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Abstract

Elastic Behavior of the Germanium Nanowire Membrane

Revanth Bodepudi, M.S.E
The University of Texas at Austin, 2019

Supervisor: Kenneth M. Liechti

Semiconductor nanowires promise to provide the building blocks for a new
generation of nanoscale devices. Recently, researchers have worked on developing new
membranes out of semiconductor nanowires. Due to its small dimensions and porous
network structure, obtaining the mechanical properties of these membranes is very
challenging. This work presents a bulge test method for determining the mechanical
properties of the porous germanium nanowire membrane. Theoretical bulge equations for
circular and rectangular shaped samples were derived. A parametric analysis was
conducted to determine the optimum configuration and guide the selection of components
for the apparatus. A laminate comprising the germanium nanowire membrane and a
polymer film was fabricated due to the porosity of the nanowire membrane. The bulge test
apparatus was designed and developed to test circular and rectangular shaped composite
samples that are required to extract Young’s modulus and Poisson’s ratio. The Young’s
modulus and the Poisson’s ratio of the germanium nanowire membrane were found to be

208 MPa and 0.10, respectively.
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CHAPTER 1: INTRODUCTION

Nanoscale materials are of great interest because of the possibilities they offer for
obtaining new properties at a small size. When structures approach the ~100 nm size
regime, their properties may change with decreasing size for the same atomic composition.
This size dependence derives from three primary effects:

1. The ratio of surface area to volume becomes larger, with surface atoms having
higher energy and different coordination.

2. Interfaces between nanostructures become a significant component of the
structures, with their modified electronic properties, strain gradients, and influence
on the flow of defects, charge carriers, and phonons.

3. Sufficiently reduced dimensions lead to quantum size effects and coherent
interactions between structures.

These size-dependent effects result in changes in the physical properties of
nanomaterials as well as changes in the interaction of electromagnetic energy and transport
of energy through nanomaterials. One-dimensional (1-D) structures such as nanowires
provide a particularly attractive class of nanomaterials. One can tailor the functionality of
nanowires in a variety of ways, and their geometry is optimal for achieving new regimes
of 1-D transport of charge carriers and heat to realize new devices.

Semiconducting nanowires are particularly versatile because of the wide range of
properties that can be achieved. Thus, much attention has been focused on these structures
and their potential applications in areas such as electronic'+2324 and photonic devices®?®,
chemical and biomolecular sensing®’, and energy harvesting and storage??5. Synthetic
advances to achieve high-quality nanowires with control over size and size dispersity,
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composition, phase, and physical properties have further driven progress toward
applications. Among the many exciting properties of quantum wires are their size and
shape dependent bandgap energies'®, polarization anisotropies®®, large absorption cross
sections'®1?, and one-dimensional charge transport'314. Besides, their charge-carrier
dynamics has a practical importance®®® and may enable devices for solar-energy
conversion, electronics, and LEDs.

Germanium is one of the best semiconductors due to its high electron and hole
mobilities of 3800 and 1820 cm?V~1s~1 respectively. It also possesses an ultrahigh
theoretical specific capacity of 1384 mAh g~1. Nanowires made of germanium are of high
interest for electronic applications due to the one-dimensional charge-transport property
they possess. Due to its high electron mobility, germanium nanowires are one of the best
material for high-performance field-effect transistors?®2°,

Due to its high specific capacity, which is much higher than that of graphite (372
mAh g~1), the next-generation Lithium-ion batteries®-?? can use germanium nanowires as
an electrode material. From the perspective of electron transport, germanium nanowires
are of particular interest due to the continuous transport path along the wire length.
Additionally, the thin diameters of nanowires significantly reduce the diffusion paths for
Li ions??, which is critically important for enhancing rate capabilities. Various advantages
of germanium nanowires make it one of the most important materials for applications in
electronics?324, energy storage?® and solar-energy conversion?426,

Various researchers have actively explored synthesizing and obtaining the material
properties of germanium nanowires. The Korgel group measured the mechanical properties
of Supercritical Fluid-Ligquid-Solid grown germanium nanowires by bending each with a
robotic nanomanipulator in a scanning electron microscope (SEM)?’. The nanowires

tolerated a diameter-dependent flexural strain of up to 17% prior fracture, which is two
2



orders of magnitude higher than bulk Ge. The bending strength was observed to be 18 GPa
and agrees with the ideal strength of 14-20 GPa for a perfect Ge- crystal. Realizing the
potential of Supercritical Fluid-Liquid-Solid grown germanium nanowires, The Korgel and
Freeman groups further worked on developing nanowire aerogels and nanowire
membranes, respectively.

Aerogel is a synthetic porous ultralight material derived from a gel, in which
the gas replaces the liquid component of the gel. The result is a solid with extremely
low density and low thermal conductivity. Germanium nanowire aerogels have a porous
solid network that contains air pockets, with the air pockets taking up the majority of space
within the material: a nanowire network structure with 99% air.

A membrane is a selective barrier which allows some things to pass through but
stops others. Germanium nanowire membranes developed in the Freeman group are porous
network layers which reject particles larger than 0.005 pm. Ultrafiltration and
nanofiltration are some of the potential applications for the germanium nanowire
membrane.

Filtration requires the membrane to withstand a certain amount of pressure/force.
To develop the germanium nanowire membrane for its application in ultrafiltration and
nanofiltration, understanding the mechanical properties of germanium nanomembrane is
highly desired. Besides, the mechanical properties of membranes may have a significant
difference in them due to variations in processing conditions. The temperature, humidity,
or the order of fabrication procedures may induce a significant difference in the parameters
governing properties. Characterization of the elastic mechanical properties such as
Young’s modulus and Poisson’s ratio is often found to be necessary to increase the

reliability and control the costs.



