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Abstract

Miniaturization is necessary and unavoidable for the advancement of sensor technology.
This thesis explores the effect of miniaturization on performance and proposes solutions to
addressed challenges through the development of a novel packaging solution and engineering
device interfaces.

First, a theoretical model is developed to understand the impact of miniaturization on
sensor properties such as sensitivity and signal-to-noise ratio for nano and micro electro
mechanical systems-based (N/MEMS-based) gas sensing applications. Then, these the-
oretical predictions are experimentally verified through the experimental comparison of
NEMS and MEMS-based humidity sensors. The experiments confirm that miniaturization
enhances the sensitivity of inertial gas sensors. However, it also introduces challenges such
as lower signal-to-noise ratio (SNR) due to attenuated output signals that are more sus-
ceptible to noise, thereby motivating the development of improved packaging and interface
solutions.

To minimize the noise sources, a novel packaging technique, called built-in packaging, is
proposed and performance of MEMS resonators and metal-insulator-metal (MIM) diodes
are compared with the conventional techniques such as wire bonding and probing. Exper-
imental results show that built-in packaging methods enhance output signal levels by 12%
while preserving overall performance.

Finally, to implement novel materials into sensing technologies, interface engineering is
studied for development of colloidal quantum dot based field effect transistors (CQD-based
FETs). These devices can quantify the electrical properties of novel CQDs and highlights
the importance of interface engineering. The quantified results accelerates the development
of improved CQDs, leading to better photodetector performance in infrared (IR) detection.

Overall, this thesis presents a detailed analysis of the trade-offs in sensor miniaturization
and provides critical insight for the advancement of compact and high-performance sensors.
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Chapter 1

Introduction

1.1 Motivation

Sensors are the bridge between the physical and digital worlds. They act as the eyes and
ears of machines and play a huge role in our society. From its technical definition, a sensor
produces an output signal for detecting a physical phenomenon, as shown in Figure 1.1.

Figure 1.1: Sensing scheme in three stages: (1) Monitoring, highlighted in magenta, where
sensors detect physical quantities from the environment and output data; (2) Control,
highlighted in green, where the sensed data is processed by algorithms to maintain desired
states; and (3) Intelligence, highlighted in blue, where internet-connected control loops
enable IoT, ML, and AI for communication, self-training, and real-time adaptation.
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From an application perspective, sensing systems can be classified into three distinct
stages:

1. Monitoring: In this initial stage, the sensor interacts directly with the environment,
detecting physical quantities (input) such as light, chemical concentration, or motion.
The sensor converts this input into a measurable electrical signal (data) while receiv-
ing power for operation. As highlighted in the pink section of the figure, Stage 1
focuses purely on observation and data acquisition, without influencing the environ-
ment. Example monitoring applications include photodetectors, 5G communication
receivers, COVID-19 detection kits, and wastewater monitoring systems.

2. Control: In the second stage, shown in green, the sensor output is processed by
a slave algorithm that makes a decision, which is then executed by an actuator to
produce an action. This closed-loop process allows systems to maintain or adjust
operational states automatically. Representative examples include adaptive heating,
ventilation, and air conditioning (HVAC) systems, insulin pumps, and adaptive traffic
lighting. Here, sensing is directly coupled with actuation to form responsive control
systems.

3. Intelligence: The final stage integrates internet of things (IoT) connectivity with
machine learning (ML) and artificial intelligence (AI). As highlighted blue in the
figure, the slave algorithm can communicate with a master algorithm over the inter-
net, enabling coordination between distributed sensors, data sharing, and AI model
refinement. This stage allows sensors not only to inform their own control loops
but also to learn from global datasets and adapt over time. Applications include
self-driving vehicles, smart factories in Industry 4.0, and large-scale environmental
monitoring networks.

Overall, the figure emphasizes that sensors form the foundation of all stages from simple
monitoring (Stage 1) to advanced, interconnected intelligence (Stage 3). Regardless of
how sophisticated algorithms, connectivity, or automation become, each system relies on
accurate, reliable, and responsive sensors to provide the essential data that drives decision-
making. With the expansion of AI applications, sensor technology will be in greater demand
as sensors fuel AI systems with data. Wherever AI is deployed, robust sensors are needed
to train these systems and enhance their accuracy and efficiency. To meet this growing
need, one promising approach is to enhance sensor performance through miniaturization.

Miniaturization has several advantages on sensor performance. First, surface inter-
actions play a crucial role in defining the sensitivity. As the sensor size decreases, the
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surface-to-volume ratio increases and leads to improved sensitivity and limit of detection.
Second, reduced sensor size enables higher array density, allowing noise reduction via signal
averaging, increased resolution through more pixels, and multiplexed detection of multiple
physical phenomenon simultaneously. Third, miniaturization reduces required sample vol-
umes which is critical for analyzing biological or rare samples. Furthermore, at nanoscales,
quantum phenomena such as discretization of energy levels or quantum entanglement and
enables nonclassical sensing methods for quantum sensors.

On the other hand, these improvements come with challenges that must be addressed.
Firstly, smaller sensors often requires complex fabrication techniques therefore simple
there’s a need for simple nanofabrication techniques. Moreover, the signal-to-noise ratio
can drop as smaller sensors produce weaker signals and negligible noise sources at larger
scales can be more significant. Weaker signals need be countered with high-sensitive nano
materials and noise has to be surpassed by optimizing materials interface and advancing
sensor packaging. Last but not least, increased sensitivity reduces selectivity as the sensor
becomes more susceptible to interference from undesired stimula which can lead to false
positives. To overcome this, robust environmental isolation is critical, particularly during
development and calibration.

Moore’s Law suggests that the number of transistors in an integrated circuit doubles
about every two years and this trend extends naturally to sensor technology [159]. Given
the rising application areas, high expectations, addressable challenges, and the relevant
guide of Moore’s Law, the main objective of this research is the miniaturization of sensors.
Although primarily focused on sensors, this research also benefits energy harvester tech-
nology, as both systems operate on the same principle. Sensors convert input signals into
information, while harvesters discard that information to extract energy as shown in Figure
1.1. Therefore, innovations in sensor technology drive advancements in energy harvesting.
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1.2 Chapter Synopses

An overview of the chapter structure is presented in Figure 1.2.

Figure 1.2: Chapter outlines.

Chapter 2: Scaling Down of Inertial Sensors

As sensors scale down, their intrinsic characteristics and performance evolve. This chapter
develops a theoretical model to predict these trends and validates the findings through
experimental demonstrations, focusing on micro electro mechanical systems (MEMS) and
nano electro mechanical systems (NEMS) resonators for gas sensing applications.
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Chapter 3: Packaging of Miniaturized Sensors

Sensor miniaturization require parallel developments in packaging and interconnection
techniques. This chapter introduces built-in packaging as an innovative alternative to
traditional methods such as wire bonding, probing, and flip-chip bonding, with a focus on
its application in MEMS resonators and MIM diodes.

Chapter 4: Interface Engineering of Semiconductor Nanoparticles

The transition from bulk materials to nano materials is essential for sensor miniaturization.
This chapter focuses on the miniaturization of photodetector pixels by replacing conven-
tional bulk active materials with semiconductor nanoparticles, more specifially CQDs, by
optimizing the device-material interface in colloidal quantum dot based field effect transis-
tor (CQD-FET)s.

Chapter 5: Conclusions

This chapter concludes the thesis by summarizing key findings and highlighting potential
directions for future research.
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Chapter 2

Scaling Down of Inertial Gas Sensors

As sensors continue to scale down from micro to nanoscale, their characteristics, such
as sensitivity, signal-to-noise ratio, and resonant frequency or characteristic time, evolve.
Understanding these changes is critical for designing high-performance sensing platforms at
the micro/nano interface. This chapter focuses on modeling and experimentally validating
the performance evolution of miniaturized resonators, particularly MEMS and NEMS beam
resonators, for gas sensing applications.

To get a better understanding of the effects of miniaturization on sensor performance,
I first present a comprehensive theoretical framework describing the mechanics of nano
and micro electro mechanical systems (N/MEMS) resonators. The governing equations of
motion are derived including nonlinearities that become significant at nanoscales. From
this theoretical basis, we analytically derive formulas for their key performance metrics,
such as sensitivity, limit of detection, and dynamic range, as functions of beam dimensions
and operating conditions.

The theoretical formulation is followed by experimental demonstration. NEMS and
MEMS resonator-based gas sensors are designed and fabricated, and an experimental setup
is developed to evaluate their humidity sensing performance. By comparing performance of
MEMS and NEMS sensors under the same test conditions, we extract quantitative insights
into how miniaturization affects resonator behavior and sensing capabilities.

The final section of this chapter compares theoretical and experimental results, empha-
sizing both consistent trends and notable deviations. Miniaturization typically improves
sensing performance by increasing sensitivity, however it also introduces new challenges,
such as reduced signal output. These challenges are addressed in the subsequent chapters
through improved packaging and interconnects and interface engineering.
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2.1 Introduction

The integration of connected devices and the IoT is transforming our lives with the dawn
of Industry 4.0. In this digital revolution, sensors play a critical role by providing feed-
back for automation. Among these sensors, humidity sensors play a critical role in various
applications such as respiration and wound monitoring [134], noncontact human-machine
interfaces [137], fuel cell performance [165], and electronic circuit failure [30]. Humidity
sensors can be classified into several types based on their working principles, including ca-
pacitive, resistive, optical, and gravimetric sensors. Although electronic humidity sensors
based on capacitance, resistance, or impedance change dominate the market, frequency
shift- or gravimetric-based sensing is a promising, yet undervalued method due to compli-
cated fabrication and operation processes, high cost, and nonlinear characteristics [119].

Gravimetric sensors operate by measuring changes in mass due to moisture adsorption,
offering high sensitivity and reliability. Gravimetric platforms can be classified into five
main types, including surface acoustic wave (SAW) resonators, quartz crystal microbalance
(QCM), capacitive micromachined ultrasonic transducers (CMUT), film bulk acoustic res-
onator (FBAR), and N/MEMS resonators. Regardless of the type, they all consist of three
essential elements: the structure layer that ensures mechanical stability, the electrical layer
that carries input and output signals, and the receptor layer that selectively identifies target
molecules.

The main performance parameter, sensitivity, depends on the inertia of the bound
sensed molecules compared to that of the sensor. To enhance the sensitivity, either more
chemical gas should be bound, or the inertia of the sensor should be decreased. This
can be accomplished by improving the receptor layer with nanoengineered materials such
as zero-dimensional (0D) quantum dots [176], one-dimensional (1D) nanorods [232], two-
dimensional (2D) materials [124], three-dimensional (3D) architecture materials [208], or
micropatterned surfaces [13] to maximize active surface area. Recent explorations into
resistance/impedance-type humidity sensors, as highlighted in studies by Wang et al. [229]
and Li et al. [130], underscore the importance of various sensing mechanisms for a more
comprehensive understanding and practical application. While resistance/impedance-type
sensors have their merits, the limitations imposed by conventional platforms, such as the
need for input activation voltage and the performance reaching a plateau, pose challenges.
Therefore, the exploration of advanced platforms, like N/MEMS resonators, coupled with
nanoengineered materials, is crucial to push the boundaries of sensor technology.

To get a better understanding of the effects of miniaturization on sensor performance,
a comprehensive theoretical framework is presented to describe the mechanics of N/MEMS
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resonators. The governing equations of motion are derived by including nonlinearities that
become significant at nanoscales. From this theoretical basis, we analytically derive the
sensing principles on beam resonators, followed by the formulation of key performance
metrics, such as sensitivity, limit of detection, and dynamic range, as functions of beam
dimensions and operating conditions.

In this work, MEMS and NEMS resonators were fabricated from 100 and 220 nm Al
thin film, respectively. This layer serves as structural, electrical, and receptor layers to
demonstrate consistency and reproducibility. Al is a suitable structural layer due to its
lightweight and rigid characteristics, demonstrating promising sensor performance when
fabricated with an industrial 0.35 µm complementary metal-oxide-semiconductor (CMOS)
technology [93, 224]. It is also a good conductor layer and widely used in the wire bonding
industry and as an electrical layer in N/MEMS-based humidity sensors [61, 157, 124,
71, 128, 93, 224]. Finally, the nature oxide formed on the surface acts as a receptor
layer due to its hydrophilic properties. The concept of combining a metal with its oxide
was previously employed in early MIM diodes to create an ultra-thin quantum barrier
between two Al contacts, promoting electron tunneling in a specific direction [58]. In this
context, we employ a similar idea where the thin oxide layer formed on the surface binds
the water molecules, while the metal layer contributes mechanical strength and electrical
stability. The integrated nature of these layers within the sensor minimizes inertia, leading
to outstanding sensitivity values.

Unlike conventional MEMS resonators actuated by electrostatic forces or the piezo-
electric effect, the developed sensors are self-driven by intrinsic thermomechanical noise
at room temperature and do not require an external power source due to their ultra high
length-to-thickness aspect ratio (40×0.22µm). In 2010, Hiebert et al.[84] experimentally
demonstrated the use of thermomechanical noise to characterize the resonance properties
of N/MEMS resonators with high aspect ratios (20×0.5µm) at room temperature under
vacuum, achieving results comparable to those obtained through electrostatic actuation.
Although the aspect ratio was high, the experiments were conducted under vacuum condi-
tions. The source of this thermomechanical noise is the Brownian motion whose rate can
be quantified as 1/2kBT according to the equipartition theorem [84]. In 2013, Hauer et
al.[80] developed a theoretical framework and general procedure for calibrating N/MEMS
resonators using thermomechanical noise. Building on this, in 2022, Mistry et al.[157]
applied this method to a N/MEMS resonator with a higher aspect ratio (20×0.25µm) at
room temperature and atmospheric pressure to actuate a highly sensitive humidity sensor.
Most recently, in 2024, Qiao et al.[177] generalized the concept of thermal noise-based res-
onant sensors and demonstrated that this approach could be employed for sensing using
three methods: shifts in resonance frequency, resonance amplitude, and the area of the
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resonance curve.

This study presents thermal noise-driven, aluminum-based MEMS and NEMS res-
onators for humidity sensing by correlating humidity with the resonance frequency of the
developed devices. Our work explores a unique fabrication process that uses aluminum
as a multifunctional layer that serves as the structural support, electrical channel, and
receptor layer for humidity detection. Moreover, the noise-driven nature of the sensors
presents a new opportunity for practical NEMS sensors that operate at room temperature
and ambient pressure, for cheaper, simpler, and low-power-consumption solutions.

2.2 Partial Differential Equation

First, the partial differential equation (PDE) describing the motions of a fixed-fixed beam
is derived. Then, using the reduced order model (ROM), the PDE is transformed into a
set of ordinary differential equation (ODE)s, one for each bending mode. Alternatively,
PDE could also be solved via finite element model (FEM) however FEMs don’t give insight
enough to understand miniaturization trends or conduct parametric analysis.

2.2.1 Displacement Field

Figure 2.1: Schematics of the fixed-fixed beam: (a) 3D view, (b) 2D side view, (c) 2D
cross-sectional view, and (d) 3D cross-sectional side view.

A 3D schematic of the fixed–fixed beam is shown in Figure 2.1(a), where l, b, and h
denote the length, width, and thickness of the beam, respectively. The origin of the inertial
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frame is located at the center of the undeflected beam along the neutral axis, where the
position vector r is defined as

r ≡ x î + y ĵ + z k̂ (2.1)

The displacement field D= D(x, y, z, t) at any point (x,y,z) and time t on the unde-
flected beam is defined over the stationary domain −l/2 < x < l/2, −b/2 < y < b/2, and
−h/2 < z < h/2 and can be expressed as

D(x, y, z, t) ≡ u î + v ĵ + w k̂ (2.2)

where the displacement vectors u, v, and w are also functions of the spatial coordinates
and time, i.e., u(x, y, z, t), v(x, y, z, t), and w(x, y, z, t). Given the aspect ratio of the beam,
deflections can be assumed to occur primarily in the transverse (out-of-plane) direction.
Restricting my interest to transverse loads that vary uniformly along the beam width, I
can ignore displacement along that direction and set

v(x, y, z, t) = 0 (2.3)

Furthermore, the motion of the beam along the axial direction can be restricted as the
external loads are applied along the transverse direction and the axial displacement can
be set to zero as a constrain as,

u(x, y, z, t) = 0 (2.4)

Under these conditions, the displacement field simplifies to,

D(x, y, z, t) ≡ w(x, y, z, t) k̂ (2.5)

By neglecting the twisting motion, the displacement field reduces to

D(x, z, t) ≡ w(x, z, t) k̂ (2.6)

and neglecting deformation in the transverse (z) direction, thus setting strain ε in the
transverse direction equal to zero, εz = 0, the displacement field becomes,

D(x, t) ≡ w(x, t) k̂ (2.7)

as illustrated in Figure 2.1(b).
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The fixed boundary conditions at both ends can be represented in equation form as,

w(−l/2, t) = 0 , w′(−l/2, t) = 0

w(l/2, t) = 0 , w′(l/2, t) = 0
(2.8)

where w′(x0) = ∂w
∂t

∣∣
x=x0

denotes the first derivative with respect to axial position at position
x0 and time t0.

2.2.2 Static Equilibrium

The static force balance in the transverse direction,
∑

Fz = 0, yields

d

dx
(Vs cos θ −N sin θ) = f (2.9)

where Vs = (x, t), M = M(x, t), and N = N(x, t) are the shear force, moment, and axial
load, respectively, acting on the section-face of an infinitesimal element at position x and
time t. The term f = f(x, t) represents the distributed transverse load. Similarly, the force
balance in the axial direction,

∑
Fx = 0, yields

d

dx
(Vs sin θ −N cos θ) = 0 (2.10)

The moment balance around the perpendicular axis,
∑

My = 0, yields

−M − Vs
ds

2
cos(dθ/2) + N

ds

2
sin(dθ/2) + (M + dM)

− (Vs + dVs)
ds

2
cos(dθ/2) − (N + dN)

ds

2
sin(dθ/2) = 0

(2.11)

The trigonometric terms can be expanded as

cos(dθ/2) = 1 − (dθ)2

8
+

(dθ)4

384
+ · · · ≈ 1

and

sin(dθ/2) =
dθ

2
− (dθ)3

48
+ · · · ≈ dθ

2

11



Therefore, the moment balance can be simplified into

dM = Vsds + dVs
ds

2
+ dN

ds

2

dθ

2
(2.12)

yielding the linear term,
dM = Vsds (2.13)

From the geometry, we can write

ds =
√

1 + w′2dx, w′ = tan θ, ρ =
(1 + w′2)3/2

w′′

sin θ =
w′

√
1 + w′2

, cos θ =
1√

1 + w′2
, dθ =

w′′

1 + w′2dx (2.14)

Using the effort balance relationships, Eqs. (2.10) and (2.13), and the geometric rela-
tionships of Eq. (2.14) to eliminate Vs and θ in Eq. (2.9), we can write the transverse force
balance for a beam element dx as

f =
1

1 + w′2M
′′ − 2

w′′w′

(1 + w′2)2
M ′︸ ︷︷ ︸

Bending stiffness, fb

+
w′′

(1 + w′2)3/2
N − w′

√
1 + w′2

N ′︸ ︷︷ ︸
Membrane stiffness, fm

(2.15)

The bending moment on the section face around the neutral axis, M , can be calculated
by integrating the normal stress due to bending moment over the section area A

M =

∫
z σx dA (2.16)

The stress σ in the axial direction σx(x, z, t), under elastic deformation is given by

σx = E εx (2.17)

where εx(x, z, t) is the axial strain, and E is the elastic modulus of the beam. This linear
relationship is valid within the elastic regime of interest. Inserting this equation into the
moment equation, we obtain

M = E

∫ h/2

−h/2

∫ b/2

−b/2

zεx dy dz

12



Carrying out the integration over the beam width, we obtain

M = Eb

∫ h/2

−h/2

z εx dz (2.18)

The true elastic strain can be written as:

εx = ln
(ds(z)

ds(0)

)
(2.19)

Expanding the logarithmic function around unity, we obtain

εx =
ds(z) − ds(0)

ds(0)
− 1

2

(ds(z) − ds(0)

ds(0)

)2
+

1

3

(ds(z) − ds(0)

ds(0)

)3
− 1

4

(ds(z) − ds(0)

ds(0)

)4
+ O(ϵ5)

(2.20)

where ϵ is a small bookeeping parameter. Noting that,

ds(z) − ds(0)

ds(0)
=

(ρ + z)dθ − ρdθ

ρdθ

=
z

ρ

we can drop terms of order O(ϵ5) and higher and rewrite the strain as

εx =
z

ρ
− 1

2

(z
ρ

)2
+

1

3

(z
ρ

)3
− 1

4

(z
ρ

)4
(2.21)

Substituting it into the moment equation,

M =
Eb

ρ

∫ h/2

−h/2

z2 dz − 1

2

Eb

ρ2

∫ h/2

−h/2

z3 dz +
1

3

Eb

ρ3

∫ h/2

−h/2

z4 dz

− 1

4

Eb

ρ4

∫ h/2

−h/2

z5 dz + · · ·
(2.22)

For symmetric sections, integrals of odd powers of z vanish identically and the moment

13



equation reduces to

M =
Eb

ρ

∫ h/2

−h/2

z2 dz +
1

3

Eb

ρ3

∫ h/2

−h/2

z4 dz + · · ·

=
Eb

12ρ
h3 +

Eb

240ρ3
h5 + · · · (2.23)

Using equation (2.14) to substitute for ρ, we obtain

M =
Eb

12
h3
( w′′

(1 + w′2)3/2

)
+

Eb

240
h5
( w′′

(1 + w′2)3/2

)3
+ · · · (2.24)

Therefore, as long as h and w′′ are of order O(ϵ), we can drop the second (higher order)
term and the moment can be written as,

M =
Ebh3

12

w′′

(1 + w′2)3/2
(2.25)

This is the same result obtained traditionally using the engineering strain definition of εx.

We can use this expression to evaluate the bending stiffness of the beam fb, the first
two terms in Eq. (2.15), as

fb =
Ebh3

12

(
1

1 + w′2
d2

dx2

( w′′

(1 + w′2)3/2

)
− 2w′′w′

(1 + w′2)2
d

dx

( w′′

(1 + w′2)3/2

))
(2.26)

Carrying out the differentiation with respect to x and expanding the denominators around
w′ = 0 as,

fb =
Ebh3

12

(
wiv + (−5

2
wivw′2 − 9w′′′w′′w′ − 3w′′3)

+
(35

8
wivw′4 +

63

2
w′′′w′′w′3 +

51

2
w′′3w′2)

− 2w′′′w′′w′ + (6w′′3w′2 + 7w′′′w′′w′3)
)

+ · · ·

(2.27)

where wiv ≡ w′′′′ is the forth derivative of the transverse deflection with respect to the
axial coordinate. We scale the thickness h, transverse deflection w, and slope w′ at O(ϵ) to
indicate their smallness. Considering the upscaling of the derivative terms with the mode,
we scale the curvature and shear terms w′′ and w′′′ at O(1) and the bending term wiv at

14



O(1/ϵ). Dropping terms of order O(ϵ4) and higher, the bending stiffness reduces to

fb =
Ebh3

12

(
wiv − 5

2
wivw′2 − 11w′′′w′′w′ − 3w′′3) (2.28)

A further simplification can be made by assuming a uniform axial load N(t) along
the beam. The fundamental axial resonance frequency of a fixed-fixed beam scales as

faxial ∝ 1
l

√
E
ρ

while the fundamental transverse frequency scales as ftrans ∝ h
l2

√
E
ρ

yielding

a frequency ratio of faxial
ftrans

∝ l
h
. In MEMS and NEMS resonators studied in this work,

(l ≫ h) with this ratio ranging from 200 to 1000 which indicates that the axial response
reaches equilibrium much faster than the transverse response. Therefore, during transverse
motion, the axial load can be considered quasi-static and spatially uniform, N(x, t) ≈ N(t),
and the force balance can be reduced to,

f =
1

1 + w′2M
′′ − 2

w′′w′

(1 + w′2)2
M ′ +

w′′

(1 + w′2)3/2
N (2.29)

The axial load is the sum of an initial (preload) force N0 and stretching forces applied
by the fixed-fixed boundary conditions to elongate the neutral axis as it deflects away from
the straight configuration. It can be expressed as

N = N0 +
Ebh

l

∫ l/2

−l/2

(
√

1 + w′2 − 1) dx (2.30)

I note that the latter is purely geometric in origin resulting from nonlinear curvature effects.

