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Abstract

In this thesis, effect of internal strain and detection scheme on doubly clamped
MEMS beam is investigated for THz bolometer applications. Previously, we reported a
very sensitive bolometer structure by using a GaAs doubly clamped beam resonator.
The MEMS resonator detects THz radiation by measuring a shift in its resonance
frequency induced by heating of the MEMS beam due to THz absorption. Speed of the
device can be up to 10kHz, which is much faster than other kinds of room temperature
THz thermal sensors. The MEMS bolometers are superior to other room-temperature
THz bolometers, but still not comparable with the low temperature detectors in aspect

of the sensitivity and speed.

In order to realize a high sensitivity, high speed MEMS bolometer for THz detection,
a common method to modify the speed and sensitivity is to change the thermal
conductance of the MEMS beam. A small thermal conductance of the bolometer
indicates a large temperature rise and good sensitivity, but the thermal time constant
also increases which means a low detection speed. Such a trade-off always exists and

limits the performance of common bolometers.

In this thesis, we have proposed to obtain the high sensitivity and high speed of the
MEMS bolometer by using short InGaAs MEMS beam detected by piezoresistive
detection. This method can evade the speed-sensitivity trade-off of the MEMS
bolometer. Changing the beam material to InGaAs provides a high thermal responsivity,
the short MEMS beam provides a high speed and the piezoresistive detection provides

a large output voltage.

Outline of this thesis is shown as follows.

In Chapter 2, the operation principle of the MEMS bolometer is explained. In this

work, a GaAs doubly clamped MEMS beam resonator is used to detect THz radiations.



When the beam is heated by THz radiation, the temperature rise is detected as a
resonance frequency shift of the beam. A long beam has a small thermal conductance.
It can keep the THz heat and show a high responsivity but a low speed. Such a trade-

off exists and we cannot obtain the high sensitivity and high speed at the same time.

In Chapter 3, origins of a deflection in the MEMS beam are discussed. Such a
deflection brings difference from the theory to the experiment result of the MEMS
bolometers and makes it difficult to predict the devices’ performance. We found that
there are two factors that induce the beam deflection. First is the initial bending of the
MEMS beam. To reduce the bending, we introduce a tensile strain to the MEMS beam
using GaAsP as the beam structure and finally we reduced the deflection from 150 nm
to 50 nm. Another reason of the beam deflection is a step structure on the beam surface.
The step structures are used for driving and detection of the beam vibration. We reduced
the step height and finally the deflection is reduced to as small as 10 nm. Fabrication

and measurement of the MEMS beam is also introduced in this chapter.

In Chapter 4, we propose to enhance the responsivity of the MEMS bolometer by
preloading a critical buckling strain. With the deflection of the beam reduced to 10 nm,
the beam is nearly ideal and shows a high responsivity around its buckling point, as
predicted in the theory. To achieve this high responsivity, we preload a critical buckling
strain to the beam through lattice mismatch between InGaAs and the GaAs substrate.
Preloading such a strain does not change the thermal conductance of the beam, so it can
evade the speed-sensitivity trade-off. Finally we achieve a 15-time-enhancement of
responsivity. Also, the noise density of the bolometer is introduced and, we
demonstrated that the noise density of the strained beam has strong dependence on its

vibration amplitude.

In Chapter 5, we will discuss the detection scheme of the MEMS beam vibration.
Since the speed-sensitivity trade-off is evaded, short beams can exhibit a high
sensitivity and high speed at same time. However, the piezo-capacitive detection of the

present device is not suitable for detecting vibration of short beam, because the output



voltage from the piezoelectric capacitor is shunted by the stray capacitance of
measurement cables and shows smaller than 1 pV. Therefore, we need to develop
another detection scheme. Piezoresistive effect is suitable for the detection of the short
beams. Since the resistance is determined by L/W ratio of a resistor, the output voltage
is not affected be the beam length decrease. We designed MEMS beams with
piezoresistive detection, and tried NiCr film, 2D electrons and 2D holes as
piezoresistive materials. Results shows that by using 2D holes as the piezoresistive
material, the output voltage increases to as large as 10 mV which is 10000 times of that
of the piezo-capacitive detection. Also, effect of the source voltage and the
crystallographic orientation is discussed. both of which has influence on the detection

performance.

In Chapter 6, a conclusion and an outlook for future development is also given.
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Chapter 1

Introduction



11 Terahertz electromagnetic waves

Terahertz (THz) radiation usually means the electromagnetic radiation within the
frequency range from 0.3 to 3 THz (1 THz = 10! Hz). The wavelength of the radiation
correspondingly ranges from 1 mm to 0.1 mm. THz radiation occupies the frequency
range between the microwaves and the infrared light. As a result, THz radiation
possesses characteristics of both microwave and infrared light and has numerous
attractive applications. As in the microwave range, THz waves can be used in the field
of communications. Since THz has a higher frequency, it is expected to realize a higher
speed wireless data transmission. A group from Tokyo Institute of Technology'
demonstrated that they use a resonant tunneling diode (RTD) oscillator to produce
radiation in the THz band and send a signal at 0.542 THz, resulting in a data transfer
rate of 3 Gbps. Potential use of THz communication exists in in-door network systems
and space technologies. On the other hand, because of the long wavelength of the THz
radiation, it can penetrate a wide variety of nonconducting materials such as clothing,
paper, wood, plastic and ceramics. Unlike X-rays, THz waves is not an ionizing
radiation and its low photon energies in general do not damage living tissues and DNA.
Therefore, the THz nondestructive imaging is widely used for biomedical, security,

material characterization applications.

ELECTRONICS ; TERAHERTZ | PHOTONICS

Radio ) Millimeter Terahertz Far Mid Near i
waves Microwaves waves waves infrared infrared infrared  Visible uv X rays
10 GHz 100 GHz | THZ 10 THz 100 THz 1 PHz
100 ps 10 ps 1 ps 100 fs 10 fs 1 fs
Ll ol sl Ll Ll N Lo
T ALRAS B T T [T T LA T T T T [T
100 mm 10 mm I mm 100 pm 10 pm | pm 100 nm
0.1 em™! 1 em! 10cm™! 100 cm! 1000 cm™! 10,000 cm! 100,000 cm™!

Fig. 1-1 Terahertz waves lie at the far end of the infrared band, just before the start

of the microwave band.



1.2 Conventional THz detectors

Although the THz radiation is expected to have a wide range of applications, THz
technology is still in its infancy. Particularly, the technology for detecting THz radiation
is rather limited. The small photon energy of the THz radiation requires the THz
detectors based on photoexcitation of impurities and quantum wells to be cooled down
to liquid helium temperatures, which greatly limits their applications. In the following

three kinds of THz detectors will be introduced.

Schottky barrier diodes (SBDs) are one of the most basic THz detectors. SBD THz
detectors take use of the nonlinearity in the I-V characteristics to rectify THz waves, as
shown in Fig. 1-2(a).? This kind of THz detector can work at the room temperature,

12 However, the useful

with a low noise equivalent power (NEP) around ~10 pW/Hz
frequency range is limited due to the existence of junction capacitance.® Fig. 1-2(b)

shows the dependence of the voltage sensitivity on frequency.*

Another kind of THz detector is bolometer, which measures the electrical resistance
change induced by radiation heating. One of the most famous THz bolometer is
composite bolometer, which consists of two elements perform separately the two
functions of absorption and bolometric detection,”” as shown in Fig. 1-3. The absorbers
can be made with metallic films deposited on dielectric substrates and works as
broadband absorbers. The bolometric detection is accomplished by semiconductor
thermometers such as Ge and Si thermometers. Although, in principle the composite

bolometers can work in room temperature, cooling is necessary for high sensitivities.

Vanadium oxide (VOx) is a recently developed temperature sensing material works
at room temperature which can be used as the bolometric detection material in
composite bolometers. Such material has a large temperature coefficient of resistance,
around 3%/K.%° Fig. 1-4 shows an example of VOx bolometer, the device shows a low
NEP around ~40 pW/Hz"? at room temperature, but the operation speed is lower than

100Hz.'°



In order to realize high sensitivity, high speed detection, wide band THz radiations

at room temperature, new schemes of THz detection are highly desirable.

(a) (b)
Schottky o
Diode
10' B
Cc R §
T IR 1
O . O g
h A
(i A \ \<-' m M N\ N\ o ’
\ #P"'\\. V A -I l.\./; .\\_/J - \V \'\/f
W W .
Diode Low pass filter 02 . . . AW
0.5 1.0 20 50 100
Frequency (THz)

Fig. 1-2 Schottky barrier diodes used as THz detectors.

5( THz radiation

Absorber

| Connection layer

Thermometer

Fig. 1-3 Schematic of composite bolometers.

Fig. 1-4 VOx bolometer: (a) SEM image, (b) schematic cross section .



1.3 Novel THz bolometers using MEMS resonators

Microelectromechanical system (MEMS) resonators are very attractive candidates
for high sensitivity measurements. Owing to their high quality (Q) factors,'""!? the

MEMS resonators can detect ultra-small changes in the resonance frequency. Such

13-22 23-27

properties are suitable for detecting changes in mass, charge, spin

30-33 34-39

orientation,”®* temperature, and infrared radiation.

Previously, we reported a very sensitive bolometer structure by using a MEMS
resonator.***” As shown in Fig. 1-5, we fabricated a GaAs doubly clamped beam
resonator, whose excitations are driven and detected by utilizing the piezoelectric
effect.?*4¥51 When the MEMS beam absorbs THz power and a temperature rise of the
beam is induced, a strain is generated in the MEMS beam due to thermal expansion and
leads to the reduction in the resonance frequency. The device detects the resonance
frequency shift caused by radiation heating and works as a very sensitive bolometer,
which can detect a small temperature rise (~1 pK) in the beam with a high operation

speed (~10 kHz). Fig. 1-6 illustrates the principle of THz detection.

The MEMS bolometer is superior to other room temperature THz detectors, but still
not good as the ones works in low temperatures. Fig. 1-7 plots the performance of the
MEMS bolometer compared with other kinds of commercial THz detectors. Compared
with the room temperature detectors such as pyroelectric (PE) detectors and vanadium
oxide detectors, the MEMS bolometer shows a good sensitivity and 100 times faster
speed, but it is still 2~3 orders lower than that of the hot electron bolometers (HEB)
which works at liquid helium temperature. Such shortage in sensitivity and speed limits
the application of the MEMS bolometer in the field of broadband spectroscopy such as
Fourier transform infrared (FTIR) spectroscopy, where high sensitivity and high speed

are necessary for measuring short wavelength signals.>?



GaAs sub.

Fig. 1-5 Schematic of MEMS beam resonator as THz bolometer.

Principle of THz detection by MEMS

[ f, HTHZ%ATHAT%AEHA‘E%N@H signal ]

Resonance  Temperature rise  Internal strain due to fchange dueto  Detect
frequency f, by THz absorption thermal expansion internal strain frequency shift

Fig. 1-6 Principle of THz detection using MEMS beam resonator.
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Fig. 1-7 Performance of the MEMS bolometer compared with other kinds of
commercial THz detectors. The horizontal axis shows the sensitivity and the
vertical axis shows the speed.



1.4 Research purpose and outline

In this thesis, the detection performance of GaAs-based doubly clamped MEMS
beam bolometer is investigated. We aim at realizing a high sensitivity, high speed
MEMS bolometer for THz detection. A common method to modify the speed and
sensitivity is to change the thermal conductance of the bolometer (in our case, the
MEMS beam). A small thermal conductance of the bolometer indicates a large
temperature rise and good sensitivity, but the thermal time constant also increases which
means a low detection speed. Such a trade-off always exists and limits the performance

of common bolometers.

In order to obtain the high sensitivity and high speed at the same time, we propose to
evade the speed-sensitivity trade-off and enhance the responsivity of the MEMS

bolometer by tuning the strain. Outline of this thesis is shown as follows.

In Chapter 2, the operation principle of the MEMS bolometer is explained. In this
work, a GaAs doubly clamped MEMS beam resonator is used to detect THz radiations.
When the beam is heated by THz radiation, the temperature rise is detected as a
resonance frequency shift of the beam. A long beam has a small thermal conductance.
It can keep the THz heat and show a high responsivity but a low speed. Such a trade-

off exists and we cannot obtain the high sensitivity and high speed at the same time.

