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ABSTRACT

Microcantilevers are highly attractive as transducers for detecting chemicals,
explosives, and biological molecules due to their high sensitivity, micro-scale dimensions,
and low power consumption. Though optical transduction of the mechanical movement of
the microcantilevers into an electrical signal is widely practiced, there is a continuous thrust
to develop alternative transduction methods that are more conducive to the development of
compact miniaturized sensors. Piezoelectric and piezoresistive transduction methods are
two of the most popular ones that have been utilized to develop miniaturized sensor
systems. Piezoelectric cantilevers, which are commonly made of PZT film, have
demonstrated very high sensitivity; however, they suffer from incompatibility with Si
based circuitry and challenges with dc and low frequency measurements due to the problem
of charge leakage. On the other hand, piezoresistive microcantilever, which are mostly
made of Si, can be easily integrated with existing Si based process technologies, but suffer
from low sensitivity. In addition, none of the above material systems are suitable for high
temperature (>300 °C) and harsh environment operation. 111-V Nitride semiconductors are
being extensively studied almost two decades for electronic and optoelectronic applications
due to their exceptional physical and chemical properties, which include a wide bandgap,
strong piezoelectric properties, high electron mobility, and chemical inertness.
AlGaN/GaN heterostructures offer unique advantage over existing piezoresistive or

piezoelectric materials, as it actually converts the piezoelectric response
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of these materials to piezoresistive response, since the two dimensional electron gas
(2DEG) formed at the AlGaN/GaN interface gets modulated by the stress induced change
in piezoelectric polarization. The epitaxial growth of 111-V Nitride layers on a Si substrate
enables direct integration of nitride microelectromechanical systems (MEMS) with mature

Si based integrated circuits to develop miniaturized sensor systems.

In spite of several technological advantages of 111-V Nitride MEMS, of which a
microcantilever is a simple example, only a handful of studies have been reported on their
deflection characterization in static mode and none on dynamic bending mode. The effect
of mechanical strain, on 2DEG density and output characteristics of AlGaN/GaN
heterostructure field effect transistors (HFETS), have been reported earlier. High gauge
factors (>100) have been reported for quasi-static and step bending response, however, the
factors contributing to such high values, especially their deviation from much lower
theoretical estimates, are poorly understood. Recently, very high gauge factor of -850 was
reported for microcantilevers in transient condition, however, the corresponding dynamic
response was not studied. Acoustic detection using microcantilevers have attracted interest
in recent years, especially in photoacoustic spectroscopy, as they can offer up to two orders
of higher sensitivity compared to existing acoustic sensors. 111-V Nitride based ultrasonic
microcantilevers sensors, offering high sensitivity, low noise, and harsh environment
operation, are ideally suited for many demanding sensing applications that are not possible

at present.

This dissertation aims the theory and application of 111-V Nitride microcantilevers
and a novel electronic transduction scheme named as ‘Piezotransistive Microcantilever’ to
transduce femtoscale excitation. A complete fabrication process, measurement techniques

viil
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and several application aspects of this sensing technology specially acoustic wave detection
generated in solid and air media with high sensitivity, have been demonstrated. This thesis
reports on displacement measurement at the femtoscale level using a GaN microcantilever
with an AlIGaN/GaN Heterojuction Field Effect Transistor (HFET) integrated at the base
that utilizes piezoelectric polarization induced changes in two dimensional electron gas
(2DEG) to transduce displacement with very high sensitivity. With appropriate biasing of
the HFET, an ultra-high Gauge Factor (GF) of 8700, the highest ever reported, was
obtained, with an extremely low power consumption of <1 nW, which enabled direct
electrical readout of the thermal noise spectra of the cantilever. The self-sensing
piezotransistor was able to transduce external excitation with a superior noise limited
resolution of 12.43 fm/+/Hz and an outstanding responsivity of 170 nV/fm, which is three
orders higher that state-of-the-art technology, supported by both analytical calculations and
laser vibrometry measurements. This extraordinary deflection sensitivity enabled unique

detection of nanogram quantity of analytes using photoacoustic spectroscopy.
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CHAPTER 1

INTRODUCTION

“There’s Plenty of Room at the Bottom,” as Dr Richard P Feynman envisioned in
his legendary speech at the annual meeting of the American Physical Society, Pasadena,
CA, December 29, 1959 about electro mechanical systems. Though transistors were
developed ahead of that time which were scaled down to nanoscale in this era, but the
prime difference between transistor and electro-mechanical system is that the later needs
more prolific attention application wise. Is it worth to have an electro-mechanical system
scaled down to micro or nanoscale? Dr Feynman was not wrong about his envision, as we
all now a days use something which has Micro-Electro-Mechanical System (MEMS) in it,
for example our smartphones have accelerometers which is a MEMS. MEMS refer to
devices that have a characteristic length of less than 1 mm but more than 1pum, that combine
both electrical and mechanical components which are fabricated using integrated circuit
batch-processing technologies. As the technology advances, MEMS devices are getting
into nanoscale regime which are being called as Nano-Electro-Mechanical System
(NEMS). Whether its MEMS or NEMS their applications have wide variety in the form of
sensors, actuators, and transducers. Innovative designs have offered different MEMS
structures, mostly suspended and surface mounted structures depending on the aim of

applications.
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Recently MEMS has evolved from a niche technology into an important
mainstream technology*“. Generally, MEMS refer to a collection of micromechanical
structures, which can sense its ambient and have the ability to react to the corresponding
changes in that environment with the use of micro/nano electronics. They make the system
faster, more reliable, cheaper and capable of incorporating more complex functions.
Applications of such systems include chemical, biological and trace gas sensors,
microfluidic sensors and other fluid devices, microactuators, rf-MEMS up to GHz
frequencies (filters, resonators, and switches), micro opto-electromechanical systems and
many others®?e, This chapter will describe the choice of MEMS structure and material, and

the possible applications along with the review of state of the art techniques.

1.1 Choice of Microstructure

Microfabricated cantilevers have been used in atomic force microscopy (AFM) for
more than 20 years'31®. Cantilevers (like a tiny diving board or beams with one fixed and
one free end) have been widely used in recent years as miniaturized, ultrasensitive, and
fast-responding sensors for applications in chemistry, physics, biochemistry, and
medicine'’L, Microcantilever sensors respond not only by bending (static mode) due to
the absorption of molecules, change in pressure, temperature, and electrostatic field; as
well as shift in resonance frequency, change in amplitude of oscillation also occurs in
dynamic mode. Over a decade, microcantilever based sensing has witnessed an impressive
progress due to multi-disciplinary scientific research, evident from the number of

publications in the last 10 years (Fig. 1.1). In the last decade, microcantilever based sensors
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have proved to become a versatile transduction platform for physical parameters, chemical,

volatile organic molecules, explosives and biomolecule detection.

1.2 Choice of Material

Silicon (Si), the most abundant and matured technology, has been always
considered as the prime material in semiconductor industries everywhere. However,
application of Si has shown limitations in sensing applications in harsh environmental
conditions, suffering from low
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Figure 1.1 The number of yearly peer reviewed publications as obtained from Google
Scholar search with a key “cantilever sensor”.

sensitivity and selectivity. Si cannot be used for high temperature applications as it loses
the electrical and mechanical reliability at 500 -C32. One of the great advantages of the
wide band gap semiconductors is their very high mechanical, thermal, chemical and
biochemical stability, which offers exciting MEMS/NEMS sensing applications which
require reliability, linearity, sensitivity, and selectivity®®. Moreover, materials with a high

Young’s modulus can better maintain linearity between applied load and the induced
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deformation. This particularly demands group-I1l nitrides, which has high Young’s
modulus. AlGaN/GaN heterostructures contain a highly conductive two-dimensional
electron gas (2DEG) at the interface, which is sensitive to mechanical load, as well as to
chemical modification of the surface, and can be used for novel sensing principles34=°,
Presence of such a 2DEG is unique to AlGaN/GaN heterostructure, and is attributed to
unintentional polarization doping, since it arises because of the strong polarization
properties of the nitrides. Among the most common semiconductors (see Fig. 1.2) AIN
(6.13 eV) and GaN (3.42 eV) have much higher bandgap compared to others®*. Due to such
wide bandgaps, their critical electric fields for breakdown are much higher than other I11-
V semiconductors. Though GaAs has much higher low field mobility, GaN is clearly
superior in terms of saturation velocity (see Table 1.1)3*4*°. Together with high bandgap,
high saturation velocity and high mobility makes nitrides ideal contenders for high power
microwave application®®-2, The presence of a direct and wide bandgap in AIGaN/GaN also
make them very suitable for optoelectronic applications, especially in the green, blue, and

UV regions of the spectrum, where there are virtually no other contenders.
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Figure 1.2 Bandgap of common semiconductors versus their lattice constant3+35,

Table 1.1 Electronic properties of some common semiconductors342®

Properties

Bandgap (eV)

Electron Mobility (cm?/Vs)
Saturation velocity (x 107 cm/s)
2DEG density (cm?)

Critical Breakdown field (x 10°

Vicm)
Relative dielectric constant

1.3 Motivation

Si

1.11

1350

1

NA

0.3

11.8

GaAs InP 4H- SiC GaN
(AlGaAs/  (InAlAs/ (3C- (AlGaN
InGaAs)  InGaAs) SiC/ /
6H-SIC)  GaN)
1.42 1.35 3.26 3.42
8500 5400 700 900
(10000) (10000) (2000) (2000)
1 1 2 15
(2.1) (2.3) (2.7)
<4x10? < 4x10% < 3x10%? 1-2
x1013
0.4 0.5 2 3.3
12.8 12.5 10 9

Microcantilever based sensing not only gives the opportunity to develop micro

sensor which can be implemented for the betterment of human health, national security,

and ease of living, but it also offers a unique platform to integrate a complete sensor
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package from scratch which involves designing and fabrication of micro/nano electronics
embedding with mechanical structures, and finally packaging them for sensing application.
These whole story requires an in depth knowledge and engineering of multidisciplinary
research (i.e. pure science and different branches of engineering).

The choice of the material has its own reason. 111-V Nitride are well known for high
power electronics, radio frequency applications and optoelectronics. Recently there is a
growing urge for developing sensor with these materials as they offer very unique material
properties which would offer better sensors. There is always a challenge in every step to
develop such sensors and that is what good enough to motivate a person to pursue a

research on I11-V Nitride MEMS/NEMS.