Membrane stiffness of the beam fm can, then, be obtained by substituting the axial
load into Eq. (2.29) as

fm =
w′′

(1 + w′2)3/2

(
N0 +

Ebh

l

∫ l/2

−l/2

(
√

1 + w′2 − 1) dx
)

(2.31)

Expanding the denominator and integrand around w′ = 0 and dropping terms of order
O(ϵ4) and higher, we can write it as

fm = N0

(
w′′ − 3

2
w′′w′2)+

Ebh

2l
w′′
∫ l/2

−l/2

w′2 dx (2.32)
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The static equilibrium equation can, therefore be written as

f =
Ebh3

12

(
wiv − 5

2
wivw′2 − 11w′′′w′′w′ − 3w′′3)+ N0

(
w′′ − 3

2
w′′w′2)

+
Ebh

2l
w′′
∫ l/2

−l/2

w′2 dx

(2.33)

For comparison, the traditional form of the weekly nonlinear equilibrium equation is [241]

f =
Ebh3

12
wiv + N0w

′′ +
Ebh

l

1

2
w′′
∫ l/2

−l/2

w′2 dx (2.34)

and the linear equation is

f =
Ebh3

12
wiv (2.35)

2.2.3 Equation of Motion

Using Newton’s 2nd law, the dynamic force balance in the transverse direction,
∑

Fz = mẅ,
yields

f − d

dx
(Vs cos θ −N sin θ) = ρbhẅ (2.36)

where ρ is the density of the beam. As u = 0, the force balance in the axial direction,∑
Fx = 0, yields

d

dx
(Vs sin θ −N cos θ) = 0 (2.37)

Finally, the moment balance around the perpendicular axis,
∑

My = Iyyθ̈, yields

dM

dx
− Vs

ds

dx
= ρ

bh3

12
θ̈ (2.38)

where the second moment of inertia of the cross-sectional beam element Iyy is

Iyy =

∫
z2dm =

∫
z2(ρ b dx)dz =

1

12
ρ b h3dx

Using the effort balance relationships, Eqs. (2.37), (2.38), and the geometric relation-
ships of Eq. (2.14) to eliminate Vs and θ in Eqs. (2.36), we can write the equation of motion
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of the beam element dx in the transverse direction as

f + ρbhẅ +
ρbh3

12

(
ẅ′′

(1 + w′2)2
− 2

w′′ẇ′2

(1 + w′2)4
− 2

w′w′′ẅ′

(1 + w′2)3
− 4

w′ẇ′ẇ′′

(1 + w′2)3

)
=

1

1 + w′2M
′′ − 2

w′′w′

(1 + w′2)2
M ′ +

w′′

(1 + w′2)3/2
N − w′

√
1 + w′2

N ′
(2.39)

Substituting with the moment expression from Eq. (2.25) and the axial force expression
from Eq.(2.30) ino this equation, we obtain

f + ρbhẅ +
ρbh3

12

( ẅ′′

(1 + w′2)2
− 2

w′′ẇ′2

(1 + w′2)4
− 2

w′w′′ẅ′

(1 + w′2)3
− 4

w′ẇ′ẇ′′

(1 + w′2)3

)
=

Ebh3

12

(
wiv − 5

2
wivw′2 − 11w′′′w′′w′ − 3w′′3)

+ N0

(
w′′ − 3

2
w′′w′2)+

Ebh

2l
w′′
∫ l/2

−l/2

w′2 dx

(2.40)

Expanding the denominators in the equation around w′ = 0 and retaining terms up to
order O(ϵ4), we can rewrite the equation as

f + ρbhẅ +
ρbh3

12
ẅ′′ =

Ebh3

12

(
wiv − 5

2
wivw′2 − 11w′′′w′′w′ − 3w′′3)

+ N0

(
w′′ − 3

2
w′′w′2)+

Ebh

2l
w′′
∫ l/2

−l/2

w′2 dx

(2.41)

For comparison, the traditional form of the weekly nonlinear equation of motion is [241]

f + ρbhẅ =
Ebh3

12
wiv + N0w

′′ +
Ebh

2l
w′′
∫ l/2

−l/2

w′2 dx (2.42)

For comparison, the simplest form of the beam equation of motion occurs in absence of
axial forces and nonlinearity as

f + ρbhẅ =
Ebh3

12
wiv (2.43)
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2.2.4 External Forces

The distributed external loads f acting on the beam along the transverse direction include
distributed damping fd, electrostatic fes, and thermomechanical fth forces.

f(x, t) = fd + fes + fth (2.44)

In continuum mechanics, viscous damping is used to represent energy loss phenomena,
in which the damping force is proportional to the element velocity through a fluid. Also,
this damping force increases with the width of the element, as a wider surface interacts
more strongly with the surrounding fluid. Therefore, the relationship for a beam element
can be written as,

fd dx = ĉ b ẇ dx (2.45)

where ĉ is the viscous damping coefficient per unit area.

In classical statistical mechanics, the equipartition theorem relates the temperature of
a system to its average energies. The theorem states that at thermal equilibrium, energy
is distributed equally among all degrees of freedom. As these degrees of freedom will be
preseted in a later section, for the construction of PDE, the thermomechnical noise will be
presented as a stochastic force that can be represented over a beam element by

fth dx = ξ̂th(t) dx (2.46)

where ξ̂th(t) represents a uniformly distributed stochastic process (white-noise in frequency
domain) without any phase. The details will be discussed in the following sections. This
thermomechanical noise represent an external force acting on the beam. Thermomechan-
ical noise keeps the beam in thermal equilibrium with its environment by supplying back
energy lost into the environment via damping , such that the beam will not cool down
spontaneously below the thermal bath temperature.

While several actuation mechanisms are applicable to micro and nano beams, elec-
trostatic actuation is the most common mechanism in N/MEMS. The electrostatic force
acting on the beam element can be represented by

fes dx =
1

2

ϵb dx

(d− w)2
V 2 (2.47)

where V = V (t) is the voltage difference between the beam and the actuation electrode,
d is the gap between the unactuated beam and the electrode, and ϵ is the permittivity of
the medium between the beam and electrode.
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Using Eqs. (2.45)– (2.47) in Eq. (2.41), we can write the equation of motion as

ρbh(ẅ +
h2

12
ẅ′′) + ĉbẇ +

Ebh3

12

(
wiv − 5

2
wivw′2 − 11w′′′w′′w′ − 3w′′3)

+ N0

(
w′′ − 3

2
w′′w′2)+

Ebh

2l
w′′
∫ l/2

−l/2

w′2 dx =
1

2

ϵb

(d− w)2
V 2 + ξ̂th(t)

(2.48)

For comparison, the traditional form of the weekly nonlinear equation of motion is [241]

ρbhẅ + ĉbẇ +
Ebh3

12
wiv + N0w

′′ +
Ebh

2l
w′′
∫ l/2

−l/2

w′2 dx =
1

2

ϵb

(d− w)2
V 2 (2.49)

To derive the linear companion equation of motion, we expand the electrostatic force
expression around w = 0 as,

1

2

ϵb

(d− w)2
V 2 =

1

2
ϵbV 2

( 1

d2
+

2w

d3
+

3w2

d4
+

4w3

d5
+ · · ·

)
(2.50)

Therefore, the linear form of the equation of motion can be written as

ρbhẅ + ĉbẇ +
Ebh3

12
wiv + N0w

′′ =
1

2
ϵbV 2

( 1

d2
+

2w

d3
)

+ ξ̂th(t) (2.51)

2.3 Eigenvalue Analysis

Dropping damping, axial load, forcing, and nonlinearity, reduces the equation of motion
to,

ρbhẅ +
Ebh3

12
wiv = 0 (2.52)

This equation can be solved by separation of variables, assuming the solution form

w(x, t) = ϕ(x) eiωt (2.53)

where ϕ= ϕ(x) is a mode shape of the straight undamped fixed-fixed beam and the expo-
nential term represents a harmonic time-dependent response with an eigenfrequency of ω.
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Substituting this solution form into boundary conditions of the beam:

w(−l/2, t) = ϕi(−l/2) eiωt = 0 , w(l/2, t) = ϕi(l/2) eiωt = 0

w′(−l/2, t) = ϕ′
i(−l/2) eiωt = 0 , w′(l/2, t) = ϕ′

i(l/2) eiωt = 0
(2.54)

we find that a non-trivial solution requires elimination of the time-dependent term eiωt,
thereby reducing the boundary conditions to:

ϕi(−l/2) = 0 , ϕ′
i(−l/2) = 0

ϕi(l/2) = 0 , ϕ′
i(l/2) = 0

(2.55)

Inserting the solution form of Eq. (2.53) into Eq. (2.52) results in,

ϕiv =
12ρ

Eh2
ω2ϕ (2.56)

The solution of this ODE is of the form,

ϕ(x) = C1 cos
(
λ
x

l

)
+ C2 sin

(
λ
x

l

)
+ C3 cosh

(
λ
x

l

)
+ C4 sinh

(
λ
x

l

)
(2.57)

where the wavenumber λ/l is related to the eigenfrequency (natural frequency) by,

ω = λ2

√
E

12ρ

h

l2
(2.58)

To solve for the coefficients Ci, and λ, I substitute the modal form into the boundary
conditions, Eqs. (2.55), yielding a homogeneous system of equations, which can be written
in matrix form as:

cos(λ/2) − sin(λ/2) cosh(λ/2) − sinh(λ/2)
λ
l

sin(λ/2) λ
l

cos(λ/2) −λ
l

sinh(λ/2) λ
l

cosh(λ/2)
cos(λ/2) sin(λ/2) cosh(λ/2) sinh(λ/2)

−λ
l

sin(λ/2) λ
l

cos(λ/2) λ
l

sinh(λ/2) λ
l

cosh(λ/2)



C1

C2

C3

C4

 =


0
0
0
0

 (2.59)

For a nontrivial solution, the determinant of the coefficient matrix must be equal to
zero. Therefore, the corresponding characteristic equation can be written as

cos(λ) cosh(λ) = 1 (2.60)
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where the trivial solution λ = 0 has been eliminated.

The solutions of the characteristic equation can be visualized by observing the intersec-
tions of the functions y = cos(λ) cosh(λ) and y = 1. Each of these solutions corresponds
to a mode shape ϕi(x) and its natural frequency ωi. Those solutions are approximately

λi ≈ (2i+1)π
2

with the error of the approximation diminishing as the mode number i increase.

Figure 2.2: Graphical solution of the characteristic equation, cos(λi) cosh(λi) = 1.

For non-repeating roots λi, substituting λi into Eq. (2.59) results in a linear system
matrix rank-deficient by one. It can only be solved for three out of the four constants in
the mode shape expression in terms of the fourth constant. The reduced linear system for
the first mode shape can be written by substituting for λ1 = 4.730 into Eq. (2.59) and
eliminating the row corresponding to the boundary condition ϕ′

1(l/2) = 0 to obtain: 0.9825 −7.527 7.395
−1.018 −7.527 7.661
−0.9825 −7.527 −7.395

C1,2

C1,3

C1,4

 =

C1,1

C1,1

C1,1

 (2.61)
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Solving this system gives: C1,2

C1,3

C1,4

 =

 0
−0.1329C1,1

0

 (2.62)

Therefore, the first mode shape is:

ϕ1(x) = C1,1

(
cos
(
4.73

x

l

)
− 0.1329 cosh

(
4.73

x

l

))
(2.63)

I set the C1,1 to enforce orthonormality of the mode shapes,∫ l/2

−l/2

ϕiϕj dx = lδij (2.64)

where δij is Kronecker delta. In nondimensional terms, this equation can be written as∫ 1/2

−1/2

ϕiϕj dx̂ = δij (2.65)

where x̂ = x/l. The constant C1,1 , can therefore be evaluated by substituting with ϕ1(x)
inot this equation to obtain:

C2
1,1

∫ 1/2

−1/2

(
cos
(
4.73x̂

)
− 0.1329 cosh

(
4.7x̂

))2
dx̂ = 1 (2.66)

Numerically evaluating the integral yields:

C1,1 = 1.4019 (2.67)

Thus, the normalized first mode shape is:

ϕ1(x) = 1.4019 cos
(
4.7300

x

l

)
− 0.1863 cosh

(
4.7300

x

l

)
(2.68)

The same procedure can be applied to compute other mode shapes. However, even
numbered modes are written in terms of Ci,2 instead of Ci,1. This choice reflects the
dominant coefficient in each mode shape. Following this procedure, the first ten modes
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shapes can be written as:

C1,1 C1,2 C1,3 C1,4 λ1

C2,1 C2,2 C2,3 C2,4 λ2

C3,1 C3,2 C3,3 C3,4 λ3

C4,1 C4,2 C4,3 C4,4 λ4

C5,1 C5,2 C5,3 C5,4 λ5

C6,1 C6,2 C6,3 C6,4 λ6

C7,1 C7,2 C7,3 C7,4 λ7

C8,1 C8,2 C8,3 C8,4 λ8

C9,1 C9,2 C9,3 C9,4 λ9

C10,1 C10,2 C10,3 C10,4 λ10


=



1.4019 0 1.8625 × 10−1 0 4.7300
0 1.4148 0 3.9436 × 10−2 7.8532

−1.4142 0 8.1914 × 10−3 0 10.9956
0 −1.4142 0 1.7029 × 10−3 14.1372

1.4142 0 3.5399 × 10−4 0 17.2788
0 1.4142 0 7.3588 × 10−5 20.4204

−1.4142 0 1.5297 × 10−5 0 23.5619
0 −1.4142 0 3.1800 × 10−6 26.7035

1.4142 0 6.6106 × 10−7 0 29.8451
0 1.4142 0 1.3742 × 10−7 32.9867


(2.69)

Inspecting the mode shapes, we note that they take either a symmetric or anti-symmetric
form depending on whether the mode number is odd or even, respectively,

ϕi(x) =


Ci,1 sin(

λix

l
) + Ci,2 sinh(

λix

l
) ; i = 1, 3, 5, . . .

Ci,3 cos(
λix

l
) + Ci,4 cosh(

λix

l
) ; i = 2, 4, 6, . . .

(2.70)

The first ten mode shapes are plotted in Figure 2.3. We note that enforcing the slope
boundary conditions at both ends results in packing up of the alternating curvatures do-
main away from the boundaries x = ±l/2. Those mode shapes will be used to expand
the beam deflection w(x, t) following the Galerkin method, in order to project the spatial
variation of the equation of motion onto a modal basis, thus converting the PDE into a set
of time-dependent ODEs.

2.4 Reduced Order Model

Towards that end, I express the transverse deflection of the beam as the infinite sum:

w(x, t) =
∞∑
i=1

ϕi(x) qi(t) (2.71)

where ϕi(x) are the normalized mode shapes of a straight fixed-fixed beam and qi(t) are
the corresponding time-dependent modal coordinates.
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Figure 2.3: The first ten normalized mode shapes of a fixed–fixed beam ϕi(x) as functions
of the nondimensional position x/l.

The PDE, Eq. (2.51) can be rewritten as the force balance,

ρbhẅ︸ ︷︷ ︸
fin

+ cẇ︸︷︷︸
fd

+
Ebh3

12
wiv︸ ︷︷ ︸

fb

+N0w
′′︸ ︷︷ ︸

fm

=
1

2
ϵbV 2

( 1

d2
+

2w

d3
)

︸ ︷︷ ︸
fes

+ ξ̂th(t)︸ ︷︷ ︸
fth

(2.72)

which includes the distributed inertial force fin, damping force fd, bending stiffness fb,
membrane stiffness fm, electrostatic force fes, and thermomechanical force fth.

The Galerkin method posits that the integral:∫ l/2

−l/2

(PDE)ϕn dx = 0 (2.73)

must vanish. For given mode shape ϕn, carrying out the integration over the beam domain,
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eliminates the PDE's dependence on the spatial variable x and reduces it to the ODE,∫ l/2

−l/2

(
fin + fd + fb + fm

)
ϕn dx =

∫ l/2

−l/2

(
fes + fth

)
ϕn dx (2.74)

Fin + Fd + Fb + Fm = Fes + Fth (2.75)

Inertial force

The distributed inertial force can be projected onto the mode shape as,

Fin =

∫ l/2

−l/2

ρbhẅϕn dx (2.76)

Using ẅ =
∑∞

i=1 ϕi q̈i in the integrand, reduces it to,

Fin = ρbh
∞∑
i=1

q̈i

∫ l/2

−l/2

ϕiϕn dx (2.77)

Using the orthonormality condition, Eq. (2.64), we can write the inertial force projected
onto ϕn as,

Fin = m q̈n (2.78)

where m= ρbhl.

Damping force

The distributed damping force can be projected onto the mode shape as,

Fd =

∫ l/2

−l/2

ĉbẇϕn dx (2.79)

Using ẇ =
∑∞

i=1 ϕi q̇i, in the integrand, reduces it to,

Fd = ĉb
∞∑
i=1

q̇i

∫ l/2

−l/2

ϕiϕn dx (2.80)
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Using the orthonormality condition, we can write the damping force projected onto ϕn as,

Fd = c q̇n (2.81)

where c= ĉbl.

Bending stiffness

Bending stiffness and can be projected onto the mode shape as,

Fb =

∫ l/2

−l/2

Ebh3

12
wivϕn dx (2.82)

Recalling Eq. (2.70), we write that

wiv =
∞∑
i=1

λ4
i

l4
ϕi qi

Substituting with this equation into the integrand, reduces it to

Fb =
Ebh3

12l4

∞∑
i=1

qiλ
4
i

∫ l/2

−l/2

ϕiϕn dx (2.83)

Using the orthonormality condition, we can write the bending stiffness project onto ϕn as,

Fb = kb
n qn (2.84)

where kb
n = Ebh3

12l3
λ4
n.

Membrane stiffness

Membrane stiffness and can be projected onto the mode shape as,

Fm =

∫ l/2

−l/2

N0w
′′ϕn dx (2.85)
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Using Eq. (2.71) in the integrand, yields

Fm = N0

∞∑
i=1

qi

∫ l/2

−l/2

ϕ′′
i ϕn dx (2.86)

=
N0

l

∞∑
i=1

cmi,n qi (2.87)

where cmi,n = l
∫ l/2

−l/2
ϕ′′
i ϕn dx is a nondimensional coefficient.

Electrostatic force

The distributed electrostatic force can be projected onto the mode shape as,

Fes =

∫ l/2

−l/2

1

2
ϵbV 2

( 1

d2
+

2w

d3
)
ϕn dx (2.88)

=
ϵbV 2

2d2

∫ l/2

−l/2

ϕn dx +
ϵbV 2

d3

∞∑
i=1

qi

∫ l/2

−l/2

ϕiϕn dx (2.89)

Using the orthonormality condition, we can write the electrostatic force project onto ϕn

as,

Fes =
ϵblV 2

d2

(cesn
2

+
1

d
qn

)
(2.90)

where cesn = 1
l

∫ l/2

−l/2
ϕn dx is a nondimensional coefficient.

Thermomechanical force

The distributed thermomechanical force can be projected onto the mode shape as,

ξth(t) =

∫ l/2

−l/2

ξ̂th(t)ϕn dx (2.91)

where is the ξth is the projected thermomechanical force acting on the beam.
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Equation of Motion

Combining force contributions, the equation of motion becomes,

mq̈n + cq̇n + kb
nqn +

N0

l

∞∑
i=1

cmi,n qi =
ϵblV 2

d2

(cesn
2

+
1

d
qn

)
+ ξth(t) (2.92)

which can be rewritten as,

mq̈n + cq̇n +
(
kb
n + cmn,n

N0

l
− ϵblV 2

d3︸ ︷︷ ︸
kn

)
qn +

N0

l

∞∑
i=1
i ̸=n

cmi,n qi =
ϵcesn blV

2

2d2
+ ξth(t) (2.93)

where kn = kb
n+cmn,n

N0

l
− ϵblV 2

d3
is the effective stiffness of the nth mode composed of bending

stiffness, membrane stiffness, and electrostatic softening, respectively. Assuming that the
linear coupling terms introduced by membrane stiffness are negligible, the equation of
motion reduces to,

mq̈n + cq̇n + knqn =
ϵblV 2

2d2
cesn + ξth(t) (2.94)

2.5 Sensor Metrics

I study in this section the performance metrics of an inertial sensor designed to exploit the
resonance of the nth mode. For the sake of simplicity, the subscript indicating the modal
index n will be omitted hereafter. In the absence of disturbances, the modal equation of
motion

mq̈ + cq̇ + kq = 0 (2.95)

has the solution
q(t) = (A1e

iωn

√
1−ζ2t + A2e

−iωn

√
1−ζ2t)e−ζωnt (2.96)

where the natural frequency ωn is defined as

ωn ≡
√

k

m

the damping ratio ζ is defined as

ζ ≡ c

2
√
km
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and A1 and A2 are real constants. For an underdamped response (ζ < 1), it can be written
as,

q(t) = B cos(ωdt + φ)e−ζωnt (2.97)

where B is a real constant, the damped natural frequency ωd is

ωd ≡ ωn

√
1 − ζ2

and φ is the phase of the response.

Quality Factor

The quality factor Q relates the energy stored in the system ⟨E⟩ to the energy lost per
oscillation cycle ∆E,

Q ≡ 2π
⟨E⟩
∆E

(2.98)

The total mechanical energy can be written as the summation of potential and kinetic
energies as,

E =
1

2
kq2 +

1

2
mq̇2 (2.99)

and from Eq. (2.96), it can be written as,

E =
B2

2
k cos2(ωdt + φ)e−2ζωnt +

B2

4
mω2

ne
−2ζωnt

(
1 − (1 − 2ζ2) cos(2ωdt + 2φ)

+ 2ζ
√

1 − ζ2 sin(2ωdt + 2φ)
) (2.100)

and using ⟨cos2(ωdt + φ)⟩ = 1
2
, ⟨cos

(
2(ωdt + φ)⟩ = 0, and ⟨sin

(
2(ω2

dt + φ)
)
⟩ = 0, the

expectation value of energy over a period ωd

2π
can be written as,

⟨E⟩ =
B2

2
ke−2ζωnt (2.101)

The dissipated power is,

cq̇2 =
B2

2
c ω2

ne
−2ζωnt

(
1 − (1 − 2ζ2) cos(2ωdt + 2φ) + 2ζ

√
1 − ζ2 sin(2ωdt + 2φ)

)
(2.102)

29



and averaging over one cycle yields

⟨cq̇2⟩ =
B2

2
c ω2

ne
−2ζωnt (2.103)

Therefore, energy lost per period is,

∆E = B2πc
ω2
n

ωd

e−2ζωnt (2.104)

Substituting Eqs. (2.101) and (2.104) into Eq. (2.98),

Q = 2π
B2

2
k

B2πc ω2
n/ωd

(2.105)

=
mωd

c
(2.106)

Lightly damped resonators with ζ ≤ 0.2 are typically used in resonant sensing. There-
fore, for a typically resonator ωn ≥ ωd ≥ 0.98ωn and we can assume that ωn ≈ ωd and
write,

Q =

√
mk

c

=
1

2ζ
(2.107)

I plot in Figure 2.4 the relationship between the quality factor and the ratio of the damped
frequency to the natural frequency. It illustrates the closeness of the two frequencies for
typical resonant sensors where Q ≥ 2.5. Neglecting membrane stiffness and electrostatic
softening and using this expression for the quality factor, it can be related to the sensors's
dimensions by,

Q =
λ2

2
√

3

√
Eρ

ĉ

h2

l2
∝ h2

l2
(2.108)

Resonance Frequency

Even though the resonator oscillates with the damped frequency ωd, the natural frequency
ωn has a much simpler form and as they are numerically similar as visualized in Figure
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Figure 2.4: The normalized damped frequency as a function of the quality factor.

2.4, the resonance frequency ω0 can be defined as,

ω0 ≡
√

k

m
(2.109)

Neglecting membrane stiffness and electrostatic softening, it reduces to,

ω0 ≈
√

kb

m
(2.110)

inserting the definitions of kb and m yields,

ω0 =
λ2

2
√

3

√
E

ρ

h

l2
∝ h

l2
(2.111)
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2.5.1 SNR

The signal-to-noise ratio (SNR) quantifies the relative strength of the measured signal
compared to noise (uncertainty in the signal). It is defined as the ratio of the signal Ss

qq(ω)
to noise Sn

qq(ω) power spectral density (PSD)s evaluated over the measurement bandwidth
δω,

SNR =

∫
δω

Ss
qq(ω) dω∫

δω
Sn
qq(ω) dω

(2.112)

For a small bandwidth δω, the PSDs can be assumed constant simplifying the integration
to, ∫

δω

Sqq(ω) dω ≈ Sqq(ω)δω (2.113)

and the measured SNR on resonance to,

SNR =
Ss
qq(ω0)

Sn
qq(ω0)

(2.114)

To find the sensor's displacement PSD under thermomechanical forcing, its equation of
motion

mq̈ + cq̇ + kq = ξth(t) (2.115)

is transformed into the frequency-domain using the Fourier transform,

(−mω2 + icω + k)Q(ω) = Ξth(ω) (2.116)

where

F{q(t)} ≡ Q(ω) =

∫ ∞

−∞
q(t)e−iωt dt (2.117)

F{ξth(t)} ≡ Ξth(ω) =

∫ ∞

−∞
ξth(t)e−iωt dt (2.118)

It can be rewritten as,

Q(ω) =
1

−mω2 + icω + k
Ξth(ω) ≡ H(ω)Ξth(ω) (2.119)

where H(ω) is a transfer function. The output PSD is evaluated by obtaining the square
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of the magnitude of both sides,

Sth
qq(ω) = |H(ω)|2Sξξ(ω) (2.120)

The thermomechanical force is stochastic and doesn’t have a preferred state. Its PSD
can be described as,

Sξξ(ω) =

{
Sξξ ;ω ≥ 0

0 ;ω < 0
(2.121)

yielding,

Sth
qq(ω) =

{
Sξξ

(k−mω2)2+(cω)2
;ω ≥ 0

0 ;ω < 0
(2.122)

The mean squared displacement can be found as,

⟨q2⟩th =
1

2π

∫ ∞

−∞
Sth
qq dω =

Sξξ

2π

∫ ∞

0

1

(k −mω2)2 + (cω)2
dω

=
Sξξ

2π

π

2kc

=
Sξξ

4kc
(2.123)

According to the equipartition theorem, at thermal equilibrium the energy of a system is
equally distributed among all its degrees of freedom with each degree of freedom possessing
an energy of 1

2
kBT where kB is Boltzmann constant and T is temperature. Therefore, we

can write that
1

2
k⟨q2⟩th =

1

2
kBT (2.124)

Using Eqs. (2.123) and (2.124), to solve for Sξξ we can write that,

Sξξ(ω) =

{
4kBTc ; ω ≥ 0

0 ; ω < 0
(2.125)

and,

Sth
qq(ω) =

{
4kBTc

(k−mω2)2+(cω)2
; ω ≥ 0

0 ; ω < 0
(2.126)

The peak PSD of thermomechanically induced displacement realized at resonance can be
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found as,

Sth
qq(ω0) = 4kBT

m

kc
(2.127)

Ignoring membrane stiffness and electrostatic softening, the effective stiffness reduces
to bending stiffness k = kb and the thermomechanically induced displacement PSD at the
resonance can be written as,

Sth
qq(ω0) =

48kBT

λ4

ρ

Eĉ

l3

bh2
∝ l3

bh2
(2.128)

and the mean squared displacement is,

⟨q2⟩th =
kBT

k
=

12kBT

λ4

1

E

l3

bh3
∝ l3

bh3
(2.129)

Figure 2.5: PSDs of (a) the thermomechanical force and (b) the displacement it induces.