In Chapter 3, origins of a deflection in the MEMS beam are discussed. Such a
deflection brings difference from the theory to the experiment result of the MEMS
bolometers and makes it difficult to predict the devices’ performance. We found that
there are two factors that induce the beam deflection. First is the initial bending of the
MEMS beam. To reduce the bending, we introduce a tensile strain to the MEMS beam
using GaAsP as the beam structure and finally we reduced the deflection from 150 nm
to 50 nm. Another reason of the beam deflection is a step structure on the beam surface.
The step structures are used for driving and detection of the beam vibration. We reduced

the step height and finally the deflection is reduced to as small as 10 nm. Fabrication



and measurement of the MEMS beam is also introduced in this chapter.

In Chapter 4, we propose to enhance the responsivity of the MEMS bolometer by
preloading a critical buckling strain. With the deflection of the beam reduced to 10 nm,
the beam is nearly ideal and shows a high responsivity around its buckling point, as
predicted in the theory. To achieve this high responsivity, we preload a critical buckling
strain to the beam through lattice mismatch between InGaAs and the GaAs substrate.
Preloading such a strain does not change the thermal conductance of the beam, so it can
evade the speed-sensitivity trade-off. Finally we achieve a 15-time-enhancement of
responsivity. Also, the noise density of the bolometer is introduced and, we
demonstrated that the noise density of the strained beam has strong dependence on its

vibration amplitude.

In Chapter 5, we will discuss the detection scheme of the MEMS beam vibration.
Since the speed-sensitivity trade-off is evaded, short beams can exhibit a high
sensitivity and high speed at same time. However, the piezo-capacitive detection of the
present device is not suitable for detecting vibration of short beam, because the output
voltage from the piezoelectric capacitor is shunted by the stray capacitance of
measurement cables and shows smaller than 1 pV. Therefore, we need to develop
another detection scheme. Piezoresistive effect is suitable for the detection of the short
beams. Since the resistance is determined by L/W ratio of a resistor, the output voltage
is not affected be the beam length decrease. We designed MEMS beams with
piezoresistive detection, and tried NiCr film, 2D electrons and 2D holes as
piezoresistive materials. Results shows that by using 2D holes as the piezoresistive
material, the output voltage increases to as large as 10 mV which is 10000 times of that
of the piezo-capacitive detection. Also, effect of the source voltage and the
crystallographic orientation is discussed. both of which has influence on the detection

performance.

In Chapter 6, a conclusion is given. To achieve high responsivity and high speed of

the MEMS bolometer, we propose to use short InGaAs MEMS beam detected by



piezoresistive detection. Changing the beam material to InGaAs provides a high
thermal responsivity, the short MEMS beam provides a high speed and the
piezoresistive detection provides a large output voltage. Also, an outlook for future

development is also given.
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Chapter 2
Operation principle of MEMS bolometers
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2.1 Properties of beam structure

The Euler-Bernoulli beam theory is a simplification of the linear theory of elasticity

which provides a means of calculating the characteristics of beams.

For a thin uniform beam (L/h > 10, Fig. 2-2), the rotational inertia and the shear
deformation can be neglected. The equation of motion of a thin beam can be derived by
means of the equilibrium of forces for an infinitesimal piece of beam. Assuming a linear
elastic material and a small displacement Y (x, t), the equation of motion of a thin beam

iSS3755

0%Y (x, t) 0*Y (x, t)
A————+El,———=20, (2-1)
ot? Z ox*
where p is the mass density, A4 is the cross sectional area, E is the Young’s modulus, and
I is the geometric moment of inertia, which, for a beam with rectangular cross section,

can be derived as:

Ah?
=— 2-2
L= 2-2)
The solutions of Eq. 2-1 have the form:
Y(x,t) = [C; cos fx + C, sin fx + C3 cosh Bx + C, sinh fx] e~ i@t (2-3)

where coefficients C;, C>, C3, Cy4 and the value of S can be found from the boundary

conditions, and natural frequencies of the beam are given as:

F=F | (2-4)

12



For doubly clamped beams, the boundary conditions are as follows:

Y(0,t) =Y(L,t)=0
oY (0,0 _ (Lo _ (2-5)
ox ox

Substituting Eq. 2-5 into Eq. 2-1 and finally we get solution:

Y, (x,t) = Cy[sin B,x + sinh B,x + a,(cos B,x + cosh §,x)]e t@nt (2-6)

where

an

(sin BnL — sinh 5, L )
cosh 8,L — cos 3,,L

cos B,L - coshB,L = 1,52 = 2n + 1)m/2L?

(2-7)

Mode shape describes vibration amplitude of a beam, which is the contour of Y;:
Sp(x) = C,[sin B,x + sinh Bp,x + a, (cos Bpx + cosh Bpx)] (2-8)
In the n-th mode, each point of the beam vibrates with an amplitude proportional to

the value of S, at that point. Calculations of mode shape for the first three modes are

shown in Fig. 2-1. The mode corresponding to n=1 is called the fundamental mode.

Fig. 2-1 Mode shapes of a doubly clamped beam.

13



The natural frequencies of doubly clamped beam are given by

_@n+Drmh | E
fn = 2 12 |12p

where f; is called the fundamental frequency, which can be derived as:

h o |E
fi=10287 |-

General solution of Eq. 2-1 is given by the sum of all V:

Y(x,t) = z a,Y,(x,t)

n

A

L

Fig. 2-2 A thin beam.

14
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2.2 Vibration of beam structure

i2nfct

When we apply a harmonic driving force Fe which is uniform in the beam

direction, the equation of motion is*®

0%Y (x,t 04Y (x,t
A—( )+E1 —( )=

atz i ax4 FeLZTL'fCt (2'12)

Substituting Eq. 2-11 into Eq. 2-12, assuming that driving frequency f_ is close to
fn, then we get the amplitude of n-th mode:

o =k M
tAmIMfE - fE+iAE/Q

(2-13)

where M = pAL is the mass of the beam, 71,, = fOL W,,(x)dx /L? is a constant with

1, = 0.8309, Q is the quality factor of the system.

Then we get the amplitude and phase of forced vibration as the real part and

imaginary part of a,:

3 F Nn E
tAM (= 1D+ (FR/QEM (2-14)
0 =tan~! ii/Q
fi# =12

Calculations of amplitude and phase of the forced vibration are shown in Fig. 2-3.
When the driving frequency f. = f,,, the beam vibration shows maximum amplitude,

this frequency is called resonance frequency.

15
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Fig. 2-3 Calculated resonance spectra of forced vibration.

2.3 Influence of axial strain

Assuming that an axial compression N is induced by a displacement u of the clamped

ends, as shown in Fig. 2-4. Mention that € = u/L represents the strain induced in the

beam, we have

o LU
N =FEA¢e = EAZ (2-15)
where E is the Young modulus modified with the Poisson ratio v
" E
E=—. 2-16
T (2-16)
T Y(x, t) _>| U | —
N —> | le——N
— x —»l Bl pA
« L

Fig. 2-4 Axial load N result a displacement u and induce an internal strain ¢

16



The equation of motion of a thin beam with compressive strain can be described by:>’

%Y (x,t) . 0*Y(x,t) 0%Y (x,t)
— + £l — =N — . 2-17
PA— e TEL 5 ox? (47
The natural frequency of the strained beam is given by:
12
fa(€) = f(0) (1 - Vnﬁg) ) (2-18)
and ¥, is a constant related with £,,:
12(B, — 2) 3
=T T (2-19)

Fig. 2-5 plots the relationship between the normalized fundamental frequencies (n =

1) and the normalized axial load.

1

f(e)/F(0)

1

N/EAéx

Fig. 2-5 Resonance frequency change with the axial load.
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With an increasing compress strain, the resonance frequency first decreases until a
critical load called the Euler’s critical load is reached and, then, starts to increase. The

Euler’s critical load is given by the formula:®

n?h?
Eer = 312 (2-20)

The Euler’s theory shows that, with increasing », the internal strain first increases
and the beam stays flat. However, the beam cannot support a strain larger than the
critical load and, with further increase in A, the beam is buckled. The critical load is
smaller for longer beams: for beams with geometry of L100xW30xH1.2 um® the
critical strain is around 0.03%, while for beam as long as 1000 um, the critical load

decreases by 100 times.

18



2.4 Thermal responsivity of MEMS resonance frequencies

In chapter 1.3, we described the working principle of the THz detection using MEMS
beam resonator: when a MEMS beam absorbs THz power P;, and has a temperature
rise AT, a strain Ae is induced in the beam due to thermal expansion, leading to the

natural frequency decrease by Af.

Principle of THz detection by MEMS

[ f, HTHZ%ATHAT%AeHAeéAfom signal ]

Resonance Temperature rise Internal strain due to f, change due to Detect
frequencyfy by THzabsorption thermal expansion internal strain frequency shift

Fig. 2-6 Principle of THz detection using MEMS beam resonator

Thermal responsivity of MEMS beam resonator, defined as the relative frequency

shift per unit heating power, is given by:

_AF1 AT Ae AF 1 (2-21)

R =
Pinfo Pin AT Ae fo

where the right side of Eq. 2-21 is consist of the temperature rise, thermal expansion

and frequency decrease process of THz detection.

GaAs sub.

Fig. 2-7 Schematic of MEMS beam resonator as THz bolometer.
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24.1 Temperature rise

Fig. 2-8 shows a schematic of heat transfer in the MEMS beam. When the center part
of the beam (l;) is heated with a heating power of P;,, the temperature rises by AT.

Then, the heat flows to each end of the beam with a power of Pou:.

THz absorption P,

Pout ff Heat flux P,

—— To+ AT K —
< \‘I ~ ~)
1 1
i i
TO Temperature | Temperature I Temperature
linearly decreasei uniform !Iinearly decrease
< Beam length L ”

Fig. 2-8 Schematic of heat transfer in a MEMS beam.

Fourier's law describes the process of thermal conduction. According to the Fourier's
law, the power of heat transfer through a material is proportional to the gradient in the

temperature and to the area:

AT
Pour = KA—— (2-22)
2

where « is the thermal conductivity and [, = (L —1;)/2

When P, = 2P,,;, the process is in a steady state, and the relationship between

heating power and temperature rise can be written:

AT L-1

P,  4xA (2-23)
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2.4.2 Thermal expansion

For a free beam of length L, the thermal expansion in the linear dimension can be

estimated to be:
AL
T = a, AT , (2-24)

where «; is the coefficient of thermal expansion.

As shown in Fig. 2-8, thermal expansion of the beam can be divided into two parts;
in the center part, the beam is directly heated and has a uniform temperature rise of AT.

Thermal expansion of this part is given by:
All = aLATll (2‘25)

On the other hand, on both sides of the beam, which are not heated, the temperature
linearly decreases to the end of the beam, and the thermal expansion of this part comes

with:

ly x
Alz = J aLAT_dx
0 lZ

(2-26)
L - ll
4

= CZLAT

For a doubly clamped beam, strain Ae is induced in the beam direction instead of

displacement:

Ae = — . (2-27)

With the total displacement of AL = [; + 2[,, the relationship between thermal
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expansion and temperature rise:

Ae  Aly +2Al, 1
AT L AT
(2-28)

2.4.3 Frequency decrease

In Chapter 2.3 we calculated the natural frequency of doubly clamped flat beam with

an axial strain &:

LZ
fa&) = fu(0) j (1 - ynﬁs) . 2-29)
When y, }Ll—z € &1, w,(e) canbe approximated by

LZ
fn(g) = fn(o) (1 - ynm‘c:) : (2'30)

Hence, the frequency shift can be written as:

Afy = fn(Ae) — £,(0)
12 (2-31)
=~VYn WAE 'fn(o) .