1.4 Outline of the dissertation

This dissertation is aimed to develop a novel sensing mechanism namely
Photoacoustic Spectroscopy for detecting chemicals, with [11-V nitride (mainly
AlGaN/GaN) transistor embedded in microcantilever. Though the ultimate goal is to
perform spectroscopy but the developed sensor offers wide range of applications including
strain, displacement, and force sensors. This dissertation is organized in such a way to
deliver the development of AlGaN/GaN Heterojunction Field Effect Transistor (HFET)
embedded GaN microcantilever for photoacoustic spectroscopy, in a very convenient way
to general audience and scientific community. The organizations of this dissertation is
given below:

Chapter 2: Describes the basic theory of microcantilevers and AlGaN/GaN material; state-

of-the-art research; theoretical analysis and useful formula.
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Chapter 3: Covers exclusively the fabrication process of the devices and relevant issues
and solutions. It also includes Scanning Electron Micrograph (SEM) of fabricated devices.
Chapter 4: Elucidates the piezoresistive transduction of both static and dynamic motion of
the microcantilevers with AlGaN/GaN HFET. It includes the experiments performed, the
observations, and the associated results.

Chapter 5: Describes the piezotransistive transduction of both static and dynamic motion
of the microcantilevers with AlGaN/GaN HFET. It includes the analytical analysis,
experiments performed, the observations, and the associated results. It also presents the
operation, reliability, and consistency of the microcantilevers when exposed to harsh
environment

Chapter 6: Demonstrate the performance of the microcantilever as a displacement sensor,
pressure sensor, and performance of the device in harsh environment (gamma radiation).
It also experimentally compares the novel technology with commercial optical method.
Chapter 7: Describes Photoacoustic spectroscopy in detail and demonstrates our proposed
Piezotransistive transduction method of photoacoustic spectroscopy to detect several
chemicals.

Chapter 8: Summarizes the contributions of this work and finally conclude the dissertation

with future prospects and development of this research.
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CHAPTER 2

I11-V NITRIDE MICROCANTILEVER BASED MEMS SENSORS

Microcantilevers, one of the prominent MEMS structures, have been introduced as a novel
sensing platform more than a decade ago. This technology has evolved as a great candidate
as chemical, biological and physical sensors, due to their high sensitivity, low cost, array
based sensing, fast response and low power requirement. In this chapter we discuss the
history, status of microcantilever based sensors, theory, operation modes, different

transduction schemes for microcantilever based MEMS sensors.

2.1 Microcantilever based sensors: history and status

2.1.1 History and current status

Measurement of adsorption-induced deflection or a shift in resonance frequency
using Si beams was already described back in 1968, by Wilfinger et al.*®. In 1971, Heng
fabricated gold microcantilevers for mechanical filtering of the high-frequency signal 4.
Later in 1979, Petersen constructed Si cantilever-type MEMS switches to bridge the gap
between Si transistors and mechanical relays *°. Since the implementation of Atomic Force
Microscope (AFM) in 1986 “¢ microcantilevers have become more available commercially,

initiating broad research interests with microcantilevers.
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In 1994, Itoh et al. reported a zinc-oxide coated microcantilever with piezoresistive
deflection readout #’. Cleveland et al. detected nanogram changes in mass with AFM probe
tips, by observing frequency change “8. Gimzewski et al. showed the first chemical sensing
applications *® with cantilevers. During the early 90s, researchers in the Oak Ridge National
Lab (ORNL) led by Dr. Thomas Thundat worked extensively on microcantilever base
sensing, becoming the leaders in molecular sensing with microcantilevers *° along with
various sensing applications such as, mercury vapor sensor °1*2 infrared detector >3,
trace gas sensors °%°8 and biomolecule sensing >,

In recent years, the field of cantilever sensors has been very active, large number
of articles has been published (see Fig. 1.1). Major sensing results include detection of
vapors and volatile compounds ° as well as the development of gas sensors based on the
piezoresistive concept %3, A field of growing interest is the detection of explosives *8, nerve
agents %, viruses ®°, bacteria, °©. Physical parameter sensing such as viscosity and density
of liquid and monitoring pH level of solution are also reported in ®’. For biomedical
applications, detection of DNA ®°, proteins %, prostate-specific antigen (PSA)  is possible.
MEMS has promisingly advance in nanoscale regime with developing
nanoelectromechanical system (NEMS) based sensors %7 offering higher sensitivity,
lower power consumption and dense integration. But it comes with technical challenges

to measuring deflection signals and fabrication process *°.

2.2 Theory of microcantilevers

Theoretically, a cantilever is a special case of classical Euler-Bernoulli beam where

one end is free and other end is clamped "2. There are several shapes of cantilever but the
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basic shapes are namely (see Fig. 2.1), rectangular (red color), triangular (green), U shape
(orange), and T shape (blue). The beam theory remains basically same but the definition of

elastic constant and moment of inertia should be defined according to the shape.

Figure 2.1 Different shapes of cantilever.

2.2.1 Elastic properties

2.2.1.1 Young’s modulus: Young’s modulus or the modulus of elasticity is the

tangent modulus of the strain versus strain curve of a particular material. It is the measure

of how stiff a material is. The Young’s modulus, E is defined as,

F
=2 - A (2.01)

T AL/
e M
where, ois the stress applied on the material measured by force (F) per unit area (A), and

the ¢is the strain measured by the change in length (AL) per unit length (L).

2.2.1.2 2" Moment of cross-sectional area: Property of a cross section that can be

used to predict the resistance of beams to bending and deflection, around an axis that lies

10
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in the cross-sectional plane parallel to the width of the cantilever. The 2" moment of cross-

sectional area, | can be express as,

| = j 2%dA (2.02)

t/2

(b)
13 i
‘F 1 2R L . 1

T t

Figure 2.2 (a) Calculation of | for rectangular cantilever, (b) Geometrical parameters of
rectangular, cylindrical and triangular cantilever.

where, z is the distance from the centroid axis to the area dA. Therefore, | depends upon

the cross sectional area of the cantilever [see Fig. 2.2 (a), (b)].

3

pA
wit
For rectangular beam, I =J22dA: I z*wdz =1 (2.03)
A -

For cylindrical beam,

| == R* (2.04)

11

www.manaraa.com



wt® w)’
For triangular beam, I =T 1+ 4(3) (2.05)

2.2.1.3 Spring constant: For simple structures, the 2" moment of inertia (1) and

hence is the spring constant (k) are relatively less complicated 3. For Young’s modulus,
E , 2" moment of cress-sectional area, | , and length L, the spring constant of a rectangular

cantilever is given by,

3
" :3% _ i‘“@ (2.06)

The preceding equations assume perfectly rigid support and are valid in the small
deformation regime. Both these assumptions can be invalid in many micro scale structures,
and numerical analyses using finite-element techniques should be performed to obtain k

value.

2.2.2 Beam equation
The differential equation of motion derived from Euler-Bernoulli theory is

expressed as,

kL 0%z(x,t) mo*z(xt)
_ ! + — 17— F X,t 207
3 ot L at’ (.0 (2.07)

here, z(x,t) is the time dependent vertical displacement at distance x. k is the spring constant
of the beam, L is length, m is the mass and F(xt) is time dependent load per unit length
applied at distance x. To find out the undamped natural motion of oscillation of the

cantilever we assume no external forces, i.e F = 0. We get,

o'z(x,t) 3kmo*z(x,t)
+ =
ox* Lt ot

0 (2.08)

12
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Assuming time dependent harmonic solution, we get

z(x,t) =z(x)[cos(w,t)+ O] (2.09)

Here, z(x) is the maximum vertical displacement of the beam at distance x. ax is the angular

frequency of n-th mode and &is the phase angle. Combining Egs. (2.08) and (2.09) we get,

4

020 _1yx) =0 (2.10)
OX
where the modal parameters, K =w! 3km (2.11)
n n L4

and, al=(kL)! =3m'km (2.12)

The general solution to Eq. (2.10) is:
z(x) = B, sin(x,,X) + B, cos(x,,X) + B, sinh(x,, X) + B, cosh(x,,Xx) (2.13)

where Bi1, B2, B3, and By are arbitrary constants. While solving Eq. (2.04) for cantilever

(one end free, another end clamped), the following boundary conditions should be applied

72

For the clamped end (at x = 0), z=0,—=0
p (atx=0) ox
For the free end (at x = L) o’z 0 o'z 0
X= ) =0, =
ox® ox*

For the boundary conditions we get a homogeneous system of four linear equations for the
unknown coefficients By, Bz, Bs, and Ba. This system has a nontrivial solution only if,

cos(«,,).cosh(e,)+1=0 (2.14)

Through numerical solutions, the values of o, for different modes can be found out as,
a,= 18751, o, =4.6941, O3 =7.8548, « , =10.9956

13
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For &, >>1, we get

a, = ﬂ(n —%) (2.15)

2.2.3 Natural frequency of oscillation
Equation (2.10) is a fourth order differential equation, which when solved for the
appropriate boundary conditions, will allow us to find the angular frequency wn. Putting

an = 27ntfn and rearranging we can get the expression for n-th mode natural frequency of

fn:i[ﬂj }i (2.16)
4\ L oWt

where, p is the density of the cantilever material, expressed as p = m/V, where V is the

bending of the cantilever as,

volume of the cantilever express by V = L x w x t. Rearranging Eq. (2.16) and using Egs.

(2.03) and (2.06) we get the,

a? |k
f,=—"=.— 2.17
" 2rB\m (247

For 1% natural frequency, a1 = 1.8751, and hence we get,

1 [k
27 \| Mgy

f, (2.18)

where, mess = 0.2427m. Equation (2.18) is widely used to calculate the 1 resonant
frequency of rectangular cantilever. For calculating frequencies of other modes of

oscillation refer to the calculations done in Ref 74,

14
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.

Figure 2.3 Schematics of a cantilever showing the dimension and force exerted along z-
axis. Inset shows the deflection due to applied force, F at distance x.

