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ABSTRACT

Current solar cell technology suffers low efficiencies in the commercial sector
and cost prohibitive technology at higher efficiencies. This thesis investigates the
possibility of a novel, alternate, avenue for the creation of solar power, which has
the potential to be both cost effective and highly efficient. The approach converts
solar energy into electrical energy via a MEMS device that utilizes spectrum-
insensitive thermal absorption combined with power generation via the
piezoelectric effect. The thesis investigates the underlying physics, materials
needed, design requirements, computer modeling, optimization, and

microfabrication process in the creation of such a device.



THIS PAGE INTENTIONALLY LEFT BLANK

vi



TABLE OF CONTENTS

INTRODUGCTION . ..o 1

A. BACKGROUND ... 1

B. NOVEL SOLAR CELL CREATION. ..o 1

. PHYSICS WITHIN THE DESIGN ... 3
A. MICROELECTROMECHANICAL SYSTEMS ..., 3

B. SOLAR ABSORPTION ..o 3

C. THERMAL EXPANSION . ..o 4

D. PIEZOELECTRIC EFFECT [3] wuuoiiiieiieeeeeieee e 5

E. CURRENT GENERATION ..o 6

1. MATERIALS SELECTION ... 7
A. PIEZOELECTRIC MATERIALS ..., 7

1. Aluminum Nitride (AIN) ..o 8

2. Silicon Carbide (SiC) ..ouuuuiiiii e 8

B. BIMATERIAL .o 10

C. SUB ST R AT oo 10

V. DE S G .o 13
A BIMATERIAL DESIGN . ... 13

B GENERAL DIMENSIONS ..o, 16

C REMOV AL OF HE AT .o 19

D INITIAL DESIGN ..o e 20

E FINAL DESIGN ..o e 21

V. COMSOL MULTIPHYSICS RESULTS ..o 23
A. VOLTAGE GENERATION ...oiiiniee e 23

B. TIME-DEPENDENT DISPLACEMENT ..o 24

C. CURRENT GENERATION ..o 26

VI. EFFICIENCY PREDICTIONS ..o 27
A. PREDICTIONS OF THE MAXIMUM EFFICIENCY ..o 27

B. THERMAL-MECHANICAL EFFICIENCY PREDICTION .....ceevvenn.... 27

C. PIEZOELECTRIC EFFICIENCY PREDICTION ....coniieiieieeeieeeeen 28

D. RE S UL T S e e 29

VII.  MICROFABRICATION PROCESS ... 31
A. GENERAL .o e 31

VI FUTURE WORK ..o e 33
A. COMPUTER MODELING. ... 33

B. FABRICATION ... e 33

LIST OF REFERENCES . ... oo e e e 35
INITIAL DISTRIBUTION LIS T .ot 39



THIS PAGE INTENTIONALLY LEFT BLANK

viii



Figure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:
Figure 10:
Figure 11:

Figure 12:

LIST OF FIGURES

Wurtzite unit cell; grey balls represent metal atoms (From “Wurtzite

unit cell,” Wikipedia, 2007) .......coovveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 10
Al and Al bimaterial thickness optimization (thickness ratios are in
microns): i) 2-1 i) 1.5-1.5 iii)1-2 V) 2.5-. i 14
SiC and Al Bimaterial thickness optimization (thickness ratios are
oA ) ) B A T e T 15
Effect of multifold arms to total displacement ..............cccccooovieii. 18
Solar MEMS d@VICE ... 19
Initial design of solar MEMS device with Al placed toward incident

solar flux on second, fourth, and sixth l[egs...........cccoviiiiiiiiiiiiienn. 20
Solar MEMS device with Al placed away from incident solar flux on
first, third, and fifth 1€gS .....coooeri e, 22
Maximum voltage due to maximum steady state deformation of

ALY SR oY o R 23
The vertical displacement of the solar MEMS device measured in
millimeters vs. time via COMSOL multiphysics ..........cccccviiviiiinnnnnnn. 24
The temperature of the center pad of the solar MEMS device in

Kelvin vs. time via COMSOL multiphySiCS........ccooviieiiiiiiiiiieeeeeeeeeen 25
Instantaneous current density of a non-optimized MEMS device at

tiMe t=1 SECONA. ..o 26
Microfabrication process of solar MEMS device.........ccccceeeevvvnneeeennnn. 32



THIS PAGE INTENTIONALLY LEFT BLANK



ACKNOWLEDGMENTS

The author would like to thank his family, his advisors, the Space Systems
Academic Group, the Physics Department, and the Naval Postgraduate School

for their support in the completion of this thesis.

