical properties;

(ii) The system has higher electromechanical coupling coefficients, with K> up to 6%
for certain wave modes;

(i11)) Lattice mismatch between ZnO and r-plane sapphire is less than that in ZnO/c-plane
sapphire, resulting in high quality ZnO thin films.

The piezoelectric ZnO film is firstly deposited on r-Al,O; substrate for SAW

generation. Based on the SAW simulation, the thickness of the piezoelectric ZnO film is
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determined from 2.0 um to 2.5 um to (1) guarantee the excitation of the multiple wave
modes, i.e., Sezawa and Love mode; (2) achieve maximal electromechanical coupling
coefficient; and (3) supply enough processing tolerance. After the formation of the
piezoelectric ZnO film, a semiconducting ZnO film is re-grown on top of the
piezoelectric surface as the conducting channel by using MOCVD. To form the MIS
structure, a semiconducting ZnO mesa pattern is formed in the delay line region using a
diluted HCI solution and then a SiO; layer is deposited by PECVD and patterned as the
gate insulator. The thicknesses of the semiconducting ZnO channel and the SiO, gate
insulator are determined as ~100 nm and ~200nm, respectively, based on the
consideration of required depletion bias, effective coupling coefficient, processing
tolerance, electrical breakdown voltage and mesa step coverage. The interdigital
transducers (IDTs) on the piezoelectric ZnO and the non-alloyed ohmic contacts to the n-
type ZnO layer are formed by aluminum deposition and etching. The gate electrode is

formed on top of the SiO; using aluminum deposition and lift off process.
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Figure 5.1 Schematic representation of the ZnO based tunable SAW device structure.

The inset shows a cross-section view of an Al/SiO0,/Zn0O (MIS) structure built on the

piezoelectric ZnO.
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In the vertical structure design of the ZnO tunable SAW device, the dimension of
the top MIS structure is of importance to the overall device performance. Firstly, the
thicknesses of the semiconducting ZnO channel and SiO, gate insulator are directly
related to the required bias to efficiently adjust the carrier density in the channel and the
corresponding acoustic velocity change based on the acoustoelectric interaction. Secondly,
during the operation of the ZnO tunable SAW device, the top electrode of the MIS
structure will screen the SAW potentials, suppress the interaction with the conducting
channel and impact the device performance. The effective coupling coefficient Keﬁfz in the
delay line region is not only determined by the piezoelectric layer’s material property, but
also influenced the screen effect of the top electrode and the mass loading of the gate
insulator, which is related to the distance between the top electrode and ZnO channel. For
the tunable SAW device operation, this effective coupling coefficient Keﬁ~2 is used in the
acoustoelectric interaction model, instead of the SAW coupling coefficient of the IDT
region. In the ZnO tunable SAW device, the distance between the top electrode and the
ZnO channel is defined by the thickness of the gate insulator, i.e. SiO,. When the distance
between the top electrode metal and ZnO channel is small, the screen effect becomes
severe and the effective coupling coefficient decreases. Based on the acoustoelectric
interaction model, the maximal velocity tunability Av/v, of a tunable device is of Ke_[fz/Z.
Although with thinner gate insulator, the required bias for channel depletion can be
reduced, due the reduced effective coupling coefficient resulting from the screen effect of
the top electrode, the maximal velocity tuning range will decrease correspondingly; even

when the channel can be fully depleted, i.e. the sheet conductivity becomes zero.
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Therefore, in the tunable SAW device design, both the bias and effective coupling
coefficient issues need to be considered to optimize the overall device performance.
Transfer matrix method [102] is used to simulate the relationship among the gate
insulator thickness, SAW phase velocity and the effective coupling coefficient. The
simulation multilayer layer structure is Al/SiO,/ZnO channel/piezo-ZnO/r-Al,Os. To
simplify the simulation, the ZnO channel has been approximated to be a thin carrier sheet
between the SiO, and piezoelectric ZnO layer. The open circuit phase velocity v, and
short circuit velocity v, are simulated, corresponding to the situation when the sheet
conductance is zero (fully depletion) and the sheet conductance is infinite (conducting),

respectively. Then, the effective coupling coefficient Keffz is calculated based on:

2 -2(v, -v,)
ey v

o

K . In the simulation, the Al electrode is defined on top of SiO; layer in

both the situations when the channel sheet conductance is zero or infinite. This simulation
is an approximation to select the SiO, thickness for the prototype ZnO tunable SAW
device. In the operation of ZnO tunable SAW device, the ZnO channel has thickness d
and the bias induced depletion changes the channel thickness. Under different biases, the
acoustic velocity simulation is more complex. Under certain bias, instead of simplified
Al/Si0Oy/carrier sheet/piezoelectric ZnO/r-Al,O; structure, the actual layer structure
becomes Al/SiO,/depleted ZnO/semiconducting ZnO/Piezoelectric ZnO/r-Al,O3. The
varied thickness and position of the semiconducting ZnO channel and depletion layer will
all impact the acoustic velocity change.