2.2.4 Static bending
If a force F is applied on the free end of the cantilever along z-axis (see Fig. 2.3)

then the vertical displacement of the cantilever at a distance x from the fixed end is ”,

FL , X
Z(x) = Bl X (1_ij (2.19)

where E is the Young’s modulus, | is the moment of inertia, and L is the beam length.
Equation (2.19) is valid as long as the beam deflection is negligible compared to its length
(i.e., z << L). Using Eq. (2.19), the cantilever spring constant, i.e., the ratio of force to

deflection on the cantilever tip, can be calculated as

k=—— (2.20)

15
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If a force F is applied on any point x; distance away from the fixed point of the
cantilever (see inset of Fig. 2.2) then the vertical displacement of the cantilever at x distance

from the fixed end is ®,

X
foz[l—siJ X< X,
X
2(x) = =« f (2.21)

- 2E X2 (X, X=X
2- 1 L+ f X; SX<L

When a point force F is applied at the tip of the cantilever, the stress of the
cantilever z distance away from the neutral axis and x distance away from the fixed end is
given by,

_122(L-x)

o, () === F (2.22)

The neutral axis is an axis in the cross section of a beam or shaft along which there are no
longitudinal stresses or strains. If the section is symmetric and is not curved before a
bending occurs, then the neutral axis is at the geometric centroid. Therefore the maximum
stress will be at the surface (i.e. z = t/2). Moreover, if variation with x is considered, then
the maximum stress is found to be at the fixed end (i.e. x = 0). Longitudinal strain is directly

proportional to the stress and is expressed by,

o (x) _122(L-x) F

2.23
E Ewt?® (2:23)

gX (X) =

2.2.5 Mode of operation of a microcantilever
Depending on the measured parameter (structural deformations or resonance

frequency change) the mode of sensor operation can be referred to as either static mode or

16
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dynamic mode. In static mode, a cantilever is kept static. Static deflection can occur in
microcantilever due to several phenomenon, such are: adsorbed species ’’, by physically
bending the cantilever, using functionalization layer to attract molecules, and by altering
the ambient (changing pressure or temperature). In dynamic mode a cantilever is oscillated
(by external actuation including piezo-oscillators and capacitive coupling), mostly at or
very near to the resonant frequency. As seen from Eq. (2.17) the resonant frequency
changes with the change in spring constant k and mass of the cantilever m. The dynamic
mode can be initiated by external Piezo, acoustic wave, surface wave, periodic sinusoidal
signal from electrostatic attraction.

Solution of Eq. (2.09) for cantilevers can be used to express the oscillation
amplitude of a cantilever oscillating at a particular frequency. However, if deflection of
only the free end is needed, then the motion of an oscillating cantilever can be analogous

to lumped spring-mass system which can be described by second order differential

equation ®
M, d* 42 b% k=) (2.24)
dt dt
Here the damping constant,
meff a)o
D= 2.25
[Pt ] .29

Mert IS the effective mass of the cantilever, k is the spring constant, and ax is the angular
frequency.
Rewriting Eq. (2.25) we get,

dz+2§0 wjz:F(Qt)

2
dt My

(2.26)

17

www.manaraa.com



The resonant frequency here,

fo = Do _ i K (2.27)
275 27\ My

The parameter C is known as damping parameter and can be expressed as,

D Mefs
¢ { 0 } (2.28)

Excited by external sinusoidal force of F the vibration of the cantilever will be,
z(t) =€ |F[sin(Qt - 0) (2.29)
Where, |F| is the amplitude of the applied force and £ is expressed as,
B = (2.30)
o) (1Y
G
@y Q w,

Now, if the applied external force (in our case capacitive force) has the same frequency as

the resonant frequency (i.e. Q = wo) then = Q. In that case, the amplitude of cantilever

oscillation becomes,
20| =% IF| (2.31)

And the phase angle &express as,

(2.32)
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2.3 Microcantilever based transduction methods

Whatever the mode of operation it may be, the mechanical movement of the
microcantilever needs to be quantified and hence a suitable readout scheme is needed.
Transduction is transforming a form of energy into other form; for our case it is
transforming oscillation into any measurable electrical quantity. There are several
transduction mechanisms.

2.3.1 Optical Transduction

Optical transduction is the most widely used method where a laser beam is incident
on the free end of the microcantilever which reflects back to a position sensitive photo
diode (PSPD)™ 8. This scheme is highly sensitive which offers femtoscale resolution.
However this technique is not suitable array based sensing "° as the laser spot size limitation
highly affects the reliability when the cantilevers are small. Additionally, this readout

makes the whole system bulky and power hungry.

2.3.2 Capacitive Transduction

The basic principle is that when the cantilever deflects the capacitance of a parallel
plate capacitor changes 8. Here the microcantilever is one of the two capacitor plates and
other plate can either be integrated on the same chip or may be applied with a probe. This
deflection technique is highly sensitive and offers higher displacement resolution. It can be
easily miniaturized, utilize vacuum and consume less power. However the gap between the

plates need to be very small and no change in medium is permitted 8142,
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°
Vout
| Laser
PSPD
Cantilever

ET

Figure 2.4 Simplified schematic diagram of optical readout system mostly used in AFM.
Inset shows the four quadrants of the PSPD with different voltage outputs.

2.3.3 Piezoresistive Transduction

Piezoresistance is characteristics of conductive and semiconductive materials,
attributed to the change of the electrical resistance with an applied stress (strain). As the
microcantilever deflects, stress maximally changes around the fixed end (or the base),
which changes the resistance of the material following Poisson’s formula . Generally,
Wheatstone bridge configuration is used to measure the change in resistance as shown in
Fig. 2.5 %, It compensates the effect of temperature dependent resistance change. While
the miniaturization and sensitivity of this scheme are definite advantages, there are several
disadvantages of such piezoresistor include non-linear relationship &, poor sensitivity, drift

and thermal, electronic and conductance fluctuation noise, and absolutely no tunability.
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Piezoresistors in wheatstone
bridge arrangement Vin

Metal lines
R1 Rs

Vout+ Vout-

R> R4

Figure 2.5 Schematic diagram of piezoresistive transduction embedded at the base of a
microcantilever. The Wheatstone bridge configuration is shown on the right.

Si is the prime material as piezoresistor but recently other materials have also
attracted the research community, like GaAs 8, GaN &4, and SiC 8. More details on
piezoresistive transduction would be discussed in chapter 4. The strain sensitivity of a
piezoresistive material is defined by Gauge Factor which is &,

L W
GF:T=(1+2v)+T (2.33)

wherem R and p are the initial resistance and resistivity, AR and Ap are the resistance and

resistivity change resulting from the strain &, v is the Poisson’s ratio.
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3

Silicon nitride cantilever

Gold-coated
silicon nitride cantilever

Embedded MOSFET cross-section

Figure 2.6 Si MOSFET embedded SiN Microcantilever for detection of biomolecules
(Figure taken from Ref. Shekhawat et. al.®").
2.3.4 FET based transduction

A recent research thrust on Field Effect Transistor (FET) based transduction has
attained a lot of attraction. FET-based stress sensors are widely reported for
micromechanical devices such as accelerometers, resonators, and parallel cantilevers for
scanning probe microscopy, as well as for residual stress measurements 882° Due to the
strain  dependent polarization and mobility, AIGaN/GaN HFET embedded
microcantilevers are also fabricated and reported to be ideal for sensing applications *.
Metal oxide semiconductor field effect transistor (MOSFET) embedded microcantilevers
are also ideal candidates as it follows conventional CMOS fabrication process and several

sensing had been reported earlier 8914 (see Fig. 2.6).
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2.4 Materials for microcantilever

AlGaN/GaN heterostructures offers a strain dependent 2-dimensional electron gas
(2DEG) at the interface of AlGaN and GaN. Therefore a simple AlGaN/GaN resistor and
AlGaN/GaN HFET embedded GaN microcantilevers are designed (described in next
chapter) where the mechanical deflection of the microcantilever would translate to a
change in HFET channel resistance. In this chapter, we will the physics of unique
properties of AlGaN/GaN heterostructures, the formation of the 2DEG at the interface, and
dependence of 2DEG on external strain.

2.4.1 Crystal structure

When thermodynamically stable, both AIN and GaN are wurtzite in crystal
structure. In wurtzite structure, there are two interpenetrating hexagonal close-packed

lattices, each displaced from the other ideally by 3/8c,. Each atom is tetrahedrally bonded

to four atoms of the other type, and the primitive unit cell is simple hexagonal with a basis
of four atoms, two of each kind. There is no inversion symmetry in this lattice along the
[0001] direction, resulting in all atoms on the same plane at each side of a bond being same.
Hence, a GaN crystal has two distinct faces, the Ga-face and the N-face. The arrangement
of atoms for Ga-face and N-face GaN are shown in Fig. 2.7 %. A wurtzite crystal is
characterized by three parameters, edge length of the basal hexagonal plane (ao), the height
of the hexagonal lattice cell (co), and the cation-anion bond length ratio (uo). The substrcipt

‘0’ indicates the parameters relate to equilibrium condition. For ideal wurtzite crystal, the

ratio co/ap is 1.6330 (= v8/3). Table 2.1 shows the parameters for three different materials

and from the c/a ratio, AIN, GaN, and InN seems to have higher asymmetry.
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Table 2.1 Crystal structural parameters for AIN, GaN, and InN

Parameter Ideal AIN GaN InN
a0 (A)? - 3.112 3.189 3.54
co (A)? - 4.982 5.185 5.705

colap (exp.)? - 1.6010 1.6259 1.6116

Colao (cal.)® 1.6330 1.6033 1.6297 1.6180

Uo® 0.375 0.380 0.376 0.377

aRef, % bRef. 97 °Ref, 8

2.4.2 Spontaneous and piezoelectric polarization

The metal-nitrogen covalent bond in 111-V Nitride will have stronger ionicity

compared to other 111-V covalent bonds, which generates macroscopic polarization in AIN,

GaN or InN crystals as the co/ao ratio deviates from the ideal value. Since this polarization

is produced without any external strain and only due to inherent property, this is called

spontaneous polarization (Psp). In 11I- nitrides, the covalent bonds parallel to the c-axis

and the other three covalent bonds in the tetrahedral structure generate the spontaneous

polarization. As the co/ap ratio decreases from the ideal value, these three covalent bonds

will be at a wider angle from the c-axis, and their resultant compensation polarization will

decrease, giving rise to a stronger macroscopic spontaneous polarization (see Fig 2.7 and

Table 2.2). Any external stress, the ideal co and ao of the crystal structure will change to

accommodate the new stress. Thus the polarization strength will be changed. This
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Total polarization = 0

Total polarization # 0

C- axis

Ideal co/ao ratio Lower co/ao ratio

Figure 2.7 Generation of polarization due to deviation of the co/ap ratio from ideal value
(from reference 97).

Table 2.2 The dependence of spontaneous polarization on the co/ao ratio (Ref. °7)

Parameters Ideal AIN GaN InN
Colao 1.633 1.6033 1.6297 1.6180
Psp (C/m?) 0 -0.090 -0.034 -0.042

additional polarization in strained Ill-nitride crystals is called piezoelectric polarization
(Pre). If, for example, the nitride crystal is under biaxial compressive stress, ao will
decrease and co will increase, making the co/ap ratio increase towards the ideal lattice,
which will decrease the polarization strength of the crystal; as the Ppe and Psp will act in
opposite directions (see Fig. 2.8 (a)). For tensile stress, opposite things will occur and the

net polarization will increase (see Fig. 2.8 (b)).
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(b) Al/Ga/In- face

Al/Ga/In- face

N- face N- face

Figure 2.8 The direction of piezoelectric polarization on Al(/Ga/In)N layer with (a)
compressive, and (b) tensile stress.