Xi



THIS PAGE INTENTIONALLY LEFT BLANK

Xii



INTRODUCTION

A. BACKGROUND

Due to current technological constraints, solar energy provides an
untapped resource for use on the ground. Additionally, space assets suffer from
extremely high overhead costs in order to use solar power at today’s required
efficiencies. If all solar energy that strikes the surface of the earth could be
utilized, it would provide 6,000 times the current global consumption of primary
energy, yet as of 2006 solar power represented less than 1% of electricity
production from renewable sources [1]. The cause of this low percentage of use
is due to the current cost of using solar power at reasonable efficiencies.
Numerous efforts are underway to attempt to resolve this issue. Current
avenues of solar research include photovoltaic, solar thermal devices,
photosynthetic, photo(electro)chemical, thermal, and thermochemical processes.
The most prevalent of these technologies, photovoltaic, suffers from the
requirement of making efficient use of its semiconductor bandgap. This
requirement inevitably leads to low efficiencies in the production of energy. In
order to maximize this efficiency, the most advanced photovoltaic cells use
different layered materials to maximize the bandgap energies for absorption.
These multi-junction cells are cost prohibitive and still provide nominal beginning-

of-life useful efficiencies of less than 30% [2].
B. NOVEL SOLAR CELL CREATION

This thesis therefore investigates the possibility of a novel, alternate,
avenue for the utilization of solar power, which has the potential to be both cost
effective and highly efficient. The novel approach to the conversion of solar
energy into electrical energy incorporates a MEMS device, which utilizes a

spectrum-insensitive thermal absorption of solar flux. This thermal energy is then

1



converted into mechanical energy via the thermal bimetallic effect and is
converted once again into a useable electric potential via the piezoelectric effect.
This MEMS device is then forced to oscillate via a heat sink, thereby generating

a variable voltage and hence a pulsating current.



. PHYSICS WITHIN THE DESIGN

Development of the proposed MEMS device incorporates numerous
diverse concepts and physics integrated together. The five key concepts and

physics required for this thesis are given below.
A. MICROELECTROMECHANICAL SYSTEMS

MEMS or MicroElectroMechanical Systems are devices or systems on the
order of one to hundreds of microns in size and, as the name implies, comprise
small electro-mechanical systems. MEMS is a growing field, includes diverse
areas of research such as BioMEMS, Optical MEMS, Microfluidics, and Radio
Frequency (RF) MEMS, and incorporates everyday devices such as the

accelerometers found in phones and ink jet printer nozzles [3].
B. SOLAR ABSORPTION

As stated previously, current solar cells are highly dependent on the
wavelength of light for their absorption of energy. In contrast to this, by making
use of a thermal conversion process, the full spectrum of light can be utilized for
energy absorption. The amount of energy gained in the thermal conversion
process can be estimated by the temperature increase of the material, which is
dependent on the ratio of solar absorptivity, a, and the IR emissivity, €. This is
highly beneficial for thermal conversion due to the fact that materials can be
easily altered to create a desired ratio in order to achieve the needed

temperature. To first order, this temperature is given by:
oT*=(ale)xSx(A,IA) (1)

where o is the Stefan Boltzmann’s constant, 5.67><10*8W/m2K“,Ap is the



projected area, A is the total area, and S is the solar constant (average of 1367
W /m?in space earth orbit and on average approximately 700 W /m? on the

surface of the earth).