Figure 5.2 shows the simulation results of a) the phase velocity (open and short
circuit) and b) effective coupling coefficient with different insulator thickness (250 nm,

100 nm and 25 nm) for Sezawa wave mode as function of the SAW center frequency.
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Figure 5.2. (a) Phase velocity (open and short circuit) and (b) the effective coupling
coefficient with different oxide thickness. Wave mode: Sezawa mode. ZnO thickness:

2.4 pm
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In the simulation, the thickness of the piezoelectric ZnO layer is defined as ~2.4 um
and the gate insulator is defined as Si0O,. From Figure 5.2 (b), it can be seen that the
effective coupling coefficient drops quickly with the decrease of the insulator thickness.
Based on the simulation and SAW testing results, the center frequency of a SAW device
with wavelength of 8 um is of ~700 MHz, for a ~2.4 um piezoelectric ZnO film on r-
AlL,Oj5 substrate. From Figure 5.2 (b), at frequency 700 MHz, for SiO, with thickness of
25, 100 and 250 nm, the simulated effective coupling coefficients are 1.0%, 1.6% and
2.5%, respectively. The maximal acoustic velocity tuning ranges can be determined as
0.5%, 0.8% and 1.25%, correspondingly. The simulation results indicate that the
thickness of the SiO, has dynamic influence to the effective coupling coefficient and
corresponding velocity tunability. With the decrease of the SiO; thickness, the maximal
acoustic velocity tuning range will decrease.

In addition to the effective coupling coefficient simulation, the relationship between
the required bias for the ZnO channel depletion and the thickness of SiO, is also
calculated based on the MIS structure model. The parameters used in the calculation are

listed in Table 5.1. The intrinsic carrier concentration #; of ZnO is given by equation:

27kT 5, 3/4 -E
=2(—— *m,* exp(—= 5.1
nl ( h2 ) (me mh ) Xp( 2kT) ( )

where k is the Boltzmann constant, % is the Planck’s constant, 7 is the temperature, m,*
and m,,* are the effective masses of the electron and hole, respectively. E, is the band gap
energy of ZnO.

The energy separation ¢ between E; (the Fermi level of intrinsic ZnO) and Er (the

Fermi level of n-type ZnO) is given by:
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P =—k§ln% (5.2)

where, , Np is the donor concentration.

The depletion width of the MIS structure can be calculated as:

_[2&9,
W= /—qND (5.3)

The maximal depletion width of a n-type ZnO film can then be determined by setting

surface potential ¢,=2¢r (the condition of strong inversion) as:

Win = /_:% (5.4)

The calculated maximal depletion width of n-type ZnO film is ~135 nm. In the ZnO
tunable SAW device design, the thickness of the semiconducting ZnO film is selected as
100 nm. Therefore, the relationship between the bias and depletion width is governed by
equations used under the depletion condition. The derivation has been given as follows:

With a gate bias Vg, we have:

Vo =V +V,. + 9, (5.5)
where Vg3 is the flat band voltage and V,, is the voltage dropped across the gate oxide.

To simplify the calculation, we ignore the oxide charge Q;, and then the flat band

voltage equals to the work function difference between the aluminum and n-type ZnO:

v,=d -2 _o (5.6)

ms ms
ox

and the expression of V,, is given by:

Vox:_&:_—\l_zqm (5.7)

C C

ox ox
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By introducing Eq.(5.6), (5.7) into Eq.(5.5), we have:

29N
VG:cD _ q Dg¢s +¢

ms C s

ox

(5.8)

2gN
(-¢,) +—Vgl"9\/<—¢s> + (V= ®,,)=0 (5.9)

By setting -¢=y” and solving Eq.(5.9), we can get the solution of ¢; as function of V. By
introducing the values of ¢s into Eq.(5.3), the relationship between gate bias Vs and
corresponding depletion width W can be solved. This relationship is calculated by
introducing various SiO, thicknesses and setting the ZnO channel thickness as 100 nm.
Table 5.2 gives the summarized calculation results. From Table 5.2, it can be seen that the
thickness of SiO, has close relation with the required bias to deplete the ZnO channel and
the voltage dropped across the SiO, takes the major part of the total bias. With the
decrease of the SiO; thickness, the required bias for channel depletion also decreases. In
this calculation, the influence of the oxide charge has been ignored. However, in the real
ZnO tunable SAW devices, the oxide charge and interface states at SiO»/n-ZnO and n-
ZnO/piezo-ZnO interfaces will further increase the required bias to deplete the channel.
In the ZnO tunable SAW device design, the desired operation mode is with low bias and
large velocity tunability. By considering the required depletion bias and effective
coupling coefficient, along with other factors, such as the processing tolerance, electrical
breakdown voltage and mesa step coverage, the thicknesses of the ZnO channel and SiO,
gate insulator are selected as ~100 nm and ~200 nm in the prototype ZnO tunable SAW

device fabrication, respectively.



Reference
Eg (eV) (300K) 3.4 [103]
€700 8.12 [104]
m.* 0.318my [104]
my* 0.5my [105]
qxzno (eV) 4.29 [106]
Np (cm™) 1.6x10"
qDai (eV) 4.1
m (kg) 9.11x10!
k (J/K) 1.38x10°%
g0 (F/cm) 8.85x107"*
q (C) 1.6x107"
T (K) 300
€si02 3.9
h (J-s) 6.626x107*
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Table 5.1. Parameters used in the bias and depletion width calculation of the SiO,/n-

ZnO MIS structure.
The thickness of SiO,
100nm 150nm | 200nm | 250nm 300nm
Ve (V) -9.9 -13.7 -17.2 -21.0 -24.8

Table 5.2. The required biases in the MIS structure to deplete 100 nm n-type ZnO

channel with different SiO, thicknesses.
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The horizontal structure of the ZnO tunable SAW device is shown in Figure 5.3.
There are two sets of tunable SAW devices, with delay lengths, L, of 1.2 and 1.7 mm,
corresponding to mesa length Ly, of 1.0 and 1.5 mm, respectively. The delay lengths
and mesa lengths are chosen to achieve sufficiently large acoustic velocity change or
phase shift for multiple wave modes, i.e. Sezawa and Love mode. Three wavelengths, 8,
12 and 16 um, were chosen based on the photolithography constraints and the
piezoelectric film thickness. Quarter-wavelength (A/4) IDTs are used in the devices with
A = 8 um. The width of a signal electrode and the gap between the electrodes are 2 pum.
Split-electrode (A/8) IDTs are used for the A = 12 and 16 um devices, in order to reduce
the inter-electrode reflections. The aperture of the IDTs was chosen to be 380 um.