When a biaxial stress is applied to the crystal along the direction perpendicular to c-axis,

the piezoelectric polarization is expressed as [refer to Ambacher’s articles3%47],
P =656, +e5.(¢, +¢,) (2.34)

where, e33 and es; piezoelectric constants of the wurtzite material (Table 2.3). If the lattice

parameters are changed to ¢ and a due to external strain, then the z- direction strain,
g, =(c—cy)/c, (2.35)

If the material has same strain along x and y direction (isotropic), the strain can be

expressed as,
g, =¢,=(a-2a,)/a (2.36)

The shear related strain is not considered in this work. The z and x axis strains can be related

as,

g, = —Z(%}?X (2.37)
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Table 2.3 List of elastic and piezoelectric constants for AIN and GaN

Parameters AIN GaN
C13 (GPa)? 108 106
Css (GPa)? 373 398
es1 (C/m?)°® -0.53 -0.34
es3 (C/m?)°® 1.50 0.67

aRef. 9 bRef, %7

where, C13 and Css are elastic constants. Equations (2.34) and (2.37) can be combined

together to obtain,

a—a C
P = 2( o 0 j(em —€45 C_zj (2.38)

2.4.3 Theory of 2DEG

The two dimensional electron gas (2DEG) is generated at the interface of AlGaN
and GaN. The exact location of the 2DEG is dependent on the face on which AlGaN is
grown. In general, if the polarization P changes in space then there will be a charge density
p associated with such a change as, p = —V - P. For the wurtzitic IlI-nitrides, polarization
is directed along the growth axis, perpendicular to the heterostructure interface. A bound

sheet charge aint formed at the interface of the two layers is related as,

O-int

= F)tot,AIGaN - I:)tot,GaN (239)
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Cint = (Psp + Poc )AIGaN - (PSP + Poe )GaN (2.40)

This bound charge induced by a change in polarization of the two layers will attract

compensating mobile charge at the interface.

GaN will have only spontaneous polarization component in the layer. However, AlGaN
will have both spontaneous and piezoelectric polarization. So, polarization induced sheet

charge density (with Al mole fraction to be x),

Oint = (PSP )GaN - (PSP + Pee )AIGaN

a(x) Cys(x)

-0+ 2080 e (0-e,(0 20 |0 (2

Free electrons tend to compensate the high positive polarization induced sheet
charge at the AlGaN/GaN interface for Ga(Al)-face or at the GaN/AlGaN interface for N-
face material. Figure 2.9 shows the conduction band diagram, and charge densities at the
interface and the surface. The maximum sheet carrier concentration located at these

interfaces can be given as,

n,(x) =

Tint (X) _(50‘9()()

5 ][q¢b(x)+EF(x)—AEC ()] (2.42)
q dq

where oint IS the bound polarization sheet charge, q is the electron charge, & is the
permittivity of free space, &(x) is the relative dielectric constant of AlGaN, d is the thickness

of the AlGaN layer. ¢ is the Schottky barrier height, Er is the Fermi level at the

28

www.manaraa.com



- gt 2DEG formed in

q}b quantum well
Ec
Er
GaN
Gcom Gint
-G surf -G2DEG

Figure 2.9 Conduction band diagram, sheet charge densities at the surface and interface of
AlGaN/GaN heterostructure.

heterointerface with respect to the GaN conduction band edge, and AEc is the conduction
band offset at the AIGaN/GaN interface. To determine the sheet carrier concentration from
the polarization induced sheet charge density from Eq. (1.14), we use the following

approximations:

Dielectric constant: e(X) =(-0.5x +9.5) (2.43)
Schottky barrier: @ = (1.3x + 0.84) eV (2.44)

Where, the Fermi energy level can be expressed as,

2

Er (x) = Eo () + 2, (x) (2.44)
m”*(x)

where the ground sub-band level of the 2DEG is given by,
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97hg® N (x)

E (x) =
(¥ [&s‘m/Sm*(x) &(X) ]

(2.45)

the, electron effective mass is m“(x) = 0.20mo, where mg is the rest mass of an electron.

And the conduction band offset is,
AE. (x) =0.7|E, (X) - E, (0)] (2.46)
The bandgap of AlxGaixN is express as,

E, (X) =xE, (AIN)+(1-Xx)E, (GaN) - x(1-x)1.0 eV

E,(x) =x6.13+(1-x)3.42-x(1-x)1.0 eV (2.47)
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CHAPTER 3
FABRICATION OF GAN MICROCANTILEVERS EMBEDDED WITH

ALGAN/GAN HFET/MOSHFET/MISHFET

Fabrications of AlGaN/GaN  HFET/MOSHFET  (metal-oxide-semiconductor
HFET)/MISHFET (metal-insulator-semiconductor HFET) are well documented. However
fabrication of heterojunction field effect transistor embedded on a microcantilever has been
reported by few®1%0-103 |n this dissertation for the first time, we report the complete
fabrication details, issues, and solutions of several novel AlGaN/GaN
HFET/MOSHFET/MISHFET embedded GaN microcantilever. Although the principles
and application of different devices vary from each other, but the fabrication processes
remain the same. In this chapter we will describe the different process for a representative
device and scanning electron micrograph images of various MEMS devices. All the
fabrication processes were carried out in the Microelectronic Research Center (MiRC),

IEN in Georgia Institute of Technology, Atlanta, GA.

3.1 Wafer information

A six inch AlGaN/GaN wafer grown on Silicon (111) substrate was purchased from
NTT Advanced Technology Corporation, Japan for this work. The wafer was diced into ~

44 (1.8 cm by 1.8 cm) square pieces. Before dicing, the wafer was spin coated with photo
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resist (Shipley 1827) and then baked for 5 mins at 110°C. This is solely to protect the top
surface from any damage may happen during wafer dicing. The different layers of the wafer

are shown in Fig. 3.1.

1 nmi-AIN Layer

300 nm Buffer Layer

Figure 3.1 Different layers of the AlGaN/GaN wafer grown on Si (111) substrate with
mesa and cantilever layer as shown.

Silicon substrate (111) of ~ 720-800 um thickness was used to grow the AlGaN/GaN layer
104 A 300 nm buffer layer (not disclosed by the company) was used as a transition layer
before growing 1 um undoped GaN layer. This transition layer along with the undoped
GaN form the thickness of our microcantilevers. On the top of the GaN layer, a thin layer
of 1 nm AIN was used to form abrupt junction and better electron confinement in 2DEG
by tuning the bandgap. Above that layer we have our active layer of AlIGaN of 15 nm and

2 nm of GaN cap layer.
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3.2 Mask design

Two 57%x57x0.09” mask (material: chrome, substrate: quartz) was ordered from
Photo Sciences Inc., USA after designing in AutoCAD 2013. There were 7 lithographic
layers in the fabrication process (described in details in the next section), all the layers were
designed and three copies of each layer were organized in two masks. Three layers (Mesa
isolation, GaN cantilever outline, and Backside Si etch) were 1.8 cm by 1.8 cm box equal
size of the sample and other three layers were 1.4 cm by 1.4 cm. These layers could be
made exact size as others, that makes the alignment task easier but it will consume more
space in the mask. If there is plenty space in the mask, it is better to have equal sized layers
and also equal to the sample size. The mask was clear field. The back side alignment layer
for through wafer Si etching should be mirrored respect to the first two top layers if the
design has asymmetry. If it is a symmetric design then mirroring the back side layer would
not be necessary. The wafer was diced 1.8 cm by 1.8 cm, though all the devices would fit
1.4 cm sample size. The only reason to have some empty space around the sample for
handling with tweezers. Also later in this section, readers will find why it is useful to keep
more space around the actual device area. The first two layers specially GaN outline layer
and the back side layer should have a ‘+ sign’ for auto dicing each sample into small pieces
as it will be really hard to dice the small samples further after final release of cantilevers.
While designing the mask, it is easy to start from the GaN outline. After drawing the
complete device, then separate each layer and organize according to the size of the mask.
Photo Sciences has its own rules about drawing, and they have to be followed for faster
processing. When the mask is made, the mask should be thoroughly checked for any

damage, design violation, and sharpness of chrome line.
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Figure 3.2 Mask layouts: (a) The final design including all the layers separately with
multiple copies. Each different color represents individual layer; (b) all litho layers are
superimposed showing the schematic of the final outcome of the fabricated devices for one
design (for rectangular cantilevers). The mask design has the provision for auto dicing each
sample into either 4 or 8 pieces; (c) All litho layers are superimposed showing the
schematic of the final outcome of the fabricated devices for another design (for differently
shaped cantilevers). The mask design has the provision for auto dicing each sample into
either 4 or 5 pieces. GaTech MA6 mask aligner has 4-6 inch mask holder but the opening
area is of 1 inch shorter diameter. So the mask design space should be considered according
to the holder size (see appendix for the pictures of different tools used in fabrication).

3.3 Details of the fabrication steps

In this section the fabrication related issues, problems and solutions are discussed
in two subsections covering the top cantilever outline followed by through wafer Si etching

from backside. The first sub-section is segmented into six sub-sections where each

34

www.manaraa.com



lithography step and associated process steps are discussed. For further details reader are
advised to refer to the appendix. Positive photo resist (PPR, SC 1827) was used for the first
process step, whereas negative photo resist (NPR, NR 71) was used for the rest and NR 5

was used in Bosch process for releasing cantilevers.