Existing methods for obtaining the mechanical properties of large scale materials
cannot be directly applicable to membranes. The thickness of a germanium membrane is
in the range of 100 nanometers to few micrometers; thus, membranes are analogous to thin
films. In the last century, various techniques and testing methods were developed for
characterizing the mechanical properties of thin films. These techniques and test methods
are discussed in section 1.1 and the best test method to determine the mechanical properties

of germanium nanowire membrane was chosen.

1.1  THINFILM TEST METHODS

The behavior of materials in thin-film form often differs from that of their bulk
counterparts®. This difference is owing to the dimensional constraints and to
the microstructure that develops during the growth of thin films. Therefore, it is not
possible to extrapolate material properties from bulk to typical thin-film thicknesses in the
range 10 nm-10 pm.

For example, thin metal films are often found to support much higher stresses than
the same material in bulk form, and their yield stress is inversely proportional with the film
thickness if the film surface is passivated®®3!, Besides the effects associated with film
thickness, mechanical properties also depend strongly on film microstructure and
fabrication process®?.

Unfortunately, because of their small dimensions, the techniques commonly used
to measure these properties in bulk materials are not directly applicable to thin films. As a
result, several specialized testing techniques have been developed to study mechanical

properties in small dimensions. As in macroscopic testing, the aim is to determine material



properties such as Young’s modulus, strength, or fracture toughness. It requires new ways
to measure stresses and strains in small volumes.

An overview of the most common techniques for mechanical testing of thin films?8
is given in the following sections. Among them, the substrate curvature and
nanoindentation techniques are widely used and commercialized. The uniaxial micro-
tensile test and the bulge test techniques are extensively used for measuring the mechanical

behavior of freestanding thin films.

Thermal cycling of film on substrates

A common technique to characterize the mechanical behavior of a thin film on a
substrate is to subject the film/substrate composite to a thermal cycle and monitor the stress
evolution in the film either by measuring the substrate curvature or by x rays. This
technique is particularly useful when there is a significant difference between the thermal
expansion coefficients of film and substrate as, for instance, in the case of thin metal films
on silicon or glass substrates (Nix 33).

Substrate curvature technique involves very little sample preparation since it
directly tests thin films deposited on substrates. Strain and temperature cannot be varied
independently in these experiments. As a result, the measured stresses in the film result
from a convolution of the temperature dependence of the film strength, strain hardening,
and recovery at elevated temperatures, thereby making it difficult to interpret the results

and leading to errors in the measured data.



Nanoindentation

Nanoindentation is a depth-sensing indentation (DSI) technique®* used to obtain
mechanical properties from small volumes of material. In a traditional indentation test, an
indenter is pressed into a sample with a known load and removed. The hardness is then
defined as the load divided by the area of the residual indentation and gives a measure of
the resistance of the material to plastic deformation. In DSI, the load on and displacement
of the indenter are continuously recorded as it is pressed into and removed from the sample.
These data are subsequently analyzed to determine mechanical properties. DSI data
provide hardness, elastic modulus, strain rate sensitivity, and other properties.

Determination of the mechanical properties of new thin film materials on substrates
by indentation has always been difficult because of the influence of the substrate on the
measured properties. The indentation response of a thin film on a substrate is a complex
function of the elastic and plastic properties of both the film and substrate, and it is also

not suitable for measuring the work-hardening behavior or the residual stress in the film.

Micro-tensile test

For bulk materials, tensile testingis the most important technique for
characterizing mechanical properties, because information on Young’s modulus,
ultimate tensile strength, and ductility can be obtained from a single experiment. For thin
films, tensile testing is not as commonly used because the handling of freestanding thin-
film specimens and measurement of strains in small dimensions are not easy. Both
problems, however, have been overcome by developing specialized techniques. Read, and
Dally® accomplished the processing of a thin-film specimen for tensile testing by using
lithographical and etching techniques after film deposition onto a silicon substrate. After

etching, the dog-bone-shaped freestanding film specimen is still supported by a silicon
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frame, which allows the film to be mounted and aligned in the tensile tester without
damaging it. Just before testing, the frame is cut using a diamond saw. For the strain
measurement, it is not possible to attach a strain gauge to the sample, so several methods
have been developed to measure the strain without contacting the sample including optical
and electrical methods (Brotzen %9).

Due to difficulties associated with sample handling at the micron or submicron
scale, micro-tensile testing often suffers from alignment and gripping problems. Although
recent progress of Si micromachining techniques to fabricate tensile specimens has been

made these methods yet are not so cost-effective.

Bulge Test

In the bulge test, freestanding thin films are obtained by opening an orifice in the
substrate typically using micromachining techniques. The freestanding film is then
deflected when a uniform pressure is applied to the film. The mechanical properties of the
film are determined from its pressure-deflection behavior. The stress state in the film is
biaxial so that only properties in the plane of the film were measured.

Compared with micro-tensile testing, the bulge test technique has the unique
advantage of precise sample fabrication and minimal sample handling. With some care,
freestanding films as thin as 1 nm films can be prepared and tested.

Bulge testing of thin films was first reported by Beams®’, as a technique for
measuring in-plane mechanical properties of thin films. In the beginning, the test has been
plagued by many problems. The results were rather sensitive to small variations of the
dimensions of the film and may be affected by twisting of the sample when it is mounted.
Sample preparation is therefore crucial, and individual steps need to be taken to minimize

these effects.



The recent development of microfabrication technology has made it possible to
manufacture bulge test samples with precisely controlled dimensions and has dramatically
reduced sample handling. These improvements have made accurate bulge testing possible.
To explain the experimental data and relate them to the mechanical properties of the tested
films, both theoretical and numerical analyses have been conducted to understand the
pressure—deflection relation for membranes with various shapes. Hencky®® was the first to
publish an analytical solution for the elastic deflection of a pressurized circular membrane
with fixed edges.