In the ZnO/r-Al,O5 system, two types of wave modes, the Rayleigh-type and the
Love-type can be excited by aligning the SAW propagation either along the c-axis
(Rayleigh mode, || [0001]) or perpendicular to the c-axis of the ZnO film (Love mode, ||
[1100 ]), respectively. The shear vertical (SV) component in Rayleigh-type wave mode
offers high mass sensitivity for gaseous-environment sensing while the shear horizontal
(SH) component in Love wave reduces the acoustic attenuation when contacting to a
liquid, and is therefore ideal for liquid- environment sensing. In the ZnO based tunable
SAW device, the first higher-order Rayleigh mode (Sezawa wave) and Love wave mode
are used instead of using base Rayleigh wave mode, as they possess larger effective
piezoelectric coupling coefficients. In order to realize multimode operation, the tunable
SAW devices are aligned in two directions, i.e. parallel to the ZnO c-axis for Sezawa

mode and perpendicular to the ZnO c-axis for Love mode operation.
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The acoustic velocity tunability of the ZnO tunable SAW device is based on the
acoustoelectric interaction between the electric field accompanying the propagating SAW
and free carriers in the semiconducting channel. Under zero gate bias, the sheet charge
density of the semiconducting ZnO channel is high, the SAW will propagate with an
initial acoustic velocity and modified by the mass-loading effect of the
Si0,/Semiconducting ZnO stack and the screening effect of the gate electrode. When the
electrons in the ZnO channel are depleted due to the reverse gate bias, the SAW will
propagate with the open-circuit velocity v, again modified due to the mass loading and
gate electrode screening effects. When the ZnO channel is in the accumulation stage due
to the forward bias, the electron density increases to very high level, the SAW will
propagate with the slower short-circuit vy velocity. For intermediate sheet charge
densities with the change of the gate bias, the SAW’s electric field will generate current
in the channel, resulting ohmic loss, and will propagate at a velocity v, which is between

Vo and vg.. The value of v will be determined by the charge density, the effective coupling of the

structure, and v,.. In principle, the channel can be made either single layer semiconductor
or two dimensional electron gas (2DEG) system, which offers larger tunable range and
lower bias. Both MS and MIS structure can be used to control the charge density in the
channel. In this work, based on the consideration of device processing, material growth,
and device reliability, single semiconducting ZnO channel and SiO,/ZnO MIS structure

are used in the prototype tunable SAW devices.
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Figure 5.3 Schematic horizontal structure of the ZnO tunable SAW device
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5.2 Hybrid Piezoelectric ZnO Film Deposition

In the development of the ZnO tunable SAW device, the growth of the thick
piezoelectric ZnO film (~2.0um) is of critical importance. The thickness of the
piezoelectric layer determines the excitation of the multiple wave modes and maximal
effective electromechanical coupling coefficient. The uniformity and surface roughness
of the piezoelectric layer impact the insertion loss of the SAW and the interface quality
between piezoelectric and semiconducting ZnO layer. In the development of the ZnO
tunable SAW device, the thick piezoelectric ZnO film was initially grown by MOCVD
and with post growth Li diffusion. However, the processed prototype device showed a
relative large insertion loss and small acoustic velocity tunability. To improve the
piezoelectric ZnO film growth and meanwhile keep the in-plane piezoelectric anisotropy
for multi-mode SAW operation, a hybrid RF sputtering-MOCVD deposition method has
been developed.

In the MOCVD growth of thick ZnO and Mg,Zn,; O films, one of the major
obstacles is the gas phase reaction. The reactions between DEZn, CP,Mg, and oxygen
can occur even at room temperature. The gas phase reaction generates particles, which
get incorporated into the deposited films, degrading film crystallinity and morphology.
On the other hand, the thermal induced stress may generate cracks in the film. These
cracks are in the direction parallel to the c-axis of the ZnO film. In the SAW device
fabrication, these cracks may short the IDT fingers and degrade the device performance.
In the hybrid RF sputtering-MOCVD deposition, a thin ZnO buffer (~9 nm) was first
deposited on the r-sapphire substrate by MOCVD to act as a seed layer for RF sputter

deposition. Thick piezoelectric ZnO films were then deposited by RF sputtering on top of
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the buffer layer. The RF sputtering targets are prepared by mixing ZnO and NiO (2-
3%wt) powder for compensation doping to achieve piezoelectricity. The sputtering
chamber is equipped with a standard RF power source. The substrates are rotated and
heated to ~450°C. Deposition is carried out in a controlled ambient mixture of Ar and O,
in ratio 1:1, with the overall chamber pressure maintained at ~7x107 torr. Typical
deposition rates ranges from 0.4 — 0.7 pum/hr. Following the sputter deposition the ZnO
films are post-annealed in an O, atmosphere for 2 hours at temperatures ranging from 600
- 750°C, to improve film quality. Figure 5.4 (a) shows FESEM images of the
piezoelectric ZnO films deposited by this hybrid deposition technique, followed by
anneal at 700°C for 2 hours. The MOCVD grown seed layer improves the crystallinity
and provides in-plane registry of the RF sputtered thick film with the r-sapphire substrate.
The epitaxial relationship between the RF sputtered Ni-doped ZnO film and r-sapphire
substrate is identified to be (1120) ZnO || (0112) Al,O3 and [0001] ZnO || [0111] AL,Os.
This hybrid deposition technique enables the growth of high quality thick ZnO films
(>2.0 pm) on r- AL,O; without cracks, while keeping the in-plane piezoelectric anisotropy
for multi-mode acoustic wave generation. Because the doping of Ni, the as-sputtering
ZnO film shows strong piezoelectricity. The hybrid techniques also waive the post-
growth diffusion to save the processing steps.