The PSDs of the thermomechanical force Sξξ(ω) and the displacement it induces Sth
qq(ω)

are shown in Figure 2.5. The figures clearly demonstrate that the resonator acts as a filter,
transforming the stochastic and white input of thermomechanical noise into a ‘colored’
displacement response that is concentrated around the resonance frequency.

The peak amplitude of the displacement resulting from a harmonic electrostatic force
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with an amplitude of Fes is realized at resonance as,

qespeak = Q
Fes

k

=

√
m

c
√
k
Fes (2.130)

The mean squared displacement can be written as,

⟨q2⟩es =
1

2
q2peak

=
m

2c2k
F 2
es

=
3ϵ2

2

(ces)2

λ4

ρ

Eĉ2
V 4 l4

d4h2

∝ l4

d4h2
(2.131)

Assuming a Lorentzian frequency response similar to the thermomechanical response, the
displacement PSD can be written as,

Ses
qq(ω) =

{
2m

c
F 2
es

(k−mω2)2+(cω)2
; ω ≥ 0

0 ; ω < 0
(2.132)

with the peak value of,

Ses
qq(ω0) =

2m2

kc3
F 2
es =

6ϵ2

λ4

ρ2

Eĉ3
(ces)2V 4 l4

d4h
∝ l4

d4h
(2.133)

Johnson [99] experimentally showed that a stochastic voltage with a PSD of SV V =
4kBTRR will appear across the effective resistance R of a circuit placed in a thermal bath
at a temperature of TR. Given that the output voltage ṼR(ω) of the readout circuit can be
related to displacement by,

ṼR(ω) = GQ(ω) (2.134)

where G is a frequency-independent gain, Johnson noise will result in an apparent dis-
placement PSD of,

SV
qq(ω) =

{
4kBTRR

G2 ; ω ≥ 0

0 ; ω < 0
(2.135)
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This indicates that the readout circuit will inject a flat measurement noise floor in the
frequency-domain, provided that shot noise and other skirt noise sources are ignored.

Substituting with Eqs. (2.127) and (2.135) into Eq. (2.114), SNRth ≡ Sth
qq(ω0)

SV
qq(ω0)

for a

sensor driven exclusively by thermomechanical noise can be written as,

SNRth =
T

TR

G2

R

m

kc

=
12

λ4

T

TR

G2

R

ρ

Eĉ

l3

bh2

∝ l3

bh2
(2.136)

This relationship shows that, the SNR for thermomechanically driven sensors improves with
decreasing thickness h and width b. In contrast, shortening the sensor length l decreases
SNR, therefore, the readout of miniaturized sensors more challenging.

Furthermore, assuming that thermoelectrical noise is negligible compared to thermo-
mechanical noise at resonance SV

qq(ω0) ≪ Sth
qq(ω0) and substituting with Eqs. (2.127) and

(2.133) into Eq. (2.114), the SNRes ≡ Ses
qq(ω0)

Sth
qq(ω0)

for an electrostatically driven sensor can be

written as,

SNRes =
1

2kBT

m

c2
F 2
es

=
ϵ2

8kB

ρ

ĉ2
(ces)2V 4

T

bhl

d4

∝ bhl

d4
(2.137)

This relationship states that the SNR for electrostatically driven sensors scales down with
volume. Highlighting the increasing difficulty of signal extraction in miniaturized electro-
static sensors and the importance of miniaturizing the electrostatic gap d.

2.5.2 Sensitivity

The linear equation of motion, Eq. (2.94), of the sensor shows that a target stimulus
that varies its mass m, damping coefficient c, stiffness k, axial load N0, thermomechanical
force ξth or electrostatic force Fes correlated to its response enabling the establishment of a
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correlation between the stimulus and the response of an inertial sensor. The scope of this
chapter is limited to gas sensing applications, therefore the discussion will limited to those
stimuli. However, the same principles can be extended to other sensing applications.

The state of a gas can classically be described by relating pressure P , gas concentration
C, and temperature T via the ideal gas law ,

P = CRT (2.138)

This equation can be applied at the macroscopic level where P , C, and T represent the
pressure, concentration, and temperature of the surrounding environment (reservoir) or
at the microscopic level using partial pressure, target gas concentration and surrounding
environment temperature, assuming a thermal equilibrium. For sensing purposes, pressure
and temperature will be treated as macroscopic variables, while concentration will be
considered at a microscopic level.

As ambient pressure changes, damping (c) changes in proportion to viscosity and density
of the surrounding medium. This change in damping directly affects thermomechanical
forcing according to Eq. 2.125. To maintain thermal equilibrium between the sensor and
its environment, energy dissipated through damping has to be balanced against energy
acquired through thermal noise. If energy dissipated were not to be fully replaced, a net loss
of energy would result in the sensor temperature dropping below that of the environment.
Thus to maintain thermal equilibrium, the thermomechanical force must scale with both
the ambient temperature and rate of energy dissipation. change in temperature can also
affect sensor parameters, such as the axial load N0, via thermal stress, and thus effective
stiffness k.

Finally, variations in the concentration of the target gas can lead to mass loading,
adsorption or desorption of gas molecules on the beam surface, resulting in a change in the
beam’s effective mass m and influencing its dynamic behavior. The scope of this chapter
is limited to gas sensing, therefore the effects of temperature and pressure variations will
not be discussed further. However, the analysis below can be extended to temperature and
pressure sensing applications in a similar manner.

The absence of a deterministic phase in noise-driven sensors limits their measurable
metric to those observed in the frequency domain. Three of these observables are illustrated
in Figure 2.6: the resonance frequency, the resonant (peak) magnitude, and the area under
the PSD curve, which corresponds to the mean square displacement. To create a consistent
framework, I compare here the sensitivity of noise-driven to that of electrostatically dirven
sensors using these metrics only.
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Figure 2.6: Detection methods based on frequency-shift, magnitude modulation, and area
under PSD curves. Reproduced with permission from Nature [177].

The resonance frequency is a function of the stiffness and mass of the sensor. Therefore,
it can be used to detect stimuli that change stiffness, mass, or both of them. This is true
irrespective of the drive force. The peak magnitude can be evaluated using a narrow
measurement bandwidth as,

a0 = Sqq(ω0) δω (2.139)

For thermomechanical actuation, I use Eq. (2.127) to evaluate it as,

ath0 (m, k, c, T ) = 4kBT
m

kc
δω (2.140)

and for electrostatic actuation, I use Eq. (2.133), to evaluate it as,

aes0 (m, k, c, Fes) =
2m2

kc3
F 2
esδω (2.141)

I use Eq. (2.124), to evaluate the mean square displacement under thermomechnaical
actuation as,

⟨q2⟩th(k, T ) =
kBT

k
(2.142)

and Eq. (2.131) to evaluate the mean square displacement under electrostatic actuation
as,

⟨q2⟩es(m, k, c, Fes) =
m

2c2k
F 2
es (2.143)

The adsorption or desorption of a gas molecules to the surface of a sensor is proportional
to its area A = 2bl. The change in the sensor mass as a result of the chnage in gas
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concentration C can be written as,

dm

dC
= 2blχ (2.144)

where χ is measure of the gas affinity to the sensor surface. It should be noted that the
affinity of the gas to the sensor surface is a function of gas concentration, χ = χ(C),
particularly as the surface saturates at higher gas concentrations.

The relative sensitivity Sf of the frequency can be defined as rate of change of the
resonant frequency with respect to the gas concentration C as a fraction of the resonant
frequency. Assuming that the gas concentration results only in mass loading, we can write
it as,

Sf ≡ 1

ω0

dω0

dC
= − 1

2m

dm

dC

= −χ

ρ

1

h
∝ 1

h
(2.145)

The absolute sensitivity Sf can, therefore, be defined as,

Mf =
dω0

dC
= −1

2

√
k

m3

dm

dC

= − λ2

2
√

3

√
E

ρ3
χ

1

l2
∝ 1

l2
(2.146)

Here and for the rest of this analysis, membrane stiffness and electrostatic softening were
ignored and the effective stiffness was reduced to k = kb. This shows that the absolute
sensitivity increases as the length of the sensor shortens.

Similarly, the relative sensitivity of the resonant peak magnitude under thermomechan-
ical actuation Sth

a can be written as,

Sth
a =

1

ath0

dath0
dC

=
1

m

dm

dC

= 2
χ

ρ

1

h
∝ 1

h
(2.147)
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and the corresponding absolute sensitivity M th
a can be written as,

M th
a =

dath0
dC

= 4kBTδω
1

kc

dm

dC

=
96kBT

λ4

χ

Eĉ
δω

l3

bh3
∝ l3

bh3
(2.148)

The relative sensitivity of the resonant peak magnitude under electrostatic actuation
Ses
a can be written as,

Ses
a =

1

aes0

daes0
dC

=
2

m

dm

dC

= 4
χ

ρ

1

h
∝ 1

h
(2.149)

and the corresponding absolute sensitivity M es
a can be written as,

M es
a =

daes0
dC

= 4δω
m

kc3
dm

dC

=
24ϵ2

λ4

ρχ

Eĉ3
δω(ces)2V 4 l4

d4h2
∝ l4

d4h2
(2.150)

The sensitivity of peak magnitude of both thermomechanical and electrostatical dis-
placement increase as the sensor thickness h decreases while the absolute sensitivities in-
creases with the scaling down of thickness and width but decreases with scaling down of
the sensor length. These relations highlight the benefits of miniaturization in the thickness.

The relative sensitivity of mean square displacement under electrostatic actuation Ses
rm

can be written as,

Ses
rm =

1

⟨q2⟩es
d⟨q2⟩es

dC
=

1

m

dm

dC

= 2
χ

ρ

1

h
∝ 1

h
(2.151)
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and the corresponding absolute sensitivity M es
rm can be written as,

M es
rm =

d⟨q2⟩es

dC
=

1

2c2k
F 2
es

dm

dC

=
3ϵ2(ces)2

λ4

χ

ĉ2E
V 4 l4

d4h3
∝ l4

d4h3
(2.152)

The sensitivity of mean square displacement under electrostatic actuation increases for
thinner sensors. For the absolute sensitivity, the performance improves as the thickness
scales down while decreases as the length miniaturizes.

On the other hand, the mean square displacement of thermomechanically driven sensors
are insensitive to gas concentration since the absolute sensitivity M th

rm evaluates in this case
to,

M th
rm =

d⟨q2⟩th

dC
=

d

dC

(kBT
k

)
= 0 (2.153)

and thus Sth
rm=0.

2.6 Experimental Investigation

In the following section, I investigate the impact of miniaturization into the nano-scale
using a class of humidity sensors as a case study as it is scaled down from MEMS to
NEMS.

2.6.1 Fabrication and Design

The resonators were not designed entirely based on theoretical equations due to uncer-
tainties in parameters such as the axial stress and material properties. For example, axial
stress have a significant affect the resonance behavior yet its magnitude depends on fab-
rication factors that are dificult to quantify analytically. In addition to the axial stress,
uncertainties in material properties such as Young’s modulus and density further com-
plicate accurate prediction. These properties can deviate from their bulk values when
scaled down to micro and nanoscale dimensions due to factors such as surface effects,
grain structures, and process dependent variability. Moreover, practical limitations such
as fabrication challenges and readout constraints can prevent a direct translation of the
theoretical model into functional devices. Neglecting these factors may results in struc-
tures that are difficult to fabricate or incompatible with available measurement tools. As
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a result, the final dimensions of the NEMS and MEMS resonators were not pre-set from
theory but instead determined using an iterative experimental approach. A series of res-
onators with varying geometries were fabricated by following the theoretical model as a
reference and considering the practical limitations. Their performance was evaluated based
on theoretical criteria, fabrication feasibility and readout compatibility. Hence, the final
dimensions were selected according to the characterization results of these test structures,
taking into account fabrication challenges, signal quality from the readout and the desire
to keep resonance frequencies within the measurable range of the system.

The fabrication steps of both NEMS and MEMS resonators are illustrated in Figure
2.7 (a-c). As the starting substrate, a 4” prime grade p-doped silicon wafer with a 50 nm
thick thermal oxide layer was chosen due to its low cost, compatibility with Quantum-
Nano Fabrication and Characterization Facility (QNFCF) cleanroom tools, and ability to
yield multiple devices per fabrication cycle. First, to form the 4 µm thick sacrificial layer,
the negative tone photoresist (PR) NLOF-2035 was spin coated at 1000 RPM and hard
baked under vacuum for 30 minutes to minimize outgassing as shown in 2.7 (a). Then,
for the structure layer, aluminum was deposited using electron-beam evaporator (Amod,
Angstrom Engineering) at a rate of 0.3 nm/s to reach 90 nm and 220 nm thick films for
NEMS and MEMS resonators, respectively. Aluminum was chosen as the beam material
due to its mechanical stability, high optical reflectivity, and electrical conductivity. The
thicknesses of the deposited Al films were verified with a mechanical surface profilometer
(DektakXT, Bruker), and the corresponding surface profiles are presented in the Appendix
A in Figure A.1. To pattern the structure layer, the positive tone PR S1811 was spin coated
at 5000 RPM and soft baked at 120 ◦C for 90 seconds resulting a uniform thickness of 1.3
µm. The coated PR then exposed using maskless lithography aligner (MLA) (MLA 150,
Heidelberg Instruments) at a dose of 100 mJ/cm2 to define the aluminum structural pat-
tern before etching. After the exposure, the PR was developed with MF-319 (Microposit)
developer for 60 seconds to obtain openings in the PR layer. These openings were then
etched using plasma-based dry reactive ion etching (RIE) (ICP380, Oxford Instruments),
employing 120W with an RF generator and 800W with inductively coupled plasma (ICP)
in a controlled environment of 5 mTorr with 40 sccm Cl2 and 10 sccm BCl3 for 40 seconds,
as shown in Figure 2.7 (b). Notably, using shadow mask in the Al deposition can bypass
these lithography and etching steps. Then, the beam was released via isotropic dry etch
(CV200RFS, Yield Engineering Systems) using 25 sccm of O2 at 900W RF power and 750
mTorr pressure at room temperature. In order to securely fix the beam from both ends,
the anchor width was set at 50 µm, ensuring its stability and preventing unwanted release
of the anchors due to the undercut, as illustrated in Figure 2.7 (c). Because the chamber
temperature rose during the plasma process, the system was paused every 10 minutes to
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cool. This cycle was repeated until the beam was fully released which was visually con-
firmed by scanning electron microscope (SEM) (JSM-7200F, JEOL USA Inc.), as shown
in Figure 2.7(d). The uniformity of the beam reflects the absence of high residual stress
during fabrication, which could have caused bending. Although the etching process was
considered isotropic, some degree of anisotropy was observed, resulting in a remaining sac-
rificial layer beneath the beam. However, the resonator was successfully released. Finally,
using an automated dicing saw (Disco, DAD3240), the 4” wafer was diced into 8.6×8.6mm
dies. Additional process details and design considerations were reported in our previous
works for similar structures [73, 74, 72].

Figure 2.7: Fabrication process and elemental analysis. (a-c) represent the sequential fab-
rication steps: (a) deposition of the photoresist sacrificial layer (in yellow), (b) patterning
of the metal structure (in red), and (c) sacrificial layer release. (d) Colorized SEM image of
the final structure, highlighting metal in red and photoresist in yellow. (e) XPS spectrum
displaying an 8 nm oxide thickness for the structure. Reproduced with permission from
Elsevier [72].

After the fabrication, the elemental composition and crystal morphology were analyzed
using X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) measurements,
respectively. Figure 2.7(e) shows the XPS data indicating the formation of an 8 nm thick
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Al oxide layer on the surface. The formation of the oxide layer is due to the combined
effects of ambient air oxidation and O2 plasma treatment during the last etching process.
This oxide is hydrophilic, allowing the resonator to absorb humidity and function as a
sensing layer. The AlOx film thickness was estimated using the calculations developed by
Strohmeier [207] as follows:

doxide = λoxide sin θ ln
(Nmetal + λmetalIoxide
Noxide + λoxideImetal

+ 1
)

(2.154)

where doxide = 28Å and dmetal = 26Å and are the inelastic mean free path of oxide and
metal, respectively, θ = 90◦ is the photoelectron take-off angle Nmetal and Noxide are the
volume densities of the metal atoms in the metal and oxide, respectively with the relation-
ship of Nmetal

Noxide
= 1.5, Ioxide and Imetal are the area percentages of the oxide and metal peaks

in Al 2p XPS spectra, respectively, and doxide is the oxide film thickness in Angstroms. We
found the Ioxide as 91.1 and Imetal 8.9 by calculating the areas under each peak in the Al
2p XPS spectra using OriginPro 2021b using Shirley XPS baseline, and Gaussian fitting
corresponding to an 8 nm oxide thickness on the surface.

XRD measurements were performed on a Bruker D8-Focus with Cu-Kα radiation at
a wavelength of 1.5406 Å, an acceleration voltage of 40 kV, and an emission current of
40 mA. The diffraction pattern confirmed the presence of a face-centered cubic (FCC)
structure with (111) plane of Al. However, no peaks corresponding to aluminum oxide
were observed, likely due to the limited thickness of the oxide layer which falls below the
effective detection depth of the XRD technique. The XRD spectra is presented in Figure
2.8.

The developed process flow for fabricating the NEMS and MEMS resonators is rel-
atively cheaper, faster, and simpler compared to conventional silicon-based approaches.
These improvements were achieved by utilizing aluminum as a multifunctional material,
providing structural integrity, optical reflectivity, electrical conductivity, and humidity
sensing capabilities. Last but not least, the resonators self-actuate via thermomechanical
noise and produce optically detectable signals via thermomechanical noise alone, requiring
no external excitation and supporting low-power applications.

After the process flow and some material properties had been defined, the dimensions
of the beam can be chosen to experimentally demonstrate the effects of downscaling on
sensing performance. As discussed in the theoretical section, maintaining a high length-to-
width ratio is crucial for optimal resonator performance. To achieve a high aspect ratio, the
beam width needs to be minimized by addressing the limitations in resonator fabrication
and signal readout.
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Figure 2.8: XRD analysis of the resonator. The peak corresponds to the (111) plane of
FCC structured Al. Reproduced with permission from Elsevier [72].

In terms of the fabrication, there are two main considerations. The first one is the
releasing step shown in Figure 2.7(c). A polymer-based sacrificial layer with dry release in
oxygen plasma [17] was chosen to prevent the sticking problems due to surface tension forces
and usage of aggressive etchants. However, the plasma might struggle to reach underneath
the resonator, especially when the width-to-air-gap ratio is high, resulting in incomplete
etch. Therefore, a low width-to-air-gap ratio is desired for a smooth release process. For
this purpose, a thick PR layer, 4 µm thick, had been selected as the sacrificial material
as stated earlier. As narrower beams result lower aspect ratio, they are advantageous
for release thereby improving the reliability of the release process which aligns well with
the design goal. Another important design factor is feature size. Sub-micrometer require
electron beam lithography (EBL) which is more expensive, complex, and time-consuming
compared to optical lithography. Achieve features below 2 µm with optical lithography
requires additional process optimization, including focus and dose testing, spin coating,
baking, and development of the PR. Therefore, to simplify the fabrication process and
ensure repeatable results, a minimum feature size of 2 µm was selected.

To determine the minimum optically measurable width, a series of resonators with
a fixed length of 40 µm and varying widths from 1 µm to 5 µm were fabricated and
characterized optically. All resonators showed similar resonance performance in terms of
quality factor and resonance frequency. The results of these measurements are given in the
Figure 2.9. Therefore, the widths of 4 and 5 µm were determined to be the optimal choice
for NEMS and MEMS resonators, respectively.

As the thicknesses and widths of the NEMS and MEMS resonators were set, the last

45



II

III

IV

V

0 500 1000 1500 2000
0.0

0.2

0.4

0.6

0.8

1.0

Frequency (kHz)

N
or
m
al
iz
ed
V
el
oc
it
y

Figure 2.9: Frequency responses of the fabricated resonators with widths of 2µm (blue),
3µm (red), 4µm (green), and 5µm (brown).

step was to determine the length of the beams. The laser Doppler vibrometer (LDV) used
for the readout has a low-pass filter at 1.5 MHz, which attenuates signals exceeding this
frequency. As described in the theoretical section, the resonance frequency increases as
the beam length decreases. Therefore, as the final design rule, the minimum lengths that
produce resonance frequencies within the detectable range, below 1.5 MHz, were selected.
For the MEMS resonator, only the fundamental resonance frequency was designed to fall in
this range. In contrast, for the NEMS resonator, multiple resonance modes were observed
therefore the first six modes were designed to lie in the detectable regime. Resonators with
varying lengths were fabricated and characterized. Based on their resonance frequencies,
lengths of 50 µm and 100 µm were chosen for the NEMS and MEMS resonators, respec-
tively. As a result, the final dimensions for the NEMS and MEMS resonators are given in
Table 2.1.

Table 2.1: Dimensions of the resonators.

Resonator Length [µm] Width [µm] Thickness [nm] # of modes
MEMS 40 5 220 1
NEMS 100 4 100 6
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2.6.2 Experimental Setup

The NEMS and MEMS resonators were fabricated through two separate fabrication runs
following the procedure described above. The experimental setup for sensor testing is
illustrated in Fig. 2.11 (a). A dry air source (99.999% pure Nitrogen) and two mass
flow controller (MFC)s are used to control the relative humidity in the environmental
chamber. The first MFC supplies dry air directly from the source, whereas the other
supplies humid air by passing dry air through water in a bubbler. The total inlet flow was
set at 1000 sccm and the humidity inside the test chamber was controlled by adjusting the
flow ratio of the two MFC s. All measurements were recorded at room temperature, 24
◦C. Relative humidity and temperature were monitored using a commercial environmental
sensor (SensorPush HTP.xw) with an error of ±1.5%RH and ±0.1◦C, respectively. After
the humidity inside the chamber was stabilized, the vibrometer laser beam was focused on
the resonators, as demonstrated in Fig. 2.11 (b). An image of the experimental setup is
shown in Figure 2.10. It should be noted that no electrical connection was made with the
sensor as the sensor was actuated with thermomechanical noise at room temperature and
measured optically.

Fig. 2.11 (c) presents the cross-sectional view of the structure. Hydrophilicity of the
surface oxide enables the interaction with water vapor and formation of hydrogen bonds
with water molecules that has a dipole moment coming from the asymmetric molecular
structure of water with the hydrogen bonds forming a 108.25◦ angle. The core metal
maintains its mechanical stability, optical reflectivity and electrical conductivity. Optical
reflectivity is required for optical readout via LDV. The electrical conductivity of the
resonators was tested in our previous work [73] with several electrical interconnection
methods such as wire bonding, probing, and built-in packaging. The resonance frequency
of the microbridge, affected by the resulting changes in the microbridge mass and stiffness,
varies as the concentration of water vapor varies, as demonstrated in Fig. 2.11 (d).

To reduce measurement noise, the frequency-response of the mid-point velocity was
averaged over 500 readings in the frequency-domain. Background (baseline) noise, was
constructed in Origin software using asymmetric least squares smoothing with an asym-
metric factor of 10−4, a threshold of 10−8 and a smoothing factor of 6. The baseline shows
a rising trend with frequency up to 1.5 MHz, the velocity encoder's cutoff frequency which
acts as a low-pass filter. After subtracting the baseline noise, the measured frequency
response was fitted using a Lorentzian fit while ensuring an R2 value greater than 0.95.