Here shows the frequency shift Af,, of the n-th mode. Since y,, decreases with
increasing 7, the fundamental mode shows the largest frequency shift. It should be noted
that, when there is a compressive strain & > 0, the natural frequency of MEMS beam

decrease.
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The relationship between the fundamental frequency shift and the strain:

Finally, the thermal responsivity of MEMS beam resonator for the fundamental mode

can be calculated:

o Do 1 AT Ae Af 1

" Ppwo Py AT Ae fy
_nalf (ll)z <L>3
16Kk w L h

The thermal responsivity of the MEMS bolometer is determined only by the thermal

(2-33)

and mechanical properties, such as geometry of the MEMS beam, thermal expansion
ratio and thermal conductivity of the beam material. This allows a good reproducibility

of the devices.
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2.5 Summary

We have considered a GaAs doubly clamped MEMS beam resonator as THz
bolometer. The resonance frequency of the MEMS beam resonator can be detected by
applying a harmonic driving force on the beam. When the MEMS beam is heated by
THz radiation, a compressive strain is induced in the MEMS beam due to thermal
expansion and cause the resonance frequency shift. By using this frequency shift we
can detect the THz power. Thermal responsivity of the MEMS beam is determined only
by thermal and mechanical properties, which allows a good reproducibility of the

devices.
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Chapter 3
Effect of the beam deflection on MEMS bolometers
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3.1 Introduction

In Chap2.2, we mentioned that, when we apply a harmonic driving force Fe!?™*t to
the beam and the driving frequency f. is equal to the natural frequency f,,, the beam
vibration shows maximum amplitude, which is called resonance. The resonance
frequency is sensitive to the thermally induced strain. In order to measure the resonance
frequency, we apply a driving force and find the frequency with maximum vibration

amplitude.

In our device the driving force is applied to the MEMS beam by using piezoelectric
effect. Fig. 3-1 shows a schematic of our device. On the two ends of the MEMS beam
we fabricate piezoelectric capacitors, with conductive n-GaAs bottom electrodes, Au
top electrodes, and undoped GaAs layer as a dielectric material. By applying a harmonic
voltage between the Au electrode and the conductive n-GaAs layer, a stress along the
beam direction is generated, leading to a bending moment in the beam, which causes
the beam to vibrate. The inverse process happens on the other side of the beam: a
vibration induced piezo-voltage, which is proportional to the vibration amplitude, is

generated between the two electrodes.

Here presents one of the reasons why we use GaAs, instead of silicon: GaAs is a kind

of piezoelectric material because of its asymmetrical lattice structure.

Fig. 3-1 Schematic of MEMS beam resonator as THz bolometer.
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3.2 Sample fabrication process
3.2.1 Wafer structure

Fig. 3-2 shows the wafer structure of our samples. The wafer is grown on a GaAs
(100) substrate, by using molecular beam epitaxy (MBE). According to the theory of
piezoelectric effect, bending moment in the beam is most efficiently generated along
the [110] direction,*® which is assigned as the beam direction to improve the driving

efficiency.

The wafer structure can be divided into three parts: mesa, beam, and sacrificial layer.
The mesa part acts as the piezoelectric capacitor on the two ends of the MEMS beam.
With a gold electrode deposited above the undoped GaAs layer, a sandwich structure
of a conductive — insulating — conductive layer is formed, acting as the piezoelectric
capacitor. The beam part includes a lum GaAs layer above periodic superlattice buffer
layer of GaAs and AlGaAs, which is designed to improve the flatness. The sacrificial
layer can be selectively etched by diluted HF (20%) and makes the beam part suspended.

Wafer growth of GaAs samples are kindly done by Nagai-san in our group.

GaAs 10 nm
n+ Al 3Gag 7As 80nm

n+ GaAs 20 nm

Mesa

GaAs 1um

Beam - GaAs/Aly ;Ga, ;As

(10nm:10nm 5-period S.L.)

Al, ,Ga, ;As
Sacrificial layer 3 ym

GaAs 100 nm

Sacrificial layer -

Fig. 3-2 Wafer structure of the MEMS resonator.
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3.2.2 Mesa structure

To fabricate the mesa structure, we first design a pattern on the wafer using
photoresist, then use hydrogen peroxide-phosphoric acid mixture to perform etching.
The designed capacitor region is covered by photoresist and remains on the beam

surface after mesa etching. Fig. 3-3 shows the detailed process.

We first spin-coat photoresist (Series: AZ1500) on the wafer. The rotation speed of
the spin coater starts with 5s of 500 rpm, then gradually increase to 4500 rpm in 5s and
continues 45s. Thickness of photoresist after spin coating is ~1 um. After spin coating,
the resist is baked at 90°C for 10 min. Photoresist used in the fabrication process was

positive type: the region exposed to UV light is dissolved in the developer.

Then, we expose the sample with UV. We use a chrome photomask, which was
fabricated in advance to define the patterns. Since our patterns are in a pm-scale, sample
chips are directly touched with the photomask, without any zoom in or out. Typically,
the time of exposure is around 10s, which depends on the intensity of UV light source.
After exposure, the sample is developed in 1:1 solution of AZ-developer and water.
Resist exposed to UV light is dissolved in the developer, and it takes around 90s to

complete development process.

To etch the sample, we use H3PO4-H>02-H>O solution with a 1:1:75 ratio. The
etchant is kept at 27 °C using a water bath and the etching rate is around 1 nm/s. In the
H3P0O4-H202-H20 system, H2O2 acts as an oxidizer of GaAs, and H3PO4 removes

oxides. In the presence of H,O> and H3POys, the etching process is done efficiently.>

After finishing the process, we use acetone to dissolve the photoresists, and then

wash the sample chip in methanol and water.
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Fig. 3-3 Procedure of mesa etching: (a) Exposure (b) Develop (c¢) Etching (d)
Remove the photo resist.
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Fig. 3-5 Transmission, reflection and absorption of 50nm NiCr film.
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3.2.3 Metal deposition

Fig. 3-4 shows a microscope image of our sample. In the figure we can see the
patterns of different metals. The metals are deposited using electron beam (EB)

evaporator, in vacuum of 10 Pa.

AuGeNi (8:1:1) is deposited on the edge of mesa as an ohmic contact metal, which
is subsequently annealed at an elevated temperature. AuGeNi can provide a reliable,
low-resistance ohmic contact to n-type GaAs; Ni enhances the diffusion of Ge and Au
enhances the out-diffusion of Ga. As a result, Ge atoms go substitutionally into Ga
sites.®? This helps to create a thin n-type highly doped layer on the GaAs surface. In our
case, the sample is annealed at 450°C for 1min, in Ar gas atmosphere. The thickness of

AuGeNi is 70nm, covered with 80nm gold.

NiCr (8:2) is deposited on the center of the beam structure, acting as THz absorber.
The optical response of metals depends on the sheet resistivity of the conduction
electrons. It is calculated to achieve impedance matching and obtain the highest
absorption. It is found that, when the sheet resistivity of the NiCr film is ~50 Q/[1, the
impedance matching is obtained. Fig. 3-5 plots the transmission, reflection and
absorption spectra of 50nm NiCr film, measured using FTIR, showing that the
absorption in 1~4THz is around 20%.

Finally, Au are deposited as the top electrodes for driving and detecting piezoelectric
capacitors, and also as electrical connections to apply DC voltage on the NiCr layer, to
generate an assigned heat, instead of THz radiation. The thickness of the Au layer is

around 100 nm, above a 5 nm adhesion layer of NiCr.

To remove the surplus metal, we use acetone to dissolve the resists and lift off the

metal. Ultrasonic cleaner is also used to clean the sample chip.
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3.24 Sacrificial layer

After finishing the metal deposition, we etch the sacrificial layer and make the
MEMS beam suspended. As shown in Fig. 3-6(a) and (b), we first use H3PO4-H>0»-
H>O solution to etch through the beam layer and expose the sacrificial layer. Then, we

use a diluted HF solution to selectively etch the sacrificial layer.

H3PO4-H>0,-H>0 solution used in this process has a ratio of 1:1:15, which provides
a higher speed of 7 nm/s, since the etching thickness is around 2 um. During this process,
the beam geometry is determined. Since the etching takes place not only in the vertical
direction but also in the lateral direction of the wafer, the etched geometry is larger than

designed pattern, with a tilted edge, as shown in Fig. 3-6(c).

Then, we use diluted HF acid (20%) to selectively etch the sacrificial layer. The
composition of the sacrificial layer is AlxGaixAs with x = 0.7. HF reacts with AlAs, as
investigated in Ref. °:%2, the etching rate has a large selectivity (> 10°) for AlGaAs
over GaAs, which enables us to selectively etch the sacrificial layer. The etching rate
of AlxGaixAs depends on the ratio x and the temperature. In our case, the etchant is

kept in a 23°C water bath and the etching rate is around 10 pm/min.

The concentration of HF solution also affects the result. It was shown that 5% HF in

the process results in a formation of residues of AlF2(H20);3(s) as insoluble product of

the reaction.®H

(a) Au (b) Au
Mesa Mesa
Beam Beam

Sacrificial layer
Substrate Substrate

Fig. 3-6 (a) Expose and (b) remove the sacrificial layer. (c) Tilled beam edge.
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3.25 Drying process

After sacrificial layer etching, the MEMS beam is suspended in the water, and the

final process is to dry it up.

Typically, we apply a heat using an incandescent light bulb to dry the samples. When
reaching the critical temperature, the liquid changes into gas at a finite rate, and the
amount of liquid decreases. Since under the MEMS beam there is only a small gap
between the bottom of the beam and the substrate, surface tension in the liquid pulls the
beam structure and tends to break the beam. To avoid this, we first put the sample in
isopropyl alcohol (IPA), which has a smaller surface tension, and then do the drying.
By using this method, MEMS beams up to 200 um can be fabricated, as shown in Fig.
3-7(a). (100 um safely and 200 pm risky) But for longer beams, we need to use the

supercritical drying.

The supercritical drying is a method to dry samples from the liquid phase to the gas
phase without crossing the liquid—gas boundary on the phase diagram, as shown in Fig.
3-7(b).** In this process we use low-toxic fluorocarbon liquid (HFE) as the supercritical
liquid, and operate the drying process at 2.6 MPa, 473K. The use of a supercritical
drying machine (model: PCO-4SC) was kindly offered by Prof. Nakano and Dr.
Watanabe.

Fig. 3-7 (a) Damaged MEMS beam due to surface tension. (b) Principle of
supercritical drying.
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3.3 Measurement setup

In the measurement, we want to measure the resonance frequency of the MEMS
resonator, in order to evaluate its thermal responsivity. By using the piezoelectric effect,
our sample can be driven and detected electrically.®> Fig. 3-8 shows the measurement

circuit of the electrical measurement.

On the driving side, we use a function generator to apply a sinusoidal voltage at a
fixed frequency f,. This signal is also sent to a lock-in amplifier (model: Ametek 7280)
as a reference signal. On the detection side, we use a lock-in amplifier to detect the

output signal.

To apply a quantitative heat and characterize the thermal response of the samples, we
generate heat by apply a DC voltage to the NiCr film at the beam center. Mention that
this DC voltage along the beam direction also generate a strain in the beam due to the
piezoelectric effect, although very small, we may use a £V shape square wave to reduce

the influence.

The samples are kept in vacuum (~10* torr) and room temperature during the

measurement.

Function | Lock in
generator amplifier

|

PC

A 4

Detect

Fig. 3-8 Measurement circuit.
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3.4 Thermal responsivity of GaAs MEMS resonators

We fabricated GaAs MEMS beam samples with dimension of L100xW30xH1.2 um?
and measured its resonance spectrum and thermal response. Red curve in Fig. 3-9 shows
a resonance spectrum of the MEMS beam resonator. On the driving side we sweep the
driving frequency and detect the output signal as the amplitude of beam vibration. In
the resonance spectrum we can find the resonance frequency at the peak is 579 kHz.
The quality factor, O, is defined as the ratio of the energy stored in the oscillating
resonator to the energy dissipated per cycle by damping processes, which is expressed

by the frequency-to-bandwidth ratio:

energy stored

=2m X 3-1
¢ T energy dissipated per cycle (3-1)

For this sample, Q = 7500.