C. THERMAL EXPANSION

The thermal energy absorbed by the power generator element can be
converted to mechanical energy via the thermal bimetallic effect. This process
involves portions of the structure having two material layers, each having a
different coefficient of thermal expansion, and tightly joined along their
longitudinal axis. These materials serve as a single mechanical element such
that when a thermal flux is applied, the element deforms. The beam bends
toward the material with the lower coefficient of thermal expansion for a given
temperature change. The deformation solely depends on the materials used and

the thickness ratio [4]. The amount of deformation is given by [4]:

o_ 6(Aa)(AT)L
L (L ADA+E D) +325(E+1)
1 AG(E+D) 2

where 0 is the deformation vis-a-vis the free-end slope, Aa is the difference in the

thermal expansion coefficients of the materials, AT is the temperature difference,
L is the length of the element, t, is the thickness of the layer with the higher
thermal expansion coefficient, A is the ratio of Young’s moduli between the two
materials, and ¢ is the thickness ratio between the two materials. It can be seen

from Equation 2 that, to maximize the absorption, the two layers have to have
materials with as large a difference in coefficients of thermal expansion as

possible.



D. PIEZOELECTRIC EFFECT [3]

The final conversion from mechanical to electrical energy involves
utilization of the piezoelectric effect. Discovered in 1880, this effect can produce
a 1000 V/cm field from a 107" strain in piezoelectric materials such as quartz
crystal. This effect is maximized in piezoelectric materials below the Curie point
(and normally above 0 °C) and varies for each material. The actual cause of the
piezoelectric effect is the displacement of ionic charges within the crystal caused
by the alteration of the spacing between the centers of charge sites in each
domain cell. This effect occurs solely in noncentrosymmetric groups and is
strongly orientation dependent. The customary polarization coincides with the z-

axis of a rectangular coordinate system and is given by:
D, = dijTj + & By (3)

where D is the electrical polarization and is given in each axis of a rectangular
coordinate system by a 1 x 3 matrix, T is the applied mechanical stress and is a 1
X 6 matrix, d is the piezoelectric coefficient matrix and is a 6 x 3 matrix, ¢ is the
electrical permittivity matrix and is a 3 x 3 matrix, and E is the electric field and is
a 1 x 3 matrix. For the purpose of this thesis, since no electric field is being
utilized to create the piezoelectric effect, the second term on the right can be left
out and the equation reduces to D, = dijTj . D can be solved for by noting that
the deformation given from Equation 2 is directly related to the strain and
therefore the stress via the constitutive relation given by Hooke’s law. The output
voltage, V, is then related to the z component of D, defined by Equation 3, by the

simple relation:

- @)

where t is the thickness of the piezoelectric material in the z direction and ¢ is the

permittivity of the material. Note that the principal polarization direction, 3, is the
5



only term utilized in this final equation since the contributions from components in
other directions are negligible for piezoelectric materials polarized in the z

direction.
E. CURRENT GENERATION

Due to the rapid rate of charge leakage that occurs in strained
piezoelectric materials, generation of a continuous current for power utilization
requires the voltage to oscillate [5]. In order to achieve this, a heat sink is placed
near the maximal displacement of the MEMS device. The heat sink will lower the
temperature of the MEMS device via thermal contact conduction until the MEMS
device retracts a certain distance away from the heat sink. In general and in
accordance with Fourier's law, the heat removed during this process is given
by [6]:

Q = hATA
)
where Q is the heat flow, h is the thermal contact conductivity, A is the cross-
sectional area, and AT is the temperature gradient in the direction of flow.
However, it must be noted that this is a generalized approximation and not
necessarily accurate due to the difficulties of accurately modeling the contact
points between two solids. There are multiple competing analysis efforts that

exist for thermal contact conductance and it is an active area of research.

The heat removal that occurs every time the device contacts the substrate
will reduce the deformation of the device. The constant heat flux will then force
the device back into contact with the substrate. This process will continue
causing the MEMS device to reach an oscillatory motion and generate a

continuous pulsating current.