331 Top GaN microcantilever outline embedded with AlGaN/GaN
HFET/MOSHFET/MISHFET

3.3.1.1 Step one-MESA Outline: Mesa is the active region on which the

AlGaN/GaN HFET is fabricated. This is because AIGaN/GaN layer has 2DEG throughout
the wafer, therefore it is conductive all over and needs to be isolated from other patterns
on the sample. Only in this layer PPR SC 1827 was used (the litho parameters are given in
appendix). PECVD SiO2 (300 - 400 nm) was deposited using Unaxis PECVD tool
(deposition rate is 50 nm/min) at the beginning. The oxide was patterned and then etched
in Plasma Therm Inductively Coupled Plasma (ICP) tool (etch rate is 180 nm/min,
CHF3/02 gas). Then used BCIs/Cl2 based dry etching recipe of GaN in ICP to etch 180-200
nm to isolate mesa. Though more than 15 nm of AlGaN etching would be sufficient but
over etch is done to ensure complete isolation and also for next alignment purpose (below
100 nm thickness would be harder to see in MAG). After the etching, the PR should be

completely removed from top oxide layer following resist remover, oxygen plasma
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Figure 3.3 Process flow diagram of top GaN microcantilever outline embedded with
AlGaN/GaN MOSHFET. (a) A diced AlGaN/GaN on Si sample (wafer layers are shown
in Fig. 3.1); (b) PECVD SiO2 (300 - 400 nm) deposition; (c) Pattern the Mesa layer with
PPR and ICP etching of oxide; (d) ICP etching of AlGaN; (e) PECVD SiO2 (1.2 um)
deposition; (f) Pattern the Microcantilever Outline layer with NPR and ICP etching of
oxide; (g) ICP etching of GaN; (h) Complete oxide etching with BOE; (i) Pattern Ohomic
Contact and e-beam deposition of Ti (20 nm)/Al (100 nm)/Ti (45 nm)/Au (55 nm) metal
stack; (j) Rapid thermal annealing of ohomic contacts; (k) Pattern Schottky Gate Contact
and deposit PECVD SiO2 (5 nm) or ALD Al2O3 (5 nm) or PLD BN (5 nm) (not all devices
have gate dielectric); (I) E-beam deposition of Ni (50 nm)/Au (200 nm) metal stack; (m)
Pattern Probe Contact and e-beam deposition of Ti/Au metal stack.
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Figure 3.4 Fabrication step 1: Mesa isolation, (a) Schematic diagram. Optical image of the
mesa (b) with X axis conduction in mesa, (b) with Y axis conduction in mesa.

cleaning in Reactive lon Etcher (RIE), and if necessary dipping in warm sulphuric acid
(H2S04) for 5-10 minutes. The resist gets crosslinked in ICP and it becomes literally
impossible to remove with just resist remover or acetone. That is why it is better to have
the oxide layer protecting the mesa which acts as the hard mask. Otherwise without oxide
deposition, mesa etching can still be performed. It is suggested that after mesa etching, the
sample should be kept in warm resist remover (Microposit 1165) for 10-30 minutes and

then cleaning the sample with cleanroom swab (soaked in the same remover to make it soft
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and not to scratch the sample). If this cleaning is not sufficient then oxygen plasma etching
would be needed. Keep in mind that, bare AlGaN/GaN mesa should never be exposed in
oxygen plasma, otherwise 2DEG would be completely damaged.

3.3.1.2 Step 2-GaN Cantilever Outline: In this step, GaN is etched down to make

an outline for the cantilever. GaN is etched down in the pocket area up to the substrate
where silicon gets exposed. This process was exactly same as step 1. Only difference is the
deposited oxide is 1.2 pm thick as the remaining thickness of GaN after etching for mesa
in step 1 is about 1.1 pum. Over etching (assuming 2 um thick GaN) is performed as the
etched down GaN has other layers (see Fig. 3.1). BCL3/Cl> also etches exposed Si (verified
using Tencor Profilometer) with same etch rate of 340 nm/min, but this does affect any
fabrication process as ultimately the exposed Si will be etched from back completely. In
this step and the next ones in this sub-section, negative photo resist (NPR) NR 71 was used
(see appendix for details). After the etching of oxide similarly as step 1, resist should be
removed. After resist removal, wet chemical etching of the oxide is done using Buffered

Oxide Etchant (BOE).
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Figure 3.5 Fabrication step 2: Top cantilever outline, (a) Schematic diagram. Optical
image of devices (b) with X axis conduction in mesa, (c) with Y axis conduction in mesa,
(d) different shapes of microcantilever, and (e) suspended GaN net.
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Figure 3.6 Fabrication step 3: Ohmic contacts, (a) Schematic diagram. Optical image of
devices (b) with X axis conduction in HFET, (b) with Y axis conduction in HFET.

3.3.1.3 Step 3-Ohmic Contact: For ohmic contact multilayer gate metal stack of Ti

(20 nm)/Al (100 nm)/Ti (45 nm)/Au (55 nm) was used. Getting a good ohmic has always
been a challenge 1°° and multilayer metal stack gives low contact resistance 1%. The reason
for choosing this metal stack is well explained'®!%, For a good and easy metal liftoff
process, overdevelopment is suggested after post bake of resist as very thin layer of resist
would be always present. Also, the extra space surrounding the sample should be used to

mount the sample with Kapton tape in CVC Electron Beam Evaporator’s holder.
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Figure 3.7 Fabrication step 4: Schottky contacts, (a) Schematic diagram, (b) optical image
of a device after deposition of Ni/Au for gate.

So that the metal does not get deposited on the edges which makes the liftoff very hard and
time consuming. The metal liftoff should be done in warm resist remover (RR41),
submerging the sample for as long as the unnecessary metal film comes off. After that, the
sample was put in fresh warm resist remover for 10-15 minutes and the using soaked (in
RR41) cleanroom swab is used to clean the sample by whirling the swab. When satisfied
(checking in microscope to ensure no resist is left), the sample should be cleaned with
squirting IPA after every successive whirling with swab soaked in resist remover. No

oxygen plasma cleaning should be done on the sample with bare AlGaN/GaN mesa.
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However as the GaN outline has already created several trenches in the sample, resist
becomes highly adhesive to the surface, and so warm H2SO4 treatment can be performed.
Every after 1-2 minutes, the sample should be checked to ensure no unwanted liftoff of
ohmic contacts is happening. It happens because of thin layer of resist still present
underneath the metal contacts. After lift-off is done, the contact is annealed in SSI RTP at
825 °C.

3.3.1.4 Step 4-Schottky Gate Formation: Step 4 is a critical part of the processing

of HFET. If the aim is to design simple piezoresistor then this step should be skipped. In
this dissertation, the designed microcantilevers have many varieties in the FET part, where
the samples are processed with or without gate dielectric. Liftoff process was followed to
reduce the processing time and one lithography step which involves depositing dielectric
materials and then patter the gate layer to etch away dielectrics from other areas on the
sample. Hoewver liftoff process eliminates that need and after patterning the sample with
resist, gate dielectric can be deposited followed by gate metal and finally lift off the resist
as described in previous step. To create high Schottky barrier with nitride surface, higher
work fucntion Schottky contacts are needed and both Pt and Ni are ideal choices for
Schottky gate contact 1%, Ni is a preferred choice due to its higher adhesion property with
nitrides and can be operable up to 600°C. Therefore a Ni/Au metal stack for Schottky
contacts for the HFET gates.

Devices were fabricated without dielectric (HFET), with Plasma Enhanced
Chemical Vapor Deposition (PECVD) of SiO> (MOSHEFT structure), Pulsed Laser
Deposition (PLD) of Boron Nitride (BN), and Atomic Layer Deposition (ALD) of Al,O3

(MISHEFT structure). PECVD oxide is the mostly used gate dielectric which reduces the
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leakage by several orders as HFET has high gate leakage (ref). This leakage is highly
undesirable for sensor application as in later section readers will find the importance.
Recently ALD Al>O3 has shown impressive performance with AIGaN/GaN HFET (ref).
The PLD BN has never been studied with AlIGaN/GaN structure as this newly formed
dielectric has offered greater performance with Graphene based devices. However the PLD
technique is very quick and can be operated at room temperature, which gives easier lift
off process. The PLD was performed in Air Force Research lab and the details is not
provided here. However the film thickness was 5 nm. For PECVD, 5 nm of oxide was
deposited at 100° C. The usual recipe and the Unaxis PECVD tool in MiRC does not allow
deposition below 250° C but at that temperature the resist will burn and contaminate the
chamber which is not permissible. So if not possible to use the recipe with lower
temperature, one has to follow the etching of oxide film with an added litho step. In case
of ALD, 5 nm of Al,O3 was deposited with thermal oxide recipe at 100° C. The deposition
rate is 1 A/cycle which takes more than an hour to deposit 5 nm film. This longer duration
hard bakes the resist and eventually impossible to lift off especially with smaller feature
size. The only option would be to have the film deposited first and the follow the etching
procedure. Although devices with oxide and BN were fabricated, the Al>Os deposited
devices were not continued for further processing due to limitation of time. Moreover this
dissertation will only cover the usual HFET devices, the MOSHFET and MISHFET will
be described elsewhere.

3.3.1.5 Step 5-Probe Contact: Large metal pads (250 um by 250 um) are deposited

for characterization which connects to the drain, source, gate and cantilever tip. Gold with
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Figure 3.8 Fabrication step 5: Probe conctacs, (a) Schematic diagram. Optical image of (a)
the whole device before cantilever release with X axis conduction, (b) the whole device
before cantilever release with Y axis conduction, (c) Micro Web showing all the contacts

for the 4 HFETS.
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Figure 3.9 Photograph of a processed sample after the first five steps. The sample size 1.8
cm by 1.8 cm.

adhesion layer of Ti was used for this metal deposition step. The mask layout has two probe
layers with long contact and short contact. Long contacts are helpful for microfluidic
channel integration, vacuum sealing of the sample, and utilizing fabricated micro-
canals/discs which are patterned in step 2. The lift off process remains the same as

mentioned in step 3.

3.3.2 Through wafer Si etch from backside using Bosch process

The cantilever is released by through wafer etching of Si using STS ICP etcher. We
used ‘Bosch process’ where the etcher alternates between an ‘etch’ cycle and ‘passivation’
cycle. During the etch cycle, Si is isotropically etched using SFe for 10 seconds, then the
etched region is passivated with a polymer (CaFs) for 7 seconds in the passivation cycle.
The whole process continues alternatively as long as the cantilever is not released, resulting

in a high aspect ratio Si etch with vertical side walls.
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3.3.2.1 Existing problems with previous process: The usual practice of processing

this particular layer involves depositing thick SiO2 on the back side which acts as the hard
mask for Si etching. Then patterning with NR 71 resist (4 pum thick), the oxide is wet
chemically etched using BOE. The resist is then removed from the backside and also from
the top side (which acts as a protecting layer of the devices on the top side from spinner
and BOE. After that the sample is put into ICP to etch Si for releasing the cantilevers. This
process is faster and easier, however there are several key factors that affect the final
outcome. In ICP the selectivity is about 90:1 between Si and SiO». For a wafer of 500 pm
thick (our first generation wafer from Nitronex Inc), the oxide needs to be 7-8 um thick on
the backside of the sample and also in the carrier wafer. The carrier wafer is needed for
mounting small samples with cool grease before loading in the ICP chamber. Now if the
pocket (where the Si will be etched) is big enough and the layer has symmetric design (see
Fig. 3.10 (a)) with moderately thick Si substrate the above mentioned process works fine
but will have lot of undesirable undercut of Si, resulting in over hanged cantilevers (see
Fig. 3.10 (b)). As the maximum strain is supposed to be at the base and the cantilever
should be the only suspended part, this process yields less sensitive devices and in some
cases devices of no use. This process becomes totally inapplicable and impractical if:

(a) The thickness of Si wafer is above 600 um, as the thickness of oxide would be
more than 8 um which would require longer tool time. Like our recent wafer
which is 720-800 um, the oxide thickness should be more than 10 um. The
PECVD tool in MIiRC allows 3 pm thick film deposition at a time, but the
quality becomes bad. So it is advised to deposit 2 pum thick oxide (50 nm/min

deposition rate needs 40 minutes plus purging time yields about an hour), then
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run clean process for 2 hours and deposit again. That means more than 14 hours
of total processing time is required from that tool.