Black curves in Fig. 3-9 shows the resonance frequency shift when we apply a heat
to the MEMS beam, and if we plot the relationship between the resonance frequency
and the heating power, we can see it is almost linear for the THz power range studied
here. Consider that the power of THz source is usually smaller than several mW, the
thermal responsivity of the MEMS beam resonator can be calculated as the slope of this
linear frequency dependence. For this sample, as shown in Fig. 3-10 the responsivity R

=482 W,
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Resonance frequency shift as heated
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Fig. 3-9 Frequency shift as applying heat to the MEMS beam.
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Fig. 3-10 Resonance frequency as function of applied heat power.
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We have prepared GaAs MEMS beam resonators with various beam lengths from 80
to 1000 um. Measured resonance frequency is plotted in Fig. 3-11 together with

theoretical calculations by:>’

h |E
fo=1.0285 ﬁ (3-2)

Since the resonance frequency depends only on the beam geometry and mechanical
properties of the beam material: the mass density p and the Young’s modulus E, the

experiment results match well with the theory.

To evaluate the thermal responsivity, we generated a quantitative joule heat by apply
a DC voltage to the NiCr film. With a heating power P (suppose that all the heat is
absorbed by the MEMS beam), the thermal responsivity is derived as:

3
R M1 _nal 1_(1_1)2 (2) :Lﬂl(é)g (3-3)
Pf, 1l6kw L h 6412 Kk w\h

where length of the NiCr heater [; is designed as 0.5L. The thermal responsivity

depends on the beam geometry and thermal properties: the coefficient of thermal

expansion «; and the thermal conductivity x.

The thermal responsivity of the MEMS beam resonator is expected to be proportional
to cubic of the beam length. Responsivity as a function of the beam length is plotted in
the Fig. 3-12 together with the experimental results. Theory shows that long beams
should have very high responsivity, but in experiment R decreases with increasing L for

250 pm < L <400 um and, then, the polarity of R is changed for even longer beams.
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Fig. 3-11 Resonance frequency as a function of beam length.
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Fig. 3-12 Responsivity as a function of beam length.
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Fig. 3-13 shows the resonance frequencies of the GaAs samples as a function of the
heating power P. As P increases, the resonance frequency first decreases with P, but for
L >320 um, the resonance frequency starts increasing with P. This is different from the

theory in Chap2, for an ideal doubly clamped beam.

For unstrained GaAs samples in Fig. 3-13, when L increase from 100 pm to 200 pm,
the critical input heating power is reduced from 5.9 mW to 1.4 mW, proportional to 1/L?
as expected by Eq. 3-2. But for longer beams, the critical input heating power reduction
is not as expected. Let us look at f/f, at the critical point. When L = 80 pum, f
decreases down to 0.73f, and, for longer beams, the resonance frequencies at the
critical point increases with the beam length, which is again different with the theory
mentioned in Chap2: the resonance frequency would decrease to zero at the critical
buckling point. This result shows that our MEMS beam is different from an ideal doubly
clamped beam, and in the next we consider that the MEMS beam is not ideally flat and

has an initial deflection.

e
&= I — 80um —100pm
0.4f 10 125pm —— 160pym -
3 —200pm —250pm
0.2t —320pm ——400um A
0.0 . 0-80 Heating power (mW) 1 - SOOUm o SOO“m .
' 0.01 0.1 1 10

Heating power (mW)

Fig. 3-13 Resonance frequency as function of large heat power of MEMS beams.
The frequency is normalized by the resonance frequency of the first bending mode
of the MEMS beam without heating. The inset shows the same plot on a linear
scale.
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3.5 Influence of beam deflection

In Chap2 we mentioned that, for an ideal flat beam the resonance frequency should
decrease to zero at the critical buckling strain. However, in practice most of the thin
beams are not ideally flat. Here presents a model for the static behavior and for the
natural frequencies of the beams with a small initial deflection, subject to an axial end
displacement of the clamped ends.”’ Fig. 3-14 shows a schematic representation of the

deflected shapes with and without the axial displacement u, respectively.

Approximation: the shape of a deflected beam with ¥(x) = (1 — cos(2m/L))/2
the relationship between the axial displacement u, center deflection y and axial

compressive strain € becomes:

(3-4)

Fig. 3-15 plots the relationship between the normalized axial load N/EAe,, and the
normalized center displacement v/3y/2h as a function of the normalized axial strain
€/¢&.r, for various values of the normalized initial deflection Z = z/h. For a flat MEMS
beam (Z = 0), at first the strain is proportional to the axial load N. For values of N
beyond the critical buckling value EAe,,, however, the center displacement is no more
zero, which means the flat beam is buckled. The exceeding force is relaxed by an
increase of the center displacement, and the axial strain does not change with the axial
load increase.’” While for MEMS beams with a deflection, as plotted with dashed lines,
the deflection is enhanced by an axial compression, and the center displacement

gradually increase when N < EAe,,.

A buckled beam has a longer effective length, which will change the resonance

frequency of the MEMS resonator.
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Fig. 3-14 Shape and center deflection z and y of deflected beam with and without
axial load V.
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Fig. 3-15 Normalized axial strain and beam deflection as a function of normalized
axial load, for different values of normalized initial deflection.
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Fig. 3-16 Normalized fundamental frequencies as a function of normalized axial
load, for different values of normalized initial deflection.
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When a deflected beam vibrates, the axial strain due to dynamic stretching of the

beam is given by:>’

1M () v ) [ o)\ ]
g(t)_ﬂfo <y ox * 0x )—(y Ox ) dx (3-5)

The equation of motion of a buckled beam becomes:

0%Y(x,t) . 0*Y(xt
pa YD gy OV

at? dx* (3-6)
_ N 0%Y (x,t) N EA [t/ oy(x) aY(x,t) p 9% (x)
B 0x? L J, Y ox ox Y T ox2

To solve Eq. 3-6, Ref. > uses the Galerkin method, approximating the solution S(x)
with a series of the exact mode shapes of initially flat doubly clamped beams under zero
axial stress. Fig. 3-16 gives a graphical representation of the normalized fundamental
frequency as a function of normalized axial load for various values of the initial
deflection. With a small strain —1 < N/EAe., < 1.3 the curves are well

approximated by:

12 y2
f1(3)=f1(0)j1+y1ﬁe+1.5-ﬁ. (3-7)

In Fig. 3-16 the resonance frequency of the resonator decreases with the axial load
increase and starts increase at a critical point. However, different from the flat beam,
resonance frequency of the beams with initial deflection does not decrease to zero at
the critical point; the resonance frequency becomes higher when the deflection is larger
and the slope of frequency decrease becomes smaller, indicating a lower thermal
responsivity. Around the critical buckling strain, flat beam shows a sharp dip, which is
suitable for a high thermal responsivity of MEMS bolometer. However, with a larger

deflection, the sharp dip gradually disappears.
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From the comparison between theory and experiment (Fig. 3-13 and Fig. 3-16), the
magnitude of the initial deflection of the MEMS beams can be estimated from the
resonance frequency at the critical buckling point, f.. For the case of L =100 pum GaAs
sample, f. = 0.76f,, which corresponds to an initial beam deflection z, ~ 150 nm at
the beam center. For longer beams, f./f, gradually increases, indicating that the initial
deflection becomes larger for longer beams. The MEMS beams with L > 400 um is
buckled from the beginning and f increases when the beam is heated. This

corresponds to the situation when zy/h > 0.6 in Fig. 3-16.
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3.6 Use GaAsP to introduce tensile strain

From the theory of beam deflection, we know that our MEMS beam is not ideally
flat and long beams shows larger beam deflections, which may result in a lower
responsivity. For long and thin beams, a small compression will easily make the beam
bent and reduce the beam deflection. Such small compression is always introduced to
the MEMS beam by lattice mismatch between GaAs and AlGaAs, and also the plastic

deformation during the fabrication process such as the drying process.®

To solve this problem, we propose to introduce a preloaded tensile strain to stretch
the MEMS beam. Therefore, we can avoid the residual compressive strain, suppress the

beam deflection and increase the responsivity for long beams.

There are some works about introducing tensile strain to GaAs MEMS resonators by
using a lattice mismatch.®”"® Onomitsu et al. added a small amount of nitrogen in the
beam structure.’® Because GaN has a smaller lattice constant than GaAs, there is a
preloaded tensile strain in the MEMS beam when nitrogen is introduced in the beam
layer. They achieved an enhancement in resonance frequency, from 140 kHz to more

than 700 kHz, and also increased quality factor by 30 times (Fig. 3-17).

However, as shown in Fig. 3-18, since nitrogen acts as deep levels in GaAs, GaNAs
will trap the electrons from the conduction band, and make the n-type GaAs layer
insulating. Therefore, it is very difficult to create a conductive layer in the MEMS beam

and form piezoelectric capacitors. In their work they used an optical detection scheme.
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In this work, we have introduced phosphorus, instead of nitrogen, to introduce a
tensile strain to the MEMS beam. As shown in Fig. 3-19, since GaP has a smaller lattice
constant than GaAs and also has a larger bandgap, it will not trap carriers from the
conduction band. Therefore, we can achieve a conductive layer and a tensile strain at

the same time.

Fig. 3-20 shows the wafer structure. We add a small amount of phosphorus to the
GaAs MEMS beam. As the ratio of phosphorus x to be 0.01, the induced tensile strain

is estimated by

e = (aGaas — Agap) * X

QAGaAs

= 0.035% (3-8)

where agaas and ag,p is the lattice constant of GaAs and GaP, respectively.
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Fig. 3-19 Use GaAsP to induce tensile strain in the MEMS beam.
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Fig. 3-20 Wafer structure of GaAsP sample.
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3.7 Thermal responsivity of GaAsP MEMS resonators

We have prepared samples with a standard doubly clamped MEMS beam resonator
by using GaAs or strained GaAsi.Px (x = 0.01 and 0.06) on the GaAs substrates.
Samples with various beam lengths from 80 to 1,000 um were fabricated for the GaAs
and GaAsP structures. Fig. 3-21 shows an SEM image of the fabricated 200 um GaAsP
sample. Measured resonance frequencies of the samples of various beam lengths plotted
in Fig. 3-22 agree with theoretical expectation by Eq. 2-18, indicating that by using
GaAsP, we have successfully applied a tensile strain in the MEMS beam. Mention that
compared with GaAs samples, GaAsP samples with same length shows a higher

resonance frequency f;.

Next, we applied a heat to the MEMS beams and measured their thermal response.
Fig. 3-23 shows the resonance frequencies of the GaAsixPx (x = 0.01) samples as a
function of the heating power, P. When L = 100 um, the resonance frequency at the
critical buckling point f. reaches 0.55f;, suggesting that the initial beam deflection
z, isreduced to ~50 nm, which is approximately 1/3 of that for the GaAs sample of the
same length. For longer L, f./f, decreases with increasing L, suggesting that the beam

deflection is almost constant to be ~50 nm and does not increase with increasing L.

Fig. 3-24 shows the measured R as a function of L for the GaAs1.«Px samples with x
= 0.01 and 0.06, together with R for the GaAs samples (replotted from Fig. 3-12). As
seen in the figure, R for the GaAs1.«Px samples keeps increasing with L. This result
indicates that, by preloading a small amount of tensile strain to the MEMS beam, we
can efficiently suppress the beam deflection and avoid unpredictable behavior in R. Fig.
3-25 plots the normalized resonance frequency (red) and its derivative (blue) as function
of the normalized axial compressive load, N/EAe.,, calculated for an ideally flat
MEMS beam. In the case of GaAs1xPx MEMS beams, N consists of the lattice mismatch,
EAg;, and the thermal expansion, EAg;,. The blue curve plots df/dN, which is
proportional to R of the MEMS bolometers (R o« df /de;y,). df /dN decreases with

increasing tensile strain, meaning that R decreases with increasing phosphorus
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concentration. Indeed, as seen in Fig. 3-24, R for x = 0.06 is smaller than that for x =
0.01. Therefore, preloading a tensile strain to the MEMS beam is, in general, not
favorable to achieving high responsivities. However, we want to emphasize here that,
by preloading a small amount of tensile strain to the MEMS beam, we can avoid
unpredictable behavior in R due to the beam deflection and achieve high thermal

responsivities as designed for long MEMS beams.