.  MATERIALS SELECTION

One of the most important aspects to many MEMS applications is the
selection of materials. The response to the physics noted above is dependent on
both the operating environment and the materials utilized. This is especially
important when noting the potential for utilization of these piezoelectric devices
as solar cells in space where the temperature on the flux facing side of the solar
cell in sun-synchronous orbit could be as high as 200 °C depending on the metal
selected [7]. Due to the large difference in requirements for the materials utilized
in space versus on the surface of the earth, two completely different material
selection processes were conducted. However, the only difference in material
selection between a ground-based unit and a space-based unit was determined
to be in the piezoelectric materials. All other materials would be equally

adequate for utilization in space as they would be on the surface.
A. PIEZOELECTRIC MATERIALS

The materials selection logically followed the criteria set forth in the
physics and concepts described above. First and foremost, the piezoelectric
material as well as the device as a whole, must be capable of being
microfabricated with current MEMS manufacturing techniques. Second, the
absorptivity and emissivity of the materials needed to be reviewed in order to
ensure the solar flux would not heat the material to temperatures higher than
desired. Third, the material needed to have high thermal conductivity in order to
rapidly transfer thermal energy to a heat sink. The material also must have a low
thermal expansion coefficient in order to ensure adequate bimorph thermal
actuation when combined with the highly-thermally-expansive layer. Fourth, the

material must have adequate piezoelectric properties for high efficiencies of



energy conversion. Finally, the specific needs given by the harshness of space
required that the material chosen for space be stable, strong, hard, non-reactive,

and shock resistant.
1. Aluminum Nitride (AIN)

AIN was the piezoelectric material chosen for development of the solar
MEMS device for use on the surface of the earth. AIN is a large band gap (6 eV)
made of a wurtzite crystal structure with a large resistivity and is perfectly
compatible with current silicon technology [8]. Many methods for growth of AIN
exist including chemical vapor deposition (CVD), molecular beam epitaxy, ion
beam nitridation, laser-ablation, and reactive sputtering [9]. Additionally, the
successful growth of AIN for laboratory purposes is facilitated by the fact that
sputtered AIN maintains its piezoelectric properties with growth up to 10° offset
from normal without losing the functionality of the piezoelectric layer [10]. The
solar absorption of AIN is also respectable with the absorptivity to emissivity ratio
of 1 being utilized for this thesis [11], [12]. The thermal conductivity of AIN is high
with a measured value of single crystal AIN of 2.85 W/(cm°C) at 27 °C and the
thermal expansion coefficient is low having a value of 5.27x10°C™ measured at
27 °C [13], [14]. AIN, which demonstrates moderately good piezoelectric
properties, has been shown to have no deviation in its piezoelectric constants up
to 300 °C and only slight alteration is expected up to a temperature of 1150 °C
[10]. In summary, AIN is a highly stable, non-reactive piezoelectric material that

exhibits the desired properties for the solar MEMS device.
2. Silicon Carbide (SiC)

Silicon Carbide exists in over 100 different modifications all with the same
stoichiometry. The polytypes of SiC exist as a combination of hexagonal and
cubic bilayers with the 6H or Six Hexagonal structure being the one selected for

this thesis since it is the easiest to prepare on an SiC substrate and has been



studied greatly [15]. Like AIN, SiC (6H) is also composed of a wurtzite crystal
structure, but unlike AIN has a repeated stacking sequence of ABCACB. The
growth of SiC is well established and many techniques exist including
sublimation, high-temperature chemical vapor deposition (HTCVD), and epitaxy
[16]. Similar values to AIN exist for SiC for its absorptivity to emissivity ratio and
so the ratio value utilized for this thesis was 1 [17], [18]. The thermal conductivity
of SiC (6H) is high with a measured value of 4.9 W/(cm°C) and the thermal
expansion coefficient is extremely small with a value of 4.3x107°°C™* measured at
27 °C [19], [20]. The other polytypes of SiC, including 3C-SiC exhibit similar
thermal properties. Although the piezoelectric properties of SiC are not as
promising as AIN, they are still acceptable as the modeling conducted in this
thesis demonstrates. Additionally, there is the potential for SiC-AIN combinations
when utilizing 3C-SiC (which is not a wurtzite) in order to combine the
piezoelectric properties of AIN with the strain gauge properties of SiC [10]. This
would also benefit growth on a Si substrate vice a SiC substrate. In addition to
the above attributes, SiC is an ideal candidate for space applications due to its
extremely high fracture toughness (3—4 times greater than silicon) and its high
ability to withstand irradiation [10], [21].