Vlassak®® generalized Hencky’s solution to include the influence of residual stress
on the deflection of a membrane. The problem becomes more complicated for noncircular
geometries such as square or rectangular membranes. Levy*° gave an exact elastic solution
for the problem of a pressurized square membrane but is too complicated to be practically
useful. Many researchers have developed approximate solutions using energy
minimization methods.

Vlassak and Nix* derived an accurate expression for the elastic load-deflection
behavior of square and rectangular membranes following an approach initially developed
by Timoshenko*?. This expression also includes the effect of the residual stress on the
membrane deflection. These researchers further found that once the aspect ratio of a
rectangular membrane exceeds 4, the deflection at the center of the membrane is nearly
independent of the aspect ratio and can be approximated with the exact solution for an
infinitely long rectangular membrane, which can be readily derived*.

Many researchers analyzed the accuracy and reliability of the bulge test. Itozaki*?
showed that failure to include the initial height of the membrane in the analysis leads to an
apparent nonlinear elastic behavior of the film. Vlassak et al. 4* determined the Poisson’s

ratio by performing a bulge test on both square and rectangular membranes of the same
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film. Small et al.*4*> analyzed the influence of initial film conditions such as film
wrinkling, residual stress, and initial height of the membrane using finite element analysis.
Vlassak®® investigated the contribution of the film bending stiffness to the deflection of a
membrane. He showed that for typical bulge test geometries, the bending moment is only
significant very close to the edge of the membrane and is negligible everywhere else. Xiang
46 further verified the accuracy of the developed models in the plastic regime by conducting
a plane-strain test.

These analyses, together with new sample preparation techniques, have made the
bulge test a useful technique to accurately measure the elastic properties of both
freestanding films and multilayers across a wide range of materials, including metals,
polymers, and ceramics.

In summary, a bulge test eliminates the substrate influence and clamping problems
associated with nanoindentation and micro-tensile tests respectively. It is a non-destructive
and cost-effective method which requires minimal specimen handling and usually features
a relatively simple and portable design. Bi-axial stress state of the sample in the bulge test
helps in measuring the in-plane properties of the film. Thus, out of the techniques
mentioned above, the bulge test is the most suitable for characterizing the mechanical
properties of germanium nanowire membrane.

In the bulge test experiment, a uniform pressure applied to the Ge-NW membrane
can cause pressure leaks in the system due to its porous membrane structure. A bi-layered
material (composite) comprising a polymer and Ge-NW membrane is introduced to
eliminate the pressure leaks. Uniform pressure is applied on the polymer side of the

composite during the experiment.



In this report, the mechanical properties of germanium nanowire membrane are
determined by performing the bulge test experiment. Derivation of the bulge equations and
the parametric analysis to determine the suitable design parameters for the experiment are
discussed in Chapter 2. The components used for developing the bulge test setup and the
fabrication techniques utilized for preparing the sample are described in Chapter 3. The
results of the mechanical properties of the Ge-NW membrane are presented in Chapter 4,

followed by conclusions and recommendations for future work in Chapter 5.
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CHAPTER 2: ANALYSIS

In this chapter, we derive the bulge equations showing the relation between the
bulge test parameters and the mechanical properties of the sample, and we describe the
parametric analysis conducted for developing the bulge test experiment setup.

The equations governing the determination of Young’s modulus and Poisson’s ratio
depend on the shape of the sample. The bulge equations for circular and rectangular profiles
and the extraction of mechanical properties of the sample are derived in section 2.1. A
suitable range of values for the material and geometric design parameters determined from

the parametric study are described in section 2.2.

2.1  BULGE EQUATION

In the bulge test, a uniform pressure is applied to the sample (film/membrane), and
the resulting maximum central bulge deflection is observed. The bulge deflection is related
to the strain experienced by the sample, while the applied pressure is related to the stress
in the sample. Thus, the mechanical properties for a sample of a given material can be
measured by obtaining the pressure-deflection relationship.

The geometric parameters involved in the bulge test method are the sample
thickness, substrate orifice size, and orifice shape. Orifice size and orifice shape refer to
the geometrical features of the cavity in the substrate whose boundaries define the sample
dimension and shape subjected to the uniform pressure. The orifice size and orifice shape
are critical because they define the strain state of the sample. Different deformation states
can be studied by changing the orifice shape and orifice size. The essential parameters in

the bulge test experiment are shown in Figure 2.1.
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Film thickness (t)

Figure 2.1: Cross-section of the bulged sample model; indicating the design parameters

Where p is the applied bulge pressure, t is the thickness of the sample, h is the maximum

central bulge deflection, a is the orifice size.

2.1.1 Circular Profile

A circular orifice on the substrate results in a circular profile on the sample
subjected to the applied pressure. A schematic of a bulged circular sample is shown in

Figure 2.2.

Figure 2.2: Isometric view of the bulged circular sample model

12



For a pressurized circular profile, we can show that the bulged shape is parabolic
and the radius of curvature (R) of the bulged sample can be calculated from the geometry

of the cross-section of the specimen.

|
j——
e \\ h
B:I—'\\ f
: A
R
0

o

Figure 2.3: Schematic diagram showing the relation between geometric parameters of the
circular bulge sample

Assuming the bulge deflection is symmetric about the z-axis, the geometric relation
between the maximum deflection (h) and the radius of sample (a) is shown in Figure 2.3.
For small deflections of the sample, the maximum central deflection is much less than the
radius of the sample (h<<a).