Briefly to conclude, we find that for unstrained, long GaAs MEMS beams, the
thermal responsivity deviates from theoretical expectations and even decreases with L
due to large initial beam deflection. To reduce the beam deflection, we have introduced
a preloaded tensile strain in the MEMS beam by using lattice mismatch between GaAs;.-
«Px (x = 0.01) and GaAs. We find that the deflection of GaAsi«Px MEMS beam is
efficiently suppressed and the responsivities increase for increasing beam length,
demonstrating that the introduction of tensile strain is useful for achieving high thermal

responsivities predicted for long MEMS beams.

o0um
Dimension: 200Lx30Wx1.1H ym?3

Fig. 3-21 SEM image of fabricated sample.
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Fig. 3-22 Resonance frequency of the GaAs and GaAs1-«Px MEMS samples as a
function of the beam length. Dots: experimental results; line: theory.
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Fig. 3-23 Resonance frequency as function of large heat power of GaAS1xPx (X =
0.01) MEMS beams. The inset shows the same plot on a linear scale.
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Fig. 3-24 Responsivity of the GaAs and GaAs1«Px MEMS samples as a function of
the beam length. Dots: experimental results; line: theory.
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Fig. 3-25 Normalized resonance frequency (red) and its derivative (blue) as a
function of the normalized axial compressive load, N/EAg,,, calculated for an
ideally flat MEMS beam. Arrows denote N/EAeg., for the tensile-strained GaAs:-
«Px beam layers.
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3.8 Effect of surface step structures on the beam deflection

By introducing a tensile strain to the MEMS beam, we have successfully reduced the
beam deflection for long MEMS beams. However, for short beam, there still exists a

residual deflection. For 80 um GaAsP MEMS beam, f./f, = 0.55, suggesting that

there is a deflection of 50 nm. The reason for this residual deflection is still unknown.

To clarify the reason of this residual deflection, we first think the deflection is
induced by residual strain in the 100nm-Au layer.”> GaAs and Au shares similar

stiffness, whose Young’s modulus are Ejf;99) gaas = 85.9GPa and E,, = 79GPa, both
of which are much softer than Si with E}1¢;si = 130GPa. We fabricated samples using

a 17nm-NiCr layer instead of the 1000nm-Au layer as the top electrode of the piezo
capacitors. With the metal layer become thinner, the residual strain should become
much smaller. We applied Joule heat to the sample and measured the resonance
frequency shift, the result is plotted as red curve in Fig. 3-26. For sample A with an Au
electrode, f./f, = 0.86 and z, = 0.23t = 273nm and for sample B with thin NiCr
electrode, f., slightly reduces to 0.83f,, indicating an initial deflection of 237nm. By
using a thin NiCr film as the electrode, the deflection is not reduced as expected,

suggesting that there is some other reasons for the deflection.

Then we consider that the residual deflection is induced by the step structure on the
MEMS beam surface. We fabricated samples with different step height, 4, and measured
the thermal response. The step height is changed by controlling the mesa etching depth,
where the etching depth various from 0 to 183nm. Fig. 3-27 shows the profiles of the
sample surface. Table 3.1 list the etching depth and electrode material of different
samples. We applied heat to the MEMS beams and measured their thermal response.
Fig. 3-28 shows the resonance frequencies of the MEMS beams as a function of the
heating power. As shown in Fig. 3-28, with increasing 4, the minimum resonance

frequency increase, dots in Fig. 3-29 plots f./f, as a function of 4.

51



1.2 - T
1.0 .
= 0.8f .
0.6 ——A (Au) 1
— B (NiCr)
0 2 4
Heat Power (mW)

Fig. 3-26 Resonance frequency as function of large heat power of MEMS beams
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Fig. 3-27 Profile of the mesa etching depth and the electrodes.
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Table 3.1 List of samples with different surface structure.

Sample # Etching depth | Electrode Step height
(nm) material h (nm)

A 183 100nm Au 283

B 183 200

C 161 178

D 138 155

E 105 17nm NiCr 122

F 77 94

G 45 62

H 0 17

fif,

Yo 1 2 3
Heat Power (mW)

Fig. 3-28 Resonance frequency as function of large heat power of MEMS beams
with different surface structure.
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Fig. 3-29 Resonance frequency without heating as function of the step height. Dots:
experimental results; line: theory.
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We can estimate the magnitude of deflection from the comparison between theory
and experiment ( Fig. 3-13 and Fig. 3-28). For sample H which has the minimum step
height, f./fo = 0.24 and the MEMS beam has a deflection as small as z, = 12nm.
Fig. 3-30 plots the estimated beam deflection of samples B~H, z,, as a function of 4.
Relationship between z, and 4 is linear relation, which gives the formula applicable

to our case as follows:

Zy = 1.059h — 0.001nm, 4)

of which the coefficient of determination is 7> = 0.991. We can see an almost identical
relationship between z, and /4, and intercept of the fitting line is almost zero, which
means the surface step is the dominating reason of the beam deflection. R, as function
of the 4 is plotted as dots in Fig. 3-31. As seen in the result, R, decreases with
increasing 4 and follows the theoretical calculation. R, of sample A is reduced by 35%
due to the large beam deflection, demonstrating the importance of reducing the

deflection in MEMS resonator device.

Furthermore, an improvement of thermal responsivity, R, can be observed for
samples with small deflection. As seen in Fig. 3-28, for samples with small deflection
(sample E~H), a steep dip can be observed around the buckling point, where the slope
of f-P curve becomes steeper and indicates a larger R. Fig. 3-32 plots R as a function
of P. For each sample, R will decrease to zero at its buckling point. Before the buckling
point, R of sample A~D decrease monotonically due to the large deflection and
decreasing slope in the f-P relationship, while for sample E~H, R increases when the
MEMS beam is slightly heated. For sample H, R increases by 6 times at the buckling
point, compared with the value of without thermal strain, showing a possibility of
increasing the thermal responsivity by preloading compressive strain in the MEMS

beam.
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Fig. 3-31 Responsivity of samples B~H, as a function of the step height.
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Fig. 3-32 Responsivity change as function of large heat power of MEMS beams
with different surface structure.

3.9 Summary

We have found that the deflection in the MEMS beam affects the thermal responsivity
of the MEMS bolometers. There are two factors that induce the beam deflection. First
is the initial bending of MEMS beam due to a residual compression. This kind of initial
bending increases with the MEMS beam length. In order to reduce the initial bending,
we have introduced GaAsP to induce a tensile strain in the MEMS beam to suppress
the beam deflection. The tensile strain is induced by lattice mismatch between GaAs
and GaAsi..Px and stretches the MEMS beam to make it flat. We have chosen
phosphorus instead of nitrogen as the alloy material because nitrogen atoms trap
electrons from the conductive layer that we use to realize electrical driving and
detection. We find that the deflection of GaAsi..Px MEMS beam is efficiently
suppressed and the responsivities increase for increasing beam length, demonstrating
that the introduction of tensile strain is useful for achieving high thermal responsivities

predicted for long MEMS beams.
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On the other hand, for short beams, there are other reasons that causes the beam
deflection. Another reason of the beam deflection is step structure on the beam surface.
We have investigated the effect of surface step structure of the beam on the thermal
responsivity of the MEMS beam resonator structures. We find that, a step structure on
two ends of the beam will effectively induce a deflection of the MEMS beam and reduce
its thermal responsivity. By reducing the mesa height, we finally suppressed the beam
deflection to 10 nm in 80 um MEMS beam. Furthermore, we calculate the thermal
responsivity as the slope of these curves and plot it as function of heating power. For
samples which has smaller deflection, we see the responsivity increase when we heat
the MEMS beam with large power. This is because the slope of frequency-power curve
gets steeper around the buckling point. For sample with beam deflection of 10nm, we
observed a sharp dip around its buckling point, and the responsivity becomes 6 times

higher than the fundamental point.

In this chapter we clarified the two factors that induce the beam deflection. One is
the initial bending of MEMS beam and the other is the surface step structures. This
knowledge will help with designing of beam structures and predicting the device

performance in the following research.
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Chapter 4

Introduce compressive strain to the MEMS beam
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4.1 Introduction

We proposed to utilize a GaAs MEMS beam resonator to detect THz radiation at
room temperature. When the MEMS beam is illuminated with THz radiation, the beam
is heated. Due to the thermal expansion of the beam and the rigid boundaries set by the
substrate, a compression is generated along the beam and changes the resonance
frequency. Our device uses the piezoelectric effect to detect this resonance frequency
shift and works as a very sensitive THz bolometer. Speed of the device can be up to

10kHz, which is much faster than other kinds of room-temperature THz thermal sensors.

In order to improve the sensitivity of the MEMS detector, a larger value of frequency
shift by absorbed THz heat is preferred. Fig. 4-1 shows the heat flow in the MEMS
beam. When the center part of the beam is heated by THz radiation, the heat flows to
the substrate. For a short MEMS beam, it is easier for heat to escape, and there is a
small temperature rise. Therefore the responsivity of short beams is low. On the other
hand, the system can quickly achieve thermal equilibrium, therefore, the response time
of the short beams is short which means a high operation speed. In contrast, a long
MEMS beam keeps the heat for a long time and has a higher temperature rise. Therefore,
the longer MEMS beam shows higher responsivity, but lower speed.

High responsivity and high speed cannot be achieved at the same time by simply
changing the beam dimensions. We also tried other methods to increase the temperature
rise, such as adopting phononic crystals to reduce thermal conductivity of the beam.
However, all these methods have a trade-off between the speed and the responsivity.
Another method is to increase the thermal strain induced by the temperature rise.
However, it is very difficult to modulate the thermal expansion coefficient. Finally we
look into the relationship between resonance frequency and internal strain. In last
chapter we see the possibility of increasing the devices’ thermal responsivity by
introducing a compressive strain to the MEMS beam. Introducing a strain does not
change the thermal conductivity of MEMS beams and should be a promising method

for realizing high responsivity and high speed at the same time.
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Fig. 4-1 Schematic of heat flow in the MEMS beam

4.2 Introduce compressive strain to MEMS beam

Red curve in Fig. 4-2 plots the relationship between the resonance frequency and the
compression applied to the MEMS beam. when a compressive strain is applied, the
curve becomes steeper as the buckling point is approached. Around buckling point of
the MEMS beam, there is a sharp dip in the resonance frequency. This shows the device
shows a larger frequency shift around the buckling point. This effect can benefit the
MEMS bolometer application, because the bolometer measures the frequency change
induced by thermal compression and the responsivity of the bolometer is proportional
to the slope of the frequency-strain curve. The blue curve in Fig. 4-2 plots the deviation
of the frequency-strain curve, which is proportional with the thermal responsivity of the
MEMS detector. Around the buckling point we expect a more than 10 times higher
responsivity than that of the MEMS beam without any strain.

In order to obtain this high responsivity, we have preloaded a compressive strain in
the MEMS beam by adding 0.4 percent of In in the beam layer. Fig. 4-3 shows the wafer
structure. Since InAs has a larger lattice constant than GaAs, as seen in Fig. 4-4, a
preloaded compressive strain is introduced in the beam layer when we grow InGaAs on

a GaAs substrate.
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Fig. 4-2 Resonance frequency and thermal responsivity of MEMS resonator as a
function of a compression applied to the MEMS beam
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Fig. 4-4 Use InGaAs to preload a compressive strain in the MEMS beam.
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Another question is how to set the MEMS beam exactly at the buckling point. In
order to have a large responsivity the preloaded lattice strain needs to be equal to the
critical buckling strain of the MEMS beam. If there exists even a slight shift from the
critical condition, we cannot expect such a dramatic responsivity enhancement.
However, it is not realistic to grow many wafers with various In concentrations to

choose the best one. Therefore, we took a different approach.