In this study, only the steady-state behavior of the resonators was analyzed, following
a similar approach to that outlined in the literature [157]. The chamber was purged
with a 1000 sccm N2 flow for approximately 3 hours to achieve the driest condition, 1%
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Figure 2.10: The image of the experimental setup shows the testing chamber with optical
window, gas inlets and outlets, vibrometer microscope, and tested die. Reproduced with
permission from Elsevier [72].

RH. Subsequently, the wet flow increased in increments of 50 sccm while maintaining a
constant total flow of 1000 sccm. Once the MFC s were configured, the conditions were
kept constant for an hour to ensure steady-state behavior. This process was repeated 11
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Figure 2.11: Experimental setup. (a) Schematic representation of the experimental setup,
including the dry air (N2) source, two MFCs, bubbler, vibrometer, test chamber, and probe
station. (b) Schematics of the resonator with the laser beam focused on its center. (c)
Atomic cross-sectional view of the structure, with aluminum (blue), oxygen (red), and
hydrogen (gray). (d) Frequency response of an example resonator under various humidity
levels, illustrating response to adsorption and desorption of water vapor. Reproduced with
permission from Elsevier [72].

times for each resonator, at 19 different levels of relative humidity from 1% RH to 75%
RH. RH values beyond this range could not be reached with the experimental setup. The
resulting resonance frequencies and quality factors were averaged and plotted with respect
to relative humidity.
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2.7 Results and Discussion

I compare in Figure 2.12 the PSD of thermomechanical noise-driven to electrostatically
driven inertial sensors as their dimensions scale down. The noise floor, originating from
the readout circuit, SV

qq does not scale down with the sensor dimensions. It is spectrally flat,
affecting all frequencies and geometries equally as shown by the red background surface in
the figure.

Figure 2.12: The PSDs of displacement in inertial sensors under thermomechanical Sth
qq

(green curves) and electrostatic Ses
qq (blue curves) excitation as functions of frequency and

(a) length, (b) width, and (c) thickness. The red curve represents the PSD of measurement
noise SV

qq.

In contrast, the PSDs of displacement for thermomechanically Sth
qq (green) and electro-

statically Ses
qq (blue) driven sensors peak at the resonance highlighting resonant sensors'

function as frequency-selective filters. In particular, thermomechanically driven sensors
exploit that to transform white noise input power into a colored output signal by accept-
ing and amplifying components near resonance while rejecting and attenuating those away
from it. The change in the characteristics of this ‘color’ due to a stimulus is the detection
signal used to sense (quantify) the stimulus. The function of the readout circuit is to
amplify the sensor response (blue or green curves) over the noise floor.

Scaling down the sensor length, Figure 2.12(a), degrades the PSD and SNR of thermo-
mechanically driven sensors quickly at l3, Table 2.2. It also degrades the PSD of electro-
statically driven sensors at an even faster rate pf l4 resulting in their SNR scaling down like
l. As a result, at very short lengths, the PSDs of thermomechanically and electrostatically
driven sensors are barely distinguishable. This makes it challenging to extract useful infor-
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mation as the sensor shortens, and emphasizes the need to employ countervailing factors
to improve the SNR.

The absolute sensitivity of frequency shift sensors Mf , Table 2.2, scales up like 1/l2 as
length scales down due to the scaling up of the resonance frequency at the same rate. As
a result, the corresponding relative sensitivity Sf is unchanged with length. On the other
hand, frequency stability, which proportional to

√
ω0Q [177], scales up like 1/l2 like Mf .

Therefore, it can be seen frequency shift is a robust sensing metric as length scales down.
While the sensitivity of the peak magnitude and mean square displacement metrics is not
impacted by length changes, the corresponding absolute sensitivities degrade quickly as
length scales down at the rates of l3 and l4, respectively. These conclusions indicate that
frequency shift should be adopted as a metric for shorter sensors at the ‘deep’ nano-scale
and beyond dimensions.

Reducing the sensor width, increases the PSD and SNR of thermomechanically driven
sensors like 1/b, Figure 2.12(b), but does not impact the PSD of electrostatically driven
sensors. This results in a linear degradation of the SNR for electrostatically driven sensors,
Table 2.2, as width scales down. The only impact it has on sensitivity is that it increases
the absolution sensitivity of the peak magnitude metric for thermomechanically driven
sensors like 1/b.

As sensors become thinner, the PSDs of thermomechanically driven sensors scale up
faster than than those of electrostatically driven sensors, Figure 2.12(c), at 1/h2 compared
to 1/h. As a result, while the SNR of thermomechanically driven sensors scales up like
1/h2, the SNR of electrostatically driven sensors scales down like h resulting in a similar
challenge for very thin sensors with the PSDs of thermomechanically and electrostatically
driven sensors being barely distinguishable.

Scaling down thickness also reduces the frequency stability of inertial sensors like
√
h3,

Table 2.2, because it scales down the natural frequency and quality factor like h and h2, re-
spectively. However it improves, the sensitivity of all sensing metrics except for the absolute
sensitivity of frequency shift sensors and the mean square of thermomechanically driven
sensors. In contrast to length, the preferred metric for thinner sensors is peak magnitude
for thermomechanically driven sensors and mean square displacement for electrostatically
driven sensors. The absolute sensitivity of both of them scale up like 1/h3 while being
impervious to concomitant degradation in frequency stability.

One method to counteract the degradation in the SNR of electrostatically driven sensors
with miniaturization is to scale down the electrostatic gap d. The fact that this SNR
scales up like 1/d4 means that the gap alone can overpower the scaling down of all mass
dimensions bhl, Table 2.2. In tandem with scaling down of thickness, the two factors can

51



improve the absolute sensitivity of the peak magnitude and means square displacement
metrics of electrostatically driven sensors to overcome degradation due to scaling down of
length.

Table 2.2: Comparison of the analytical expressions and scale relationships of key perfor-
mance metrics for resonant gas sensors of the inertial type.
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Eĉ
δω l3

bh3
l3

bh3

Ses
a

2
m

dm
dC

4χ
ρ
1
h

1
h

M es
a 4δω m

kc3
dm
dC

24ϵ2

λ4
ρχ
Eĉ3
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The measured resonance frequencies and quality factors of the NEMS and MEMS sen-
sors are shown in Figures 2.13(a) and (b), respectively, as functions of relative humidity
levels in the range of [1%, 78%]. The absolute and relative sensitivities of the frequency
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shift metric for those sensors were calculated using Eqs. (2.146) and (2.145), respectively,
and are shown in Figures 2.13(c) and (d), respectively. As expected from Table 2.2, the
NEMS sensor's resonance frequency is significantly lower than that of the MEMS given
that scaling down process, Table 2.1, results in the ratio (hn/l

2
n)/(hm/l

2
m) ≈ 0.07. The

quality factor of the NEMS sensor is also significantly lower than that of the MEMS sensor
due to a scaling down ratio of (h2

n/l
2
n)/(h2

m/l
2
m) ≈ 0.034.

The absolute sensitivity of the MEMS sensor was found to outperform that of the
NEMS sensor, Figure 2.13(c), since it is shorter and Mf scales like 1/l2. This is noteworthy
given that the NEMS sensor is smaller in the other dimensions. In contrast, the relative
sensitivity of the NEMS sensor is better than that of the MEMS sensor, Figure 2.13(d),
since Sf scales as 1/h and the NEMS sensor is thinner than the MEMS sensor.

These experimental results closely agree with the theoretical scaling relationships I
developed and confirm my hypothesis that miniaturization improves sensor sensitivity.
However, this improvement occurs at different rates depending on the dimension being
scaled down and the actuation method. While the potential for miniaturization is obvious,
the pitfalls of miniaturizing all dimensions systematically without paying attention to those
tradeoffs are also obvious. The complexity of those relationships also makes the typical
trial-and-error approach to sensor development foolhardy. A more deliberate, analytically
informed, approach is imperative to the success of miniaturization process. Those trade-
offs motivate the need for improved signal amplification and noise minimization, which are
addressed in subsequent chapters through packaging and interface optimization.

2.8 Conclusions

In this chapter, a theoretical model was developed to analyze the effects of sensor minia-
turization. PDE governing the resonator dynamics was first derived and then reduced
to ODEs using a ROM method. These ODEs were used to define key performance pa-
rameters such as resonance frequency, quality factor, SNR, and sensitivities to formulate
their dependence on device geometry. To validate the model, MEMS and NEMS humid-
ity sensors were fabricated and tested under identical conditions. The experimental results
aligned closely with theoretical predictions, confirming that miniaturization enhances sens-
ing performance. However, this improvement comes at the cost of reduced output signal
amplitudes and increased susceptibility to noise, motivating the need for advanced pack-
aging and interface engineering, which are addressed in following chapters.
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Figure 2.13: Comparison of the MEMS and NEMS sensors' u(a) resonance frequency ω0,
(b) quality factor Q, (c) absolute sensitivity Mf , and (d) relative sensitivity Sf as functions
of relative humidity %RH.
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Chapter 3

Built-in Packaging for Miniaturized
Sensors

As the sensors miniaturize, their signal output also shrinks. Therefore, the signals might be
lost under the noise due to the conventional packaging and interconnections. As a result,
the sensor miniaturization require paralllel developments in packaging and interconnection
techniques. In this chapter, a novel packaging technique, called built-in packaging, is
introduced and demonstrated for MEMS resonator and MIM diode applications with the
comparisons of the conventional packaging methods such as wire bonding, and probing.
The first section focuses on the MEMS resonator applications while the second section
focuses on MIM diode applications.

3.1 MEMS resonator

An alternative packaging method, termed built-in packaging, is proposed for single termi-
nal devices, and demonstrated with an actuator application. Built-in packaging removes
the requirements of wire bonding, chip carrier, printed circuit board (PCB), probe sta-
tion, interconnection elements, and even wires to drive single terminal devices. Reducing
these needs simplifies operation and eliminates possible noise sources. A micro resonator
device is fabricated and built-in packaged for demonstration with electrostatic actuation
and optical measurement. Identical actuation performances are achieved with the most
conventional packaging method, wire bonding. The proposed method offers a compact and
cheap packaging for industrial and academic applications.
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3.1.1 Introduction

The typical working principle of a sensor is two-fold. First, the system is set into the
sensing state that is sensitive to the target input. Generally, an external signal is required
for this activation, except for self-actuated structures [233]. Second, the output signal
containing detection information is translated into the proper form. The majority of the
sensor research focuses between these two feedthroughs where detection interaction hap-
pens by exploring state-of-the-art sensing concepts [180], functionalizing high-performance
materials [160], and expanding fabrication limits [65]. Developments in these areas enabled
a better understanding of the universe by measuring quantized unit of electrical conduc-
tance [222] and mass of Higgs boson [37] or resulted in detecting more practical targets
such as the mass of a single proton [36] or energy of a single photon [116] under ideal
conditions. As sensitivity increases, the signal levels decrease, and feedthrough losses of
these tiny messages start to play a more significant role. Therefore, developments in the
sensing state need to be followed by the ones in feedthrough for keeping the sensing state
precisely and reading the output signal with minimal losses.

Principally, a package is required for interfacing the chip with actuation and readout
circuits, and there are three popular methods for bonding a chip on top of a carrier board.
In wire bonding, the chip is attached to the package with welded fine wire leads, as shown
in Fig. 3.1b. In flip-chip bonding, the top layer of the chip is soldered with the carrier, as
illustrated in Fig. 3.1c. In tape-automated bonding, a thin conductor tape is attached on
top of the metal pads of the device, as demonstrated in Fig. 3.1d. Each of these techniques
introduces design restrictions for compatibility. Although all the components and processes
are well standardized, they introduce additional feedthrough loss, complexity, size, and
cost. In addition, it is known that feedthrough noises and losses play a significant role in
the electrical actuation and measurements of MEMS and NEMS [168, 194, 236, 103]. In
addition modeling of the parasitic effects of these noise sources was attempted, to minimize
the damage [147].
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Figure 3.1: Packaging methods: (a) no packaging, (b) wire bonding, (c) flip-chip bonding,
(d) tape-automated bonding, and (e) built-in packaging. Reproduced with permission from
MDPI [73].

Instead of putting up with these problems, it is aimed to eliminate the source directly

56



by proposing a new concept called built-in packaging. Unlike all conventional methods,
in the proposed method, the built-in packaging, a connector is directly attached to the
die without any package or carrier board, as illustrated in Fig. 3.1e. The main goal of
this work is to eliminate all the interconnection components, even wires, and facilitate the
device into a plug-and-play operation.

The proposed concept is demonstrated using a single-terminal device where a resonator
is designed, modeled, fabricated, packaged, and characterized. The one and only electrical
terminal is used on the actuation side, and the mechanical motion is detected optically.
Therefore, the actuation performance of the proposed method is compared with the most
conventional method, the wire bonding, to inspect the packaging performance. The actu-
ation and readout schemes are illustrated in Fig. 3.2. To examine the performance of the
operation, the results are compared with the most conventional method, wire bonding.
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Figure 3.2: Schematics of the (a) actuation, and (b) characterization strategies. The red
color indicates the focus of this study while the bold text indicates elements fabricated
in the scope of this work. LDV stands for laser Doppler vibrometer. Reproduced with
permission from MDPI [73].

Though only a single-terminal actuator application is illustrated in this work, the pro-
posed concept is valid for sensor applications (accelerometer [188], gyroscope [9], mass
sensor [153], humidity sensor [158], temperature sensor [27], pressure sensor [79], gas
sensor [3], magnetometers [151], photoacoustic sensors [40], field effect transistor (FET)-
biosensor [162], and permittivity sensor [55]), optical and photonic applications (micromir-
ror [101][114], microswitch [239], LiDAR [246], beam steering [32], bolometer [115], photon
detector [10], and PeCOD [11]), RF applications (diode [166], transistor [92], antennas [83],
switch [235], phase shifter [201], filter [203], and tunable capacitor [181]), microfluidics (mi-

57



cropump [154], microdroplet generator [195], and microvalve [131]), and other applications
(energy harvester [189], rectenna [4], gripper [54], etc.).

3.1.2 Actuator Design

To illustrate the proposed packaging method for an actuator application, a microresonator
needed to be designed, and this design should be compatible with the actuation and char-
acterization setups, and easy to fabricate and package. First, the important criteria were
specified and then associated with geometrical and material properties, and finally, a com-
plete design satisfying these criteria was developed. In addition, a mathematical model
was built and numerically solved for optimization and verification. Detailed equipment
information is provided in the supplementary information of my recent publication [73].

Compatibility

While it is possible to make in-plane motion measurements with LDV [7], out-of-plane
motion is easier to catch. In addition, the lowest eigenmode offers the highest deformation
and results in a larger output signal from the LDV. Thus, the main operation mode of the
resonator was chosen as the first out-of-plane mode. Both cantilever and fixed–fixed struc-
tures are appropriate for this purpose and fixed–fixed boundary conditions were preferred
to minimize the curvature.

LDV converts motion into an electrical signal from the Doppler shift in the reflected
laser beam frequency due to the movement of the surface. The laser spot has a finite
diameter, called airy disk, and should fully cover the top surface of the resonator, otherwise
the laser beam might also reflect from stationary parts, causing the output signal to decay.
This can especially affect the calibration between motion and electrical signals and might
cause imprecise results. To eliminate all these complications, the minimum width of the
resonator, bmin, should be larger than the spot size of the beam. The spot size of the beam
is defined as the Airy disk diameter, dairy, in Eq. (3.1) [198].

dairy = 1.22
λo

NA
(3.1)

λo and NA are the wavelength of the laser beam and numerical aperture of the objective
lens, respectively. Smaller spots can be achieved by using an objective lens with higher NA
or a laser beam with a lower wavelength. In our setup, λo = 633 nm and NA = 0.42 yield
a theoretical limit of dairy = 1.8 µm . On the other hand, imperfect calibration introduces
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optical aberration, and the practical spot diameter is around dairy ∼= 4 µm; hence, the
width of the resonator should be wider than 4 µm.

Electrical conductance is required to both transmit voltage and generate electrostatic
force. Moreover, it is desired to have high reflectance on the resonator surface to obtain a
high output from the LDV. The relationship between optical reflectance, R, and electrical
conductivity, ς, for conductive materials is well-defined with Hagen–Rubens formula in Eq.
(3.2) [78].

R ≈ 1 − 4

√
πϵ0
ςλo

(3.2)

ϵ0 is the vacuum permittivity. This relation shows that materials with high electrical
conductivity also have high optical reflectivity. Therefore, a conductor material is preferred
for the resonating medium. In terms of fabrication, it should be easy to etch for patterning,
compatible with Al wire bonding, and cheap to deposit. Hence, Al was selected as the
structure layer after considering all these concerns.

Larger actuation force produces a larger output signal and increases the signal-to-noise
ratio. Recalling from the Eq. (2.47), the electrostatic force per unit length applying on
the undeflected structure, fes, can be written as,

fes =
ϵbV 2

2d2
(3.3)

ϵ, V , and d are the dielectric constant of the gap medium, actuation voltage, and gap
width, respectively. The actuation voltage is limited by the function generator. Although
decreasing the air gap between the resonator and actuation electrode increases the electro-
static force, it could introduce additional squeezed film damping, csf, in Eq. (3.4) [145].

csf = fb/l
µfl

4

d3
(3.4)

fb/l, l, and µf are a geometrical factor, the length of the resonator and the viscosity of the
gap medium, respectively. Moreover, decreasing the air gap width can also produce an
underetch issue, discussed in Section 3.1.2. As a result, the stiffness of the beam needs to
be as weak as possible to convert limited electrostatic force into the greatest deflection.
From a geometrical point of view, this can be achieved by having a large length-to-thickness
ratio (>100), and the exact ratio was calculated as 160 using the simulations.

The dimensions in MEMS and NEMS tend to scale down, and natural frequencies
increase according to the scaling law [33]. Therefore, it is desired to push the limits of
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frequency while designing the actuator to demonstrate the proposed method for the most
updated and future applications. Furthermore, a higher frequency regime offers better
quality factors. Nevertheless, the digital velocity output of our LDV starts decaying after
1.5 MHz, and the natural frequency should exceed this threshold for equivalent measure-
ment. Since the geometrical properties, material properties, and residual stress affect the
natural frequency, mathematical models were simulated, and the length and thickness were
determined as 40 µm and 250 nm, respectively.

Producibility

Standard optical lithography techniques allow patterning of the resonator with the desired
length, and width [163]. The releasing step is critical when etching the sacrificial layer
underneath the resonator because of aggressive etchants and sticking problems due to
surface tension forces. To eliminate these problems, a polymer-based sacrificial layer was
chosen with dry release in oxygen plasma [17]. However, plasma might struggle to reach
underneath the resonator, especially if the width-to-air-gap ratio is high and can cause
saturated underetch. Therefore, a low width-to-air-gap ratio is desired for a smooth release
process. The width was chosen as 4 µm, bmin, and an air gap of 4 µm was chosen to obtain
a unity ratio.

Simulation

The three main aims of running simulations are (i) to identify the design parameters by
calculating the natural frequency of the beam under the presence of residual stress, (ii) to
perform a failure analysis to define the working regime, and (iii) to obtain the mode shape
to compare with the experimental results. An FEM was constructed using COMSOL® by
following the AC/DC and Structural Mechanics Modules User’s Guide [47, 48]. In addition
to that, a ROM was built [1], and the details are provided in the Supplementary Materials.
In the numerical calculations, Young’s modulus, density, Poisson ratio, and tensile strength
of Al are taken as 69 GPa, 2.71 g/cm3, 0.33, and 90 MPa, respectively [28].

The residual stress gets affected by so many parameters such as growth temperature
and rate [215], material, deposition method, thickness [35], epitaxial mismatch [91], surface
roughness, and contact angle [193]. Therefore, it is not feasible to make an accurate
prediction by a simple calculation. Instead, a reasonable range, ±20 MPa, was defined
based on the literature data [118, 170, 59], and the simulations were run in this region.
The length and thickness were determined by keeping the first natural frequency below 1.5
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MHz. The relationship between the residual stress and the first natural frequency of the
finalized design is shown in Fig. 3.3a. It should be noted that compressive stress larger than
10 MPa might cause buckling during the release step, which is not desired. Additionally,
buckling stress determines the thermal budget to calculate temperature limits. Fortunately,
the first natural frequency of the fabricated structure is obtained at 1.4 MHz, corresponding
to tensile stress around 17 MPa.
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Figure 3.3: Simulation plots of the (a) first natural frequency vs. axial stress and (b)
deflection and stress with respect to the actuation signal. Reproduced with permission
from MDPI [73].

Secondly, failure analyses were run to determine the maximum actuation voltage limit.
While there have been several failure mechanisms that worked in the literature, only two
main mechanisms were considered in this analysis [221]. As the actuation voltage increases,
the beam deflects more, and after some critical deflection, the beam can stick to the
stationary electrode or collapse due to tensile stress. The former phenomenon is called
pull-in and can be either static [241] or dynamic [161]. The dynamic pull-in analysis
requires specific initial conditions and extra effort to generalize. For the sake of simplicity,
only the static case was considered in this analysis. Alternatively, the beam might collapse
if von Mises stress exceeds ultimate tensile stress. The variation of deflection and von
Mises stress with respect to the actuation voltage is shown in Fig. 3.3b. When both
failure mechanisms are considered, collapse happens earlier at a voltage level of around
200 V. To prevent failure, the maximum pulse voltage, 60 V, was set away from this value.

Finally, mode shape analyses were conducted to verify the experimental results and are
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illustrated in Section 3.1.6.

3.1.3 Fabrication

The schematics of the fabrication process are shown in Fig. 3.4 and Table 3.1 and 4” prime
grade p-doped Silicon wafer with a 50 nm-thick thermal oxide was chosen as the starting
substrate.

Table 3.1: Device fabrication. Reproduced with permission from MDPI [73].

Layer Step 1 Step 2 Step 3 Step 4

Actuation electrode PR coating Lithography Metal deposition Liftoff

Sacrificial layer PR coating - - -

Structure Metal deposition PR coating Lithography Dry etch

Dicing and Release Dicing Dry etch - -

A local actuator electrode was preferred for having a better electrical contact in pack-
aging and eliminating excessive parasitic capacitance. It is patterned with a simple bilayer
lift-off process, as shown in Fig. 3.4a [150]. First, HMDS treatment was performed to
promote the adhesion between the substrate and PR layer. The underlayer (PMGI SF7)
and positive-tone UV-PR (Shipley S1805) were spin-coated and soft-baked, sequentially.
The pattern was exposed to 405 nm wavelength light with MLA and developed in MF-319.
Then, 150 nm-thick Al film was deposited with e-beam (electron beam) deposition, and
the excessive metal was lifted off.

The sacrificial layer, Fig. 3.4b, was built by spin-coating a negative-tone PR (AZ nLOF
2035) to reach 4 µm thickness and hard-baking under vacuum to prevent outgassing.

To construct the structure layer illustrated in Fig. 3.4c, firstly, 250 nm-thick Al film
was deposited with e-beam deposition. Then, a positive-tone UV-PR (Shipley S1805) was
spin-coated and soft-baked, and the design was exposed to 405 nm wavelength light with
MLA and developed in MF-319. Excessive Al was dry etched with ICP-RIE.

The wafer was diced into smaller pieces with an automatic dicing. Finally, the structure
was released by etching the sacrificial layer with a PR stripper, as shown in Fig. 3.4d.

Optical microscope and SEM images of the fabricated resonator are shown in Fig. 3.5.
The laser spot almost covers the resonator as expected, as shown in Fig. 3.5b.

62



Sensors 2022, 22, x FOR PEER REVIEW 6 of 16 
 

 

was spin-coated and soft-baked, and the design was exposed to 405 nm wavelength light 
with MLA and developed in MF-319. Excessive Al was dry etched with ICP-RIE (induc-
tively coupled plasma—reactive ion etching). 

 
Figure 4. Device fabrication: (a) Actuation electrode patterning, (b) Sacrificial layer deposition, (c) 
Structure patterning, and (d) Releasing the resonator. (Yellow: Actuation electrode; Brown: Ground 
electrode and resonator; Gray: Substrate; Green: Sacrificial layer.) 

The wafer was diced into smaller pieces with an automatic dicing. Finally, the structure 
was released by etching the sacrificial layer with a photoresist stripper, as shown in Figure 4d. 

Optical microscope and SEM images of the fabricated resonator are shown in Figure 
5. The laser spot almost covers the resonator as expected, as shown in Figure 5b. 
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Figure 3.4: Device fabrication: (a) Actuation electrode patterning, (b) Sacrificial layer
deposition, (c) Structure patterning, and (d) Releasing the resonator. (Yellow: Actuation
electrode; Brown: Ground electrode and resonator; Gray: Substrate; Green: Sacrificial
layer.) Reproduced with permission from MDPI [73].

3.1.4 Packaging

The images of the die with and without packaging are shown in Fig. 3.6a. The middle
electrode of the die is the actuation electrode, while the rest is the ground electrode. The
experimental setup for the reference measurements with a probing technique from the die
without packaging is shown in Fig. 3.6b. To obtain electrical contact with the chip, a
probe station, micromanipulators, and a relatively larger space are required.