Figure 1: Wurtzite unit cell; grey balls represent metal atoms (From “Waurtzite unit
cell,” Wikipedia, 2007)

B. BIMATERIAL

Aluminum (Al) is an abundant, lightweight material with a high resistance
to corrosion. Research has shown that it offers high performance as a thermal
bimaterial actuator due to its high coefficient of thermal expansion and so it was a
natural choice for the bimaterial in this thesis [4]. Al's thermal conductivity is
extremely high with a value of 237 W/(mK) at 27 °C and its thermal expansion

coefficient is very high as well with a value of 23.1x10°°C*at 25 °C [22].
C. SUBSTRATE

The substrate utilized serves two primary functions. First, it must be able
to act as a heat sink when it comes into contact with the MEMS solar device. In
order to accomplish this, the material must have a high thermal conductivity and
a low coefficient of thermal expansion. Second, the heat sink will act as the base
on which to build the Solar MEMS device. Therefore, current techniques for
growth on the heat sink substrate must exist. Processes for growing thin films of
both AIN and SiC exist for growth on both Si and SiC substrates therefore they
are both potential candidates as heat sinks. Additionally, Si has a very high

10



thermal conductivity value of 156 W/(mK) at 27 °C and a very low coefficient of
thermal expansion value of 2.616x10°°C"at 27 °C making it a feasible option as
an initial heat sink for study in this thesis [23]. Unfortunately, SiC’s thermal
conductivity value is much too low to be a viable option as a heat sink. However,
a graphene layer, with a reported thermal conductivity value of 3080-5000
W/(mK) [24], has been grown on SiC substrates via epitaxial growth on top of a
thin sputtered layer of AIN [25]. In a feasibility study conducted by S. Subrina et
al in 2009 at the University of California Riverside, a layer of graphene effectively
acted as a heat spreader, substantially lowering localized hot spot temperature
values [24]. Therefore, the possibility exists to utilize SiC as an effective
substrate allowing for the additional fabrication requirement of adding a graphene

layer in order to ensure an effective heat sink.

11
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IV. DESIGN

A. BIMATERIAL DESIGN

In order to maximize the displacement of the bimaterial, the optimal

thickness has been shown to be [4]:

1
gopt — T
\/Z (6)

where &, is the optimal thickness ratio and Ais given by the ratio of Young's

moduli from Equation 2. For the case of AIN and Al, utilizing the Young’s moduli
308 GPa and 70 GPa respectively, this value is 2.09 [26], [27]. For SiC and Al
utilizing the Young’s moduli 748 GPa and 70 GPa, respectively, this value is 3.26
[28], [27]. Figure 2 demonstrates thickness optimization for the case of AIN and
Al. The images show the steady state solution of four different cases utilizing
COMSOL Multiphysics software. In these cases, the relative thicknesses were
altered while keeping all other variable including heat flux, total thickness, and
length constant. The maximum deflection is seen to occur in Figure 2.iii where
the ratio used was the optimal ratio solved for above. In Figure 3, it can be seen
that by changing the AIN to SiC, the optimal ratio for AIN and Al no longer
provides the maximum deflection. Figure3.ii shows the maximum deflection for

SiC and Al, which is equal to the above solved for ratio of 3.26.
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Figure 2:

Al and Al bimaterial thickness optimization (thickness ratios are in

microns): i) 2-1

i) 1.5-1.5

14

iii) 1-2

iv) 2.5-



Figure 3:

SiC and Al Bimaterial thickness optimization (thickness ratios are
given):i)1-2ii)1-3.2