From the AOAB using Pythagoras theorem, a relation between the maximum deflection
(h), sample radius (a) and radius of curvature of the sample (R) can be determined.
0A? = 0B? + AB?
R?=(R— h)? + a?
= R? = R? - 2Rh+ h? + a*
= 2Rh = h? + a?
as h<<a, h? is very small and can be neglected,

2Rh = a?
13



The radius of curvature (R) of the bulged sample is

R= — (2.1)

The pressurized sample is modeled as a section of a thin-walled half sphere as shown in

Figure 2.4 to determine the stress state in the bulged thin circular profile.

Pressure (p)

Stress (0)
Figure 2.4: Thin-walled half sphere model subjected to uniform pressure (p)

In the spherical bulge model, the stress and strain are in-plane and equi-biaxial*” 4’ (o, =

Oyy

represent the stress and strain within the bulged sample in the radial direction respectively.

= o0=o0,,& = €). It is also called a plane-stress condition. Where o, and ¢,

Force equilibrium along the deflection direction; gives the radial stress as

_PR

AT (2.2)
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Equation (2.2) indicates the relation between the applied pressure (p), the radius of

curvature (R), and radial stress on the bulged thin sample (o).

The corresponding strain &, in the sample can be derived using the cross-section length of

the sample before and after the bulge. From Figure 2.3,

Initial cross-section length of the sample = a

Bulged cross-section length of the sample = R6

Change in length
Initial length

Strain =

_RH—a
T a

&r

(2.3)

Using Taylor expansion 6 can be written as:

as y3
6 =sin~'(4/p )= %+( /6R) 4o

By substituting 8 in the equation (2.3), the strain (&) in the pressurized circular sample

can be expressed as:

& =57 (24)

15



Considering the pre-existence of equi-biaxial residual stress o, before

pressurization the constitutive relation for the sample is

E
0=1_vs+00 (2.5)

Noting that the stress and strain in equation (2.5) is referred to the deformed state,

substituting o = a,- and € = &, into the equation (2.5) the constitutive relation changes to

= 1_v€r+00 (2.6)

Substituting the values of a,. and &, from the equation (2.2) & equation (2.4) in the
equation (2.6) gives the resulting relation between the applied pressure and the radius of

curvature:

Eta?

p= 31=v) (1/R)3 + 20,t (1/R) (2.7)

where E and v are Young’s modulus and Poisson’s ratio of the sample, respectively

However, the assumption of equi-biaxial stress in the circular sample**484° leads to
an underestimate in the modulus obtained from the equation (2.7). From an energy
perspective, the strain energy resulting from the assumption of equi-biaxial stress o, and
strain &, is pV/3, whereas the work done by the pressure is pV/4 %, where V is defined as

the volume under the pressurized sample.
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However, if a mean strain over the area of the sample is introduced as ¢,

3 a?
€m =728 = gp2 (2.8)

The resulting strain energy is equal to the work done by the external pressure and
the inconsistency between work, and strain energy is removed. This mean strain can also
be derived from general elasticity?®. The validity of this mean strain measure was
confirmed by Wan et al.*°,

Accordingly, equation (2.6) and equation (2.7) are changed to
Constitutive equation:

E
1—ym ™t (2.9)

0, =
For consistency, the pressure-radius of curvature relation becomes

Eta?

P=3a-v) (Y/p)? + 200t (1/p) (2.10)

By substituting the value of the radius of curvature (R) in terms of central deflection
(h) into the equation (2.10), a relation between the pressure and the maximum central

deflection of the sample is determined as shown in the equation (2.11)

2Et

h
— 3 —
P= g e M40t (@) 2.11)
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2.1.2 Rectangular profile

A rectangular orifice on the substrate results in a rectangular profile on the sample
subjected to the applied pressure. A schematic of the rectangular profile is shown in Figure

2.5.

Figure 2.5: Schematic diagram of the bulged rectangular sample

The rectangular sample for bulge test should feature an aspect ratio (length/width

as shown in Figure 2.6) larger than four, to reduce the shape deviation effect®?.

/ r\_-:// Y /

/7 / f,/Length

Figure 2.6: Sketch indicating aspect ratio and shape deviation effect® of the rectangular
sample
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From the strain along x-direction and y-direction, it can be stated that, as long as
the aspect ratio is large enough (Length/Width>4), strain in the x-direction is relatively
large, while strain in the y-direction is minimal and thus can be neglected (e, = 0).
Furthermore, away from the ends of the rectangle, the film is assumed to have a uniform
radius of curvature.

Although the stress and strain in the rectangular sample are in a state of plane stress,
this is a plane-strain condition®'465253 dye to the independence of coordinate in the
length/y-direction. The pressurized circular sample was modeled as a section of a thin-
walled half sphere; similarly, the pressurized rectangular sample can be modeled as a thin-

walled semi-cylinder, as shown in Figure 2.7.

Pressure

(p)

Radius (R)
Length (L)

Figure 2.7: Thin-walled half cylinder model subjected to uniform pressure (p)

By force equilibrium within a semi-cylinder, the stress in the width/x-direction is calculated

as:

0x.2t.L =p.2R.L

Ox =~ (2.12)



The equation (2.12) indicates the relation between the applied pressure (p), the

radius of curvature (R), and stress in the bulged thin sample (o).

For a pressurized rectangular sample, Figure 2.5, we can show that the cross-section
bulged shape is parabolic, and the radius of curvature (R) of the bulged sample is where h

is the maximum deflection, and a is the width of the sample (h<<a).

=

—+>

Figure 2.8: Schematic diagram showing the relation between geometric parameters of the
rectangular bulge sample

From Figure 2.8, assuming the bulge deflection is symmetric along the z-axis, the
geometric relation between the maximum deflection (h) and the radius of sample (a) is
shown. For small deflections of the sample, the maximum central deflection is much less
than the radius of the sample (h<<a).

From the AOAB using Pythagoras theorem, a relation between maximum deflection
(h), sample width (a) and radius of curvature of the rectangular sample (R) can be
determined.