Wire Bonding

The die was fixed to the chip carrier with double-sided tape and wire-bonded with 25 µm
Al wire using a semi-automatic wedge–wedge bonder (Westbond 4546E), as shown in the
middle of Fig. 3.6a. Then, the chip carrier was mounted on a custom PCB connecting the
chip carrier to the testing equipment, and an image from the experimental setup is shown
in Fig. 3.6c.
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Figure 3.5: Fabricated resonator images from the following: (a) 100× optical microscope,
(b) 50× optical microscope of the LDV with the laser spot, (c) 2000× SEM, and (d) 8000×
SEM zoomed showing the purple area circled in (c). (Yellow: Actuation electrode; Brown:
Ground electrode; Red: Resonator; Gray: Substrate). Reproduced with permission from
MDPI [73].

Built-In

Unlike wire bonding, there is no equipment required for built-in packaging, and the die
can be simply attached to the SubMiniature version A (SMA) connector jack, as shown in
the right side of Fig. 3.6a. A foam tape was placed under the die to tolerate the thickness
difference between the die and connector and encourage assembly. An image from the
experimental setup is shown in Fig. 3.6d, and in contrast with wire bonding, the built-
in package does not require any testing PCB and is ready for connection to the testing
equipment. It also allows temporarily packaging, and the die can be easily dismounted
from the SMA connector jack if required. In this work, the connector was removed after
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4.1. Wire Bonding 
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Figure 3.6: (a) The fabricated die without packaging, with wire bonding packaging, and
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The experimental setup comprises (b) reference measurements, (c) wire bonding packaging
measurements, and (d) built-in packaging measurements. Reproduced with permission
from MDPI [73].

testing, and the die was stored in its carrier, separately. For long-term applications where
permanent packaging is necessary, the assembly can be promoted with glue or soldering.
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3.1.5 Characterization

Purpose

The main aim of characterization is to compare the proposed packaging idea, built-in, with
the conventional one, wire bonding, in terms of actuating performance. It is desired to
test the same die with both types of packaging to prevent any variation. Although built-in
offers temporary packaging and is suitable for this idea, it is destructive and tedious to
remove and package back wire bonding, due to destructing contact pads and wire-bonder
tool requirements. Therefore, two similar dies were packaged separately with each method
and characterized simultaneously. To overcome the slight variation between dies, both
were also characterized under a probe station with micromanipulators as a reference, and
the performance comparison was conducted with respect to this reference.

Initially, frequency sweep measurements were performed for AC analyses. Then, DC
analyses were completed with pulse response measurements. In addition, to demonstrate
the applications inside an isolated chamber, pulse response measurements under vacuum
conditions were prepared. Finally, mode shapes were measured and compared with the
theoretical ones to associate the experimental results with the theory.

The methodology mentioned in Fig. 3.2 was followed for building the experimental
setup for both measurements shown in Fig. 3.7.

Frequency Sweep

The frequency sweep measurement setup is illustrated in Fig. 3.7a. As there are two
different chips, each one was measured with and without micromanipulators. The actuation
signal was applied directly from the function generator in a linearly sweeping form at 20 V
peak to peak and recorded through oscilloscope. The electrostatic force was related to the
square of the actuation signal, so the mid frequency was chosen near half of the resonance
frequency. For sensitive measurements over a wide range, three different sweeps were
performed with 300 kHz, 150 kHz, and 25 kHz spans with 1 ms sweeping time. The laser
beam of the LDV was focused on the center of the beam, and the analog velocity output
signal of the LDV was measured from the oscilloscope in the time domain. To synchronize
the phase of the input signal with the response, a trigger signal with the sweeping time was
applied to perform a direct transformation from the time domain to the frequency domain.

The data read from the oscilloscope is shown in Fig. 3.8a. Both the actuation and
velocity signals were in the time domain and, firstly, transformed into the frequency domain.
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blue and red backgrounds, respectively. Equipment configuration in frequency sweep analysis, (a), Figure 3.7: Experimental setup of (a) frequency sweep, and (b) pulse response analysis
shown with blue and red backgrounds, respectively. Equipment configuration in frequency
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and red, respectively. Reproduced with permission from MDPI [73].

Then, the root mean square of the velocity with respect to the actuation frequency was
obtained and plotted in the following section to obtain the quality factor, Q, and resonance
frequencies. Finally, the phase difference between the force and velocity was obtained in
the frequency domain to phase behavior and obtain the Q. The phase difference in the
time domain is shown in Fig. 3.8b. The calculations related to this part are illustrated in
the Supplementary Materials of my recent publication [73].

Pulse Response

In the pulse response tests, a 4 V peak-to-peak pulse signal with 15× amplification was
applied from the function generator at 0.1% pulse width. Again, the laser beam was
focused on the middle of the resonator, and the digital velocity signal was read from the
vibrometer software in the time domain. The input signal was synchronized with a trigger
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signal, and the measured velocity is averaged 500 times to reduce noise.

In the vacuum tests, the vacuum level was around 7 mTorr. Unfortunately, the laser
beam struggled to focus on the beam, due to additional watch glass between the microscope
and the resonator. Although the relative velocity in the time domain was stable, the
magnitude was dependent significantly on the focus; therefore, it was normalized to prevent
any calibration error.

The data read from the LDV software is shown in Fig. 3.9. Then, the fast Fourier
transform (FFT) was applied in MATLAB® to transform the data into the frequency
domain.

Mode Shape

The mode shape of the built-in chip was measured with resonance actuation to compare
the results with the models.

3.1.6 Results and Discussion

The results of the measurements described in Section 3.1.5 are presented and discussed in
this section.
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Figure 3.9: Pulse response measurement: (a) velocity data, and (b) vacuum data. Repro-
duced with permission from MDPI [73].

Frequency Sweep

The results of the frequency sweep are plotted in Fig. 3.10. The Lorentzian-like distribu-
tions in both plots represent the rms velocity, while the rest represent phase behavior. The
horizontal axis is the actuation frequency domain, while the vertical axis for Gaussian-like
behavior curves is velocity and the other is the phase axis. The resonance frequencies,
f0, are determined from the peaks of rms velocity curves. Then, the quality factor from
rms velocity, Qδf , is found by the bandwidth, δf . Finally, the quality factor from phase
slope, Qφ, is calculated by the phase slope at the resonance frequency, dφ

df
|f0 . The exact

relationships are given in Eq. (3.5).

Qδf =
f0
δf

, Qφ =
f0
2

dφ

df
|f0 (3.5)

The terms shown in Equation (5) for each measurement are listed in Table 3.2.

The resonance frequencies, bandwidths, phase slopes, quality factor calculated from
bandwidth, and quality factor calculated from phase slop are in great agreement with
the reference measurement of each chip. In fact, the similarity between different devices
shows the repeatability of the fabrication, while the high-quality factors point out minimal
support and air damping losses with successful fabrication. These measurements clearly
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Figure 3.10: The results of frequency sweep measurements for (a) built-in and (b) wire
bonding chips. Reproduced with permission from MDPI [73].

Table 3.2: The results of frequency sweep measurements. Reproduced with permission
from MDPI [73].

Device f0 [MHz] δf [kHz] dφ
df
|f0 rad/MHz Qδf Qφ

Built-in 1.13 29.8 67.0 38.0 38.0

Built-in (Ref) 1.13 30.0 66.9 37.8 38.0

Wire bonding 1.17 30.1 67.4 38.9 39.6

Wire bonding (Ref) 1.17 28.9 67.8 40.6 39.9

indicate the independency of the interconnection method on the results. Therefore, the
built-in packaging offers the equivalent actuation performance as the wire bonding pack-
aging and reference measurements with micromanipulators.

At resonance, the power supplied by the driving force (i.e., the product of the elec-
trostatic force and velocity) is always positive, and hence, the system response (i.e., the
amplitude of the velocity) is maximal.

Pulse Response

The pulse response results are shown in Fig. 3.11a. Again, the horizontal axis is the actu-
ation frequency domain, while the vertical axis represents the rms velocity. The resonance
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frequencies, f0, are determined from the peaks of rms velocity curves. Then, the quality
factor from rms velocity, Qδf , is found by the bandwidth, δf , as illustrated in Equation
(5).
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Figure 3.11: The plots of pulse response measurements performed in (a) in air, and (b)
under vacuum conditions. Reproduced with permission from MDPI [73].

The resonance frequency, bandwidth, and quality factor obtained from the bandwidth
of each measurement are listed in Table 3.3.

Table 3.3: The results of pulse response measurements. Reproduced with permission from
MDPI [73].

Device f0 [MHz] δf [kHz] Qδf

Built-in 1.17 30.1 38.7

Built-in (Ref) 1.16 30.2 38.4

Built-in (Vacuum) 1.36 2.58 529

Wire bonding 1.12 30.3 37.0

Wire bonding (Ref) 1.11 30.4 36.4

Wire bonding (Vacuum) 1.23 2.82 436

The outcomes of pulse response match with the frequency sweep measurements. In
addition to air tests, very high-quality factors obtained under vacuum conditions indicate
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very low structural losses. It should be noted that the vacuum resonance frequencies
and quality factors tended to increase with time. Unfortunately, the wire bonding chip
stayed under the vacuum for a shorter time, causing lower resonance frequency and quality
factor. Therefore, it is not fair to compare the vacuum performances of devices. The
main purpose of the vacuum test is to illustrate the application of built-in packaging inside
isolated environments, and that was achieved by calculating the vacuum quality factor.

Mode Shape

The experimental mode shape obtained with built-in packaging is shown in Fig. 3.12, as
well as the theoretical mode shape.
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The matching mode shapes demonstrate the similarity between the experiment and
models. The slight variation between the theory and experiment around the edges could
be sourced from the finite spot size of the laser beam causing an average measurement
instead of a point measurement.

3.1.7 Conclusions

The main aim of this work is to propose the built-in packaging idea by illustrating its
application on a single terminal device. Thus, a single-terminal actuator is designed,
fabricated, packaged, and characterized with a detailed procedure.
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To compare the performance of the proposed package, an actuator was designed, and
a set was fabricated. Two structures were modeled with different mathematical models,
FEM and ROM, for design purposes and failure analysis. Afterward, two similar actuators
were packaged with the proposed method and a conventional method, wire bonding. The
slight variation between devices was removed with reference measurements using microma-
nipulators. First, frequency sweep analysis was conducted with each device to characterize
frequency response and phase behavior. Then, to consolidate the results, pulse response
behavior in the frequency domain was analyzed. Outcomes of both measurements offer
identical actuation performance between built-in and wire bonding packaging types. The
matching results and high-quality factors obtained under air and vacuum verify the repeata-
bility and success of the fabrication. Additionally, the compatibility of built-in packaging
for operations inside an isolated chamber was demonstrated with vacuum tests. Finally, a
mode shape measurement was executed using built-in packaging to justify the mathemati-
cal models. Consequently, the built-in packaging can be considered an alternative method
in single-terminal device applications.

The main advantage of built-in packaging is simplicity. Primarily, no necessity for
packaging equipment makes the process easy, cheap, and accessible. In addition, no chip
carrier requirement gives freedom in chip design and offers immediate characterization
after fabrication. Furthermore, it is a standalone packaging allowing connection to testing
equipment without any PCB or cable. In addition, built-in packaging can revolutionize
regular chips into plug-and-play devices. When all these benchmarks are considered, the
proposed conception can catch industrial and academic attention.

Feedthrough losses and noises have a noteworthy role in the electrical actuation and
measurements of MEMS and NEMS. These can be minimized by eliminating all possible
interconnection elements and wires. The continuation of this work will be followed by
the demonstration of single or multiple terminals to show equivalent or improved device
performances.

3.2 MIM diode

Conventional packaging and interconnection methods for two-terminal devices, e.g., diodes
often involve expensive and bulky equipment, introduce parasitic effects and have reliability
issues. In this study, we propose a built-in packaging method and evaluate its performance
compared to probing and wire bonding methods. The built-in packaging approach offers
a larger overlap area, improved contact resistance, and direct connection to testing equip-
ment. The experimental results demonstrate a 12% increase in current, an 11% reduction in
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resistance, and improved performance of the diode. The proposed method is promising for
enhancing sensing applications, wireless power transmission, energy harvesting, and solar
rectennas. Overall, the built-in packaging method offers a simpler, cheaper, more com-
pact and more reliable packaging solution, paving the way for more efficient and advanced
technologies in these domains.

3.2.1 Introduction

In the era of the IoT and AI, there has been an increasing demand for devices that are
not only smarter but also more efficient. Diodes, essential components in this digital rev-
olution, play a significant role in our increasingly interconnected world. Their asymmetric
conductance underpins the integrated circuit (IC) industry, enabling the formation of elec-
tronic logic. Their ability to allow electrical current to flow predominantly in one direction
while obstructing the reverse direction makes them a versatile tool in a diverse range of
applications, including power applications such as rectifying antennas (rectennas), high-
frequency applications in communication and imaging, and a broad spectrum of sensing
technologies.

However, the journey to optimal diodes brings significant challenges. Among these,
diode resistance is a crucial factor that impacts detectivity limits and needs to be min-
imized for superior sensing applications [220]. Power applications, in particular, require
efficient rectennas characterized by high responsivity, low resistance, and high asymmetry.
Furthermore, low diode resistance is critical for high-frequency applications to maximize
efficiency [6]. Balancing these conflicting requirements often presents complex design chal-
lenges when crafting ideal diodes [70].

The rising popularity of MIM diodes in areas such as energy harvesting [106], solar
and infrared rectennas [70, 213], wireless power transmission [22], and sensing applications
[135, 104] is due to their notable advantages. These advantages include a high-frequency
response, low power consumption, small size, and cost-effective production [200]. The need
for improved current density, resistivity, and signal-to-noise ratio is especially critical in
sensing, where enhanced sensitivity, accuracy, and reliability can lead to detecting and
measuring weaker signals with greater precision [38]. These advancements in MIM diode
characteristics can significantly influence the development of more efficient and innovative
techniques.

Building on our recent pioneering work on the built-in packaging of single-terminal de-
vices [73], this study represents a significant advancement in two-terminal device packaging
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methodologies, explicitly focusing on MIM diodes and directly addressing the above chal-
lenges. We introduce an innovative approach to enhance diode performance and reliability
that bypasses the limitations associated with traditional packaging. The proposed built-
in packaging technique eliminates the need for conventional packaging or a carrier board,
thus addressing well-known reliability challenges such as mechanical failure and corrosion
associated with wire bonding [225, 96, 66, 63, 62, 133, 230]. By reducing the parasitic
resistance arising from conventional packaging and interconnections, we increase current
density by 12%, without compromising other essential performance parameters such as
asymmetry, nonlinearity, or responsivity.

This novel technique promises significant benefits for high-frequency applications, sub-
divided into communication and imaging applications [200]. Higher cutoff frequencies
facilitate faster data transfer, thereby enhancing communication [15]. Simultaneously,
increased detectivity contributes to improved imaging in the terahertz (THz) regime, par-
ticularly beneficial for biosensing and astrophysics applications [210, 76]. Therefore, our
approach to MIM diodes holds the promise for advancing next-generation 6G communica-
tion, astrophysics, logic boards, and bioimaging.

In conclusion, our research highlights the potential of integrated packaging in two-
terminal devices, presenting opportunities to enhance the efficiency, reliability, and cost-
effectiveness of numerous applications. Our successful demonstration of the built-in pack-
aging concept on both single-terminal [73], and two-terminal devices serve as a catalyst for
further exploration of its applicability across diverse areas, including sensors, optics, RF,
microfluidics, and other related applications.

3.2.2 Materials and Methods

Fabrication

The self-aligned stepped MIM diode configuration was chosen for its precise layer alignment
during fabrication, which facilitates efficient electron tunneling through the thin insulator
layer. The device area was designed to be 1 µm2 (1 × 1 µm) in order to minimize fabrication
costs, which can be achieved by using standard photolithography instead of electron-beam
lithography. The Pt-Al electrode combination was selected due to its exceptional work
function difference of 1.37 eV, which is one of the highest reported in the existing literature
[5], although a difference that exceeds approximately 300 meV may also be considered
acceptable [173]. Pt was chosen as the bottom electrode due to its noble metal behavior,
exhibiting high oxidation resistance that effectively prevents undesired oxide interference
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between the bottom and top electrodes, apart from the desired insulator layer. TiO2 was
chosen as the insulator layer due to its wide range of applications [11] and promising results
in MIM configurations with a thickness of 60 nm except for a low current density [6]. To
enhance the current density, the thickness of TiO2 was reduced to 6 nm, following a recent
study. In particular, a 6 nm thick layer of Al2O3 has demonstrated encouraging results in
rectenna applications [5]. The energy diagram, microscope images, and process flow of the
fabricated MIM diode are presented in Figure 3.13 and Table 3.4, respectively.

Table 3.4: Fabrication steps for MIM diode. Reproduced with permission from MDPI [74].

Device Step 1 Step 2 Step 2 Step 3

Bottom electrode PR coating Lithography Deposition Liftoff

Insulator Deposition PR coating Lithography Wet etch

Top electrode PR coating Lithography Deposition Liftoff

Figure 3.13: (a) Energy diagram for the Pt-TiO2-Al MIM diode, and microscope images
of the device before (b) and after (c) the top electrode deposition (the inset shows the
cross-sectional view). Reproduced with permission from MDPI [74].

A 4-inch prime-grade p-doped silicon wafer with a 50 nm thick thermal oxide layer was
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selected to serve as the initial substrate. A simple bilayer liftoff technique was employed for
the metal electrode patterning process. Initially, the substrate underwent HMDS treatment
to enhance adhesion between the substrate and the PR layer. Subsequently, the underlayer
(PMGI SF7) was spin coated at a rate of 5000 RPM and subjected to a soft bake at 180 ◦C
for 5 min. The positive tone UV-PR (Shipley S1805) was then spin-coated at 5000 RPM
and soft baked at 120 ◦C for 90 s. Using MLA with a laser wavelength of 405 nm and a
dose of 80 mJ/cm2, the bottom electrode pattern was exposed. The exposed PR was then
developed in MF-319 for one minute and rinsed with deionized water. Subsequently, a 100
nm thick Pt film was deposited onto the wafer at room temperature using the electron
beam evaporation technique, with a deposition rate of 0.3 nm/s. To uniformly remove
the excess metal, the wafer was immersed in a Remover PG solution overnight, rinsing
with acetone and isopropyl alcohol (IPA), and finally dried using a nitrogen gun. The
microscope image of the bottom electrode can be seen in Figure 3.13b.

To create the insulator layer, a 6 nm thick TiO2 film was deposited using the atomic
layer deposition (ALD) technique, following the standard recipe described in a recent study
[6]. In order to establish electrical contact with the bottom electrode, it was necessary
to remove the insulator layer from the contact pads. The process began with HMDS
treatment. Later, the positive-tone UV-PR (Shipley S1811) was spin-coated at 5000 RPM
and subjected to a soft baking at 120 ◦C for 90 s. Using MLA with a laser wavelength
of 405 nm and a dose of 100 mJ/cm2, the pattern for the insulator layer was exposed.
The exposed PR was then developed in MF-319 for one minute and rinsed with deionized
water. The wafer was then immersed in a buffered HF solution to perform a wet etching
process, effectively removing excessive TiO2 from the surface.

The top electrode layer was patterned using a single-layer liftoff. The process began by
applying HMDS. After that, a positive tone UV resist, Shipley S1805, was spread evenly
using spin-coating at a speed of 5000 RPM. The coated PR was then subjected to a soft
bake at 120 ◦C for 90 s. The same MLA parameters as those used for the bottom electrode
pattern were applied to define the pattern for the top electrode. Subsequently, the PR
exposed to the pattern was developed in MF-319 for one minute, followed by rinsing with
deionized water. Then an aluminum film layer with a thickness of 200 nm was deposited
onto the wafer at room temperature using electron beam evaporation. The deposition rate
was 0.3 nm/s. To remove any excess metal uniformly, the wafer was soaked overnight in a
Remover PG solution, then rinsed with acetone and IPA, and finally dried using a nitrogen
gun.

Finally, the 4′′ wafer was diced into smaller dies (8.6 × 8.6 mm) to match the dimensions
of a standard SMA connector jack and a standard chip carrier in order to attach and test
the same chip with both. The microscope images and the cross-sectional view of the
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fabricated MIM diode are shown in Figure 3.13c. The overlap area of the MIM diode was
measured as 1.74 µm2 (1.32 × 1.32 µm).

Packaging and Experimental Setup

Following the fabrication of the chip, IV-curve characterization was carried out using a
source measure unit (SMU, B2902A) for each interconnection method as shown in Figure
3.14.

To evaluate the effectiveness of the proposed built-in packaging method, the same device
was characterized using three different techniques: probing with a probe station, wire
bonding, and built-in packaging. While soldering is widely used in semiconductor industry,
it is not considered suitable for this purpose due to various limitations and potential risks
[87, 125]. Semiconductor devices are highly sensitive to surface contamination, making
them vulnerable to the negative effects of solder flux. Furthermore, the application of
thermal stress during soldering can damage delicate components and elevated temperatures
may not be compatible with sensitive materials. Diffusion and alloying processes during
soldering can also alter the performance of the device. Furthermore, the irreversible nature
of soldering limits repair options, and the miniaturization trend poses challenges for reliable
solder connections. For these reasons, soldering is not considered.

Probing is a widely utilized technique for preliminary electrical characterization of
two- to three-terminal devices, such as diodes or transistors. The experimental setup for
probing, as well as the chip used, are shown in Figure 3.14a. This method possesses two
main drawbacks. Firstly, it requires the use of an expensive and bulky setup comprising a
probe station, micromanipulators, and a microscope in order to establish electrical contact
with the fabricated chip. Second, the probes utilized are thin needle-shaped structures
that resemble antennas, which introduce parasitic resistance and capacitance.

For the wire-bonding measurements, the die, Figure 3.14a, was securely affixed to the
chip carrier using double-sided tape. Subsequently, a semi-automatic wedge-wedge bonder
(Westbond 4546E) was utilized to wire bond the die using 25 µm Al wire, as shown in the
inset of Figure 3.14b. The chip carrier was then mounted onto a custom PCB, enabling
the connection between the chip carrier and the testing equipment. An image of the
experimental setup is presented in Figure 3.14b. While wire-bonding offers a simpler
experimental setup compared to probing, the packaging process requires an expensive
equipment and a skilled technician to successfully bond the chip to the carrier. Moreover,
it is essential to design the die to fit within standardized chip carriers, which imposes
restrictions on the dimensions of the die and metal pads. Additionally, it is necessary
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Figure 3.14: Experimental setup and electrical schematics of (a) probing, (b) wire-bonding,
and (c) built-in packaging. Reproduced with permission from MDPI [74].

to design and fabricate the corresponding PCB. Similarly to probing, the wires exhibit
antenna-like characteristics that give rise to parasitic effects.

The contact pads of the die were specifically designed to align with and cover the pins
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of the SMA connector jack. The thickness of the die, 0.5 mm, is slightly smaller than the
opening of the SMA connector, therefore the remaining space was fulfilled by placing a
foam tape on the backside of the die to provide the necessary support. This approach en-
sured optimal contact between the connector and the device, allowing reliable connectivity
as shown in Figure 3.14c. The proposed approach has a distinct advantage over probing
and wire-bonding methods due to its significantly larger overlap area. This is achieved by
establishing a wide contact area between the connector and the device, in contrast to the
single point of contact utilized in probing and wire-bonding techniques. The expanded con-
tact area not only improves the reliability and stability of the connection but also reduces
the contact resistance. This reduction in contact resistance further contributed to the
overall performance and efficiency of the connection. Furthermore, this method offered the
advantage of a direct connection between the connector jack and testing equipment, such
as an source measure unit (SMU), eliminating the need for additional space or components.
Consequently, it was highly space-efficient and required minimal setup.

Finally, the diode was detached from the SMA connector jack and subsequently mea-
sured using probing techniques to ensure that its electrical characteristics were unchanged
before and after each test procedure.

3.2.3 Results and Discussion

For the electrical characterization, voltage was swept with the SMU with a step voltage of
4 mV and the current passing through the diode was measured for each interconnection
method as described in Figure 3.14. The measured data were signal processed with the
Savitzky-Golay filter [191] in Python to reduce experimental noise and smoothly estimate
derivatives of the signal. The plots of the measured IV-curves for each interconnection
technique are shown in Figure 3.15a,b.