15



B. GENERAL DIMENSIONS

Current microfabrication techniques provide a standard thin film deposition
of MEMS materials of between 1-10 microns deposited on a substrate.
Additionally, from Equation 2, it can readily be noticed that the angle of
deformation is proportional to the length of the bimaterial and inversely
proportional to the thickness. Based on the microfabrication constraint noted
above as well as the desire to maximize the length to thickness ratio, a thickness
of 1 micron was utilized for the piezoelectric material and 2 microns for thermal
bimaterial in this thesis. The maximal amount of voltage could be produced if the
bimorph were infinitely long and infinitely thin. This is obviously unrealistic, but
larger displacements can be realized by creating multifold arms thereby
simulating a longer arm length. Multifold arms utilize alternating bimaterial layers
in order to increase the deformation on each subsequent leg [29]. Utilizing
COMSOL Multiphysics modeling, the multifold arm effect is demonstrated in
Figure 4. In each of the four cases demonstrated in Figure 4, the heat flux and
dimensions of the legs were held constant. Figure 4.ii demonstrates how adding
the bimaterial to every leg does not greatly benefit the total displacement of the
multifold arms due to the fact that the bimaterials angle of deflection is almost

equivalent on each end of each respective leg. The angle of deformations are

cumulative (6, +6,+...=6,,,) for each alternating leg and due to the increase in

temperature of each leg further from the fixed edge, each subsequent angle is
larger than the last in accordance with Equation 2. The displacement in Figure
4.iii is 42.36 times as great as Figure 4.i and the displacement in Figure 4.iv is
641.8 times as great as Figure 4.i. An even greater effect is gained by
alternating the placement of the bimaterial between the top and bottom of the
piezoelectric material creating a “flip-over” leg structure, but limitations in current
microfabrication techniques prohibit this technique [29]. In order to ensure

compliance with current microfabrication capabilities, the solar MEMS device will

16



place the piezoelectric layer fewer than 10 microns above the heat sink.
Therefore, it was determined that three bimaterial multifold arms would be
utilized, each 400 microns long and 20 microns wide. In accordance with the
multifold design described above, a piezoelectric leg of the same dimensions will
be placed between each bimaterial leg.

17



Figure 4:

Effect of multifold arms to total displacement
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C. REMOVAL OF HEAT

As previously discussed, the bending of the multifold arms must have a
method of heat removal in order to cause the MEMS device to fluctuate and force
an oscillatory motion in the device. In order to maximize this in accordance with
Equation 5, a large center pad of piezoelectric material will be placed between
two identical sets of multifold arms. The pad can also improve the absorptive
area of the device in order to maximize the incoming heat flux. The pads
dimensions are 460 microns wide by 320 microns long and are designed so as to

also create an easily machineable structure.

Figure 5: Solar MEMS device

19



D. INITIAL DESIGN

The initial design placed the Al material toward the incident heat flux with
the alternating legs placed so as to lower the center pad with legs toward the
heat sink (see Figure 5). Long cross legs were placed in order to minimize the
shear stresses on the center pad. This design was not effective as the innermost
legs displacement was greater than the center pad. This indicated the strong
possibility that the center pad may never touch the substrate. Additionally, due to
the torque created by the innermost bimaterial legs attachment to the center pad,

the center pad’s deformation was not uniform as can be seen by Figure 6.

Figure 6: Initial design of solar MEMS device with Al placed toward incident solar
flux on second, fourth, and sixth legs

20



E. FINAL DESIGN

In order to ensure the center pad successfully contacted the heat sink with
as great a surface area as possible, a more creative solution was required. The
solution is realized by placing the Al bimaterial beneath the piezoelectric material
and shifting the bimaterial to the first, third, and fifth legs. Although this causes
the bimaterial legs to bend upward toward the incident flux, the center pad
actually displaces uniformly downward toward the substrate (and heat sink) as
demonstrated by Figure 6. This reversal of displacement is due to the deflection
angle of the final piezoelectric leg. As seen in Figure 7, utilizing a heat flux of
700 w /m? to simulate the solar flux on the surface of the earth with an ambient
temperature of 293.15 K, the displacement of the center pad is approximately
five microns, which is exactly the required displacement for the design of the

device.