R?=(R—-h)*+a?
= R?> = R* -~ 2Rh+h*+a®

= 2Rh = h? + a?
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as h<<a, h? is very small and can be neglected,
2Rh = a?

The radius of curvature (R) of the bulged sample is

R= (2.13)

The corresponding strain ¢, in the sample can be derived using the change in cross-section

length of the sample before and after the bulge. From Figure 2.8,

Initial cross-section length of the sample = a

Bulged cross-section length of the sample = R6

_ Change in length
Strain = —
Initial length
RO —a
T, (2.14)
Using Taylor expansion 6 can be written as:
a (a/R)s
9 =sin~1ca = —
sin™*(%/p ) R + - +
Strain (&) in the pressurized rectangular sample can be expressed as:
& = ¢r2 (2.15)
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Considering the residual stresses a,, and g, in the width and length directions,
respectively and assuming that the strain in the length direction ¢, = ¢, = (g5, —
va,,)/E; during pressurization, the constitutive relationship between o, and &, is written

as:
E
12 (&x + &xo T V&) (2.16)

O, =

Where &, = (0, — V0y,)/E; is the residual strain in the width direction.
By substituting the values of ¢, and ¢,,,, the constitutive relation changes to

=125 T 0x (2.17)

Substituting the values of g, and ¢, from the equation (2.12) & equation (2.15) in
the equation (2.17) gives the resulting relation between the applied pressure and the radius

of curvature:

Eta?

P=Gd =7 (/R + 0ot (M/p) (2.18)

Where E and v are Young’s modulus and Poisson’s ratio of the sample respectively.

By substituting the value of the radius of curvature (R) in terms of central deflection
(h) into the equation (2.18) a relation between the pressure and the maximum central
deflection of the rectangular sample is determined and shown in the equation (2.19)

Pressure vs. max. central deflection relation (bulge equation) for the rectangular bulge test:

___ h3 + 20,t h
P= 3(1 —v?)a* % (az) (2.19)
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2.1.3 Extraction of mechanical properties

Theoretical bulge equations for the circular and rectangular profiles, equations

(2.11) & (2.19), along with the bulge test experiment results help extract the mechanical

properties of the sample. Table 2.1 shows the summary of bulge equations for circular and

rectangular samples.

Table 2.1: Summary of bulge equations for different sample geometries used in the bulge

test experiment for extracting its mechanical properties

Geometry

Constitutive relation

Bulge equation

P et 21 a0yt (o)
0, = & g = i —

C = 2Et . _40'0t

T @=vat’ T a?
_E 4Et 5 h
O'x—msx+0'xo p=mh +20'0t(;)

4Et 200t

D, = =

3(1—v2)at’ 2 a2

Uniform pressure is applied to the sample (film/membrane), and the resulting central

deflection is observed. The p-h response for both circular and rectangular samples are
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plotted. It is seen from the equation (2.11) that the coefficient of the h3 term from the p-h

response for the circular sample is

2M,t
CGi=— (2.20)
where M, is the biaxial modulus of the circular sample
E
Me=1— (2.21)

Similarly, from the equation (2.19) the coefficient of the h® term from the p-h response for

the rectangular sample is

4M,.t
Dy == (2.22)

where M,. is the reduced modulus of the rectangular sample

E

My =17 (2.23)

The residual stresses (g,) & (g,0) for the circular and rectangular samples can be
calculated from the linear coefficient terms (C,) & (D,) from the corresponding p-h

responses.

Poisson’s ratio can be determined by combining both equation (2.21) and equation (2.23).

V="M, (2.24)

Young’s modulus (E) follows from equation (2.21) or equation (2.23)
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2.2 PARAMETRIC STUDY

Schematic of the laminate, Figure 2.9, and the bulge test technique concepts were
considered for the analysis of the design parameters. These design variables are listed in

Table 2.2.

; —— Nanomembrane
I —>Polymer

>y

——Substrate

Figure 2.9: Cross-sectional schematic diagram of the composite deposited on the
substrate with an orifice

Table 2.2: Bulge test design parameters

Design parameter

1 Bulge pressure (p)

2 Polymer selection (material)

Polymer thickness (t;)

Deflection measuring technique

3
4 | Ge-NW membrane thickness (t,)
5
6

Hole radius/ Rectangle width (a)

The bulge equation for the circular sample was considered to determine the suitable range
for each parameter. The residual stress (g,) from the bulge equation was neglected to
simplify the analysis. The simplified bulge equation is given in equation (2.25). Due to the
random network of the germanium nanowires within the membrane, the lower bound on

the elastic modulus of the laminate was considered as shown in equation (2.27).
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2Et

— 3
P (1—v)a* . (2.25)
In equation (2.25),
t=t, +t, (2.26)
1 1 Ve Vyw
E E: Ep Eny (2.27)
and V= VC = VP * VP + VNW * VNW’ (228)
where Vp = Volume fraction of the polymer
Vww = Volume fraction of germanium nanowire membrane
Ep = Young’s modulus of the polymer
Eyw = Young’s modulus of germanium nanowire membrane
t1 = Thickness of polymer film
t, = Thickness of germanium nanowire membrane

The required pressure range for the bulge test experiment was determined as
described in section 2.2.1. Out of the many options for polymer films, the most suitable
polymer material for the experiment was determined as described in section 2.2.2. For
accurately measuring the mechanical properties of germanium membrane, the best possible
thickness values for both polymer film and germanium membrane were determined as
defined in section 2.2.3. The range of bulge deflections determined from these sections was

considered for selecting a deflection measuring technique and device.
2.2.1 Pressure selection

As mentioned in Chapter 1, a composite made of polymer and germanium nanowire
membrane is tested on the setup to determine the mechanical properties of germanium

nanomembrane.
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We can conveniently find the mechanical properties of the existing polymer films
(for example PMMA/PDMS/PET). So, an initial study was conducted just on the polymers
to determine the pressure range required to create a bulge deflection that could be measured
using the existing techniques.