A uniform increase in the current level of 12% was observed compared to conventional
interconnection methods. The maximum current density, denoted as J , reached 1.3 × 105

using conventional methods. However, the proposed method achieved a higher current
density of 1.5 × 105, representing an increase of 10%. The resistance of the diode can be
found as the slope of the current-voltage curve,

R =
dI

dV
(3.6)

where I and V are the instantaneous current and voltage, respectively. The calculated
values of R for each interconnection method are plotted in Figure 3.15c. The plot clearly
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Figure 3.15: Electrical characteristics of the fabricated diode using three different inter-
connection methods: (a) linear and (b) logarithmic scale IV-curves. The diode resistance
is shown on logarithmic scale in (c). The inset depicts the ratio of resistance between
conventional methods and built-in packaging. The diode’s asymmetry, nonlinearity, and
responsivity are shown in (d–f), respectively. Reproduced with permission from MDPI
[74].

shows an average reduction in resistance of 11% compared to conventional interconnection
methods. In particular, the zero-bias resistance decreased from 10.7 kΩ to 9.0 kΩ, indi-
cating a substantial decrease of 15%. This is highly significant, since resistance directly
impacts various diode performance parameters. First, because of their finite resistance R
and capacitance C, diodes act as a low-pass filter element limiting their operation range
by the cut-off frequency, fc,

fc =
1

2πRC
(3.7)

which suggests that decreasing resistance by 11% corresponds to an increase in the cutoff
frequency by 12%. Second, the detectivity of a diode, D∗, is a measure of its sensitivity to
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weak signals or its ability to detect low-level signals in the presence of noise. It quantifies
the ability of a diode to convert a weak input signal into a detectable electrical output and
can be defined as [172]:

D∗ = βsys

√
Aabs

√
R/4kT (3.8)

where βsys is the system responsivity, Aabs is the absorption area of the detector, kB is
Bolztmann constant, and T is the temperature. As the decreased resistance increases, the
signal level, current and detectivity can be increased by 6% by improving the signal-to-noise
ratio.

Lastly, for the rectification performances, there are three crucial figures of merit of
diodes: asymmetry, nonlinearity, and responsivity. Asymmetry is the ratio between the
forward (IF ) and reverse currents (IR):

Asymmetry = |IF/IR| (3.9)

which needs to be greater than one for the rectification. As shown in Figure 3.15d, the diode
exhibits asymmetric behavior that spans the entire range of 0–1 V, with values exceeding
one, demonstrating equivalent responses across the three interconnections. Nonlinearity,

Nonlinearity =
dI

dV
/
I

V
(3.10)

indicates the sharpness of the transition from the reverse biased (blocking) state to the
forward biased (conducting) state. High nonlinearity is essential to achieve significant
rectification. The nonlinearity of the three interconnections shows an equivalent response
as plotted in Figure 3.15e. Responsivity is the ratio of the output DC current to the input
AC power and can be quantified with:

Responsivity =
d2I

dV 2
/

dI

2dV
(3.11)

which shows the rectification efficiency of the diode. Figure 3.15f illustrates the identical
responsivity behaviors observed for each method. The average values of the zero-bias
responsivity were found to be 0.55 V−1, while the maximum responsivity reached 14.3 V−1

at 1 V.

The experimental data are provided in the supplementary information. Additionally,
the Python code utilized for signal and data processing can be found in the Appendix B. In
order to assess the performance of the fabricated diode, a comparison is made in Table 3.5
between its performance parameters and those of the most advanced MIM diodes reported
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in recent literature.

The performance of the fabricated and tested diode is similar to those reported in the
literature. This suggests that similar improvements can be achieved for state-of-the-art
diodes without sacrificing any performance parameters by implementing the two-terminal
built-in packaging approach.

Table 3.5: Performance comparison of the MIM diodes with the literature. Reproduced
with permission from MDPI [74].

Structure Insulator
Thickness

[nm]

Area [µm2] Asym.
≈0.5V

Max.
Nonlin.

Zero-Bias
Respon.
[V−1]

Max.
Respon.
[V−1]

Max. J
[A/cm2]

Zero-Bias
Resistance

[Ω]

Application Interconnection Ref.

Al/AlO x/Ag 0.75 1.76 × 106 1.2 12.5 9 9 3 × 10−10 27 × 103 Rectenna Probing [21]

Al/AlOx/Pt 0.1–0.2 8 × 10−3 1 9.9 × 10−6 - 10−3 43 × 106 1.25 × 102 IR-detector Probing [110]

Al/AlOx/Pt 1–2.5 4 × 10−3 - - - 4.8 5 × 102 312 × 106 IR-detector Probing/Wire bonding [20]

Al/AlOx/Pt 2.5–3.5 4 × 10−3 1 3 × 10−3 - 10−2 500 × 103 1.65 × 103 IR-detector Probing/Wire bonding [217]

Nb/NbOx/Pt 15 6.4 × 103 7.7 × 103 4.7 15 16.9 1 × 10−2 7.8 × 109 - Probing [45]

Ni/NiO/Pt 1–2 2.5 × 10−3 - 9 - 6.5 3.6 × 10−2 ≈ 107 IR-detector Probing [57]

Al/TiO2/Pt 6 1.74 1.7 3.7 0.55 14.3 1.3 × 105 10.7 × 103 - Probing ours

Al/TiO2/Pt 6 1.74 1.7 3.7 0.55 14.3 1.3 × 105 10.7 × 103 - Wire bonding ours

Al/TiO2/Pt 6 1.74 1.7 3.7 0.55 14.3 1.5 × 105 9.0 × 103 - Built-in ours

In sensing applications, achieving an improved signal-to-noise ratio is essential to en-
hance detectivity and sensitivity. This improvement enables more reliable detection and
measurement of weaker signals [86]. Likewise, in wireless power transmission, minimizing
power loss during energy transfer is crucial, and this is achieved by reducing resistance.
This, in turn, enhances the efficiency of wireless charging systems [199].

In addition, in energy harvesting, increasing the current density plays a significant role
in reducing energy loss and improving the efficient conversion of ambient energy sources
into usable electrical power [218, 200, 106].

Furthermore, the proposed built-in packaging approach offers several advantages in the
test setup. These include simplicity, cost-effectiveness, compact size, and robustness. These
advancements open up new possibilities for the development of more efficient technologies
in energy harvesting, solar rectennas, wireless power transmission, and sensing applications.

3.2.4 Conclusions

Our study introduces an innovative approach to diode packaging, designed to improve
performance and reliability by overcoming traditional limitations. Our proposed built-in
packaging method negates the need for conventional packaging or carrier boards, which
are known for their susceptibility to mechanical failure and corrosion. The experimental
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results reveal the potential of our built-in packaging method. Improvements in current
levels, reduction in resistance, and enhanced performance parameters promise substantial
advantages for a multitude of applications, notably in sensing, wireless power transmission,
energy harvesting, and solar rectennas.

With the rapid advancements in technological sectors, the contribution of our study
becomes all the more significant. The built-in packaging method invites simpler, cheaper,
and more reliable packaging solutions. This method not only proposes a more efficient
approach to existing challenges, but also paves the way for future technological advance-
ments in these domains. However, it is important to note that reliability tests have not
been conducted in this work, highlighting the need for further exploration of the reliability
of this structure.

In conclusion, our research provides significant progress in the field of two-terminal
device packaging, presenting built-in packaging as a viable solution to enhance efficiency,
reliability, and cost-effectiveness in numerous applications. It marks a significant contri-
bution to the broader advancements in diode design and packaging techniques, using an
innovative approach. The success of the built-in packaging concept in both single-terminal
and two-terminal devices paves the way for further exploration of its applicability across
a diverse range of areas, including sensors, optics, RF, microfluidics, and more. Thus,
the implications of our research extend beyond the current study, stimulating thought and
potential future research into improving the efficiency of two-terminal devices and their
applications.
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Chapter 4

Interface Engineering of
Semiconductor Nanoparticles

As the sensors scale down, their output signal shrinks and can become indistinguishable
from noise if it drops below the noise floor, thereby imposing a fundamental limitation on
miniaturization. Higher responsive sensor active materials materials can push the limits
of scaling down by compensating for the reduced signal associated with miniaturization.
For smaller photodetector pixel, semiconductor nanoparticles are promising candidates to
replace their bulk counterparts due to their enhanced responsiveness. CQDs have tunable
and selective optical properties, making them attractive for IR photodetectors with smaller
pixel sizes. However, their poor electrical properties prevent the generated signal from
efficiently reaching the readout circuit. Improving their electrical performance is essential
therefore, there is a need for the robust quantification of their electrical properties.In this
chapter, a FET based mobility measurement setup is developed to evaluate the carrier
mobility of CQD films. Using this setup, the mobilities of also several types of quantum
dots including PbS, InAs, and InSb were measured.

4.1 Introduction

There is a need to develop more sensitive materials to produce equivalent output signals for
the miniaturized sensors. For this reason, transition from the conventional bulk materials to
novel nanomaterials is essential. Semiconductor based photodetectors have been following
this trend and looking for alternatives of Si to achieve higher performances with smaller
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pixels. However, bandgap tunability and integration with the readout electronics of the
developed material are among the key challenges for photodetector applications. CQDs
are solution processed nanosized particles of semiconductors with diameters below 20 nm
and they offer several advantages for photodetector applications [142].

First, CQDs absorption and emission wavelengths not only depend on the material but
also on the size of the particle through the quantum size effect. As dimensions of semi-
conductors shrink to the nanometer scale, quantum confinement effects begin to dominate
their physical behavior. As a result of the confinement, the energy levels quantize and
bandgap increases as shown in Figure 4.1.

Figure 4.1: Quantum confinement on QD materials. Quantum confinement, leading to
size-dependent optical and electrical properties that are distinct from those of parental
bulk solids, occurs when the spatial extent of electronic wave functions is smaller than the
Bohr exciton diameter. Reprinted with permission from AAAS [64].

For example, PbS is a semiconductor with an energy bandgap around 0.37 eV in the
bulk form where its bandgap can be increased up to [156] 2.50 eV at 1.5 nm quantum dot
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diameter. Therefore, by tuning the dot size of various semiconductors, they can selectively
detect light across a broad infrared (IR) spectrum ranging from near-infrared (NIR, 0.75-
1.4 µm) [231], short-wavelength infrared (SWIR, 1.4-3 µm) [247], mid-wavelength infrared
(MWIR, 3-8 µm) [25], long-wavelength infrared (LWIR, 8-15 µm) [243], to very long-
wavelength infrared (VLWIR, 15-30 µm) [238].

The next step is integration of these optically engineered materials with electronic
readout systems. Ideally, these materials should be monolithically integrated with cost-
effective CMOS-based readout integrated circuits (ROICs) to reduce the costs and increase
the pixel density [117]. Conventional infrared detectors typically require either monolithic
fabrication of both optical [140] and electronic components on a single substrate or seperate
fabrication followed by a hybridization process [89]. In monolithic integration, both opti-
cal and electronic components are co-fabricated on a single CMOS-compatible substrate.
Although it seems like a simpler approach, growing the photosensitive layer requires high-
temperature processing and vacuum-based deposition, often relying on expensive, spe-
cialized equipment. Hybrid integration, in contrast, requires separate fabrication of the
detector and ROIC, followed by a hybridization step using flip-chip bonding with rela-
tively large indium bump interconnects [186]. This means the pixel pitch is limited by
bump size or flip-chip alignment.

CQDs offer a practical solution to these integration challenges due to their solution-
processible nature. They offer low-cost, large-area fabrication using scalable coating tech-
niques such as spin-coating [247], inkjet printing [202], spraying [43], and roll-to-roll (R2R)
processing [146]. Therefore, optically engineered CQD nanocrystals can be directly coated
onto ROICs, where individual pixels are defined by patterned metal pads on the chip
surface. Finally, a transparent electrode completes the device, enabling post-CMOS com-
patibility and full-area photon detection [117].

The first demonstrations of infrared detections using CQDs were reported in early
2000s, starting with an article in 2004 by the Sargent Group at University of Toronto
[152]. Within five years, Siemens reported the first CQD-based infrared image sensor in
2009 [183]. More recently, in the late 2010s and early 2020s, more commercial products
have been developed with small pixel size [16] and high resolution [68].

Despite their optical advantages, CMOS compatibility, and successful commercial demon-
strations, the performance of CQD-based photodetectors or CQD-based technologies in
general remains limited due to their poor electronic properties. CQDs contain a high den-
sity of surface trap states and interparticle junctions, which often act as recombination
centers and degrade carrier transport and device performance. These interfaces can result
in significant loss of photogenerated charge carriers and limit the efficieny of the signal
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Figure 4.2: Comparison of the process flow for integrated hybrid II-VI and III-V compound
semiconductor arrays (a) and colloidal quantum dot monolithic arrays (b). The smallest
pixel pitch of hybrid arrays is 5 µm. (c) shows the cross-sectional view on monolithic
array structure based on CQDs with potentially pixel pitch below 1 µm. Reproduced with
permission from Springer Nature [185].

readout. While such surface ”hooks” can be functionalized for chemical [138] or biological
[249] sensing to selectively enhance sensitivity, they reduce the performance of photode-
tector architectures where efficient charge transport is essential. To prevent charge loss
through traps, surface passivation is crucial for the signal to reach readout circuit effi-
ciently. Therefore, engineering CQD interfaces through effective passivation strategies is
required to develop CQD-based photodetectors [231, 247]. And to enable this engineering,
the electrical performance of CQDs must first be quantified.

The main goal of this chapter is to quantify the electrical properties of CQDs in order
to provide feedback and guidance to materials engineers for the continued development
and optimization of CQD-based photodetectors, with the ultimate goal of pixel size minia-
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turization.

Charge carrier mobility is one of the key parameters reflecting the electrical perfor-
mance of CQDs. It is a measure of how quickly and electron or hole can move through
CQDs under electric field, and physically it characterizes how freely charge carriers move.
High mobility means faster charge transport, lower resistive losses, and better electrical
performance. Surface traps or interdot interfaces slows the transport and results poorer
electrical performance. Passivation is the process of chemically treating the CQD surface
to remove or neutralize trap states and to enhance coupling between dots and therefore
the mobility.

There are three common methods to measure the charge carrier mobilities of CQDs:
space-charge-limited current (SCLC) analysis, Hall effect measurements, and FET mea-
surements. Mobility in SCLC method is determined from the current-voltage curve where
the charge carriers first occupy trap states and then form a space-charge region. However,
this method assumes a uniform film with known thickness and dielectric constant which
might lead to inaccurate mobility estimates. Practically, it also requires the fabrication of
pinhole-free, uniformly thick films with reliable electrode contacts, which is difficult with
solution-processed CQDs. The Hall effect technique measures mobility by detecting the
voltage generated from carrier deflection in a magnetic field but the weak Hall signals,
need for precise film quality, and poor carrier mobility in CQDs often makes it difficult to
obtain reliable measurements.

On the other hand, due to their architecture, FETs operate under conditions similar to
photodetectors. FET measurements determine CQD mobility by controlling carrier density
at the CQD-FET interface, which in turn affects the channel conductivity. Since the CQD-
FET interface strongly affects charge transport, these measurements are highly sensitive
to interface traps, contact resistance, and dielectric quality, which may lead to deviations
between the measured and the true material value. Although such effects may complicate
mobility extraction, the similarity in design between CQD-FETs and photodetectors makes
the resulting values more applicable to practical device conditions than the true material
value. Moreover, FET fabrication tolerates thinner or less uniform films as mobility is
mainly influenced by the CQD-FET interface rather than bulk film uniformity. For these
reasons, FETs have become the standard for mobility characterization in CQD research
and development. These features makes FETs a powerful tool for research on CQD surface
and interface engineering.

In this chapter, CQD-FETs were studied to measure the CQD mobilities. The outcome
of this research will be a helpful tool for studying and optimizing electrical properties of
CQDs. By measuring the charge carrier mobilities, a correlation can be estimated between
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transport behavior and CQD parameters such as semiconductor material, quantum dot size
and surface ligands to develop better-performing photodetectors with smaller pixel sizes.
Despite their low mobility and high trap density, addressing these challenges could unlock
several opportunities, such as the miniaturization of FET to a smaller scale, quantum
computing applications to create qubits, and enhancement of sensitivity in sensors. The
high surface-to-volume ratio and quantum confinement of CQDs make them suitable for
various sensors, including photoconductive and biochemical sensors.

This research benefited from a collaboration with the Sargent Group at the University
of Toronto, a leading research team in the CQD field, to standardize procedures and
systematically optimize device parameters through expert guidance.

4.2 Working Principle

FET is a three-terminal device with source, drain, and gate electrodes, as shown in Figure
4.3. CQDs form a channel between the source and drain, and the electric field on the
channel can be applied from the gate through the dielectric layer.

The resistance of the channel determines the current that flows from the source to the
drain when a voltage VD is applied them. The voltage VG on the gate is used to control the
eelctron density in the channel and hense its resistance. Such a voltage-controlled resistor
is the essence of any transistor.

Figure 4.3: Schematics of an FET structure in the saturation region. Reproduced with
permission from Springer Nature [214].
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4.2.1 Qualitative

The complete physical model of CQD-FETs is inherently complex and requires considera-
tion of several foundational concepts in quantum and statistical mechanics such as density
of states (DOS), Fermi-Dirac distribution, work function, and electrochemical potential.
These topics are thoroughly and elegantly explained in Prof. Supriyo Datta’s foundational
book Quantum Transport: Atom to Transistor [49]. Rather than duplicating Prof. Datta’s
treatment or presenting a full quantitative model, this section aims to provide a simpli-
fied conceptual overview of CQD-FET operation. The goal is to qualitatively capture the
essence of how charge transport is modulated in these systems, without delving into the
full mathematical formalism.

As illustrated in Figure 4.4(a), quantum dots exhibit discrete energy levels due to
quantum confinement, while the metallic source and drain contacts have a continuous
distribution of states.

Figure 4.4: Discrete energy levels in the channel under (a) zero, (b) negative, and (c)
positive gate biases.

Let the source, drain, and channel terminals have electrochemical potentials of µS, µD,
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and µC, respectively. Electrons, being fermions, obey the Pauli exclusion principle and
therefore occupy available energy states following the Fermi-Dirac distribution. For con-
ceptual clarity, we consider the zero-temperature approximation, where states below the
electrochemical potential are fully occupied and those above are empty. At non-zero tem-
peratures, a smooth transition occurs around Fermi level, though the distribution remains
sharply defined.

Figure 4.5: Combined energy bands coupled with the source, drain, and gate electrodes
under (a) zero, (b) negative, and (c) positive drain biases.

In equilibrium when no applied voltage, all electrochemical potentials are aligned at
µS = µD = µC as illustrated in Figure 4.5(a). Applying a drain voltage VD introduces
a potential difference between source and drain as shown in Figure 4.5(b-c), shifting µD

relative to µS by qeVD:
µD = µS + qeVD (4.1)

where qe = −1.602 × 10−19 C is the charge of an electron. If available states exist in the
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channel between these two potentials, electrons can tunnel from the source to the drain,
generating a drain current ID. As VD increases, more states fall within this energy window,
increasing current flow. On the other hand, apply a gate voltage VG, as shown in Figure
4.4(b-c), shifts the channel’s energy levels as the gate is capacitively coupled to the channel.
Assuming the gate has strong capacitive coupling, long-channel approximation states that
the channel energy shifts proportionally with VG while remaining unaffected by VD. This
results in a shift in µC, thereby modulating how many of the channel states fall within
the µS to µD window. Hence, gate voltage VG indirectly controls current by regulating the
alignment between channel states and the source-drain bias window.

In simple terms:

1. VG shifts the energy levels of the channel, modulating the number of available states
in the window and thereby changing the channel conductivity.

2. VD sets the energy window for current to flow. If discrete channel states fall within
this window, electrons can tunnel across the channel.

This intuitive picture explains how CQD-FETs function as voltage-controlled switches.
The discrete energy levels of the quantum dots lead to sharp on/off transitions, and their
alignment with the applied voltages determines the conduction state of the device.

4.2.2 Quantitative

Carrier mobility describes how rapidly a charge carrier, such as an electron or hole, can
travel through a channel when subjected to an electric field. The mobilities of the charge
carriers can be extracted by analyzing the relationship between the voltage of the input
gate and the current of the output drain (transfer curve). This analysis can be conducted
through two distinct approaches: linear region measurement and saturation mode mea-
surement. In linear region measurement, the transistor operates within the linear region,
characterized by a small drain voltage, VD, where the drain current, ID, is approximately
proportional to the gate voltage, VG, with a slope of mlin≡ dID,lin

dVG
(also called transconduc-

tance) as shown in the following equation:

ID,lin = µCi
W

L

(
(VG − Vth)VD − V 2

D

2

)
(4.2)
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where W and L are the width and length of the channel, and Ci represents the gate insulator
capacitance per unit area, Ci. Charge carrier mobility, µ, is determined by Equation 4.3:

µ = mlin
L

W

1

VD

1

Ci

(4.3)

As shown in Figure 4.6(a-b), the slope of the output curves in the linear region can be used
for determining the mobility and different drain voltages VD results very similar mobilities.

Figure 4.6: Example transfer curves from the literature showing the FET mobility extrac-
tion using (a-b) linear region, and (c-d) saturation region. Reproduced with permissions
from the MRS [174] and Elsevier [148].

Alternatively, in the measurement of the saturation region, the transistor operates
with a fixed gate voltage, and the drain voltage is increased incrementally until the drain
current saturates at the threshold voltage, Vth. The saturated drain current, ID,sat, at a
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given applied gate voltage VG is given with the following equation,

ID,sat =
µCi

2

W

L
(VG − Vth)2 (4.4)

The square root of the saturated current is then plotted against the gate voltage, and
the slope, msat, is measured. Mobility in this context is calculated using Equation 4.5:

µ = m2
sat

2L

W

1

Ci

(4.5)

Example illustrations of mobility extraction from the literature are given in Figure 4.6(c-d).
These mobility extraction techniques provide valuable insights into the transport properties
of carriers within the channel to characterize the electrical performance of CQDs.

In practice, two significant challenges arise in conducting these measurements for CQDs.
First, the remarkably low mobilities of CQDs, typically of the order of 10−4 cm2/(V.s),
pose a significant challenge due to their minimal responsiveness to electrical fields. There-
fore, it is crucial to engineer the transistor structure in a way that allows the production
of a strong signal. Maximizing the drain current becomes essential to extract the mobility
of CQDs through FET measurement, facilitating less noisy, faster, and more repeatable
measurement. The current, as described in Eqs. 4.2 and 4.4, is influenced by three key
parameters: mobility (µ), aspect ratio (W/L), and capacitance per unit area (Ci). Mo-
bility, assumed to remain constant through controlled testing environments, is the target
parameter for extraction. The geometric aspect ratio (W/L) is a focus of improvement in
the Electrode Design section (Section 4.5). Capacitance per unit area (Ci), determined by
the dielectric permittivity-to-thickness ratio (Ci = εr/t), is influenced by both material and
geometric factors, with detailed information available in the Interface Engineering section
(Section 4.3). In the context of ideal transistor performance, a key assumption is that all
current passes through the channel connecting the source and the drain without leakage.
Equations 4.3 and 4.5 are derived on the basis of this assumption, and any current induced
by leakage or parasitic capacitance can yield misleading results. Reducing leakage current
and parasitic capacitance are discussed in detail in the Electrode Design section (Section
4.5).

Second, the presence of charge traps originating from both the interface and the de-
vice can potentially hinder the actual performance of the CQDs. Therefore, it is essential
to minimize these traps to assess the mobility of CQDs accurately. Otherwise, electrons
excited from the valence band to the conduction band by applying an electric field from
the gate may become trapped due to defects or mid energy states originating from charge
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traps. Such interference could lead to an underestimate of the actual electrical properties
of the CQDs. The electrical performance of CQDs can be affected by exposure to oxygen,
humidity, and light. For example, some CQDs or their ligands are chemically not stable in
the air, and, their performance can degrade. Alternatively, the current induced by light,
i.e. photocurrent, has the potential to excite electrons, causing them to transition from
the valence band to the conduction band, consequently boosting the current proportional
to light intensity. As a result, it is necessary to use a specialized testing rig to control these
parameters during the measurement process to obtain consistent results. The Interface
Engineering section (Section 4.3) provides detailed information on the factors to consider
when choosing the appropriate electrode and dielectric material, along with surface modifi-
cation methods and a specialized testing setup to address these concerns. Subsequently, the
Fabrication section (Section 4.4) outlines a comprehensive fabrication process to fabricate
the proposed devices with minimal traps.

4.3 Interface Engineering

Herbert Kroemer, a Nobel Prize winner, famously highlighted the importance of interfaces
in device functionality by stating that ”the interface is the device” [120]. He underscored
the crucial role that interfaces play in the operation of devices, especially in the realm
of thin-film semiconducting devices. These devices have shown impressive advancements
in both electronic and photonic uses. In the case of CQD-FETs, the performance of the
device is primarily determined by the properties of the materials utilized and the interfaces
they create [39].

CQD-FETs consist of three main components: the CQD channel, dielectric, and elec-
trodes. In addition, the surrounding environment of the CQD also plays a significant role.
As a result, there are four key interfaces associated with CQDs: the interface within the
CQD layers, the interface between the CQDs and the electrodes, the interface between
CQDs and the dielectric, and the interface between CQDs and the surrounding environ-
ment as shown in Figure 4.7.

The interaction between the dielectric and electrode also affects device performance.
Key aspects include charge trapping, where charge carriers can become immobilized at the
interface, affecting threshold voltage and carrier mobility. Additionally, interface states,
localized electronic states at the interface, can act as traps for charge carriers, impacting
device characteristics such as switching speed and stability. Optimizing this interface is
essential for improving FET performance, and details are discussed in the Fabrication
section 4.4.
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Figure 4.7: FET defect interfaces. Reproduced with permission from ACS [50].