The lattice strain is a function of the In concentration x in the In.Ga;<As alloy:
g = (228 1), 4.1

On the other hand, the critical buckling strain is a function of the beam length:

_ mh? (4.2)

£
cr 3 L2

Instead of fixing the buckling strain and sweep In concentration x, we can sweep the
buckling strain by changing the beam length L. Knowing the In concentration x = 0.4%,
it can be calculated that the lattice strain becomes equal to the critical buckling strain
when the beam length L = 104 um, and a large enhancement in the responsivity can be
expected at this length. For MEMS beam shorter than 104 pm, the lattice strain is
smaller than the buckling strain and the beam is flat. When a flat beam is heated, as the
blue dot in Fig. 4-5, its resonance frequency first decrease until the buckling point, then
start to increase with larger thermal compression. On the other hand, for MEMS beam
longer than 104 pm, the lattice strain is larger than the buckling strain, and the MEMS
beam is already buckled. In this case, its resonance frequency just increases when
applied heat is increased, as plotted in the red dot in Fig. 4-5. This calculation shows
that, we can control whether the fabricated MEMS beam is flat or is buckled by
changing the MEMS beam length.
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Fig. 4-5 Resonance frequency shift when heat is applied to a initially flat / buckled
MEMS beam

4.3 Under etching in MEMS beam

Although the critical buckling beam length is calculated to be 104 um when x =

0.4%, the experimental result does not match with the calculation. This can be explained
by the under etching effect in the fabrication process of the MEMS beam. When the
sacrificial layer is removed by diluted HF, not only just beneath the MEMS beam, but
also sacrificial layer in the length direction is etched. This makes the fabricated MEMS
beam slightly longer than designed. Fig. 4-6 shows the schematic of the MEMS beam,
when the under etching takes place. Fig. 4-7 shows microscope image of the under-
etched sample. When the sample is illuminated by a 940nm LED, the part etched by HF
can be observed in an infrared camera. We can see the MEMS beam length becomes

longer than the designed L.

To see the effect of the under-etching, we fabricated and measured GaAs samples
with various beam lengths from 40 um to 100 um, Fig. 4-8 shows the measured
resonance frequency of the GaAs samples as a function of the designed L. When we
add 20 pm to the nominal L, theory in solid lines matches with the experiment result
well. Previously when we fabricate MEMS beam length of several hundreds of um, this

effect is not significant. However, now it cannot be ignored when L is less than 100 pum.
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Fig. 4-6 Schematic of the MEMS device. A under etching happens in the sacrificial
layer
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Fig. 4-7 Microscope image of under etching in MEMS beam. This image is kindly
provided by Prof. Zhang.
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Fig. 4-8 Resonance frequency of GaAs samples as a function of the beam length.
Dots: experimental results; line: theory.
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4.4 Resonance frequency of InGaAs MEMS beam

We fabricated GaAs and InGaAs beam samples with various lengths from 40 to 100
um. Fig. 4-9 plots the measured resonance frequency as a function of beam length. For
standard GaAs samples shown by blue dots, the resonance frequency gradually
decreases. For InGaAs samples shown in red, the resonance frequency first decrease
and then increase with increasing L. The minimum resonance frequency occurs at 90

um, which is identified to be the buckling beam length.

Fig. 4-10 plots color-coded the resonance spectra of the InGaAs samples with beam
length L = 86 pm and 94 pm, as a function of heating power. When L = 86 pm, which
is shorter than the buckling beam length 90 um, the resonance frequency first decreases
and then increases with increasing heating power, indicating the MEMS beam is
initially flat. For a MEMS beam with L = 94 um, the resonance frequency increases
with increasing heating power, indicating the MEMS beam is buckled from the

beginning.
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Fig. 4-9 Resonance frequency of GaAs and InGaAs samples as a function of the
beam length. Dots: experimental results; line: theory.
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Fig. 4-10 Color-coded resonance spectra of the InGaAs MEMS beams as a function
of heating power, (a): L = 86 um and (b): L = 94 um.
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4.5 Enhanced thermal responsivity of InGaAs MEMS beam

Finally we measured the thermal responsivity of the InGaAs samples. In Fig. 4-11
we plot the responsivities as a function of the beam length for GaAs and InGaAs
samples. We can see a peak in the responsivity for the InGaAs samples and the peak is
located at L = 90 um. When the MEMS beam is 90 um-long, the responsivity of the
InGaAs sample shows 2400 W', which is 15 time higher than that of the standard GaAs
samples. The result shows that by preloading compressive strain we can obtain a higher

responsivity without sacrificing the thermal conductivity and sacrificing the detection

speed.

However, the resonance frequency at the buckling point does not decrease to zero as
shown in Fig. 4-10(a), indicating that the MEMS beam has a deflection around 10 nm.

As aresult, the thermal responsivity at the peak value is not as high as calculation.
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Fig. 4-11 Responsivity of GaAs and InGaAs samples as a function of the beam
length. Dots: experimental results; line: theory.
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4.6 Effect of vibration amplitude on the resonance frequency

By approaching the critical buckling point, the MEMS beam becomes very sensitive
to internal strain such as thermal strain. As a result, thermal responsivity of the InGaAs
beam is increased by 15 times. Other kinds of internal strain, such as the strain due to
the beam vibration which is usually ignored for GaAs samples, also becomes crucial in
the InGaAs samples. In this section, we introduce about how the vibration amplitude
affect the resonance of InGaAs MEMS beams, and in the next section, the relationship

of frequency noise on the vibration amplitude is discussed.

Equation of motion of the MEMS resonator can be expressed as:”

¥+ 2T% + ayx + azx3 + asx® = (F,./m)cos (w4t), 4.3)

where x defines the beam vibration which is a function of time, F,. is the driving
force,and «; contains contributions from restoring force of the spring. Here, the model
contains nonlinear terms up to the fifth order, in order to figure out the complexed
frequency response. As a result of the x° term, a four-order w in the dependence of

resonance frequency on the vibration amplitude a is generated as

w ~ w;, +ka? +na*. (4.4)

Eq. 4.4 solves the resonance frequency of MEMS beam from Eq. 4.3, where w? =
aq is the eigenfrequency, coefficient k and 7 can be either positive or negative,
depending on the spring nonlinearity coefficients. Inset curves in Fig. 4-12 plots the
resonance spectrum when the driving amplitude F,. is small. For small F,., the
vibration amplitude is small and the asx® in Eq. 4.3 and the term na* in Eq. 4.4 can
be neglected. In this case, the system reduces to the periodically driven underdamped

Duffing oscillator>>74-76

and w is dominated by spring nonlinearity coefficient k:
with a positive cubic nonlinearity contribution, the resonance curve bends towards high

frequency, as plotted in the inset curve (a) in Fig. 4-12; with a zero cubic nonlinearity
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contribution, the asymmetry in the resonance peak is largely gone and the peak is well
fitted by the response of a damped harmonic oscillator, as plotted in the inset curve (b);
for a negative cubic nonlinearity contribution, the resonance curve bends towards a

lower frequency, as plotted in the inset curve (c) in Fig. 4-12.

Such phenomenon is called Duffing effect of resonators, and it can also be explained
in view of strain. For large vibration amplitude, the MEMS beam seems to be
“stretched”, and it works as if a periodic tensile strain is introduced to the MEMS beam.
For a larger amplitude, there is a larger tensile strain. Fig. 4-12 plots the frequency-
strain relationship of a deflected MEMS beam. Before the buckling point, a tensile
strain makes the resonance frequency increase, the resonance spectrum bends to a

71,78

higher frequency,’”’® while after the buckling point a tensile strain makes the resonance

frequency decrease and the resonance spectrum tills to a lower value.”®%

When the vibration amplitude becomes larger, the term na* in Eq. 4.4 cannot be
neglected.®!8> When the signs of k and 7 are opposite, w possesses a parabolic
minimum as a function of a?. In the view of strain, for a sample slightly exceeds the
buckling point, with increasing vibration amplitude, the resonance curve first bends to
lower frequency, and reaches the minimum resonance frequency at the buckling point,

then bends to higher frequency with larger vibration amplitude.

Fig. 4-13 shows a schematic resonance spectrum of MEMS beam slightly exceeds
the buckling point and vibrates with a large amplitude.®>®” The solid lines are stable
branches which can be measured in experiment and dashed lines are unstable. Arrows
marks up- and down- sweep of frequency in experiment. The frequency response shows
4 bifurcation points noted B;, at which the vibration amplitude jumps to destination
points D; on stable branches.’® As the frequency is swept up from f, the output
voltage follows the path f, — D, — B; — D; — D3 — f;. As the frequency is swept
down from f;, the path f; — D;—D; —B,— D4 — B, — D, — f, is followed. The
resonance peak B; can be obtained by manually control the driving frequency,

following the path f; — D3 — D; — B, — D, — B3 — D3 — f;.
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The 90 pm InGaAs MEMS beam is very close to the buckling point and suitable for
demonstrating such a phenomenon. We measured the InGaAs sample at different
driving amplitude Vin. At small Vi, the resonance spectrum appears like Fig. 4-12(c),
until Vi, = 127 mV, the resonance frequency reaches a local minimum. With larger Via,
the resonance frequency again starts to increase. Fig. 4-14 plots the resonance spectrum
of Vin = 150 mV, in which the 4 bifurcation points can be clearly observed. Fig. 4-15
summaries the resonance frequency as a function of vibration amplitude. The vibration
amplitude is measured by using Doppler vibrometer. By plotting the resonance

frequency as a function of a?, the curve can be fitted by a parabola:
f = 193.9kHz — 1.86 x 10*5a? + 1.93 x 1028a*. 4.5)

Around vibration amplitude of 200nm the resonance frequency reaches a local

minimum, at which

af _
=0 (4.6)

In this case the resonance frequency has no sensitivity to the vibration amplitude.
Since such relationship prevents the amplitude noise transfer into frequency noise, the

phenomenon can be utilized for reducing the frequency noise of the MEMS resonator.
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Fig. 4-14 Measured resonance spectrum of 90 um InGaAs MEMS beam. The four
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Fig. 4-15 Resonance frequency as a function of vibration amplitude a and a? of
90 um InGaAs MEMS beam. The red dashed line is a parabolic fitting of resonance
frequency as a function of a?.
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4.7 Frequency noise of InGaAs MEMS resonator

Frequency noise of the MEMS bolometer can be understood in terms of electrical

and mechanical noise. The frequency noise Ny is given by

Ny = /NfZS + N2, . (4.7)

Here, Nfg denotes the blue noise from the measurement system including the piezo

transducer and electrical circuit, which can be written as:
Nps = V272 f, (4.8)

where n, the noise density, f,, the modulation frequency and A the vibration

amplitude of the MEMS beam. N is proportional to fp,.

N,,, denotes the frequency noise from the mechanical resonator, which consists of
two parts; i.e., fluctuations in f, resulting from the Duffing effect as discussed in last
section, Nyp, and from the thermal Brownian motion, N¢g. Ngp is in shape of 1/f,

noise, and Nfp is a kind of white noise which can be written as:

| kgTf,
Npp = [ET (4.9)

As shown in the equations, both the system noise Nfg and the thermal Brownian
noise Nyp are inversely proportional to the vibration amplitude, thus using large

vibration amplitude is a good way to reduce the frequency noise.
Fig. 4-16 plots the resonance spectrum of a standard GaAs MEMS beam measured

as the driving amplitude is increased from 10 mV to 140 mV. Fig. 4-17 summarizes the

resonance frequency as a function of the vibration amplitude. As seen in the figure, the
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resonance frequency increases quadratically with increasing driving voltage.

Fig. 4-18 plots measured noise spectra for a GaAs MEMS beam at various driving
amplitude. As seen in the plot, for f,,, < 200Hz, a 1/f,, noise component due to the
Duffing effect dominates. The amplitude of the 1/f;,, noise increases with vibration
amplitude, corresponding to a steeper slope in Fig. 4-17. For f,,, > 200Hz, a blue noise
(noise density proportional to f;;,) dominates, which is the system noise Nf. Such a
noise is reduced with increasing vibration amplitude. Therefore, it is better to operate
the MEMS resonator with a large amplitude for low noise. At large driving amplitude
of V; > 200 mV, the system noise is suppressed, and the device again limited by the
1/fm noise Nfp. The Brownian noise, Nfg, is always smaller value than Ny, and

cannot be seen in this sample.