In order to construct the active channel for ZnO tunable SAW device, the quality of
the re-grown semiconducting ZnO film on top of the hybrid grown piezoelectric ZnO was
also investigated. Figure 5.4 (b) shows the FESEM image of the smooth and dense re-
grown ZnO layer. The inset represents a coupled x-ray 6-scan of the ZnO dual-layer

structure. It clearly shows that both of the semiconducting and piezoelectric ZnO layers
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are along the (1120) a-plane.

To evaluate the SAW performance of the hybrid deposited piezoelectric ZnO film,
SAW devices are made on the annealed samples. Figure 5.5 shows the SAW testing
results on a hybrid RF sputtering-MICVD grown ZnO film (with post-growth O, anneal).
The device wavelength is 8 um with the delay length of 1.7 mm. The thickness of the
ZnO film is ~2.3 pm. This device is aligned parallel to the c-axis of ZnO film. Multi-
mode SAW responses have been observed. The basic Rayleigh wave is observed at center
frequency of ~531 MHz with insertion loss of ~-38dB. The SAW velocity is ~ 4250 m/s.
Sezawa wave is observed at center frequency of 665MHz with insertion loss of ~-19.7dB.
The SAW velocity is ~5320 m/s. In comparison to the MOCVD grown film, it can be
observed, ZnO film grown by hybrid RF sputtering-MOCVD technology generates better
SAW response. This improvement might be resulted from the improved surface
morphology and metal/piezoelectric material adhesion.

By aligning the SAW device perpendicular to the c-axis of ZnO film, Love wave
mode was observed. Figure 5.6 shows the measured Love and Sezawa wave response on
the ZnO films deposited by the hybrid RF sputtering-MOCVD method with similar
thickness (~2.4 um). The acoustic velocity of Love wave is smaller than Sezawa mode on
ZnO/r-Al,03 material system. For the Sezawa wave mode (SAW || [0001]), the center
frequency is measured at 666.3 MHz, corresponding to Vsezawa= 5330 m/s, with an
insertion loss of —35.20 dB. For the Love wave mode (SAW || [1100 ], the center
frequency is measured at 424.2MHz, corresponding to vioe—= 3393.6 m/s, with an

insertion loss of —33.76 dB.



109

(a) {101 (1017) (e177) 0171y
El
&
=
a
=
]
£
B0 100 150 200 220 300 380

$ (degrees)

ALD, {0234)

A
g

Zn0 (1120)

3
8
2
2
2
=

w7 21 2
0 {degrees)

%X30000
Figure 5.4. (a) FESEM image the sputtering deposited Ni-doped piezoelectric ZnO
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5.3 Fabrication Procedure and Testing Setup

Figure 5.7 gives an overview of the ZnO tunable SAW device fabrication flowchart.
After the finish of the material growth, the ZnO tunable SAW device fabrication
procedure mainly involves 1) Sample cleaning; 2) channel mesa patterning; 3) gate
insulator deposition and patterning; 4) SAW aluminum IDT patterning and 5) top
electrode patterning. Multiple processing techniques are used in the device fabrication
including photolithography, ZnO thin film etching, SiO, deposition and etching,
metallization and metal etching.

The sample cleaning process involves:
(1) Clean with acetone in an ultrasonic cleaner.
(ii))  Clean in methanol.
(iii))  Clean in DI water.
(iv)  Dry the substrate with ultra pure nitrogen.

The wet chemical etching technique developed in chapter 3 is used in the channel
mesa patterning. The SiO, gate insulator is deposited by a Plasma-Thermal 790 series
PECVD system. The deposition condition is: substrate temperature: 250°C; Wall
temperature: 60 °C; SiH4 flow rate: 200 sccm; N,O flow rate: 1100 sccm; and RF power:
25 W. The SiO; gate is patterned with diluted BOE (1:7) solutions.

The microscopic images of a prototype ZnO tunable SAW device made on hybrid
deposited piezoelectric ZnO film are shown in Figure 5.8 (a) Top view of the tunable

SAW device; (b) Al IDT electrodes; and (c) channel mesa area.
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Figure 5.8 Optical microscopic images of the ZnO tunable SAW device, (a) Top view
of the device; (b) Al IDT electrodes; (c) top electrode, gate insulator and channel

mesa area
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Tunable SAW Testing Setup

The voltage tunable SAW phase shifters were tested using a HP 8753D network
analyzer and Cascade Microtech probes for the rf response (transmission parameter S;).
Under different biasing voltage, the phase shifts of the measured S,; are calculated with
respect to the reference data (no biasing). The negative biasing and DC ground is
supplied by a £ 20V DC power source. The bias induced phase shift across the device can
be translated to the acoustic velocity change by

Av _ Agxa
v, 360°xL

mesa

(5.10)

where L, 18 the length of the semiconducting mesa.