4.3.1 CQD-CQD Interface

The objective of this study is to assess the electrical characteristics of CQDs with minimal
interference to evaluate the interface within the CQD layers and establish a practical
framework to assist researchers in enhancing this internal interface to improve the electrical
properties of CQDs. While the focus of this study is not on the interface within the layers
of CQDs, as the same CQDs are utilized in a controlled environment as a benchmark, it is
worth briefly mentioning the factors involved.

The interface in the CQDs is influenced by factors such as the size of the ligands, the
distribution of the CQD sizes, and the shape and organization of the CQDs. When the
quantum dots are connected through ligands with longer chains, the extra length exhibit
insulator properties, thereby reducing mobility. On the other hand, short-chain ligands
pose challenges in deposition due to their low solvent volatility, attributed to their high
zeta potential, causing repulsion and hindering the formation of closely packed films. To
address this, adjustments to the pH or the introduction of small ions can be employed to
screen charges. Obtaining a more uniform size distribution of CQDs is beneficial because
it leads to more similar energy levels and enhances the efficiency of charge transfer at the
interface. Additionally, a narrow size distribution can promote controlled self-assembly,
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enabling QDs to organize themselves more structuredly. The spherical shape is crucial for
the interface within the film, as it promotes uniform packing and reduces surface defects.
Finally, an organized arrangement of quantum dots within a film is vital for facilitating
efficient and uniform charge transport pathways.

4.3.2 CQD-Dielectric Interface

The interface between CQDs and dielectric plays a crucial role in controlling carrier trans-
port because (i) charge carriers are produced at this interface and (ii) the primary path for
electrical current is limited to the initial layers of molecules at the interface. In addition,
to get a stronger response from the channel transconductance with the minimum leakage,
it is important to provide the strongest field possible to the channel with a high Ci value.
The gate dielectric section (Section 4.4.2 presents the details to choose high-κ dielectrics
satisfying these conditions where κ is the dielectric constant of the gate insulator. In ad-
dition, the surface modification section (Section 4.3.2 presents the a surface modification
technique applied to minimize the interface traps.

Gate Dielectric

Ideally, a gate dielectric film should effectively block the passage of electrical current by
directing the highest electric field towards the channel in response to the gate voltage
applied. However, in practice, there is a certain amount of current, defined as leakage
current, flowing through the dielectric; the amount typically depends on the electric field.
The applied field is proportional to the capacitance per unit area Ci. Decreasing the
dielectric thickness can lead to higher capacitances, but for ultrathin layers, high leakage
currents dominate the device performance. As a solution, the high dielectric constant could
be used to amplify the capacitance. However, in typical inorganic dielectrics, the dielectric
constant is inversely proportional to the band gap; thus, similar to the thickness decrease,
high leakage currents could dominate the device performance. Therefore, it is necessary to
choose the optimal combination of dielectric materials and thickness.

Moreover, understanding the impact of the gate dielectric on the performance metrics
of FET devices requires considering that the key processes occurring in these devices, such
as charge accumulation and transport, occur predominantly near the interface between
the gate dielectric and the semiconductor layer [164]. This underscores the significance
of an optimal dielectric-semiconductor interface for the effective operation of the device.
For instance, threshold voltages are typically influenced by the choice of semiconductor
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and dielectric materials because of the tendency of impurities and charge-trapping sites
to elevate this parameter. It is evident from the equations 4.2 and 4.4 that Vth can be
easily adjusted by enhancing the capacitance of the dielectric, thereby leading to a higher
density of charges at the interface at lower voltages. Several studies have proposed that, by
regulating the density of interface states between semiconductor and dielectric, it should
be feasible to manipulate the threshold voltages in organic transistors [226].

Unfortunately, finding the optimal combination of dielectric material and thickness is
a complex task. As a result, five distinct gate dielectric materials—Al2O3, HfO2, TiO2,
SiO2, and ZrO2—have been selected for the construction of various FETs according to the
existing literature. The dielectric constant and the bandgap of each insulator are detailed
in Table 4.1.

Material k-value Bandgap [eV]
Al2O3 ∼ 7 [69] ∼ 7.0 [184]
HfO2 ∼ 25 [95] ∼ 5.3 [44]
TiO2 ∼ 32 (250◦C) [100] ∼ 3.4 (250◦C) [100]
SiO2 ∼ 6 [85] ∼ 8.8 [111]

SiO2 (Thermally grown) ∼ 4 [85] ∼ 8.6 [2]
ZrO2 ∼ 32 [141] ∼ 5.5 [105]

Table 4.1: Properties of gate dielectrics from the literature.

Another factor to consider is the thickness of the gate dielectric. Various gate thick-
nesses ranging from a few nanometers to hundreds of nanometers have been investigated
for FET applications in the literature. After reviewing the existing literature, a gate di-
electric thickness of 30 nm, grown using ALD, is selected for all dielectric materials (Al2O3

[108, 167], HfO2 [209, 196], TiO2 [149, 167], SiO2 [126, 129], and ZrO2 [98, 88]), with the
exception of thermally grown SiO2. For the thermally grown SiO2, a standard thickness of
285 nm, readily available commercially, is chosen.

Surface Modification

High-κ metal oxides possess distinct characteristics that can adversely affect device perfor-
mance, including the presence of charge-carrier trap sites on the surface (typically associ-
ated with -OH groups), induced ionic polarization due to charge-carrier interactions with
the high-κ lattice, and surface roughness [39]. In fact, the surface energy and microstruc-
ture of the dielectric interface play a significant role in influencing the local structure of
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the semiconductor layer. To address these challenges, surface modification techniques are
essential to control the surface properties of high-κ dielectrics.

Modifying this interface using self-assembled monolayers (SAMs) offers a valuable and
widely applicable approach to enhancing device performance. Utilizing various SAMs at
the interface between the gate dielectric layer and the active chamme; layer enables the
manipulation of charge carrier density during channel formation. Implementing SAMs on
the gate oxide layer contributes to enhancing the field-effect mobility [144].

Surface modification with organosilanes has long been a common method for prepar-
ing SAMs on a wide range of surfaces containing -OH groups, such as silica, aluminum
oxide, and zinc oxides. Hexamethyldisilazane (HMDS), among the most commonly used
organosilanes, has found extensive application with oxide-based dielectrics [136]. Litera-
ture reports indicate that HMDS treatment has been successfully applied to various metal
oxides, including Al2O3[12], HfO2[34], TiO2[12], SiO2[121], and ZrO2[82]. Consequently,
all samples were coated with HMDS to facilitate surface modification.

4.3.3 CQD-Electrode Interface

The interface between CQDs and electrodes plays a crucial role, as the contact resistance
at this junction can negatively impact the device’s electrical performance. The contact
resistance originates from the mismatch between the Fermi level of the metal electrodes
and the energy levels of CQDs corresponding to the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO). One approach to improve
contact resistance is to incorporate a thin buffer layer, typically a few nanometers thick,
at the metal electrode/CQD interfaces known as a charge insertion layer (CIL). However,
the thickness of the CIL can influence electron transport, with a thicker CIL potentially
reducing mobility due to its insulating properties [107]. Another approach is to coat the
surface with a self-assembled monolayer (SAM). SAMs remain firmly attached to metal
surfaces even when exposed to different environmental pressures. They can decrease the
work function of noble metals such as gold to an extremely low level around ≃3.1 eV
[60]. Gold surfaces can be effectively modified to enhance stability under severe conditions
[227, 56].

A thorough investigation and complete understanding are crucial for the effective use
of CIL and SAM. Moreover, the dynamics of these approaches may vary depending on
the specific electrode and semiconductor pairing. Therefore, for a more straightforward
solution, the electrodes are selected based on factors such as work function, electrical
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resistivity, chemical stability, and cost. Nevertheless, for future research, CIL and SAM
treatments could be employed.

A lower work function for the electrode at the CQD-electrode interface is desired for
efficient charge injection. It reduces the energy barrier for charge transfer, potentially lead-
ing to enhanced device performance in terms of higher current density and improved charge
carrier mobility. However, a lower work function typically decreases the chemical stability,
thereby increasing the likelihood of chemical reactions or interface degradation. The ten-
dency of metals to undergo oxidation, or their susceptibility to oxidation, is related to the
difference in electronegativity between the metal and oxygen. With an electronegativity of
3.44, oxygen ranks as the second highest element after fluorine. Therefore, metals with a
higher electronegativity are favored for creating a thinner oxide layer and achieving lower
contact resistance at the interface Furthermore, the electrical resistivity plays a crucial role
in selecting the electrode material to ensure the efficient transfer of charges.

The table in Table 4.2 presents a range of electrode materials available in the QNFCF
cleanroom facility, including their work functions, electrical resistivity, electronegativity,
and specifying if thin film deposition for each material has an additional cost.

Table 4.2: The electronic properties of the electrode materials. For the metals, the work-
function, resistivity, and electronegativity values are referenced from [155], [81], and [29],
respectively.

Material Work Function [eV] Resistivity [Ω/m] Electronegativity Expensive
Ag 4.3 1.6×10−8 1.9 -
Al 4.3 2.8×10−8 1.5 -
Au 5.1 2.2×10−8 2.4 +
Cr 4.5 13×10−8 1.6 -
Cu 4.7 1.7×10−8 1.9 -
Fe 4.5 10×10−8 1.8 -
Nb 4.3 15×10−8 1.6 -
Pd 5.1 11×10−8 2.2 +
Pt 5.7 11×10−8 2.2 +
Ti 4.3 39×10−8 1.5 -

ITO 4.4 [169] 2×10−6 [228] - -
AZO 5.0 [67] 3×10−4 [228] - -

[155] for workfunction [81] for resistivity [29] for electronegativity
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Aluminum has the ability to capture certain traps such as residual hydroxyls from water
vapor when subjected to forming gas RTP treatment. Research in the literature suggests
that a post-metallization anneal with aluminum is more efficient in decreasing the number
of defects compared to a post-oxidation anneal [240]. Because of its low work function,
high conductivity, moderate chemical stability, and cost-effectiveness, aluminum is selected
as the electrode to get good contact with CQDs.

4.3.4 CQD-Environment Interface

The interface between the semiconductor and the environment is significant because ex-
ternal molecules penetrate within the channel, leading to either the doping or trapping
of charge carriers. This phenomenon can lead to significant issues such as device insta-
bility and irreversibility due to the harmful physical interaction between semiconductors
and the environment [14]. To minimize environmental interference, all experiments were
carried out within a specialized glovebox, which is an isolated and controlled environment,
as shown in Figure 4.8.
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Figure 4.8: Schematics of the experimental setup.

From an air quality perspective, the glovebox is supplied with N2 gas and maintained at
positive pressure to prevent the ingress of air into the chamber. Strict control is exercised
on oxygen and humidity levels, ensuring that they remain below a predefined threshold.
This meticulous regulation is crucial because CQDs are not chemically stable; exposure
to oxygen and humidity can alter their properties. Additionally, the air within the glove-
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box undergoes filtration to minimize the presence of solvents or contaminants that could
compromise the response of the FET.

Optical interference is mitigated by enclosing the setup within a black box, effectively
shielding it from ambient light. Given the photoactive nature of CQDs, exposure to light
can trigger electron excitations from the valence to the conduction band, inducing a pho-
tocurrent. To observe and control this phenomenon, a precisely regulated light source is
situated within the black box.

Ensuring accurate measurements requires a focus on electrical factors. Two source
measure units (SMUs) (Keithley 4200A-SCS parameter analyzer) were placed outside the
glovebox and connected to the probes through triaxial cables and feedthrough. The entire
electrical setup is shielded with triaxial shielding to reduce noise and minimize unwanted
capacitance without using coaxial or unshilded connections. During the experiment, the
chip is positioned precisely on a probe station, and the probes are carefully aligned to make
contact with the metal electrodes. A camera placed above the chip assists in the probing
process and is connected to the PC for monitoring purposes.

By carefully regulating air quality, optical environment, and electrical links, the exper-
imental configuration is intricately designed to produce consistent measurements, ensuring
the dependability and precision of the research results.

4.4 Fabrication

The objective of the fabrication is to minimize the traps introduced during the process
while also aiming to increase the chip rate and decrease the overall cost.

The choice of a particular architecture is a critical step in determining the cost and
effort of fabrication. To maximize chip rate and minimize cost, different FET architectures
from the literature were investigated and the most common four are presented in Figure
4.9.

The position of the gate can be categorized into two main configurations: bottom-gated
and top-gated. In the bottom-gated configuration, the gate dielectric separates the gate
electrode from the channel, and the channel is coated on top of the gate electrode. This
allows wafer-level fabrication without the need for wafer dicing until the channel deposi-
tion stage. As a result, multiple sets of chips can be produced simultaneously before the
channel coating. Therefore, the bottom-gated FET is preferred over the top-gated coun-
terpart. Additionally, the bottom-gated structure offers versatility, as it can be coated
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Figure 4.9: Common FET device architectures: (a) staggered, top-gate; (b) coplanar, top-
gate; (c) staggered, bottom-gate; and, (d) coplanar, bottom-gate.

with a gate on top after channel coating, resulting in transistors that are gated on both
sides separately. Two configurations, namely coplanar and staggered, can be identified by
analyzing the source and drain locations in bottom-gated architectures. In the coplanar
configuration, the source and drain electrodes are initially deposited on the gate dielectric,
followed by a channel coating. Similarly to the bottom-gated architecture, this configura-
tion facilitates wafer-level processing, allowing the wafer to be diced into individual chips
electrode fabrication. Therefore, for a more efficient production process and a larger set
of transistor chips, the coplanar bottom-gated structure is preferred over the staggered
configuration.

A process flow was developed to fabricate the bottom-gated coplanar FETs. The fab-
rication steps are given in Table 4.3.

There are three chip variations as Si-based global-gated FET, high-κ-based global gated
FET and high-κ-based local gated FET. The process flow showing the cross sectional view
of these three chips is given in Figure 4.10.
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Table 4.3: Device fabrication.

Layer Step 1 Step 2 Step 3

Gate electrode Lithography Metal deposition Liftoff

Gate dielectric ALD Lithography Ion mill

Source/Drain electrodes Lithography Metal deposition Liftoff

CQDs Spin-coating Heat treatment -

Figure 4.10: FET fabrication.

In order to identify the most suitable equipment and process parameters for these
process flows, it is necessary to comprehend the device fabrication traps. The fabrication
defects in devices can be categorized into three groups: mobile ions, trapped oxide charges,
and fixed oxide charges. Mobile ions refer to positively charged alkali metal impurities that
can move and migrate within the oxide layer under the influence of an electric field. These
impurities can enter the device either during wafer handling or through contaminated pro-
cessing equipment. Trapped oxide charges consist of electrons and holes within the oxide
layer, generated by ionizing radiation or avalanche injection. On the other hand, fixed oxide
charges, which are typically positive in SOI-based FETs near the channel-dielectric inter-
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face, may stem from the insulator growth process. During this process, minute amounts of
water present in the gases used can become embedded in the oxide, leading to the forma-
tion of water impurities that produce hydronium (H3O+) and consequently result in the
presence of positive fixed charges [19].

In order to develop a process flow with the minimal introduction of the fabrication
traps, a detailed cleanroom procedure is established for the QNFCF at the University of
Waterloo. The specific procedures are outlined in the subsequent sections as the Bottom
Electrode (Section 4.4.1), Gate Dielectric (Section 4.4.2), Top Electrode (Section 4.4.3),
and Packaging and Surface Treatment (Section 4.4.4).

4” Fused Silica wafers (J204001, WaferPro) were selected as the substrate for high-κ
gated FETs.

4.4.1 Bottom Electrodes

To pattern the bottom electrodes, a simple bilayer lift-off process is applied. First, HMDS
treatment was performed to promote the adhesion between the substrate and PR layer.
The underlayer (PMGI SF7) and positive-tone UV-PR (Shipley S1805) were spin-coated
at 5000 RPM and soft-baked at 180C for 90 seconds and 120C for 90 seconds, sequentially.
The pattern was exposed to 405 nm wavelength light with MLA (Heidelberg MLA 150)
with a dose of 70 mJ/cm2 and developed in MF-319 for 1 minute. It is important to
mention that no O2 descum process was implemented after development to reduce the
level of fixed oxide charges and interface traps.

The natural oxide grown on the metal electrode might introduce additional charge
traps after the gate dielectric deposition due to the metal, natural metal oxide, and high-κ
dielectric interface. To minimize that effect, a high electronegativity difference between
oxygen is required to minimize the natural oxide growth. As shown in Table 4.2, gold has
the maximum electronegativity from the available electrode materials in QNFCF. Also,
it has the second most electrical conductivity. Therefore, gold is chosen for the bottom
electrode layer. For adhesion, Ti is chosen as the adheision layer.

Hence, Ti/Au films with a thickness of 5/95 nm were deposited with electron beam
deposition (Angstrom Amod), and the excessive metal was lifted off. The thickness of the
deposited bottom electrode was tested and verified with a stylus surface profiler (Bruker
DektakXT).
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4.4.2 Gate Dielectric

Atomic layer deposition (ALD) is process known for its superior defect control compared
to conventional methods such as thermal oxidation and chemical vapor deposition (CVD).
Notably, ALD also minimizes surface roughness, contributing to enhanced device perfor-
mance. Therefore, the high-κ dielectrics were deposited using ALD (Oxford FlexAL ALD),
ensuring uniformity and precision across each wafer, with a targeted thickness of 30 nm.
Detailed specifications of the ALD process are outlined in the following table for reference.

Table 4.4: The precursors and temperatures of the ALD of each film.

Material Precursor Temperature
Al2O3 TMA 300°C
HfO2 TEMAH 290°C
TiO2 TIIP 250°C
SiO2 BTBAS 300°C

Before ALD coating, each chamber was conditioned to prevent cross-contamination.
The thickness and optical properties of the dielectric layers were characterized with a
spectroscopic ellipsometer (Woollam M-2000 Model DI).

4.4.3 Top Electrodes

The same lithography procedures as for the bottom electrodes were applied to the top elec-
trodes. Nonetheless, it has been identified that defects may arise from the soft X-ray and
UV radiation produced during the e-beam and sputtering processes. Therefore, in order to
minimize defects at the interface between the dielectric and electrodes, the samples were
shielded from any exposure to soft X-ray and UV radiation. This was achieved by opting
for thermal evaporation instead of e-beam evaporation and sputtering, as resistive heating
in thermal evaporation causes the source material to evaporate without generating radia-
tion [127]. Furthermore, it is recognized that thermally evaporated aluminum is effective
for annealing out defects [31, 19], ensuring minimal defect formation, cost-effectiveness,
high electrical conductivity, and good adhesion. Hence, a 40 nm thick layer of aluminum
was thermally evaporated for the top electrode.

Subsequently, a post-metallization annealing (PMA) technique using a forming gas
mixture (5% H2 in N2) was utilized to reduce the defects caused by the presence of water
residues introduced during the dielectric deposition process or absorbed at the oxide surface
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before metallization. The water within the oxide layer could be removed by the aluminum
contacts during PMA or hot plating after metallization, leading to a notable decrease in
defects [31, 19].

4.4.4 Packaging and Surface Treatment

The 4” wafers were cut into 12×12mm individual chips using an automatic dicing saw
(Disco DAD3240). Following the wafer dicing process, a HMDS oven (YES 310-TA Vacuum
Oven) is employed to treat the surface of the dielectric layer. This oven operates in a heated
vacuum setting to eliminate moisture and deposit a monomolecular HMDS coating with
an estimated thickness of around 5 Angstroms. To ensure optimal adhesion to the wafer,
the surface needs to be moisture-free therefore the process undergoes three dehydration
purge cycles at a temperature of 150°C to achieve this state. Subsequently, the HMDS is
exposed for 5 minutes at the same temperature under vacuum conditions. Finally, 3 exit
loop cycles are performed to conclude the process.

For Si-based FETs, chips were finalized by scribing the bottom of the substrate and
applying an Indium-Gallium eutectic alloy (495425-5G, Sigma-Aldrich) to establish ohmic
contact with the backside of the Si substrate [205, 187]. The chip was then affixed to a
mica or glass sheet using silver paste (16040-30, Ted Pella).

The University of Waterloo’s QNFCF facility was used for the fabrication process.
Then, the chips were transferred to Sargent Labs of University of Toronto for the function-
alization with CQDs. To functionalize the FETs with the CQDs, all chips were spin-coated
as previously described [94]. After the coating process, the samples were transferred to the
testing glovebox for electrical measurements.

4.5 Electrode Design

The electrode design aims to increase the level of output signal while minimizing leakage
and parasitic capacitance by optimizing the device geometry. For this purpose, three
different design strategies are applied: conventional design with a pair of parallel electrodes,
interdigitated electrode (IDE) design, and local gate design. As shown in Figure 4.7, the
first two designs focus on the source and drain electrodes, whereas the latter design focuses
on the gate electrode design.

The conventional design (Section 4.5.1) aims to increase the output signal by improving
the aspect ratio W/L using single-facing parallel electrodes by designing the source and
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Figure 4.11: FET designs: (a) Conventional global gated design, (b) Cconventional local
gated design, (c) IDE with global gated design, and (d) IDE with local gated design.

drain electrodes. In the IDE design (Section 4.5.2), the emphasis is on multiplying the
aspect ratio by the increase in the number of electrode faces through the design of the
source and drain electrodes. Local gate design (Section 4.5.3) aims to minimize leakage
and parasitic capacitance by patterning the gate electrode to minimize the overlap area
between the gate electrode and the source and drain electrodes. Finally, the chip layout
section (Section 4.5.4) presents the designed layout of the chip.

4.5.1 Conventional

The most common FET structure has parallel electrodes, with a single face having a width
of W and separated by a length L, as shown in Figures 4.7 a and b. To increase the as-
pect ratio W/L, the width should be increased as much as possible. However, the channel
width, W , in parallel electrodes is limited by the dimensions of the chip. Additionally, the
positioning of FETs is crucial, as the spin-coating process used for the channel material
(CQDs) results in a film that is more uniform at the center but becomes less uniform
towards the edges. To assess the impact of the aspect ratio W/L and demonstrate the re-
peatability of the results, four different transistors were inserted into a single chip, limiting
the channel width to 5 mm. The channel lengths L, for the four transistors, were selected
as 5 µm, 10 µm, 20 µm and 40 µm. Consequently, this resulted in conventionally designed
FETs with aspect ratios W/L of 1000, 500, 250, and 125, respectively.
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4.5.2 IDE

A common method to improve the ratio W/L is to increase the number of faces of parallel
electrodes as shown in Figures 4.7 c and d. Using an IDE structure that allows multiple
parallel facing electrodes, the W/L ratio can be multiplied by the number of fingers (n). In
this particular configuration, two sets of four designs with a width of 1 mm and lengths of
2 µm, 3 µm, 4 µm, and 5 µm, each with 100 fingers, were incorporated into the remaining
areas of the chip. This results in W/L ratios of 50000, 33333, 25000, and 20000.

4.5.3 Local Gate

The gate electrode and the source and drain electrodes act as a parallel plate capacitor
separated with the gate dielectric. When the fringing fields are neglected, the parasitic
capacitance of a parallel plate capacitor, Cpar, is equivalent to Cpar = εε0A/d = ACi. As
capacitance per unit area, Ci, amplifies the output current as shown in Equations 4.2 and
4.4, it should be kept as high as possible as long as the system can compensate. Therefore,
the overlap area A between the bottom and top electrodes should be minimized. The
most straightforward approach to this problem is to minimize the area of the source and
drain electrodes. However, these electrodes still need to be large enough to have electrical
conductivity and get contact with a probe station.

To overcome these challenges, the gate electrode can be patterned with a negative
pattern of the source and drain electrodes, as shown in Figures 4.7 b and d. To compensate
the misalignment coming from the fabrication (±0.5µm for optical lithography), the gate
electrode was designed 2 µm wider than the channel length to ensure that the gate electrode
fully covers the channel to apply the electric field uniformly. Unfortunately, this local gate
design cannot be applied to Si-based FETs, as the whole Si substrate acts as the gate
electrode, which cannot be patterned.

4.5.4 Chip Layout

The chip size should be large enough to accommodate numerous individual transistors
and be convenient for handling and probing. In contrast, it should be small enough to
yield multiple chips from each wafer so that different CQDs could be tested with the same
transistors. Moreover, the dimensions should allow for uniform films by spin-coating CQDs.
Taking into account all these factors, a chip size of 0.5×0.5 inch has been chosen. The
drawings of both chip layout are shown in Figure 4.12.
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Figure 4.12: FET layout of the (a) gate electrode, (b) source and drain electrodes, and (c)
combined layers.

Figure 4.12 (a) shows the layout of the gate electrode. The top part of the chip is
the local gated, and the bottom part is the global gated. The contact pads, placed on
right and left edges, were negatively patterned to prevent short circuit during probing. In
addition, metal-insulator-metal (MIM) diodes were added into the pattern to verify the
electrical properties of the gate dielectric by extracting the dielectric constant with CV
measurements. Also, alignment marks were included in the layout to measure and verify
the quality of the fabrication.

The layout of the source and drain electrodes is shown in Figure 4.12 (b). The same
layout was applied for the bottom (global gated) and top (local gated) halves, except the
MIMs and alignment marks. The channels of the transistors were placed at the center
to obtain a high uniformity of the channels after spin-coating CQDs. The probes were
placed at the edges to allow enough space for the probes during the measurements and not
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damage the channel during the measurement. The overall chip layout is shown in Figure
4.12 (c). The pin map of the transistors are given in Table 4.5.