The mechanical properties and the thickness of the polymer films generally

available in the market or obtained from spin-coating are mentioned in Table 2.3

Table 2.3: Design parameter range of values for polymers (ref. CES Edu pack)

PMMA | PDMS PET
Young’s modulus (E), MPa 500-4000 2-6 1000-5000
Poisson’s ratio (v) 0.35 0.35 0.4
thickness (t), um 0.5-9 1-20 0.5-20

Note: For convenience, referring to Table 2.3, the design parameter values mentioned in

Table 2.4 are chosen for this study.

Table 2.4: Chosen design parameter value (polymers) for the parametric analysis

PMMA | PDMS PET
Young’s modulus (E), MPa 2000 3 2000
Poisson’s ratio (v) 0.35 0.35 0.4
thickness (t), um 3 3 3
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Various researchers have implemented the determination of the out-of-plane bulge
deflection via optical microscopy with a calibrated vertical displacement®, laser
interferometry*1:55, position sensitive detectors (PSD) with scanning laser beams®2°657 and
shadow moiré®3. In all these techniques, the measured signals result from light beams that
are reflected from the bulged film surface. Bulge deflections in the range of 100 nm to 100
um can be detected using these techniques. Higher bulge deflections, such as 100 um to
several mm, can be measured using a digital camera or digital image correlation technique.

From the above measuring techniques, a bulge deflection (h) within the range of
100 um to 1 mm can be conveniently measured at a low cost using a digital camera. By
considering the design parameter values for polymers mentioned in Table 2.4 and the bulge
deflection values (h) in the range of 100 um to 1 mm into the equation (2.25) yields a

corresponding range for the bulge pressures (p) as shown below.

Table 2.5: Required bulge pressure range for each polymer

PMMA PDMS PET
Pressure (P), Pa 27-29500 0.045-350 27-29500

From the above analysis, a convenient deflection measuring technique and a low-cost
experimental setup can be achieved when bulge pressures are in the range of 0-35kPa (0-
5Psi) with 1% increments. Thus, applied bulge pressures from 0-35kPa with 0.35kPa

increments are highly desired to give a measurable bulge deflection of 100 yum to 1 mm.
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2.2.2 Polymer selection

Young’s modulus (E) in the equation (2.25) refers to the composite elastic modulus.
These are related to the Young’s modulus and Poisson’s ratio of its comprising components
by equations (2.27), (2.28).

By measuring Young’s modulus of the composite from the bulge test experiment,
we can determine the Young’s modulus of the germanium nanowire membrane from the

equation (2.29).

E _ Vyw * (Ep * E¢)
NW (EP _ EC * VP) (229)

An error in the measurement of the composite modulus from the experiment should
give an equivalent error in the germanium nanowire membrane modulus (with much less
deviation). The best-suited polymer out of PDMS, PMMA, and PET should be selected for
the experiment to reduce the inaccuracies in determination of the germanium nanowire
membrane modulus (Eyy).

As the Young’s modulus of germanium nanowire membrane (Ejy,) is unknown, a
wide range of values from 500 Pa to 500 MPa was considered, and the respective composite
modulus is calculated for all three cases (PDMS, PMMA, and PET). A 10 % error was
introduced in the E; and denoted as ug .. Substituting the error in equation (2.27) yields a
new germanium nanowire membrane modulus with a deviation from the original chosen
value. The error found in the germanium nanowire membrane modulus was calculated and

listed in Table 2.6 (units of the elastic modulus are given in Pa).
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Table 2.6: Parametric analysis using error determination technique for polymer selection
(units of the elastic modulus are given in Pa)

Elastic Modulus

Elastic Modulus

Elastic Modulus

Elastic Modulus

Elastic Modulus

Error

(PDMS) (Ge NW) (Composite) (Composite_Error) | (GE-NW._Deviation) (%)
1 | 3.00E+06 | 5.00E+08 | 5.96E+06 | 6.56E+06 -3.51E+07 | -107
2 | 3.00E+06 | 5.00E+07 | 5.66E+06 | 6.23E+06 -8.25E+07 | -265
3 | 3.00E+06 | 5.00E+06 | 3.75E+06 | 4.13E+06 6.60E+06 32
4 | 3.00E+06 | 5.00E+05 | 857E+05 | 9.43E+05 5.50E+05 11.9
5 | 3.00E+06 | 5.00E+04 | 9.84E+04 | 1.08E+05 5.51E+04 10.2
6 | 3.00E+06 | 5.00E+03 | 9.98E+03 | 1.10E+04 5.50E+03 10
7 | 3.00E+06 | 5.00E+02 | 1.00E+03 | 1.10E+03 5.50E+02 10

PMMAIPET) | (Genw) | (Compost) | (Composte Ertor) | (GENW, Dovator) | ()
1 | 2.00E+09 | 5.00E+08 | 8.00E+08 | 8.80E+08 5.64E+08 | 12.8
2 | 2.00E+09 | 5.00E+07 | 9.76E+07 | 1.07E+08 551E+07 | 10.3
3 | 2.00E+09 | 5.00E+06 | 9.98E+06 | 1.10E+07 5.50E+06 10
4 | 2.00E+09 | 5.00E+05 | 1.00E+06 | 1.10E+06 5.50E+05 10
5 | 2.00E+09 | 5.00E+04 | 1.00E+05 | 1.10E+05 5.50E+04 10
6 | 2.00E+09 | 5.00E+03 | 1.00E+04 | 1.10E+04 5.50E+03 10
7 | 2.00E+09 | 5.00E+02 | 1.00E+03 | 1.10E+03 5.50E+02 10

PMMA and PET were observed to have induced a similar error (10%) in the

membrane modulus, but for PDMS the membrane modulus had a more significant

deviation (~50%) when the chosen Ey, is above 5SMPa.