[-V measurements with HP 4156 C semiconductor parameter analyzer were used to
determine the resistance change of the channel layer with respect to the bias voltage,
which in turn is used to simulate the acoustic velocity change and attenuation based on

Eq 2.40 and correlated with measured results.
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5.4 Measurement of the Prototype ZnO based tunable SAW device
5.4.1 Prototype Tunable SAW device with MOCVD grown piezoelectric
ZnO Film (Li doped)

Prototype tunable SAW devices were initially made with the MOCVD grown
piezoelectric ZnO film (Li doped). Figure 5.9 shows the measured S,; (insertion loss)
spectrum of a prototype tunable device under zero gate bias. The device parameters are:
Wavelength= 8um, delay length=1.2 mm; channel mesa length=1.0 mm, hpic,0=2.0 pm;
hchanne=150 nm; and hgi0>=220 nm. The center frequencies of Rayleigh and Sezawa wave
mode are 576 MHz and 725 MHz, respectively. The insertion loss of the Rayleigh and
Sezawa wave mode are -61 dB and -75 dB. Figure 5.10 and 5.11 shows the measured
phase shift spectrum around the center frequency of the SAW mode with respect to the
bias voltage (0 V to -20V, Vg,=-4V) for basic Rayleigh and Sezawa wave mode,
respectively. Under -20V bias, the phase shift of basic Rayleigh wave mode is ~6° at
=576 MHz and the corresponding relative velocity change is only 133 ppm. In
comparison, for the Sezawa wave mode, due to the higher coupling coefficient, the
measured phase shift reaches ~130 ° at f;=725 MHz and the and the corresponding
relative velocity change is 0.28%. Figure 5.12 shows the organized phase shift vs. bias

relationship for both Rayleigh and Sezawa wave mode.
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Based on the MOCVD grown piezoelectric ZnO film, a prototype ZnO tunable
SAW has been developed. The acoustic velocity tunability has been demonstrated with
basic Rayleigh and Sezawa wave mode. The device shows much larger phase shift and
velocity tunability when operated with Sezawa wave mode than with Rayleigh mode, due
to its high coupling coefficient. However, the prototype tunable SAW device shows
limitation as 1) relatively high insertion loss. It will limit the device applications in areas
such as adaptive filters and sensors. The high insertion loss may due to the non-sufficient
Li diffusion for piezoelectricity and increased mechanical scattering of the SAW wave
resulting from the increased surface roughness and particle accumulation during the
MOCVD growth of thick ZnO film (~2.0 um). 2) The phase and velocity tunability range
of the device is relative small. Large tunability range is highly desired for many
applications such as adaptive filters, Voltage Controlled Oscillators (VCO) and tunable
Sensors.

In comparison to the MOCVD growth, the RF sputtering-MOCVD deposited
piezoelectric ZnO films show better SAW performance, meanwhile keep the in-plane
piezoelectric anisotropy for multi-mode operation. To improve the performance of the
ZnO tunable SAW device with respect to the insertion loss, velocity tunability and
required bias, prototype devices has been developed based on the thick piezoelectric

films deposited by the hybrid method.
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5.4.2 Prototype Tunable SAW device with hybrid deposited piezoelectric
ZnO Film (Ni doped)

Targeting for better device performance, prototype ZnO tunable SAW devices were
developed based on the RF sputtering-MOCVD deposited piezoelectric ZnO film. The
thickness of the piezoelectric ZnO layer is determined to be 2.4 um for maximal coupling
coefficient and larger acoustic tunability range. The channel thickness is reduced to 100
nm to reduce the required gate bias. The thickness of the SiO, gate dielectric is
maintained as 220 nm. The prototype device parameters include: Wavelength= 8um,
delay length=1.7 mm; and channel mesa length=1.5 mm. Tunable SAW devices are made
to operate with multiple wave mode (Sezawa or Love wave mode) by align the SAW
devices along or perpendicular to the c-axis of the piezoelectric ZnO film.

The phase shifts and attenuations of the tunable SAW device around the center
frequency are evaluated under different DC biasing with respect to its reference under
V= 0V. Table 5.3 shows the measured attenuation and phase shift of Rayleigh and
Sezawa wave mode under different DC bias. The center frequency of basic Rayleigh
wave mode is 528 MHz, corresponding to Vrayieigh=4656 m/s. In comparison, The Sezawa
wave mode response is at 666.3 MHz, corresponding to vsezawa= 5330 m/s, which is close
the estimated velocity leading to the maximum coupling coefficient. Within the DC bias
tunable range, both of the attenuation and phase shift of the basic Rayleigh wave mode is
very small. The acoustic velocity changes are located in the ppm range. Meanwhile, for
Sezawa wave mode, the velocity change resulted by DC bias is much higher due to its
high coupling coefficient. The maximal phase shift is 420° with —18 V biasing,

corresponding to 0.62% velocity change.



123

Figure 5.13 shows the detailed SAW spectrum (Sezawa mode) of the tunable SAW
device with 0 V and —10 V DC biasing voltage. Under OV biasing, the center frequency
of Sezawa wave mode is 666.3 MHz and the insertion loss is —35.20dB. Under —-10V DC
biasing, the insertion loss increases to -53.87dB and the phase shift reaches 291°,
corresponding to 0.43% phase velocity change compared with the OV biasing case. The
phase shift at center frequency of Sezawa wave mode with respect to the biasing
changing from 0 V to —10 V is shown in Figure 5.14. With an increase of negative biasing
from OV to —10V with -2V step, the phase shift increases continuously to 291°. The

phase transition around the center frequency (f, = 40MHz) is smooth with small phase

noise.