Table 4.5: Pin mapping of the transistors. (LG: Local Gate, GG: Global Gate)

Design L [µm] n W/L Pin # (LG) Pin # (GG)

Conventional

100 1 50 4,16 10,23

50 1 100 4,17 10,22

20 1 250 5,17 9,22

10 1 500 5,18 9,21

5 1 1000 6,18 8,21

2 1 2500 6,19 8,20

1 1 5000 7,19 7,20

IDE

20 62 615 1, 14 13,25

10 125 2490 2,14 12,25

5 250 9980 2,15 12,24

2 625 62450 3,15 11,24

1 1250 249900 3,16 11,23

4.6 Results and Discussion

4.6.1 Initial Results without Interface Engineering

In the initial phase of this study, we aimed to quantify the charge carrier mobilities of
CQDs using bottom-gate, top-contact FET shown in Figure 4.13.

These early-stage experiments were performed without environmental control (i.e., no
glovebox), no optimized gate oxide–CQD interface engineering, and no dedicated electrode
design with the experimental setup shown in Figure 4.14. The primary goal was to assess
whether measurable transistor characteristics could be observed under these unoptimized
conditions and to extract mobility values as a starting benchmark.

Two types of films were tested: NiOx and EDT-treated PbS CQDs. While NiOx dis-
played significantly higher conductivity based on the conductivity measurements by collab-
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Figure 4.13: Figure S4 Microscope images of the channels. (a) Microscope image of the
FET channels (source and drain). The length of the channel is measured as 1000 µm
and width as 30 µm. SiOx thickness is 100 nm. (b-c) Microscope image of the substrate
channels used in conductivity study. Channel dimensions are 35 µm in length and 1000
µm in width. SiOx thickness is 300 nm. Reproduced with permission from ACS [10].

Figure 4.14: FET substrates measurement setup using Keithley 4200 parameter analyzer.
Samples are measured with three contact probes inside a Faraday cage. Reproduced with
permission from ACS [10].

orators at the Sargent Lab and consistent with prior reports, it did not exhibit field-effect
modulation under the applied gate bias. This suggests that NiOx either lacks a sufficiently
active channel interface or suffers from Fermi level pinning or poor gate coupling, making
it unsuitable for mobility extraction in this FET architecture.

In contrast, EDT-treated PbS CQDs demonstrated observable transistor behavior,
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though with limitations. As shown in Figure 4.15, the transfer and output characteris-
tics displayed unipolar hole transport with a distinct saturation regime in IDS–VDS curves
and an on/off ratio on the order of 103–104. However, substantial hysteresis and low ab-
solute current levels were observed, likely due to environmental degradation and intrinsic
instability of EDT-PbS films when exposed to ambient air.

Figure 4.15: Transfer (VGS vs IDS) and b) Output (VDS vs IDS) curves for EDT FET
devices. Arrows show the sweeping direction. The low-conductivity material demonstrated
high hysteresis under large bias, similar to previous reports [1]. Due to the relatively small
W/L ratio and low-conductivity material, the ambipolar characteristics of the EDT-PbS
are shadowed. Negatively charged carrier dominated current readings are below the noise
floor of the measurement system. However, a strong signal is obtained where positively
charged carriers dominate the current. Hole mobility is obtained from these clear curvatures
in the reverse sweep. The measurement is repeated under different biasing conditions.
Reproduced with permission from ACS [10].

Despite these challenges, we successfully extracted the field-effect mobility using stan-
dard analytical models. Using the measured channel dimensions (W = 30 µm, L =
1000 µm) and gate oxide capacitance (Ci = 345 nF/cm2), a saturation mobility in the
range of (2–3) × 10−5 cm2 V−1 s−1 was obtained. This value is consistent with previously
reported values for EDT-treated PbS CQD films, thereby validating the measurement setup
and analysis procedure under ambient conditions.

These results established an initial baseline for CQD mobility measurement but also
revealed two major limitations. First, the CQD–environment interface was highly unstable,
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necessitating the use of inert atmosphere during both fabrication and testing. Second,
the small width-to-length (W/L) ratio of the FETs severely limited the on-state current,
thereby suppressing ambipolar behavior and amplifying the impact of noise. As a result,
while hole mobility could be estimated, accurate quantification of electron transport was
not feasible.

These insights motivated two key directions pursued in subsequent experiments: (i) de-
velopment of a glovebox-compatible measurement setup to improve CQD stability, and (ii)
redesign of the FET layout to achieve higher W/L ratios, enabling more reliable extraction
of both hole and electron mobilities.

4.6.2 Initial Results with Interface Engineering

Following the weak transistor behavior observed in the previous section, a custom chamber
was designed (Figure 4.8) to enable controlled-environment measurements. In parallel, an
improved FET architecture with larger width-to-length ratios was fabricated, as shown in
Figure 4.16. This platform enabled testing of PbS CQDs passivated with mixed halide
ligands under more stable and representative conditions.

Figure 4.16: Image of the FET device fabricated for testing mixed-halide passivated PbS
CQDs.

The electrical characterization was performed using the same parameter analyzer model,
and the resulting transfer and output curves are presented in Figure 4.17. Compared to the
earlier EDT-passivated devices, the new FETs exhibited clear and well-defined transistor
behavior with significantly reduced hysteresis, indicating improved charge transport and
environmental stability.
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Figure 4.17: Output and transfer curves of the tested mixed-halide passivated PbS CQDs.

Most notably, the extracted field-effect mobility reached 4.1 × 10−3 cm2 V−1 s−1, rep-
resenting a two-orders-of-magnitude enhancement over EDT-treated samples. This result
highlights the critical role of interface engineering in optimizing the electrical performance
of CQD-FETs. These improvements establish a more robust platform for accurate carrier
mobility quantification for the future measurements.
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4.6.3 Layout Testing

As discussed in the initial results, the width-to-length (W/L) ratio of the channel plays a
critical role in determining the signal strength and accuracy of extracted mobility values
in CQD-FETs. To evaluate this effect, a series of FETs with varying W/L ratios were
fabricated using the same batch of mixed-halide passivated PbS CQDs. The extracted
field-effect mobilities are summarized in Figure 4.18.

Figure 4.18: Extracted hole mobilities from FETs with different channel W/L ratios, all
based on identical mixed-halide passivated PbS CQDs.

The results indicate consistent mobility values across devices with different W/L ratios,
suggesting that the channel geometry does not significantly affect the extracted mobility
under the tested conditions. However, it was observed that FETs with smaller W/L ratios
exhibited lower output current levels. While this did not impact the extracted mobility, it
led to poorer signal-to-noise ratios particularly problematic when evaluating low-mobility
materials.

Therefore, although the W/L ratio does not bias the mobility extraction, devices with
larger W/L ratios are preferred for measuring CQDs with low mobility, as they produce
higher drain currents and reduce the effect of instrumental noise.

4.6.4 Dielectric Interface Testing

To investigate the impact of the dielectric–CQD interface on FET performance, devices
were fabricated using various thin dielectric surface coatings, including Al2O3, HfO2, SiO2,
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TiO2, and ZrO2, each with a nominal thickness of approximately 5 nm. The TiO2-coated
devices exhibited electrical shorting between the source and drain electrodes and were ex-
cluded from further analysis. The remaining four interfaces were evaluated using identically
prepared InAs CQDs.

The preliminary results of the dielectric interfaces tests are given in Apendix C. Fig-
ures C.1–C.4 present the optical images and electrical characteristics (output and transfer
curves) of the InAs CQD-FETs fabricated on Al2O3, HfO2, SiO2, and ZrO2 surfaces, re-
spectively.

Across all dielectric interfaces, similar field-effect mobility values were extracted, indi-
cating that charge transport in these InAs CQD-FETs is relatively insensitive to the choice
of gate dielectric at this thickness. Nonetheless, minor differences were observed in hys-
teresis behavior and slight shifts in the output characteristics, likely reflecting variations
in interfacial trap densities or surface states.

Given the comparable mobility results and the fabrication simplicity, bare SiO2-based
FETs were used in the following measurements throughout this chapter. Nevertheless,
dielectric interface engineering remains a promising strategy for reducing hysteresis and
enhancing transistor characteristics particularly as a future work.

4.6.5 InAs Measurements

InAs colloidal quantum dots (CQDs) are promising materials for infrared optoelectronic
applications; however, their performance remains limited by surface defects and instabil-
ity under ambient conditions. To address these challenges, we developed a mixed-halide
passivation strategy for large-sized InAs CQDs. This approach not only enhances the anti-
oxidation resistance by a factor of two but also achieves an operational stability and a high
hole mobility of 0.024 cm2 V−1 s−1 in photodetectors operating at 1140 nm.

To investigate the effect of different halide ligands, we fabricated FETs passivated with
Br, Cl, and a Br/Cl mixture. Devices were patterned using a UV-lithography process
on p++-doped silicon substrates with a 291 nm thermally grown SiO2 dielectric. Each
interdigitated electrode (IDE) device had the following specifications: channel width W =
100 µm, channel length L = 2 µm, number of fingers n = 625, resulting in a total effective
aspect ratio of W/L = 62,450. Transfer characteristics were measured at VDS = +35 V,
and output curves were recorded under various gate voltages VG as shown in 4.19. Both
electron and hole mobilities were extracted from the linear regime of the transfer curves.
Hysteresis was quantified using the forward–reverse scan area ratio, serving as an indicator
of charge trapping.
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Figure 4.19: Transfer and output characteristics of InAs CQD FETs passivated with differ-
ent halide ligands: (a,b) Br, (c,d) Br/Cl mixture, and (e,f) Cl. The inset shows a schematic
of the IDE-based FET structure. Reproduced with permission from Wiley [231].

To complement the FET measurements, we evaluated the trap density and carrier mo-
bility of the halide-passivated CQD films using hole-only SCLC measurements. The Br/Cl
mixed-halide formulation reduced the trap density from 3.2×1016 cm−3 (Br-passivation) to
5.0× 1015 cm−3, while improving the hole mobility from 2× 10−4 to 1× 10−3 cm2 V−1 s−1.
The same trend was validated through FET measurements, with the Br/Cl mixture achiev-
ing the highest hole mobility of 0.024± 0.009 cm2 V−1 s−1 and the lowest hysteresis among
the three groups. These findings confirm the effectiveness of mixed-halide surface passiva-
tion in reducing trap states and enhancing carrier transport in InAs CQD films.

4.6.6 InSb Measurements

To evaluate the electronic properties of surface-passivated InSb CQDs, we conducted FET
and SCLC measurements on CQD films treated with short-chain thiol ligands (ME and
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MTG) and metal sulfide ligands (Na2S). The field-effect transistors were fabricated with
an interdigitated electrode (IDE) layout to ensure a high effective width-to-length ratio
(W/L = 62,450), enabling improved current levels for low-mobility films. As shown in
Figure 4.20, both ME- and MTG-treated films demonstrated clear p-type behavior, with
drain current (IDS) increasing under negative gate bias (VGS). The extracted hole mobilities
from transfer curves were 7.8 × 10−4 cm2 V−1 s−1 for ME-InSb and 1.1 × 10−4 cm2 V−1 s−1

for MTG-InSb, showing a significant improvement compared to Na2S-passivated films.

Figure 4.20: Field-effect characterization of InSb CQD films. (a) Schematic of the FET
device structure. (b) Microscope image of the channel region. Transfer characteristics
of (c) ME-InSb and (d) MTG-InSb CQDs, with arrows indicating the sweep directions.
Output characteristics of (e) ME-InSb and (f) MTG-InSb CQDs. The applied gate-source
voltages (VGS) are indicated in the legends. For both samples, the drain-source current
(IDS) increases with decreasing VGS, consistent with p-type behavior of the CQDs. Repro-
duced with permission from Wiley [247].

To complement the FET analysis, trap densities and mobilities were also determined
via SCLC measurements. ME-passivated CQDs exhibited a tenfold reduction in trap
state density (1.86 × 1016 cm−3) compared to Na2S-passivated CQDs (1.49 × 1017 cm−3),
along with a significantly improved hole mobility (1.15 × 10−4 cm2 V−1 s−1). The strong
agreement between FET and SCLC mobilities validates the effectiveness of thiol-based
surface treatments in removing surface oxides and reducing defect density.
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These findings underscore the importance of surface reconstruction in enhancing the op-
toelectronic quality of InSb CQDs. Short-chain thiol ligands, particularly mercaptoethanol
(ME), not only improve carrier mobility and reduce trap density but also maintain col-
loidal stability for extended periods. Consequently, ME-passivated InSb CQDs enabled
SWIR photodetectors with a high external quantum efficiency (EQE) of 28% at 1450 nm
and long-term operational stability, retaining 95% performance after 300 hours of biased
illumination. Overall, effective oxide removal and ligand engineering prove essential for
realizing high-performance and stable infrared CQD devices.

4.7 Conclusion

This chapter investigated the crucial role of how interface quality affects CQD photode-
tectors built on FET architectures. As sensor dimensions are scaled down, reliable signal
performance becomes harder to maintain, emphasizing the importance of well-designed
interfaces. Initial studies using basic CQD-FET devices revealed key performance limi-
tations, such as low carrier mobilities, environmental instability, and poor signal-to-noise
ratios. These preliminary results addressed the need for advanced interface engineering
and optimized experimental setups. Therefore, a specialized measurement chamber was
developed to control environmental conditions and provide environmental stability. Si-
multaneously, FET designs were improved through increased channel aspect ratios (W/L),
enhancing the measurable signals and enabling precise mobility extraction. These enhance-
ments significantly increased the measured mobilities and reduced hysteresis, emphasizing
the importance of optimized device layouts and environmental control in quantifying CQD
performance.

Moreover, the CQD-dielectric interface was systematically studied using various high-κ
dielectric materials, including Al2O3, HfO2, SiO2, TiO2, and ZrO2. While mobility values
remained relatively consistent across different dielectrics, variations in hysteresis and overall
stability were observed. Due to the fabrication simplicity and reliable performance, bare
SiO2 was selected as the dielectric interface though exploring alternative dielectrics remains
promising for future investigations.

Significant performance improvements were also demonstrated through surface passi-
vation strategies employing mixed-halide ligands. Specifically, mixed-halide treatments of
InAs and InSb CQDs markedly reduced trap densities, increased charge carrier mobilities,
and enhanced device operational stability, validating the efficacy of ligand engineering and
surface functionalization.
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Various electrode designs were tested consistent mobility results were obtained. Due to
their high W/L aspect ratios, IDE structures improve the measured signal strength. This
optimization enabled more reliable and accurate mobility extraction, particularly beneficial
for materials with low carrier mobilities.

Overall, the findings presented in this chapter demonstrate that careful interface en-
gineering such as dielectric optimization, surface treatments, electrode geometry adjust-
ments, and environmental control is essential for maximizing the performance of CQD-
based FET devices. These insights contribute significantly to the understanding of CQD
interfaces and establish robust methodologies for the continued development of miniatur-
ized, high-performance sensors.

Future work should expand upon these findings by exploring advanced dielectric mate-
rials, novel ligand chemistries, and optimized electrode designs. Addressing these interface-
related challenges will further enhance CQD-based sensor performance, ultimately enabling
smaller pixel sizes, improved sensitivity, and seamless integration into next-generation sens-
ing technologies.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

Miniaturization is not limited to the electronics industry as the principles of Moore’s law
also applies on the evalution of sensors. For effective miniaturization, well-defined design
rules are required rather than relying on trial-and-error approaches. Therefore, there’s
a need for scaling analyses to quantitatively predict the impact of geometry on sensor
performance. These analysis not only provide practical design guidelines but also offer
state-of-the-art insights into the future trajectory of sensor development.

This thesis has investigated the effect of sensor miniaturization with associated packag-
ing and interface challenges. By systematically exploring theoretical models, experimental
methodologies, and proposing novel packaging and interface engineering strategies, this
work advances the understanding of the fundamental mechanisms governing sensor behav-
ior at smaller scales.

First, a theoretical analysis was developed to provide in-depth understanding of the
sensing behavior of inertial gas sensors. The developed model correlated the sensor per-
formance with sensor geometry and effectively predicted the trends in sensor performance
parameters such as resonance frequency, quality factor, SNR and sensitivities relevant to
gas sensing applications. To further support this model, NEMS and MEMS based gas
sensors were fabricated by simplified nanofabrication techniques and their resonance and
sensor performances were compared under identical sensing conditions. Experimental re-
sults showed strong agreement with theoretical predictions, validating the proposed model.
Therefore, the established scaling relationships can serve as ”design rules” to guide minia-
turization while maintaining sufficient signal quality. While it’s been theoretically and
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experimentally demonstrated that scaling down improves the main performance parame-
ter of the sensors, sensitivity, the output signal power generally scales down with geometry
and results weaker SNRs. To counteract this, scaling must be performed by preserving the
some key aspect ratios that optimize performance which motivated the need for optimized
packaging and interface solutions.

Secondly, a novel packaging technique called built-in packaging was proposed by elim-
inating packaging and interconnections components such as wire bonding, chip carrier,
PCB, probe station, and even wires to minimize parasitic loses and enhance SNR. Com-
parative studies on conventional packaging and interconnection techniques such as wire
bonding and probing versus built-in packaging were conductor for MEMS resonator and
MIM diode applications. When tested with the built-in packaging, MIM diodes outputted
12% more electrical current therefore better diode performance compared to the conven-
tional methods, and MEMS resonator showed identical performance with less parasitic
components. Hence, the developed built-in packaging method demonstrated improves out-
put signal strength, thereby extending the feasible miniaturization range.

Finally, interface engineering was studied for the integration of novel materials into
miniaturized sensor applications. Integration of novel materials into sensor applications
is crucial as using more responsive sensing materials can delay miniaturization limits by
compensating for signal loss through improved signal generation efficiency.

FET ”sensors” were developed to measure the charge carrier mobilities of semiconduct-
ing nanocrystals, or more specifically CQDs. A custom testing rig was built by investigating
the CQD interfaces including CQD-to-dielectric, CQD-to-electrode, CQD-to-environment,
and CQD-to-CQD and device interfaces such as dielectric-to-electrode demonstrated their
critical impact on output signal. Through systematic experimentation, surface treatments,
optimized fabrication and testing processes, interfaces were engineered and key electrical
properties of CQDs such as charge carrier mobility and hysteresis were quantified. The im-
proved electrical performances of CQDs were aligned with their IR detection application
and better electrical performance yielded better photosensing properties such as higher
EQE and faster pixels. Hence, the developed materials thourgh optimized interfaces sup-
port the operation of miniaturized sensors. Improved electrical properties of CQDs aligned
well with their application in IR detection, resulted in superior photosensing performance,
such as increased EQE and faster pixel response, demonstrating the potential of interface-
optimized materials for miniaturized sensors.

In summary, this thesis investigates the key elements of sensor miniaturization thorough
exploration of the effects, packaging, and interface engineering challenges associated with
sensor miniaturization.
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5.2 Future Works

This thesis lay the groundwork for future developments in sensor miniaturization.

For the scaling down of inertial gas sensors, the number of case studies can be increased
to further validate the theoretical scaling relationships. In this work, only two devices
were compared side-by-side. Expanding the range of geometries would provide a deeper
insight into scaling effects. It should also be noted that a linear model was employed which
showed strong agreement with the experimental results. Additional case studies could help
determine if nonlinear effects become significant at certain scales, and when they should
be included in the model.

The novel built-in packaging technique was demonstrated in two case studies. A MEMS
resonator was excited using the built-in packaging which simplified the operation. Future
work could involve both excitation and sensing of a MEMS resonator with built-in pack-
aging to achieve a complete operation. In fact, its sensing performance can be compared
with that of conventional packaging methods. Secondly, a MIM diode was tested where
the built-in packaging improved the performance. As a next step, a FET could be pack-
aged using built-in method, and its performance can be compared against conventionally
packaged FETs.

In the fourth chapter, carrier mobilities of various CQDs were measured, yielding state-
of-the-art values. Future work could expand this testing to other types of CQDs. Moreover,
dielectric interface engineering experiments could be carrier out to better understand the
interaction between CQD films and the dielectric layer.
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[100] Aline Jolivet, Christophe Labbé, Cédric Frilay, Olivier Debieu, Philippe Marie, Bryan
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Appendix A

Fabrication of N/MEMS Resonators

The profilometer measurement result showing the thickness of the MEMS resonator sensor
is given below.

Figure A.1: The surface profile of Al obtained from mechanical surface profilometer. Re-
produced with permission from Elsevier [72].
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Appendix B

Python Code for Extracting Diode
Performance Parameters

The Python code used to extract the diode performance parameters is given below.

import pandas as pd

import numpy as np

from scipy.signal import savgol_filter

import tkinter as tk

from tkinter import filedialog

import matplotlib.pyplot as plt

# Create a simple GUI for file selection

root = tk.Tk()

root.withdraw()

# Ask the user to provide an Excel file

file_path = filedialog.askopenfilename()

# Load the data from the Excel file

data = pd.read_excel(file_path)

# Apply the Savitzky-Golay filter to the I data

filtered_I = savgol_filter(data[’I’], 2, 1)
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# Calculate the first and second derivatives of the filtered I wrt. V

first_derivative = np.gradient(filtered_I, data[’V’])

second_derivative = np.gradient(first_derivative, data[’V’])

# Calculate the responsivity

responsivity = 2 * second_derivative / first_derivative

# Apply the Savitzky-Golay filter to the responsivity

filtered_responsivity = savgol_filter(responsivity, 499, 3)

# Calculate non-linearity

non_linearity = first_derivative / (filtered_I / data[’V’])

# Apply the Savitzky-Golay filter to the non-linearity

filtered_non_linearity = savgol_filter(non_linearity, 499, 3)

# Calculate asymmetry

asymmetry = np.abs(filtered_I / np.flip(filtered_I))

# Apply the Savitzky-Golay filter to the asymmetry

filtered_asymmetry = savgol_filter(asymmetry, 499, 3)

# Calculate resistance

resistance = np.gradient(data[’V’], filtered_I)

filtered_resistance = savgol_filter(resistance, 51, 1)

filtered_resistance = np.abs(filtered_resistance)

# Add calculated data to dataframe

data[’filtered_I’] = filtered_I

data[’dI/dV’] = first_derivative

data[’d2I/dV2’] = second_derivative

data[’responsivity’] = responsivity

data[’filtered_responsivity’] = filtered_responsivity

data[’non_linearity’] = non_linearity

data[’filtered_non_linearity’] = filtered_non_linearity

data[’asymmetry’] = asymmetry

data[’filtered_asymmetry’] = filtered_asymmetry
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data[’Resistance’] = resistance

data[’Filtered_Resistance’] = filtered_resistance

# Define indices for the plots

marker_indices = np.arange(0, len(data[’V’]), len(data[’V’]) // 10)

# Start building the plots

plt.figure(figsize=(20, 15))

# Current plot

plt.subplot(2, 3, 1)

plt.plot(data[’V’], np.log10(np.abs(data[’filtered_I’])), marker=’o’,

markevery=marker_indices)

plt.xlabel(’Voltage(V)’)

plt.ylabel(’Current(I)’)

plt.grid(True)

# Responsivity plot

plt.subplot(2, 3, 2)

plt.plot(data[’V’], data[’filtered_responsivity’], marker=’o’,

markevery=marker_indices)

plt.xlabel(’Voltage(V)’)

plt.ylabel(’Responsivity(A/W)’)

plt.xlim(left=0, right=1)

plt.grid(True)

# Non-linearity plot

plt.subplot(2, 3, 3)

plt.plot(data[’V’], data[’filtered_non_linearity’], marker=’o’,

markevery=marker_indices)

plt.xlabel(’Voltage(V)’)

plt.ylabel(’Non-linearity’)

plt.xlim(left=0, right=1)

plt.grid(True)

# Asymmetry plot

plt.subplot(2, 3, 4)

plt.plot(data[’V’], data[’filtered_asymmetry’], marker=’o’,
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markevery=marker_indices)

plt.xlabel(’Voltage(V)’)

plt.ylabel(’Asymmetry’)

plt.xlim(left=0, right=1)

plt.grid(True)

# Resistance plot

plt.subplot(2, 3, 5)

plt.semilogy(data[’V’], data[’Filtered_Resistance’], marker=’o’,

markevery=marker_indices)

plt.xlabel(’Voltage(V)’)

plt.ylabel(’Resistance(Ohm)’)

plt.grid(True) # add grid lines

plt.xlim(left=0) # start x-axis at 0

# Save the figure

plt.savefig(file_path.replace(’.xlsx’, ’-graph.png’))

# Write the filtered data to a new Excel file

data.to_excel(file_path.replace(’.xlsx’, ’-filtered.xlsx’), index=False)
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Appendix C

Preleminary Results from Dielectric
Interface Testing

The preleminary results from the dielectric interface testing are presented below.

Figure C.1: FET performance with Al2O3 dielectric interface.
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Figure C.2: FET performance with HfO2 dielectric interface.

Figure C.3: FET performance with SiO2 dielectric interface.
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Figure C.4: FET performance with ZrO2 dielectric interface.
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