21



Figure 7: Solar MEMS device with Al placed away from incident solar flux on first,
third, and fifth legs
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V. COMSOL MULTIPHYSICS RESULTS

A. VOLTAGE GENERATION

Utilizing the piezoelectric physics model within COMSOL, the voltage
created by the solar MEMS device was determined. Figure 8 shows the
maximum voltage given an inbound heat flux of 700 W /m?with an ambient
temperature of 293.15 K. The difference in electric potential, when no load is
connected, is estimated at 124 V due to the displacement in Figure 7.

Figure 8: Maximum voltage due to maximum steady state deformation of MEMS
device

23



B. TIME-DEPENDENT DISPLACEMENT

In order to begin to understand the time-dependent response as well as
calculate the maximum efficiency of the solar MEMS device, the time to
maximum displacement and temperature difference given the incident heat flux
must be determined. Utilizing an inbound heat flux of 700 W /m® \ith an
ambient temperature of 293.15 K, Figure’s 9 and 10 display the COMSOL results
when running a time-dependent solution from 0-1 seconds at 0.1 second
increments. The time of maximum deflection occurs at .82 seconds coinciding

with a maximum temperature of approximately 334 K.

Vertical Displacement of Center of Pad vs. Time
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Displacement vs. Time
Figure 9: The vertical displacement of the solar MEMS device measured in

millimeters vs. time via COMSOL multiphysics
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Figure 10: The temperature of the center pad of the solar MEMS device in Kelvin vs.
time via COMSOL multiphysics
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C. CURRENT GENERATION

A basic estimation of the current can be modeled by placing a connection
between the ends of the MEMS device and completing the circuit. Figure 11
demonstrates the current density generated in a non-optimized time-dependent
COMSOL model utilizing a metal connection with 24.5 Q of resistance at a time
of 1 second. Utilizing the basic equation P=RI? the instantaneous power output
is 4.14 x 10=° W. The model designed in Figure 5 is expected to have a larger

power output due to the optimized design.

Figure 11: Instantaneous current density of a non-optimized MEMS device at time t=1
second.

26



VI. EFFICIENCY PREDICTIONS

A. PREDICTIONS OF THE MAXIMUM EFFICIENCY

Although actual efficiencies cannot be attained without experimental
results, simple calculations allow the estimation of the possible expected
efficiency. The total possible efficiency of the Solar MEMS device is the product

of the maximum thermal-mechanical and piezoelectric efficiencies.

770 = 77t X np 7)

B. THERMAL-MECHANICAL EFFICIENCY PREDICTION

As derived by Srinivasan and Spearing in [4], utilizing composite beam
theory, the idea of a blocked moment, and Equation 2, the maximum work per

volume accomplished in deforming the bimaterial is given by [4]:

W = 3E,(Aat)*(AT)?
8(3(2§+1)+£(1+ /168)2(1+§3/1)D£§+1j
Ag(g+1) 4

(8)
where E; equals the Young’'s modulus of the Al layer, Aa is the difference in the

thermal expansion coefficients of the materials, AT is the temperature difference,

Ais the ratio of Young's moduli between the two materials, and ¢ is the
thickness ratio between the two materials. Utilizing the values given throughout
the thesis: Aa =1.8x10°K™, AT = 40.85 K, t= 2x10°m, t= 3x10°m A =.227,
and £=2 the work per volume done is found to be W =1626J / m°.

Thermal-mechanical efficiencies for bimaterial actuators are time-

dependent and therefore depend on the transient thermal response as well as
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the activation frequency [30]. Although these can only be determined through
experimental testing, the efficiency for the deformation to one maximum

displacement of the MEMS device can be estimated as:

ﬂt:ONXt/td)/S (9)

where S is the solar flux given in Equation 1, W is the maximum work per volume

in deforming the bimaterial given in Equation 8, lis the thickness of the MEMS
device, and t;is the time it takes to deform to maximum displacement. Using
W =1626J/m*, t=3u, t, =.82seconds, and S =700 W /m? in Equation 9, the

efficiency is 77, #.001% .