(b) If the design has asymmetry (see Fig. 3.10 (c-e)) with pocket size varying from
50 pm to 800 pum (the shorter side of the rectangular pocket or the diameter of
a disc), the etch rate of Si in ICP will vary significantly as bigger pocket gets
etched faster. Eventually it will take almost double the theoretical time (400
nm/cycle, each cycle is 17 seconds long) to completely release suspended
structures from all the pockets. Most importantly BOE etching of that thick
oxide with a large variety in pocket size is literally impossible to control,
resulting in under-etched or over-etched SiO2 mask and eventually a total mess
after Si etching with that hard mask. The fabrication yield would be very low
with this process.

(c) The tool time required for the ICP would be ~ 12 hours for releasing all the
structures, assuming 1000 pm thick (taking into account for the different pocket
sizes) Si and etch rate of 400 nm/cycle. That much deep Si etching would
obviously result in a lot of undercut.

3.3.2.2 New process development to release suspended structure: To account the

above mentioned problems and to ensure higher fabrication yield with zero undercut in the
microcantilevers, new process was designed. The process flow is shown in details in Fig.
3.11. The details of this new process are described below:

(a) Thinning down of bare Si substrate: To deal with ~ 800 um thick Si, the samples
were first thinned down in STS ICP using the Bosch recipe to make the thickness about

400 um. The other recipe can be used just with SF6 etch cycle with no passivation cycle
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Figure 3.10 Photograph of mask layout of backside etching layer: (a) The first
generation design which have symmetric pocket and only a single variation of
microcantilever. The area enclosed with white line represents the pocket from where Si
will be etched. (b) SEM image of released microcantilever with previous design and
processing techniques, which results in large undercut of the cantilever. (c) — (e) are
mask layout of latest design with a lot of asymmetry and different pocket sizes. (c) This
layout results in 4 quadrants, (d) gives 8 small pieces and (e) gives 4 pieces.
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Figure 3.11 Process flow diagram of through wafer Si etching from backside using Bosch
process. (a) A complete sample after the first five processing steps (this schematics does
not represent the exact device rather a simplified drawing for explaining the flow diagram);
(b) Flip upside down and mount on ICP holder with cool grease precisely at the corners;
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(c) Thinning down the Si substrate (~ 400 um) in ICP ; (d) PECVD SiO:z (4 um thick) was
deposited; (e) Photoresist NPR NR 5 (8 um thick) was coated; (f) Pattern the resist layer
with NR 5 and developed; (g) Etching of SiO2 in RIE; (h) Through wafer Si etching in ICP
using Bosch process; (i) Schematics of the released GaN microcantilever embedded with
AlGaN/GaN HFET.
which would be faster. However, selectivity ratio would be lower with SiO>
(measured to be 40:1 instead of 90:1). But this does not affect anything at all as
long as the carrier wafer has enough oxide (in this case the thickness was 9 um).
To mount the sample cool grease was used carefully on the top side, at the
corners and open area outside 1.4 cm square box. As there will be no resist
removal step in this whole process, unfortunately the top surface was not
protected with any resist coating. Also the resist may get cross linked for this
long duration of Si etching, so if possible the resist coating on the top surface
should be avoided. Another important thing is, if the cool grease is not applied
enough, the samples get very hot and metal layers get peeled off from the
surface (see appendix). So this step was done in intervals with 260 cycles
runtime with10 minutes pause. Total 760 cycles of the Bosch recipe was run to
etch ~ 350 — 400 um Si (see Fig. 3.12 (a) and (b)) with an etch rate of ~ 500
nm/cycle (the etch rate is higher as bare Si was etched). The tool time was ~ 4
hours.
(b) Oxide deposition: As the thinned down sample has become ~ 400 um thick, so
a total of 4 um thick oxide was deposited in Unaxis PECVD tool in two slots.
After 2 um deposition (50nm/min) a clean process was run for 2 hours and the

final 2 um was deposited. Though from the selectivity 5 pum thick oxide seems

necessary, but the photo resist would provide the extra etching cycles. Also,
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even if the oxide gets etched down but Si still remains unetched, the pattern
would be already there, and the Si substrate would only get thinned down which
will not harm anything. It is a good practice to prepare carrier wafer which
would be the prime Si wafers or any clean Si wafer with at least 8 um thick
oxide. Each wafer should be used once in the ICP. The tool time was 2 hours
and 40 minutes in Unaxis PECVD and itis same in STS PECVD 2. But the later
has better quality oxide than the former with only drawback is less number of
samples can be loaded. If time permits, it is better to use the later tool to deposit
oxide following the same procedure.

(c) Photolithography: The thinned down and oxide deposited sample was
patterned with NR 5 photoresist. The litho parameters are given in the appendix
(similar to NR 71). The reason for using NR 5 was its thickness, minimum being
8 um (at 3000 rpm) and maximum being 100 um (at 500 rpm). The resist acts
as a mask not only for etching oxide but also during Si etching. The selectivity
was found to be 1:1 with oxide in RIE and 40:1 with Si in ICP. So there should
about 4 um resist left after etching oxide to cushion against etching the first 140
— 160 pm Si. That also helps in depositing thinner oxide film. However care
should be taken to choose the thickness of the resist, as the resist gets thicker
after development the profile does not remain steep and the resist loose its
integrity for further processing. The optimized thickness was found to be 8 pm
which gave good results. Up to 15 - 20 pm thickness would be fine with NR 5.
Both NR 5 and NR 71 are good etch resist but NR 71 offers maximum thickness

of 12-14 um but is less reliable. The litho step is same as previous, but after the

51

www.manaraa.com



development oxygen plasma cleaning can be run for 1-2 minutes to ensure no
resist film is remaining in the pockets. It is not mandatory as the ultimate
etching time very long which would eventually etch down the thin resist
residues.

(d) Dry etching of oxide: The 4 um thick oxide was etched down using NR 5 as
the mask in two slots with 2 um film being etched every time and running a
complete clean process for 3 hours in between in Plasma Therm RIE. The etch
rate is 50 nm/min but overetching was done (assuming 5 pm thickness) to
ensure complete etching of the oxide from the pocket. A gradient of color can
be seen in open eyes up to 80 — 90 um thickness. Then microscope could be
used to ensure further etching. As the backside is rough so it becomes harder to
justify if few nm film of oxide is remaining. However it will again not affect
due to longer etching of Si. This tool usually makes the sample contaminated
which however did not affect further processing, but it is highly recommended
to use Vision RIE for etching oxide. In that case, selectivity and etch rate should
be measured. It is to be noted that, as the etching was done assuming 5 pum thick
oxide, the remaining resist would be 3 pum, which would be good enough to
support. Before optimizing the process, two samples were simultaneously
processed but one was used in RIE to etch oxide and the other one was etched
with BOE to compare the results. After the etching, the damages due to BOE
was visible but still it was processed further. The total tool time was ~ 4 hours.

(e) Deep Si etching with Bosch process: The samples (~ 400 um thick Si substrate)

were mounted on carrier wafer with sufficient cool grease. While applying
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grease with swab on the top surface, the nearby area surrounding the top pocket
(where the GaN was etched) was avoided as the exposed cool grease (after
etching Si) would deposit contaminated film and sputtered all over the sample.
The Bosch recipe was used and the samples were processed for 1000 — 1200
cycles in slots of 250 cycles and 10 min pause in between, so that the samples
do not get over heated. Over etching does not affect as GaN is barely etched
with SF6 (about 200 — 300 nm). However in the new wafer the cantilever
thickness is 1.1 pm after mesa etching. So care should be taken or this can aid
in thinning down GaN slowly if different thickness of cantilever is required.
Visual inspection would be enough to ensure complete etching and also the
samples will be auto diced as per design. The total tool time in STS ICP was ~
6 hours. The SEM images of the released structures are shown in details in next
section. Fig. 3.16 compares the final results with previous process and the new
process.
The newly developed process offers the following advantages:

1. Absolutely no undercut, no overhang, and the fabrication yield is 100% with
releasing about 1000 microcantilevers and suspended structure.

2. Total process time is about 18 hours including tool time and lithography process
compare to 30 hours process time with previous process.

3. The usual process is absolutely not applicable with more complex design such
as this which involve dense integration of microcantilevers.

4. No BOE handling at all which not only damages metal stack but also very

dangerous if exposed to human body.
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There are several designs and variations of the devices being fabricated, such as : (a) length
variation of the microcantilever, (b) width variation of the microcantilever, (c) HFET
orientation (X axis and Y axis conduction); (d) HFET position tuning, (e) Piezoresistive
and Piezotransistive design, (f) Shape variation of the cantilever (rectangle, T, U, and V
shapes), (g) GaN diaphragm with AlGaN/GaN HFET, (h) size variations of the discs, (i)
length variation of V shaped cantilevers, (j) HFET/MOSHFET/MISHFET embedded
similar structures, and (k) Surface Acoustic Wave (SAW) devices with different schemes.
This dissertation will only cover rectangular microcantilevers (with two different lengths,
250 and 300 pm) with AlIGaN/GaN HFET (only the X axis current conduction based
orientation). The next section will only show the SEM images. It is to be mentioned that
the samples or even the full wafer should not be thinned down from the beginning with
either ICP etching of Si or chemical mechanical polishing of backside Si, as the thinned
down sample handling would be difficult in so many steps and eventually the samples will
break at some point. The photographs of the samples in different states are shown in Fig.