By examining table 5.3, it can be found that the phase shift increases continuously
with increasing gate bias. For the device with Lie,=1.5 mm, the maximal phase shift is
420° at —18 V bias, corresponding to a 0.62% velocity change. Meanwhile, the
attenuation increases to the maximum —12.29 dB at —8V bias, then shows an inflexion
and ends with -7.75 dB at —18V bias. These results match the acoustoelectric relaxation
model, as the velocity has the fastest change and the attenuation has a maximum value

when the sheet conductivity approaches the critical relaxation conductivity onp.
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Biasing | Rayleigh mode (fc=528MHz) Sezawa mode

0%) (fc=666.3MHz)
I' (dB/mm) |A (°) Avlv I' (dB/mm) Ad (%) Avlv

0 0 0 0 0 0 0
-2 -0.25 -0.9 -10ppm -1.57 5.8 0.01%
-4 -0.39 0.1 2 ppm -5.20 29.6 0.04%
-6 -0.81 -0.5 -5ppm -10.91 114.3 0.17%
-8 -1.02 -0.01 0 -12.29 209.1 0.31%
-10 -1.27 0.9 10 ppm -11.93 291.0 0.43%
-12 -1.23 0.8 9 ppm -11.11 334.9 0.50%
-14 -1.29 3.2 35 ppm -10.21 367.0 0.54%
-16 -1.25 3.2 35 ppm -9.32 395.0 0.58%
-18 -1.31 4.1 45 ppm -7.75 419.8 0.62%

Table 5.3. Prototype tunable SAW device: Attenuation, phase shift and velocity

change under different DC bias for Rayleigh and Sezawa wave mode.
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The performance of the tunable SAW device is also evaluated by comparing the
testing results with the simulated results based on the acoustoelectric interaction
described in chapter 2. To compare the measurement results with the acoustoelectric
interaction modeling simulation, the original equations derived in the acoustoelectric
interaction model need to be modified. In the acoustoelectric interaction model, the
interaction between the SAW and thin semiconducting channel can result an acoustic

velocity change as:

Av v—voszetf 1
o v, 2 1+(Gd/GM)2

(5.11)

where o), = vy (€1 + €2), is the conductivity, at which the maximum loss occurs. Keﬁ'z is the
effective coupling coefficient. o4 is the channel sheet conductivity.

However, this equation is derived for the situation, in which the open circuit velocity
is used as the reference point. In the ZnO tunable SAW device, the initial reference points
used is at 0 V bias and with sheet conductivity not equal to 0 (1/QQ) . Therefore, the

equation used in the device simulation will has form as:

(5.12)

2 2
AV Ve =V _Vw=Vo Vo —Vo _ Kop 1 Ko 1
%

Vo . Vo Vo 2 1+(0y/0,) 2 l+(oy —0,,)

where oyy is the sheet conductivity with N (V) bias; opy is the sheet conductivity with 0
(V) bias. By measuring the channel sheet conductivities with 0 V and various bias points,
the acoustic velocity change can be calculated with respect to the external bias voltage. It
needs to be noted that, although the maximal velocity change is achieved by changing the

channel sheet conductivity from infinite (short circuit velocity) to zero (open circuit

2
=K€ff

. . A
velocity) with the value of e
VO

, the acoustic velocity change can reach ~99% of
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the maximal value when the channel sheet conductivity varies from 1000y, to 0.01 0y, . In
the design of the device, it needs to be considered to limit the required bias.

The bias induced attenuation of the device is also extracted from the measured Sy
parameters. The intensity of the transmitted SAW can be expressed as: /=1 exp(-I/),
where /) denotes the intensity of the SAW just entering the semiconducting channel, and /
is the length of the channel in the direction of SAW propagation. I" is the attenuation
coefficient with unit dB/mm or nepers/mm. From the measured S,; parameters, the
Insertion Loss (IL) of the SAW device at the center frequency f. can be determined. The

insertion loss (IL) of a SAW in decibels (dB) is defined as:

(power at load with no device present)

IL =10log,, (5.13)

(power at load with device inserted)

The attenuation from y; to y» can be expressed as the amplitude ratio of the SAW from y,;

to ya:

e*F.V]

—mr=e "7 (y2>y1) (5.14)

e
By taking the natural logarithm of the amplitude ratio, the attenuation measured in nepers,
is:

Attenuation =T'(y, — y,) nepers (5.15)

A neper is actually a dimensionless quantity and the name is used simply to indicate

that the attenuation is measured on a natural logarithmic scale. The attenuation factor I is
therefore said to have units of nepers/meters or nepers/cm. In decibels, the attenuation
from y, to y; is defined as:

Attneuation =101log(e " 2")* = 20(loge)['(y, — y,) dB (5.16)

and is, consequently, a measure of (amplitude ratio)’. The attenuation factor ' is
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converted from nepers/meter to dB/meter by multiplying with 20(loge). That is:

I'(dB/meter) =20(log e)T (nepers / meters) ~ 8.6861'(nepers | meter) (5.17)

With the measured insertion loss (S;;) at the center frequency f., we may derive the
attenuation coefficient I':

IL=S, = 1010g(;—’)2 =20loge™" =20loge(-T1) (5.18)

0

where [, =1,exp(-I'/) . By introducing the length of the SAW propagating path, the

attenuation per unit length can be calculated with unit nepers/mm and can be transferred
to dB/mm by multiply with 8.686. The attenuation per unit length in decibels can also be
calculated directly by dividing the IL with delay length. The difference between these two

attenuations is the attenuation after the application of negative biasing: A =T",, - T,

and this Al is the attenuation per unit length used in the acoustoelectric interaction model.