However, for InGaAs MEMS resonators, we can suppress the 1/f, noise by
adjusting the vibration amplitude, when the resonance frequency reaches a local
minimum, we expect the Duffing effect is dramatically suppressed. Fig. 4-19 plots noise
spectrum measured from a 90 pm InGaAs MEMS beam with various driving amplitude.
With V,; increase from 50 mV to 100 mV, the noise level does not decrease by half,
and we consider at V; = 100 mV the noise is limited by the 1/f,, noise. Furthermore,
we increase the driving amplitude to 120 mV. From the previous data we know the
resonance frequency now reaches the local minimum, and we can see the whole
spectrum shift downward by 2/3. This result shows that we can reduce the frequency

noise in InGaAs by adjusting the vibration amplitude.
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Fig. 4-16 Resonance spectrum of standard GaAs MEMS beam as driving amplitude
V, increase from 10 mV to 140 mV.
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Fig. 4-17 Resonance frequency as a function of driving amplitude V.
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Fig. 4-18 Frequency noise of GaAs MEMS beam as a function of modulation
frequency, when the MEMS beam is driven at various driving voltages.
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Fig. 4-19 Frequency noise of 90 um InGaAs MEMS beam as a function of
modulation frequency, when the MEMS beam is driven at various driving voltages.
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4.8 Summary

To summary, we have proposed a novel method for improving the responsivities of
the recently developed MEMS bolometer without deteriorating the detection speed, by
utilizing the critical buckling phenomenon. We introduce a compressive strain in the
MEMS beam using In,Gai.xAs as the beam material and apply a critical buckling strain
to the beam. We have successfully increased the responsivity by 15 times without

sacrificing the detection speed.

We also found that the InGaAs MEMS beam around the buckling point has a local
minimum of frequency against the vibration amplitude, where the resonance frequency
has no sensitivity with the vibration amplitude. Such phenomenon prevents the
vibration noise transferring to the frequency noise, and helps reducing the frequency

noise of the InGaAs MEMS resonator.
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Chapter 5

Piezoresistive detection of the MEMS beam
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51 Introduction

We are using a GaAs MEMS beam resonator to detect THz radiation at room
temperature. The vibration of the MEMS beam is detected through the piezoelectric
effect, as shown in Fig. 5-1(a), a voltage will be generated on the capacitor C, when
the MEMS beam has a deformation. However, the output voltage from the piezoelectric
capacitor is very small, because it is shunted by the stray capacitance of measurement
cables. Fig. 5-2 plots the resonance spectra of a 200 um MEMS beam, detected by using
a piezoelectric capacitor. Signal amplitude is typically ~1 uV and for applications we

need to use a buffer amplifier to suppress the effects of the stray capacitance.

On the other hand, in order to increase the thermal detection speed of the MEMS
bolometer, shorter MEMS beams are preferred, of which the area of piezoelectric

capacitors will be furthermore reduced. The capacitance can be calculated as

£A
C, = ppran) 5.1

which is proportional to the electrode area, leading that the output voltage will become
smaller for shorter MEMS beams. Therefore, we need to find another detection method

before we shorten the MEMS beam for higher detection speed.

In this chapter, we propose to use the piezoresistive detection scheme, instead of the
piezoelectric effect, to detect the MEMS beam vibration. Fig. 5-1(b) shows the scheme
of the device. The resistance of R, will be changed when the MEMS beam has a
deformation. Since the resistance is decided by L/W ratio of the resistance sheet, we
expect the output signal will not decrease for short MEMS beams. At the same time, by
optimizing the piezoresistive material, we expect to increase the output signal to larger

than 1 mV, so we can detect the signal directly without amplification.
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Fig. 5-1 Scheme of (a) piezoelectric detection and (b) piezoresistive detection.
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Fig. 5-2 Resonance spectra of a 200 um MEMS beam detected by piezoelectric
detection scheme.
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5.2 Piezoresistive detection using metal film

Firstly, we use NiCr film as the piezoresistive material to detect the MEMS beam
vibration. Resistance of the NiCr film on MEMS beam will change due to its dimension
change.® % Fig. 5-3 shows an image of the fabricated sample. A piezoresistor Ry is
placed at right end of the MEMS beam, whose resistance changes when the MEMS
beam has a strain. By comparing the resistance of R, and a reference resistor R, an
output voltage 1/, can be obtained as the vibration signal. V, caused by the resistance

change AR, is calculated as:

_ Rx*+ARy Ry
Vo= Voo (R0+Rx+ARx R0+Rx)’ (5.2)
where Vpp is the source voltage. When R, = R,, V, can be expressed as:
ARy
Vo = EVDD- (5.3)

As seen, the output voltage is in proportional to the source voltage Vpp. Fig. 5-4
shows the measured resonance spectra of a 100 um MEMS beam, when we linearly
increase Vpp from 700 mV to 1.5 V. The amplitude of output voltage is less than 10
puV, and will linearly increase with Vpp. At the same time, the resonance frequency
decreases with increasing Vpp, which is due to the heating effect on R,. We can also
convert the output into the change of resistance, AR, /R,, as shown in Fig. 5-5. The
change in resistance is around 15 ppm (parts per million) and does not change with Vpp,

since the driving of MEMS beam is not changed.

Compared with the piezoelectric detection, the output signal of MEMS beam
vibration V, increases from several times by adopting the piezoresistive detection.
However, the signal is still very small and we need an amplifier to measure the signal.
If we look at the principle of piezoresistive effect, for metallic films, the resistance

change is dominated by dimension change of the metal film after applying a strain. In
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the strain direction it becomes shorter, and in the perpendicular direction it becomes
fatter. As a result, for metallic films, the factor of relative resistance change divided by
strain is around 2, and the resistance change is typically in the 107® order. On the other
hand, for semiconductors, applying strain can change the band structure and the carrier
mobility change may be much larger. Therefore, in the next we investigate

semiconductor material as the piezoresistor.
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Fig. 5-3 Sample design and measurement circuit of piezoresistive detection.
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Fig. 5-4 Resonance spectra of the NiCr piezoresistive detection sample with linearly
increasing the source voltage Vpp.
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Fig. 5-5 Relative resistance change in the NiCr piezoresistive detection sample with
linearly increasing the source voltage Vpp.
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5.3 Piezoresistive detection using 2-dimensional electron gas

In this section we use the 2-dimensional electron gas (2DEG) in AlGaAs/GaAs
heterojunctions on the beam surface as a piezoresistive material.**®” The 2DEG is used
for bottom electrode of the piezoelectric capacitors, and we do not need to change the

wafer design and fabrication process.

We fabricated samples with 2DEG as the piezoresistive material. The sample design
and measurement circuit are same as Fig. 5-3. We first measured the vibration amplitude
of the sample, by using a doppler vibrometer. Fig. 5-6 plots the vibration amplitude as
a function of the driving voltage, which shows a linear relationship. According to the
result, we fix the driving voltage at 27 mV, and the vibration amplitude of the beam
keeps about 200 nm. Then we measured the resonance spectrum by using piezoresistive
detection. Fig. 5-7 shows the result. With V,, = 2V, the output signal V, = 24 uVv

and we can calculate the resistance change AR,/R, = 48 ppm.

By using 2DEG as the piezoresistive material, the resistance change is not
dramatically increased. This is due to the singly degenerated conduction band of GaAs,
of which the electron mobility will not be affected significantly by strain. However, for
the valence bands of GaAs, it has three branches and a strain can affect its degeneracy.
Therefore, we can expect a significant change of the valence band structure and a large

resistance change by applying strain.
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Fig. 5-6 Vibration amplitude of 100 pum MEMS beam as a function of the driving
voltage.
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Fig. 5-7 Resonance spectrum measured with piezoresistive detecion. The vibration
amplitude is 200 nm.
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5.4 Piezoresistive effect of 2-dimensional hole gas

Owing to the singly degenerate conduction band of GaAs, electron mobility is not
affected significantly by strain, and resulting resistance change of 2DEG is not. On the
other hand, the valence band of GaAs has three branches and shows a complicated
structure.”® 1% Therefore, the hole mobility is expected to change significantly under
strain. In the following a piezoresistive detection realized by using two-dimensional

hole gas (2DHG) will be introduced.

Two-dimensional hole gas (2DHG) in GaAs exhibits a piezoresistive feature due to
spin-orbit coupling and band mixing of holes. Spin-orbit coupling is the interaction of
electron spin with its orbital motion, as a consequence of relativistic effects,?®102-103
and it results in the splitting of the uppermost valance band of GaAs into states with a
total angular momentum j = 3/2 and j = 1/2. Fig. 5-8 shows a schematic plot of the
valence band structure near the I point of a GaAs bulk crystal. The j = 3/2 states are
fourfold degenerate at the I" point, consisting of two subbands separated in energy at
the in-plane wave vector k; # 0: the heavy-hole (HH) subband with a z component of
angular momentum m = +3/2 and the light-hole (LH) subband with m = +1/2.
The HH (LH) subbands refer to the higher (lower) effective mass of the holes for the
motion along the growth axis, for in-plane motion their character is reversed, the HH
states have a smaller effective mass characterizing the in-plane motion than the LH

states have.

The subband structure of 2DHG in GaAs consists of individual HH and LH subbands.
In contrast to bulk, a size quantization along the growth axis z takes place in 2DHG,
and lifts the size quantization of HH band. As a result, the HH and LH subbands are
separated. This HH-LH splitting causes mixing of HH and LH subbands, and the HH-
LH anticrossing takes place, as illustrated in Fig. 5-8. Fig. 5-9 plots the hole subband
dispersions of a [001] GaAs/AlosGaosAs heterojunction (Ng = 7.6 X 1011 cm™2),

where the anticrossings are clearly visible.
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Fig. 5-8 (a) Qualitative sketch of GaAs band structure near the I' point.*® (b)
Scheme of the HH-LH anticrossing in a 2DHG.*’
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Fig. 5-9 (a) Calculated valence-band edge for a [001] GaAs/AlosGaosAs
heterojunction (Ng = 7.6 X 10! cm™2).”% (b) Energy of the first three hole
subbands in the [001] GaAs/AlosGao sAs heterojunction versus k; parallel to [110]
direction.”®

Such a band mixing effect makes the 2DHG states anisotropic and nonparabolic, and
as a result, the subbands are found to depend strongly on uniaxial stress. Fig. 5-10 plots
(a) the subband energies, (b) hole concentration, (c) effective mass and (d) relative
resistance as a function of external uniaxial compression applied along [110]. Results
shows that a uniaxial compression strongly affect the Fermi-surface topology of 2DHG,
which reduce the difference between the effective masses (Fig. 5-10(b)) and the carrier
concentrations in the subband of the hole ground state (Fig. 5-10(c)), and finally result

in a strong piezoresistive effect.
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Fig. 5-10 (a) Energy of hole subbands, (b) hole concentration in HH (denoted as np)
and LH (no) subbands, (c) effective masses of holes in HH (m;) and LH (mo)
subbands and (d) relative resistance in the [001] GaAs/Alo.sGao.sAs heterojunction
as a function of external uniaxial compression applied along [110].%
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5.5 Piezoresistive detection using 2-dimensional hole gas

55.1 Wafer structure

In order to obtain a strong piezoresistive effect and increase the output rf signal of
the MEMS beam vibration, we propose to use 2D hole gas (2DHG) as the piezoresistive
material to detect the MEMS beam vibration. Fig. 5-11 shows the designed wafer
structure. We formed a 2DHG in the wafer by using modulation-doped AlGaAs/GaAs
heterostructures. Fig. 5-12 shows the calculated band structure. Holes accumulate at the

interface of GaAs and undoped AlGaAs spacer layer.

Table 5.1 shows a result of Hall measurements of the grown wafer at room
temperature as well as liquid N> temperature (77K). At room temperature, the hole
density Nj is high but shows low mobility, while at 77K there is less hole density but
much higher mobility. This result indicates that in the grown wafer, free holes exists not
only in 2DHG, but also in the doping region. Both types of the holes will contribute to
the piezoresistive effect. However, since the size quantization only happens in the
2DHG, free holes in the doping region does not show large piezoresistive effect and

degrade the output voltage.

Table 5.1 Hall measurement result of the p-GaAs wafer.