3.12 - 3.15.
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Figure 3.12 Photograph of samples (a) before thinning down the Si substrate (b) after
thinning down. The samples were dismounted carefully from the wafer with very thin
syringe and sharp tweezers not to damage the devices on the top surface.
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(b)

Figure 3.13 Photograph of samples (a) after PECVD oxide deposition (b) after etching
the oxide in RIE (see the color difference).
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(b)

Figure 3.14 Photograph of samples (a) after through wafer Si etching (b) auto-diced
samples into 4 quadrants and two smallest pieces (called Micro Web).
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(b)

Figure 3.15 Photograph of samples (a) auto-diced samples into 8 quadrants and two
smallest pieces (called Micro Web), one of which is still attached. These samples are not
from the Fig. 3.12 — 3.14.
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Processed with new technique

Figure 3.16 Photograph of samples comparing the releasing of microcantilevers with
two different techniques which shows the incompatibility and inapplicability of the old
technique for processing sophisticated designs.
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3.4 Scanning Electron Micrograph (SEM) gallery

(@)

200 pm EHT = 15.00 kV Signal A = SE2 Date :3 Oct 2014
WD =29.8 mm Mag= 54X Time :22:51:44

(b)

100 pm EHT = 15.00 kV Signal A = SE2 Date :3 Oct 2014
WD =252mm Mag= 379X Time :23:02:27

Figure 3.17 SEM image of (a) 14 rectangular microcantilevers with length varying from
40 pum to 300 pm, width 50 um and thickness 1 and 2 um with different HFET
orientation and position, (b) the shortest and the longest microcantilevers. The scale bar

is as shown.
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(@)

200 pm EHT = 15.00 kV Signal A = SE2 Date :2 Oct 2014 ZEISS
WD =274 mm Mag= 568X Time :16:44:23

(b)

100 pm EHT = 15.00 kv Signal A = SE2 Date :2 Oct 2014 ZEISS
WD =206 mm Mag= 212X Time :16:53:51

Figure 3.18 SEM image of (a) 14 rectangular microcantilevers with width varying from
50 pm to 100 pm, length 250 pum and thickness 1 um with different HFET orientation,
(b) the thinnest and the thickest microcantilevers. The scale bar is as shown.
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- T
EHT =15.00 kv Signal A= SE2 Date :25 Sep 2014 ZEISS 10 pm EHT =15.00 kv Signal A= SE2 Date -3 Oct 2014 ZEISS
WD =109 mm Mag= 955X Time 15:18:24 WD = 18.1 mm Mag= 892X Time 19:11:37

30 pm EHT = 1600 k¥ Signal A= SE2 Date 3 Oct 2014 FEISS|
— WD = 18.0 mm Mag= 585X Time :19:26:56 WD =18.0mm

Figure 3.19 SEM image of (a) rectangular, (b) triangular (V shaped), (¢) hammer-head
(T shaped), and (d) U shaped microcantilevers. Length 200 um, width 50 um and
thickness 1 um with different HFET orientation and position. The scale bar is as shown.
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(@)

EHT =15.00 kV Signal A = SE2 Date :19 Aug 2014
WD= 7.1 mm Mag= 2.02KX Time :17:25:07

(b)

-

3 um EHT = 15.00 kv Signal A = SE2 Date :19 Aug 2014
WD = 6.1 mm Mag= 536 KX Time :19:13:02

Figure 3.20 SEM image of (a) shortest microcantilevers with embedded AlGaN/GaN
HFET where current conduction in X direction (b) the current conduction is
perpendicular to (a) or in Y direction. The scale bar is as shown.
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(@)

10 pm EHT = 15.00 kv Signal A = SE2 Date :3 Oct 2014 ZEISS
WD =13.1 mm Mag= 328 KX Time :17:27:46

(b)

10 um EHT = 15.00 kV Signal A = SE2 Date :3 Oct 2014
WD =13.1 mm Mag= 3.28KX Time :17:09:48

Figure 3.21 SEM image of Piezoresistive microcantilevers (a) where current conduction
in X direction in AlGaN/GaN mesa (b) the current conduction is perpendicular to (a) or
in Y direction. The scale bar is as shown.
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(@)

10 um EHT = 15.00 Signal A = SE2 Date :2 Oct 2014
WD = 7.5 mm Mag= 879X Time :18:01:28

10 pm EHT = 15.00 kv Signal A = SE2 Date :2 Oct 2014
WD=75mm Mag= 268 KX Time :18:07:53

Figure 3.22 SEM image of (a) suspended GaN film with 4 AlGaN/GaN HFET. This
device is named Micro Web (b) the zoomed SEM view of one HFET. The scale bar is as
shown.

65

www.manharaa.com



()

200 pm EHT = 15.00 kv Signal A= SE2 Date :3 Oct 2014
WD =27.7 mm Mag= 79X Time :19:42:35

(b)

300 nm EHT = 15.00 kv Signal A= SE2 D:

:30ct 2014
WD =21.2mm Mag = 43.84 KX Time :22:33:56

Figure 3.23 SEM image of (a) GaN diaphragm with annular AlIGaN/GaN HFET. The
suspended part is not visible in SEM but is visible in optical image (b) the tip of V shaped
microcantilever revealing the actual thickness of the microcantilevers is about 800 nm.

The scale bar is as shown.
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(@)

s

SC = 4850 X 180

BC'=4850 X 300

SEM HV: 10.0 kV WD: 24.21 mm VEGA3 TESCAN
View field: 5.22 mm Det: SE
SEM MAG: 40 x Date(m/d/y): 08/22/14 usc

(b)

SEM HV: 10.0 kV WD: 25.18 mm || VEGA3 TESCAN
View field: 1.83 mm Det: BSE 500 pm
SEM MAG: 113 x |Date(m/dly): 08/22/14 usc

Figure 3.24 SEM image of (a) showing two microcanals (false colored) for microfluidic
integration (b) zoomed view of the canal. The scale bar is as shown.
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Figure 3.25 Optical microscopy image of two SAW devices out of six different types. The
SEM image would be hard to visualize different parts as the structures are bigger.

The epilayer GaN and Si(111) substrate has lattice mismatch and thermal expansion
co-efficient difference %, Moreover during growth of GaN on Si (111) there is an internal
stress distribution due to inhomogeneous outgrowth of the layer *°. This causes a residual

tensile stress component in the epilayer. The residual stress in the GaN layer is influenced
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by growth conditions, layer thickness, and layer structures, as well as choice of substrate
109,110 However, during the release of the cantilever there is a change in stress which pulls
the cantilever upwards resulting in curled up structures. The longer microcantilevers have
more bending compared to the shorter ones. Although different devices were fabricated
with new wafer, several devices were also fabricated using a wafer bought previously from
Nitronex Inc with different layers as shown in Fig. 3.26 (a). The SEM images of the
fabricated devices are also shown in Fig 3.26 (b) — (d).

200 nm etch to
define Mesa

(@)
Forms cantilever
thickness

Sacrificial layer ——

Figure 3.26 (a) Wafer layer structure, SEM image of (b) a pocket containing four
microcantilever devices (250 and 350 pm in length, width 50 pum, and thickness 2 um, (c)
One single microcantilever device with four large bonding pads for drain, gate, source and
tip, (d) AlGaN/GaN HFET. Mesa can be clearly distinguished with drain, gate and source
contacts on it.
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CHAPTER 4

P1IEZORESISTIVE GAN MICROCANTILEVER

GaN microcantilevers with two different dimensions of 250x50x2 pm?® and
350x50x2 pm?® were studied study using commercial wafers with 111-V Nitride epitaxial
layers on Si (111) substrate (layer structure shown in the bottom inset of Fig. 4.1). The
HFET, acting as a piezoresistive deflection sensor, was integrated at the base of the
cantilever (top inset of Fig. 4.1). The fabricated Si chip carrying a set of 4 GaN
microcantilevers were wire bonded to a regular 28 pin chip carrier (CSB02812, Spectrum,
Inc.). The source-drain resistance Rps for most cantilevers varied in the range of 20 - 50
kQ, but a small percentage showed Rps >500 k€, which can be attributed to processing
related surface and/or sub-surface damage. We studied quasi-static and dynamic responses

of both of these groups in this chapter with experimental details.

4.1 Static Bending of microcantilevers

Figure 4.2(a) shows the quasi-static bending performances of representative low
and high Rps devices. For the low resistance device (Rps = 22 kQ), the drain current was
found to increase by 1.17% [see Fig. 4.2 (a)], due to 1 um of downward bending. The

transverse
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gauge factor can be calculated by the formula: GF = (4R/R)/ex, Where & is strain, AR is

change in resistance, and R is the initial resistance of the cantilever.

20 Ai-GaN
175 A AlGaN, 26% Al

1 um i-GaN

1.1 pm AIN/(Al)GaN
(Transition Layer)
500 pum Si(111)
substrate

Figure 4.1 (a) SEM image of GaN microcantilever (250x50x2 pum?®) with embedded
AlGaN/GaN HFET at the base. Top inset shows the magnified image of the AlIGaN/GaN
HFET. The source drain length, Lps= 17 um, the channel width, W¢n = 29 um, and the gate
length, Lc = 6 um. Bottom inset shows the layer structure of the wafer.

Using &x =1.865x107° for 1 um bending of the free end of the cantilever, obtained
from COMSOL simulations, we obtain GF = -1.17 x107%/1.865x10° = -627. For the high
Robs (=3 MQ) device, the drain current can be seen to change by 6.3% due to 1 um bending,
which yields GF = -3532, which is the highest ever reported for these cantilevers. For other
measurements in this study we used a representative high Rps (= 2.8 MQ) device with GF

= 1350. Higher GF observed for the high Rps device compared to the low Rps one can be

attributed to lower 2DEG density, which would result in a higher channel resistance change
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Figure 4.2 (a) Static bending responses of two microcantilevers (250x50x2 um?®) with Rps
of 22 KQ and 3 MQ. (b) Low frequency dynamic bending response when the low resistance
cantilever is bent by 25 um at 0.5 Hz frequency.

due to bending, leading to a higher GF. Fig. 4.2 (b) shows the low frequency (0.5 Hz)
dynamic response of the low resistance device, with alternate downward and upward
bending by 25 pum. We find that the gauge factor (dc) reduces slightly to -600 in these
dynamic bending conditions. We would like to point out here that the GF obtained for these

devices (i.e. 600 — 3500) are much higher than those of Si cantilevers, which are typically

less than 100111112,

4.2 Dynamic bending of microcantilevers

To investigate the dynamic response of the microcantilevers, we adopted three

different excitation methods: (i) direct contact excitation using a piezo-chip (5x5x2 mm?,
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Figure 4.3 (a) Dynamic responses of two microcantilevers with Rps of 22 KQ and 2.8 MQ.
The top inset shows the measurement setup. (b) Comparison of the dynamic responses of
the low Rps (22 KQ) microcantilever by three different excitation approaches.

from Physic Instrumente) attached to the bottom of the chip carrier, (ii) non-contact
ultrasonic excitation through air using a piezo-chip oscillation, and (iii) photoacoustic

excitation using a laser (100 mW, 790 nm from World Star Technologies, Inc.) focused at
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the base of the cantilever, and pulsed at resonance frequency. The measurement schematic
for direct contact based excitation is shown in the inset of Fig. 4.3(a). A constant current
source (Keithley Sourcemeter) provided drain currents of 10 pA and 1 pA for the low and
high Rpos microcantilevers, respectively, and a lock-in amplifier was used to measure ac
voltage Vs generated between the source and the drain, as Rps changed due to cantilever
oscillations. An ac voltage (1 VV rms) with varying frequency was applied to the piezo chip
to oscillate it. As expected, the Vgs reached a maximum at the resonance frequencies of the
cantilevers, which is measured as 0.82 mV and 0.18 mV above the off-resonance value for
the low and high Rps devices, respectively [see Fig. 4.3(a)]. From the dynamic responses
studied, we found the resonance frequencies to be in the range of 45 — 51 KHz and 29 — 35
KHz, respectively, for the shorter (250 pum) and longer (350 um) cantilevers. The quality
factor remained ~200 for the cantilevers irrespective of their length.