In the modeling simulation, the attenuation equation derived is originally for the
situation that the sheet conductivity changes from infinite to zero. In the real tunable
SAW device, it needs to be modified to get the attenuation difference between the
reference point (bias=0 V) and testing point (bias= N V). Similar as the derivation of the
velocity equation, the attenuation difference can be expressed as:

K«Eﬂ'” O-NV/O-M _Kgff'” O-OV/o-M
2 Al+(oy /o,) 2 Al+(o,/0,)

r=r,, -T,, =8.686( ) (dB/mm) (5.19)

where A is the wavelength of the SAW device determined by the IDT finger design

with unit (mm).
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To simulate the acoustic velocity change and attenuation, I-V measurements were
used to determine the sheet conductivity change of the channel layer with respect to the
bias voltage. For the prototype tunable SAW device with A=8 pum, the center frequency of
the Sezawa mode is measured at 666.3 MHz, corresponding to vsezawa= 5330 m/s and the
critical sheet conductivity is estimated to be oy~ 4.64 x10” S. For the Love wave mode,
the center frequency is measured at 424.2MHz, corresponding to vieve= 3393.6 m/s and
the critical sheet conductivity is estimated to be oy~ 3.37 x10” S. Figure 5.15 (a) shows
the measured (solid circle) and simulated (hollow circle) velocity change of the ZnO
based tunable SAW device for the Sezawa wave mode and the measured sheet
conductivity vs. DC bias results and, (b) shows the measured (solid star) and simulated
(hollow star) attenuation. For Love mode operation, the phase shift and insertion loss
change results show similar tendency as the Sezawa mode, while the maximal phase shift
is 277.3° at —18V bias, corresponding to a 0.42% velocity change. The maximum
insertion loss is measured to be —9.99 dB/mm at —12V bias. The experimental and

calculated velocity change and attenuation are shown in Figure 5.16.
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The measured results are generally in agreement with the calculation based on the
acoustoelectric relaxation model. The discrepancy primarily results from the use of DC
conductance in the model calculation. For the acoustoelectric interaction, only the
conductance of the surface layer with thickness of a Debye-length is important for the
attenuation, while the DC conductance gives a mean value for the film cross-section [6].
The estimated Debye screening length in the device is ~10 nm for Nzno~1017 cm™ , which
is one order of magnitude smaller than the thickness (hz,0=100 nm) of the
semiconducting ZnO layer. The estimated effective coupling coefficient is 1.9% for the
Sezawa mode and 1.2% for the Love mode. These effective coupling coefficients also
match the simulation results based on the transfer matrix method. Figure 5.17 shows the
simulated (a) coupling coefficient, and (b) velocity as function of the hf (m/s). The two
data points in (a) indicate the operation point of current Sezawa and Love wave mode
tunable SAW devices: R-Rayleigh wave mode; S-Sezawa wave mode and L-Love wave

mode.
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wave mode; (b) the simulated velocities with open and short surface.
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A voltage controlled oscillator (VCO) can be implemented by inserting the tunable
SAW phase shifter in the feedback loop of an oscillator circuit. The resonance frequency
can be calculated based on:

1 Ag _ 1 Ag

7360°  Lmesa . Fipr 360°

VSAW ,mesa  VSAW ,IDT

Af (5.20)

With a —12 V DC bias, on the Sezawa wave, the 335° phase shift would result in a
2.9 MHz oscillation frequency shift, corresponding to a 0.44% relative frequency shift
(f:=666.3MHz); whereas for Love mode operation, the 178° phase shift would result in a
0.98 MHz oscillation frequency shift, corresponding to a 0.23% relative shift
(f=424.2MHz). These devices are favorable in comparison with previously reported
voltage controlled SAW devices in terms of the required bias voltage and the resulting
tunability range. In the GaAs/LiNbOs-Hybrid devices [41], a 470 um 2DEG mesa was
placed inside the delay line region and -10 V was used as the biasing voltage to achieve
maximum phase shift. The oscillation frequency shift was reported to be 0.82 MHz,
corresponding to a 0.193 % relative shift with respect to the center frequency at 434MHz.
Table 5.1 shows the comparison between the ZnO based tunable SAW device and the

reported data.
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Reference | Device Structure Lmesa | Biasing | ¢A Aviv Af f Aff
(MHz)| (%)

[27] Topelectrode/LiNbO3| 2.52mm | E=0.5 1° 10.0022%] 4.17kHz | 189 [0.0022%

/bottom electrode kV/mm
[29] Si/Air gap/LiNbO3 12mm +30V 180° | 0.06% | 138kHz | 230 | 0.06%
(pulse)
[31] Zn0/Si02/Si 4mm -5V 67° |0.085% | 120kHz | 214 | 0.056%
[30] GaAs lateral 10mm -60V 85° 10.0575%| 68kHz | 118 [0.0575%
MESFET and
Schottky barrier
diode

[41] GaAs 2DEG/LiNbO3| 0.47mm -10V 355° | 1.75% |0.84MHz| 434 | 0.193%

Our results Si02/MOCVD L5mm | -13.5V | 360° | 0.54% |3.18MHz| 666.3 | 0.477%
ZnO/Sputtering
ZnO/r-Sapphire

Table 5.1 Comparison between the ZnO tunable SAW device with the reported data.
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5.5 Summary

Based on the acoustoelectric interaction, a ZnO based voltage controlled multimode
tunable SAW device is designed and demonstrated. The device is composed of
piezoelectric ZnO film/r-Al,O3 system and SiO,/semiconducting ZnO MIS structure. The
acoustic velocity tunability is achieved by changing the sheet conductivity of the
semiconducting ZnO channel through the gate bias. The device can be operated with both
Sezawa and Love mode, which are suitable for gaseous and liquid environment sensing,
respectively. Multiple sensing functions can be integrated in a single chip. Under —18 V
bias, the 420° and 277.3° phase shifts are achieved for Sezawa and Love mode operation,
respectively. The ZnO based tunable SAW devices are expected to find broad applications

in communications, as well as in chemical/biochemical sensing.
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Chapter 6. Conclusions and Future Work

6.1 Conclusions

This dissertation focuses on the research and development of ZnO based tunable
SAW devices. The device operational principle is based on the acoustoelectric interaction,
in which the electrical perturbation (charge density change) is coupled to the SAW
propagating properties (acoustic velocity and attenuation).