PMMA and PET films can be fabricated using the spin coating technique, but PET

films are also readily available in the market. Due to the ease of availability, PET film was

chosen as the polymer material in the composite.
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2.2.3 Thickness selection

The equations (2.27), (2.28) change to

1 Veer | Vaw

Ec Epgr  Eww

(2.30)

Ve = Vper * Vpgr + Vaw * Vyw (2.31)

The volume fraction of PET and Ge NW membrane is directly proportional to the
thickness of PET (t;) and thickness of Ge NW membrane (t,) respectively. The composite
modulus depends on the volume fraction of its constituent materials, the higher volume
fraction of material results in its elastic modulus having a significant effect on the resultant
composite modulus. For example, if Vpgr is much higher than Vyy, then the value of
composite modulus (E) which is calculated from the bulge test experiment is much closer
to the PET modulus (Epgr) and would lead to greater inaccuracies in deriving the
germanium nanowire membrane young’s modulus (Eyy,).

Thus, the relative volume fractions of the PET and Ge NW membrane should be
optimized to obtain reliable results from the analysis and experiment. As the volume
fraction is directly proportional to thickness, appropriate values of ¢; and t, should be
determined. PET films of thickness about 0.5-20 pum are available in the market.
Germanium-nanowire membrane of thickness in the range of 50 nm to 6 um can be
achieved using a fabrication technique discussed in section 5.3. Considering a safety factor
to the possible upper limit of Ge NW membrane, a thickness of 2 um(t,) was chosen for
this study and the appropriate PET film thickness (t;) was determined by performing an
analysis as shown in Table 2.7 (units of the elastic modulus are given in Pa,

thickness/deflection is given in um).
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Table 2.7: Parametric analysis for polymer thickness selection
(units of the elastic modulus are given in Pa)

Consider,

Bulge pressure (p) = 698.4 Pa
Hole-diameter (a) = 10 mm

Poisson’s ratio (V) = vpgr = vy = 0.4
Membrane thickness (t,)= 2 um

equation (2.25): p = ——— p3

T (1-v)at

equation (2.26): t =t; +t,
equation (2.29): Ei _ Veer | Vaw
C

Epgr Enw

Case 1: Thickness of polymer (t;)=2 um

Elastic Modulus | Elastic Modulus | Elastic Modulus | Thickness | Bulge deflection
(PET) (Ge NW) (Composite) (composite) | (composite) (mm)

1 2.00E+09 5.00E+08 8.00E+08 4 0.272

2 2.00E+09 5.00E+07 9.76E+07 4 0.548

3 2.00E+09 5.00E+06 9.98E+06 4 1.173

4 2.00E+09 5.00E+05 1.00E+06 4 2.526

5} 2.00E+09 5.00E+04 1.00E+05 4 5.442

6 2.00E+09 5.00E+03 1.00E+04 4 11.726

7 2.00E+09 5.00E+02 1.00E+03 4 25.263
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Case 2: Thickness of polymer (t;)=4 um

Elastic Modulus

Elastic Modulus

Elastic Modulus

Thickness

Bulge deflection

(PET) (Ge NW) (Composite) (composite) | (composite) (mm)
2.00E+09 5.00E+08 1.00E+09 6 0.220
2.00E+09 5.00E+07 1.43E+08 6 0.422
2.00E+09 5.00E+06 1.49E+07 6 0.896
2.00E+09 5.00E+05 1.50E+06 6 1.928
2.00E+09 5.00E+04 1.50E+05 6 4.153
2.00E+09 5.00E+03 1.50E+04 6 8.948
2.00E+09 5.00E+02 1.50E+03 6 19.279

Case 3: Thickness of polymer (t;)=6 um

Elastic Modulus

Elastic Modulus

Elastic Modulus

Thickness

Bulge deflection

(PET) (Ge NW) (Composite) (composite) | (composite) (mm)
2.00E+09 5.00E+08 1.14E+09 8 0.191
2.00E+09 5.00E+07 1.86E+08 8 0.351
2.00E+09 5.00E+06 1.99E+07 8 0.740
2.00E+09 5.00E+05 2.00E+06 8 1.591
2.00E+09 5.00E+04 2.00E+05 8 3.428
2.00E+09 5.00E+03 2.00E+04 8 7.387
2.00E+09 5.00E+02 2.00E+03 8 15.915
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Case 4: Thickness of polymer (t,)= 18 um

Elastic Modulus | Elastic Modulus | Elastic Modulus | Thickness | Bulge deflection
(PET) (Ge NW) (Composite) (composite) | (composite) (mm)

1 2.00E+09 5.00E+08 1.54E+09 20 0.127

2 2.00E+09 5.00E+07 3.04E+08 20 0.219

3 2.00E+09 5.00E+06 3.45E+07 20 0.453

4 2.00E+09 5.00E+05 3.49E+06 20 0.973

5 2.00E+09 5.00E+04 3.50E+05 20 2.096

6 2.00E+09 5.00E+03 3.50E+04 20 4516

7 2.00E+09 5.00E+02 3.50E+03 20 9.730

For a bulge pressure of 0.7 kPa, a different combination of volume fractions and a
wide range of Eyw Values were considered and the corresponding deflections were
calculated. The higher volume fraction of PET (Vpgr: Vyw = 9:1) had a minimum
deflection of 130 um and the lower volume fraction of PET (Vpgr: Vyw = 1:1) had a
minimum deflection of 270 um. From section 2.2.1, bulge deflections (h) of 100 um to 5
mm can be conveniently measured at a low cost using a digital camera.