C. PIEZOELECTRIC EFFICIENCY PREDICTION

The maximum efficiency for piezoelectric vibrations occurs at the natural,

or resonant, frequency for the referenced material. If the alternative

dZ
electromechanical coupling coefficient, given by ke2 :E , approaches the value

of 1 (where d is the piezoelectric coefficient given in Equation 3, K is the

effective stiffness, and C is the effective capacitance), another maximum exists

at a frequency given by Q.. =./(1+ kj)zﬁ where Q.. is the ratio of the

frequency to the natural frequency [31], [32]. At these frequencies, the

electromechanical efficiency is given by [33]:

1 Kk? 1 1( k2
= — 7+7
21-k2/ | Q  2(1-K?

o
(10)

where 1, is the efficiency in converting mechanical energy to electrical energy,

k? is the electromechanical coupling factor (notk,), Q is the quality factor. For
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AIN, k’=65%and Q is related to the resonant frequency and damping of the

MEMS structure and therefore is highly dependent on the shape of the material

as well as the quality of the crystal. Q values of 5,000 are not uncommon for

AIN and can be used to get an estimate of the expected efficiency [34]. Solving
Equation 10, we find thatr,, =99%.

D. RESULTS

The two maximal efficiencies display the dichotomy of the physics within
the proposed solar MEMS device. The efficiencies were found given maximal
work for the thermal-mechanical efficiency and oscillation at the resonant
frequency for the optimized piezoelectric efficiency. Utilizing Equation 7, the
gross estimate of the total efficiency is approximately 0.001%. Although this is
extremely low, it should be noted that the calculation of both efficiencies can only
provide gross estimations of the total efficiency and that the total efficiency may
very well be greater than current single junction solar cells. Due to the innate
complexity of the MEMS device, experimental results are required in order to
attain actual efficiencies. However, these analytical results do point to the
limiting factor in the efficiency being the thermal-mechanical efficiency. Further
data analysis via actual experimental study must be conducted in order to

validate these analytical results.
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VIl. MICROFABRICATION PROCESS

A. GENERAL

The fabrication of the solar device will follow standard MEMS fabrication
processes and is illustrated in Figure 12. First, a wafer (the substrate) will be
utilized with which to grow the device on. Due to the bimaterial being on the
bottom of the device, a sacrificial layer will first be deposited. After the sacrificial
layer, a layer of Al will be deposited and then etched to create the alternating
bottom legs of the bimaterial. The anchor holes will be etched in the sacrificial
layer after that. Next, the piezoelectric material will be deposited. As stated
previously, numerous methods for growth exist for both AIN and SiC on both Si
and SiC. However, in this case the growth will be occurring on top of a sacrificial
layer. It must be noted that the polytype of SiC grown will be dependent on the
material it is grown on. For instance, in order to grow SiC on a Si substrate (or
layer), single crystal 3C-SiC must be used due to the dissimilarity in crystalline
structure of SiC (6H) with Si [34]. After the piezoelectric layer is successfully
deposited, it will be etched into the form of the solar MEMS device. Finally, the
sacrificial layer will be removed creating the freestanding solar MEMS device on

top of the substrate.
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Figure 12: Microfabrication process of solar MEMS device
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VIIl. FUTURE WORK

A. COMPUTER MODELING

In order to maximize the efficiency, the frequency must be optimized to the
natural frequency of the device. It is not currently possible to model time-
dependent surface contacts between two solids in COMSOL Multiphysics.
Therefore, the proper heat sink required to obtain a frequency near resonance is
unknown. Additionally, since the solar heat flux will always vary, the power
output of the device at different frequencies is unknown. Finally, it is unknown if
the computer simulation will provide similar results to the efficiencies calculated
above at resonant frequency. Further COMSOL modeling should include
investigations into different resistivities in order to determine optimal power

output through a time-dependent model.
B. FABRICATION

Fabrication of the AIN solar MEMS device needs to occur in order to test
and evaluate both the calculated and modeled results in this thesis. It is
unknown what effect different heat fluxes and heat sinks will have on the MEMS
device. Sample devices must be built in order to determine the actual feasibility
of the device under all solar conditions. Prior to microfabrication, investigation
must continue into what sacrificial layers will be utilized. Additionally, the specific
growth and etching techniques will need to be investigated prior to construction

of the actual device.
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