In this dissertation work, to fulfill the requirement of device fabrication, the wet
chemical etching and SiCly based Reactive Ion Etching of ZnO and MgyZn; O films
grown on r-Al,O3 by MOCVD have been studied. For the wet chemical etching of ZnO
films, the etch rates of various etchants and composition ratios is investigated. Because
the film’s primary symmetric axis is located in plane, the wet chemical etching of (1120)
ZnO film shows in-plane anisotropy. To generate good etching profile, an optimized
etching process by using H;PO4+CcHgO;+H,0, Al etch mask and short-time etching-
rinsing cycles has been developed. A maximal vertical/horizontal-etching slope of 1:1 is
obtained in the directions perpendicular to c-axis of (1120) ZnO films. The XPS and
electrical tests indicate that the etching process preserves the surface properties of the
original films.

For the dry etching of ZnO and Mg,Zn, <O films, SiCl4 has been used as the etch gas.
The etch rate of Mg Zn, O increases with an increase of rf power and with a decrease of
the chamber pressure. Due to the high boiling temperature of the etching products, the
etch rate of MgyZn; O film decreases for higher Mg compositions. SiO, is used as the

etch mask. Good etching profile and smooth etching surface are achieved. The SEM,
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XPS and PL measurements show that under the optimized RIE conditions, there is no
observable surface damage or optical deterioration of the etched ZnO and MgyZn; O
films as compared to the as-grown samples.

Based on the acoustoelectric interaction, a prototype ZnO based UV SAW device has
been designed and demonstrated by using a ZnO/Mgp.Zn,gO/piezo ZnO/r-AlLO;
multilayer structure. The UV sensing function of the semiconducting ZnO film is
integrated to the SAW technology. The prototype device is tested under various light
wavelength and power density. The UV SAW response closely follows the absorption
spectrum of the ZnO film. For light wavelengths above 400 nm, the phase shift is small.
The phase shift and insertion loss increases rapidly as the light wavelength approaches
the band edge. For light wavelength of 365 nm and light power of 2.32 mW/cm’, a phase
shift of 107° is achieved. The demonstrated ZnO UV SAW device shows a better sensing
performance than the report data, due to the higher coupling coefficient of ZnO/r-Al,O3
material system. The UV SAW device can be used as the passive zero-power remote
wireless UV sensor, especially useful in the distributed sensor network.

An integrated voltage controlled multimode tunable SAW device has been designed
and demonstrated by wusing piezoelectric ZnO film/r-Al,O; system and
SiO,/semiconducting ZnO MIS structure. By changing the carrier density in the
semiconducting ZnO channel through the MIS structure, voltage controlled acoustic
velocity change is realized based on the acoustoelectric interaction. Due to the in-plane
piezoelectric anisotropy of the ZnO/Al,O3 material system, the demonstrated device can
be operated with both Sezawa and Love mode, which are suitable for gaseous and liquid

environment sensing, respectively. Multiple sensing functions can be integrated in a
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single chip. Under —18 V bias, a phase shift of 420° is achieved for Sezawa mode
operation, corresponding to 0.62% acoustic velocity change. For Love mode operation,
the phase shift and corresponding velocity change are 277.3° and 0.42%, respectively.
The measurement results are compared with the simulation data and show good
agreement. The estimated effective coupling coefficient is 1.9% for the Sezawa mode and
1.2% for the Love mode. The ZnO based tunable SAW devices are expected to find broad

applications in communications, as well as in chemical/biochemical sensing.

6.2 Suggestions for Future Work

In order to improve the device performance and extend their applications, the
following work is recommended for the future research and development of ZnO based
multifunctional tunable SAW devices:

1. For the ZnO UV SAW device, single ZnO film is used as the UV sensing layer. In
some applications, UV sensing with shorter wavelength is highly desired. In
comparison to ZnO, Mg,Zn; O reduces the UV cutoff wavelength due to the
enlargement of the energy band gap. The application of Mg,Zn; O to the UV
SAW sensors to generate deep UV wireless sensing will be necessary.

2. For the ZnO based voltage controlled tunable SAW device, the efficiency of the
carrier density tuning of the MIS structure directly impact the device
performance with respect to the external bias and velocity tuning range. The
material growth needs to be improved to increase the channel electron mobility
for larger velocity tunability. The quality of the gate dielectric and

dielectric/channel interface also needs to be improved to enhance the device
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reliability, yield and reduce the operational bias. In comparison to SiO;, high k
dielectrics, such as HfO, and Al,Os, processes higher dielectric constant and gate
capacitance, which will result a lower required bias for fixed velocity tunability.
The study of high k MIS structure, including material deposition, interface
quality control, charge depletion efficiency and the integration with tunable SAW
device, is necessary for devices with low bias and large tunability.

. Instead of single semiconducting ZnO channel, the using of 2DEG formed by
Mg.Zn, xO/ZnO heterostructure offers the tunable SAW devices with larger
tunability, smaller bias and faster response time. The material quality, strain
effect and electrical properties will be investigated for Mg,Zn;.xO/ZnO single and
double heterostructure grown on r-Al,O3 substrates. The feasibility of tunable
SAW devices with Mg,Zn, xO/ZnO heterostructure will be studied.

. One of the important applications of the tunable SAW device is the adaptive
SAW band-pass filter. The center frequency of the filter can be directly adjusted
by the applied bias. To realize the filter frequency tunability, instead of the delay
line region, the acoustoelectric interaction needs to be applied to the IDT region
to directly tune the Vipr and corresponding SAW center frequency. The charge
density control through MIS or MS structure with single ZnO channel or MgcZ,.
xnO/Zn0O 2DEG layer in the IDT region need to be studied for the adaptive filter

application.
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