To determine the effectiveness of the microcantilevers for acoustic sensing at
resonant frequency, mo, we calculated their dynamic gauge factor (at mo) GFayn, which can
be written as:

ARps/Ry _ AVps/V,

6-peak Epeak (4-1)

Gden(peak) =

where the ARps and AVgs are the peak changes in Rps and Vgs due to oscillations,
respectively, Vo is the drain-source voltage off resonance, and epeax iS the peak stress.
Assuming the amplitude of cantilever oscillations to be the same as the mechanical base
(23 nm) for off resonance conditions, the maximum amplitude at resonance is 4.6 um due
to quality factor enhancement (Q = 200), which gives rise to a peak strain gpeak 0f 4.6 x

1.865%10° =8.579 x 10°. With an initial voltage Vo of 0.22 V (lgs = 10 A, Rgs = 22 KQ),
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and Vpeak 0f 0.8212 = 1.16 mV, the gauge factor is calculated as -61.26. Following a similar

procedure the gauge factor for the high resistance device is calculated as -0.8. Clearly, the

GFayn values are much lower compared to their dc and low frequency dynamic values. In

addition, the GFayn of the high Rps device reduced more from its dc gauge factor (GFqc =-

1350) compared to the low Rps device (GFqc= -627). The theoretical estimates of GFqc for

cantilevers of these dimensions are 3 — 15100113114 and higher experimental GF is

attributed to the interaction of trap states®*19115-117 The observation of reduced GF first at

low frequency (-627 to -600), and then more significantly at resonant frequency, supports

the conclusion
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Figure 4.4 Comparison of the quality factors of a long cantilever measured at atmospheric
pressure and 9 mTorr. The inset shows the quality factor variation as a function of pressure.
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that traps play a significant role in increasing the GF over theoretical estimates. At high
frequencies, it is likely that the traps and/or surface donor states, responsible for pumping
charge in and out of the HFET channel (as the polarization charge changes, and the Fermi
level swings up and down), would not be able to respond (accept/donate charges)
adequately, leading to reduction in GF, as experimentally observed.

Figure 4.3(b) compares the frequency responses of the same device (250 pum long)
obtained through non-contact ultrasonic and photoacoustic methods with that of the direct
excitation method. We find that all the methods yield the same resonant frequency of ~45
KHz, and Q (= wo/A®hait-width) Of ~200 in air. To study the variation in Q with pressure, the
cantilever was enclosed in a sealed chamber attached to a vacuum pump, and excited
through photoacoustic method. Fig. 4.4 shows the resonance curves of a 350 um cantilever
in air and 9 mTorr pressure, with the inset showing the variation of quality factor as a
function of pressure. We find that the cantilever Q increases sharply as the pressure is
reduced, reaching a value of 4582 at 9 mTorr pressure (wo = 29.19 KHz, Aw =7 Hz). This
enhancement in quality factor with reduction in pressure is in excellent agreement with
earlier reports'®. From these results, we also conclude that these microcantilevers can be
very effectively excited by photoacoustic technique creating acoustic waves in the Si

substrate.

4.3 Air based ultrasonic transduction

To further investigate the performance of the microcantilever as air based ultrasonic

sensor, we studied the effect of varying distance and excitation amplitude of the piezochip.
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Figure 4.5 Non-contact ultrasonic excitation of the microcantilever (a) as a function of
oscillation amplitude of the piezo-chip placed 0.8 cm away, and (b) as a function of
distance of the piezo-chip with a fixed oscillation amplitude of 23 nm.
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First, the input ac voltage to the piezochip was varied from 0.2 V (rms) to 1 V (rms), at a
fixed position 0.8 cm away from the microcantilever, which increased its vibration
amplitude from 4.6 nm to 23 nm (estimated from Pl datasheet). Fig. 4.5(a) shows the
resonance curve of the microcantilever corresponding to different piezochip oscillation
amplitude. We find that the V¢s (corresponding to change in resonant amplitude) increases
from 4.5 to 28.46 nV, increasing proportionally with the piezochip oscillation amplitude.
Keeping the piezochip oscillation constant at 23 nm, and varying its position from 0.8 cm
to 4.8 cm yields the cantilever response as shown in Fig. 4.5(b), where both magnitude and
phase of the oscillations are seen to vary. For a plane progressive wave in air, the
relationships between sound intensity (I), sound pressure (p), particle displacement (a),

acoustic impedance of air (Z), and acoustic power (Pac) are given as'®®,

2
P
I = 4a’n?f?7 = p? = % (4.2)

Assuming, the acoustic impedance of air, Z = 413.3 Nsm, f = 45 KHz, a = 23 nm, and
using areas of the piezochip and cantilever to be 25 mm? and 250x50 pum?, respectively, I,
p, and Pac at the surface of the piezochip are calculated as 17.47 mW/m?, 2.69 Pa, and 0.44
MW, respectively, from equation (4.2). The peak pressure at the surface of the cantilever,

positioned at r = 0.8 cm away from the piezochip, can then be calculated as 0.476 Pa [=

Pac(Z/4mr?)], which would exert 5.94 nN peak force on the cantilever. This would
result in a resonance oscillation amplitude of 792 nm (= QF/k) assuming a quality factor Q
= 200 and spring constant k = 1.5 N/m (determined from COMSOL finite element
simulation). From equation (4.2) it is also clear that the peak pressure is directly
proportional to amplitude of the piezochip. Thus, change in piezochip amplitude would
proportionally affect the cantilever oscillation amplitude, as observed in Fig. 4.5(a). In
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addition, since the peak pressure varies inversely with distance*®, the resonance amplitude
of the cantilever would vary inversely with its separation from the piezochip, as observed
in Fig. 4.5(b). The change in phase seen in Fig. 4.5(b) can be explained by considering the
change in phase of the pressure wave reaching the microcantilever as the piezochip is
moved from 0.8 cm to 4.8 cm away from the cantilever. We find that the resonant peaks
occur at multiples of 0.8 cm, while the antiresonant peaks occur at multiples of 1.2 cm.
Since the wavelength A, of ultrasonic wave at 45 KHz frequency in air is 0.76 cm
(assuming velocity of sound of 343 m/s at 20 °C), the resonant peaks are expected to occur
at distances that are integral multiples of A,. The antiresonant ones are experimentally
found to occur at distances that are multiples of 1.5X,, but the exact mechanism of their
formation is not clear to us at this point.

To determine the noise limited pressure measurement resolution by the cantilever,
we calculated the overall noise from two major sources of noise for oscillating
microcantilevers, Johnson and thermo-mechanical noise. Using keT = 0.026 eV at 300 K

and Rps = 22 KQ, the Johnson noise is calculated as!™! v, ise(rms) = ipgise(rms) X

Rps = v/4kgT/R X Rpg = 19.14 nV. Since AVgs = 1.16 mV at resonance corresponding
to an oscillation amplitude of 4.6 pum (using Eq. 4.1), the equivalent noise amplitude is
found to be 75.9 pm/4/Hz. The thermo-mechanical noise is calculated for the same

frequency, and using Q = 200, k = 1.5 N/m, and f = 45 KHz in the formula!'! as

TMpoise (rms) = /4kgTQ/(kw,) = 2.8 pm/+/Hz. The overall noise is clearly dominated
by the Johnson noise, but if a larger lgs is used to make Vg¢s comparable to commonly used
value of 10 V, then the Johnson noise can go down t01.67 pm/+/Hz. In off-resonance

conditions, the TM noise also reduces to 2.8/200 = 0.014 pm, and the total noise becomes
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basically the John son noise, i.e. 1.67 pm at 1 Hz bandwidth or 52.81 pm at 1KHz
bandwidth. The noise limited resolution is comparable to that best noise performance of Si
cantilevers (20 pm — 5 nm)®" for a bandwidth of 1 KHz. The noise limited pressure
measurement resolution of the cantilever can be calculated using Eq. (4.2) as 1.96 pPa (=

0.476 Pax3.26 pm/792 nm) at 1 Hz bandwidth or 62 pPa for 1 KHz bandwidth.
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CHAPTER 5

PIEZOTRANSISTIVE GAN MICROCANTILEVER
Total resistance of the HFET*? (externally measured), Rps = Rine + 2Rc + 2Rgcc, Where
Racc 1S the access region resistance, R denotes the source and drain contact resistances. Rint
is the drain-source resistance of the intrinsic transistor, where the gauge factor, GF, can be
derived as (derivation is given in the last section),

ARps

_ RDS ~ 1 A,u' t Ans,int (5-1)
GF = € =~ E[ " /:uint + /ns,int]

Here, pint and ns;int are the mobility and carrier concentration for the intrinsic device, and ¢
is the average strain in the channel. It is obvious from Eqn. 5.1 that the GF depends on both
changes in carrier concentration and mobility, which are strongly correlated at gate biases
close to pinch-off (i.e. lower carrier concentration)!?. Clearly, this results in a higher GF
in a gated piezoresistor, where the gate voltage can be used to tune the carrier concentration
to a desired (low) level where the mobility would change significantly due to change in
carrier concentration, in addition to higher fractional change in the carrier concentration
itself (caused by external strain). For a Si piezoresistor (i.e. p-type Si) the carrier
concentration does not depend on external strain, so the additional benefit of mobility

change, caused by change in carrier concentration as noted above, is abs