Temperature Rs (ohm/sq) RHs (m?/C) Mobility (cm?/V-s) Ns (/cm?)
297K (RT) 8054 +89.8 111 +6.952*1012
77K (LN2) 1094 +245 2.25*10° +2.547*10%?
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Fig. 5-11 Wafer structure of 2DHG piezoresistive sample.
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Fig. 5-12 Band structure of 2DHG piezoresistive sample.
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5.5.2 Piezoresistive detection using 2-dimensional hole gas

We fabricated samples for piezoresistive detection using 2DHGs and measured the
output signal. The MEMS beam and the piezoresistor were both set along the [110]
direction. Fig. 5-13 shows a microscope image of a fabricated sample and a
measurement result. Ry and R, were both around 20 kQ. V,p was setat2 V. With a
driving amplitude V;, of 50 mV, we obtained an output signal V,, = 2.96mV as

shown in the inset.

Fig. 5-14 plots the resonance spectra of the sample at various driving voltage V;,
form 10mV to 140mV. We see the output rf signal increases with increasing V;,,. We
expect the output rf signal can be increased to more than 10 mV if we increase Vj,
furthermore. The resonance frequency is around 320kHz and it shifts to higher

frequency with increasing driving amplitude of the beam, due to the Duffing effect.

Fig. 5-15 plots the frequency noise of the sample. With increasing V;;,, low
frequency noise increase and high frequency noise decrease, which is a standard
behavior for a Duffing oscillator. The measured minimum frequency noise is
7mHz/Hz'2, at a modulation frequency of 1kHz. With higher modulation frequency the
frequency noise will decrease but it was not measured due to a limitation of the
equipment. For the previous piezo-capacitive measurement, the lowest frequency noise

1/2

was around 4mHz/Hz""*. The observed difference in frequency noise may be due to the

Nyquist noise on the large resistor Ry, and R,.

> VDD
Drive Detect I
F—— A
L ¢ R
el
" T
' - R
1 _—l—_RO 10kQ

Fig. 5-13 Sample of 2DHG piezoresistive detection and measurement circuit. The
inset figure shows the output signal measured by the oscilloscope.
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Fig. 5-14 Measured resonance spectra of the 2DHG piezoresistive detection sample
with linearly increasing driving amplitude.
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Fig. 5-15 Frequency noise of the 2DHG piezoresistive detection sample as a
function of modulation frequency, when the MEMS beam is driven at various
dricing voltages.
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5.6 Factors affecting the piezoresistive detection

Next, some factors that will affect the performance of piezoresistive detection are

discussed.

5.6.1 Joule heating of detection resistor

Since we apply a source voltage V,, to R, to measure the resistance, joule heat is
generated and heat the MEMS beam. Fig. 5-16 plots the resonance spectra as Vpp
increases from 0 to 5.0V. As Vpp increases, the MEMS beam is heated and the
resonance frequency shift to lower frequency. On the other hand, the output signal
increases with Vpp, as expected in Eq. 5.3. However, the relationship between output
signal and Vpp is not strictly linear. Fig. 5-17 plots the amplitude of output signal as a
function of Vpp. The amplitude of the output signal superlinearly increases with Vpp,

which is different with the expectation from Eq. 5.3.

Fig. 5-18 plots the relative resistance change as a function of Vjpp. By using 2DHG
as the piezoresistive material, a resistance change of ~1% is observed, with is 1000
times of that of NiCr metal film. On the other hand, even though the vibration amplitude
doesn’t change, with increasing Vp, the resistance change slightly increase, such

difference may be due to temperature rise of the 2DHG layer.
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Fig. 5-16 Resonance spectra of the 2DHG piezoresistive detection sample with
linearly increasing the source voltage Vpp.
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Fig. 5-17 Output signal amplitude of the 2DHG piezoresistive detection sample as a
function of the source voltage Vpp.
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Fig. 5-18 Relative resistance change of the 2DHG piezoresistive detection sample
as a function of the source voltage Vpp.
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5.6.2 Orientation dependence of the piezoresistive detection

Crystallographic orientation of the piezoresistive detection system also affects the
detection performance. Fig. 5-19 shows a polar plot of the absolute value of the
piezoresistive constants calculated for p-GaAs in {001} plane. The piezoresistive
constant is defined as the ratio of relative resistance change and the stain applied to the
material. For samples discussed in section 5.5, the MEMS beam was placed along the
[110] direction, which is parallel with the direction of current flow in the piezoresistor.
In this case, piezoresistive constant can be estimated from the solid line in Fig. 5-19,

and in the [110] direction we expect the highest piezoresistive constant.

We fabricated samples in which the MEMS beam and piezoresistor were placed
along different directions. All the samples here were of the longitudinal type due to the

limited beam area. Results for samples with 0°, 30° and 45° rotation from the [110]

direction is listed in Table 5.2. The Vjp is fixed at 2V. We used a Doppler vibrometer
to measure the vibration amplitude. And, at same time measure the output voltage
amplitude from the piezoresistive detector. Since the vibration amplitude is proportional
to the internal strain, we can compare the piezoresistive constants for different

orientations by comparing the value of V,, / amplitude.

As seen in Table 5.2, by changing the orientation, the piezoresistive constants can be
changed by more than 10 times. Therefore, it is important to fix the orientation of the
MEMS beam and the piezoresistor. One more thing is that, because of the limited
MEMS beam area, currently the piezoresistor is parallel with strain direction. However,
as seen in Fig. 5-19, the perpendicular case has a higher piezoresistive constant, which

is worth trying in future works.
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Fig. 5-19 Polar plot of the piezoresistive constants of p-GaAs for longitudinal (solid
line) and transverse (dashed line) effect in {001} plane.!°® The unitis 107! Pa~?

Table 5.2 Results of piezoresistive detection in different orientation

Shift from [110] Amplitude (nm) Vo (mV) Vo [ amplitude (V/m)
0< 523.6 1.99 3800
30° 257.1 0.57 2217
45< 21.89 0.0065 297
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5.7 Summary

In this chapter we discuss the detection scheme of the MEMS beam resonator.
Previously we used a piezoelectric capacitor to detect the vibration of MEMS beam.
However, due to the stray capacitance of measurement cables, the output signal is
typically less than 1uV and we need to use a buffer amplifier to suppress the effects of

stray capacitance.

To enhance the signal, we propose to use a piezoresistive effect instead of piezo-
capacitive effect to detect the MEMS beam vibration. Since the resistance is determined
by L/W ratio of a resistor, the limited MEMS beam area does not decrease the signal
amplitude. Performance of different piezo-resistive material is compared. For metallic
films such as NiCr, the resistance change is dominated by the dimension change of the
metal film and in our case the output signal is less than 10uV. On the other hand, for
semiconductors, applying strain can change the band structure and the carrier mobility
change can be thousand times larger. We first tried to use the 2DEG in MEMS beam as
the piezoresistive material. However, due to the singly degenerate conduction band
structure of GaAs, the electron mobility cannot be modulated significantly by strain,

and the output signal is around 20pu'V.

Valence band of GaAs has three branches and shows a complicated structure.
Therefore, the hole mobility is expected to change significantly under strain. We
propose to use a 2D hole gas as the piezoresistive material to detect the beam vibration.
The signal amplitude of the beam vibration by detected using 2DHG shows an rf voltage
as large as 6mV and the resistance changes is calculated to be 1%, which is 1000 times
larger than that of metallic films. Finally, factors that will affect the 2DHG
piezoresistive detection are studied. Large source voltage applied to the piezoresistor
can lead to a large output signal amplitude, but also will generate a joule heating which
will heat the MEMS beam, and shift its resonance frequency. On the other hand,
orientation of the piezoresistor is of higher importance. Results shows that a MEMS

beam and piezoresistor in the [110] direction has the best detection efficiency, and in
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the [100] direction the efficiency will be reduced by 90%. Thus it is very important to

fix the orientation of piezoresistive detection.
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Chapter 6

Conclusion and outlook
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6.1 Conclusions

In this thesis, effect of internal strain and detection scheme on doubly clamped
MEMS beam is investigated for THz bolometer applications. Previously, we reported a
very sensitive bolometer structure by using a GaAs doubly clamped beam resonator.
The MEMS resonator detects THz radiation by measuring a shift in its resonance
frequency induced by heating of the MEMS beam due to THz absorption. Speed of the
device can be up to 10kHz, which is much faster than other kinds of room temperature
THz thermal sensors. The MEMS bolometers are superior to other room-temperature
THz bolometers, but still not comparable with the low temperature detectors in aspect

of the sensitivity and speed.

In this thesis, we have proposed to obtain the high sensitivity and high speed of the
MEMS bolometer by using short InGaAs MEMS beam detected by piezoresistive
detection. This method can evade the speed-sensitivity trade-off of the MEMS
bolometer. Changing the beam material to InGaAs provides a high thermal responsivity,
the short MEMS beam provides a high speed and the piezoresistive detection provides

a large output voltage.

We first discussed about the beam deflection. Such a deflection of the beam brings
difference from the theory to the experiment result of the MEMS bolometers and makes
it difficult to predict the devices’ performance. There are two factors that induce the
beam deflection. First is the initial bending of MEMS beam. This kind of initial bending
will increase with the MEMS beam length. In order to reduce the initial bending, we
introduce a tensile strain to the MEMS beam using GaAsP as the beam material and
induce a lattice mismatch against the GaAs substrate. Results shows that the deflection
reduces from 150 nm to 50 nm, and the responsivities of long MEMS beams are
enhanced. Another factor of the beam deflection is the mesa structure on the beam
surface. We find that, a step structure on two ends of the beam will effectively induce a
deflection of the MEMS beam. By reducing the step height, the beam deflection is

reduced to as small as 10 nm.
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For sample with a small deflection, the thermal responsivity of the beam can be
enhanced by 6 times around its buckling point. To achieve this responsivity
enhancement, we propose to introduce a critical buckling strain to the MEMS beam by
using InGaAs as beam material. This method can evade the speed-sensitivity trade-off
of the MEMS bolometer and make it available to achieve high responsivity and high
speed of the device at the same time. In order to adjust the compressive strain and set
the MEMS beam exactly around the buckling point, we propose to change the MEMS
beam length instead of changing the indium composition. By fabricating a MEMS beam
of 90 um, we achieve a thermal responsivity as high as 2400 W', which is 15 time
higher than that of the standard GaAs samples. The 90 um InGaAs MEMS beam also
shows a mixed behavior between hardening and softening beam resonator. By utilizing
this phenomenon, we observe a frequency stabilized region of the MEMS resonator, in
which the resonance frequency will not change with fluctuating driving amplitude, and

the frequency noise of the device is suppressed.

Since the speed-sensitivity trade-off is evaded, short beams can exhibit a high
sensitivity and high speed at same time. However, the piezo-capacitive detection of the
present device is not suitable for detecting vibration of short beam, because the output
voltage from the piezoelectric capacitor is shunted by the stray capacitance of
measurement cables and shows smaller than 1 pV. Therefore, we need to develop
another detection scheme. To enhance the output voltage, we propose to use a
piezoresistive effect to detect the MEMS beam vibration. Since the resistance is
determined by L/W ratio of a resistor, the short beam length does not decrease the output
voltage. We have tried to use metallic film (NiCr) as well as semiconductive material
(2DEG and 2DHG) as the piezoresistive material. Results shows that the output voltage
detected by 2DHG shows as large as 10mV which is 10000 times of that of the piezo-
capacitive detection. Effect of the source voltage and crystallographic orientation of the
piezoresistor is discussed. Results shows that in the [110] direction, the piezoresistive

constant shows maximum.
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6.2 Outlook

We have proposed to obtain the high sensitivity and high speed of the MEMS
bolometer by using short InGaAs MEMS beam detected by piezoresistive detection.
We believe the knowledge we have obtained from this research will be useful for the
developing of the MEMS bolometers Furthermore, with the MEMS beam size reduced
to 10 um level, which is the THz wavelength range, the device can be coupled with
traditional THz antenna such as bowtie antenna, which provides a high absorption
efficiency of THz radiation and improves the device sensitivity. Also, the integration of
MEMS beam arrays becomes easier by adopting the piezoresistive scheme, and finally

broaden the scope of application of the MEMS bolometer.
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