A lower volume fraction of PET is desired to reduce the inaccuracies in the
deflection measurement. PET films of thickness t; = 3 um are readily available in the
market and would give ideal bulge deflections > 240 um when the pressure is varied from
0.05 to 5 psi. However, a PET film of t; =3 pum wrinkles too much and tears while
handling, making it very difficult to deposit on the substrate. PET films of thickness t; =
13 um are available in the market and also easy for handling. So, a similar analysis as
shown in Table 2.7 is conducted considering thickness t; = 13 um and listed as case 5

below.

34



Case 5: Thickness of polymer (t,)= 13 um

Elastic Modulus | Elastic Modulus | Elastic Modulus | Thickness | Bulge deflection
(PET) (Ge NW) (Composite) (composite) | (composite) (mm)

1 2.00E+09 5.00E+08 1.43E+09 15 0.181

2 2.00E+09 5.00E+07 3.23E+08 15 0.298

3 2.00E+09 5.00E+06 3.69E+07 15 0.615

4 2.00E+09 5.00E+05 3.74E+06 15 1.319

5 2.00E+09 5.00E+04 3.75E+05 15 2.841

6 2.00E+09 5.00E+03 3.75E+04 15 6.121

7 2.00E+09 5.00E+02 3.75E+03 15 13.187

A PET film of thickness t; = 13 um would give bulge deflections > 180 um
when the pressure is varied from 0.35 to 35 kPa. Deflections above 180 um can still be
measured accurately using the digital camera. Thus, even though PET film of thickness

t; = 3 um is ideal, due to the difficulty in handling PET film of thickness t; = 13 um is

most optimal for the bulge test experiment.

For obtaining accurate Eyy,, from the bulge test, conveniently measuring the
deflections using the available techniques, and considering the feasibility to manufacture
the composite using the available fabrication techniques, thickness values of t; = 13 pym

and t, =2 um were chosen to be used in the bulge test for Germanium nanowire

membrane and PET respectively.
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From the above parametric study, to measure the mechanical properties of
germanium nanowire membranes using the bulge test with minimal error, a low-cost set-
up, and a convenient deflection measuring technique, the values shown in Table 2.8 were

chosen for developing the bulge test setup.

Table 2.8: Chosen design parameter values from the parametric study

Design parameter Value
1 Bulge pressure (p) 0-35 kPa (1% increment)
2 Polymer selection (material) PET film
3 Polymer thickness (t;) 13 um
4 Ge NW membrane thickness (t,) > 2 pum
5 Deflection measuring device Digital camera
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CHAPTER 3: EXPERIMENT

In this chapter, the bulge test experiment setup that was designed and fabricated to
test the specimens, the material preparation method and the procedure for conducting the
bulge test experiment are described.

The components for the experiment were selected based on the parameter values
obtained from the parametric study. The design of the experiment and the description of
the apparatus for the bulge test experiment is discussed in section 3.1. The composite
sample for the experiment is a bi-layered material made of a polymer film and the
germanium nanowire membrane. The composite was deposited on a metal substrate. This
specimen (composite on the substrate) was mounted on a critical component of the
apparatus, and the bulge test experiment was conducted on the composite. The
manufacturing techniques used for specimen fabrication is discussed in section 3.2. The
experiment procedure for determining the pressure - deflection relation of the composite is

discussed in section 3.3.

3.1 APPARATUS

The pressure - deflection characteristics of the PET/Ge NW laminate is determined
using the bulge test experiment apparatus to determine the mechanical properties of
germanium nanowire membrane.

A fluid is used to apply uniform pressure on the sample, and an optical device is
used to measure the central bulge deflection. Thus, the pressure is given as an input to the

sample, and the central deflection is taken as the output.
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Therefore, an input pressure system and an output deflection measurement system
were designed individually and assembled. A manifold is used to mount the specimen and
connect the pressure system to apply a uniform fluid pressure on the sample. The design
of the manifold is described in section 3.1.1. Design of the experiment and component
selection is categorized into pressurization and deflection systems and these are described

in sections 3.1.2, 3.1.3 respectively.

3.1.1 Manifold

The purpose of the manifold is not only to support the specimen on top but also
connecting with various components of the pressure system. The manifold manufactured
for the experiment is shown in Figure 3.1.

A circular hole was machined out on the cube-shaped aluminum die block to
produce a storage tank for the fluid. The cavity in the manifold produces a laminar flow of
the fluid by reducing the irregularities in pressure and generating a uniform pressure along
the entire sample. Three holes (numbered 1,2,3 in Figure 3.1) were drilled and tapped on
the sides of the block to allow an inlet for the fluid flow, detection of fluid pressure on the
sample, and a release valve to remove the air bubbles from the fluid.

A critical point of the apparatus is the mounting of the sample on its holder. The
composite to be studied is deposited on the metal substrate fabricated with a circular or
rectangular window in the middle, and this entire specimen is connected to the manifold

using threaded screws.
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A rubber O-ring is placed inside a groove on top of the manifold. When the
specimen is tightly clamped to the manifold, the O-ring seals the gap around the periphery
and eliminates the water leakage. Thus, it ensures to significantly reduce the leaks from the

pressure applied to the sample.

1‘. x

| O-ring groove

i g : / Specimen fixture hole

Figure 3.1: Manifold
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3.1.2 Pressure System

The pressure system in the bulge test experiment should be able to store and
compress the fluid, which then pressurizes the fluid within the system and applies uniform
pressure on the sample. Here, the fluid pressure should not only be controlled precisely but
also measured accurately.

Thus, the pressure system was categorized into two sub-systems: pressure
generation and pressure detection. To accurately control and measure the pressure within
the system a calibration process was done using a pressure calibration setup. The design
and selection of components for pressure generation system and pressure detection system

and the pressure calibration process are discussed in the following sub-sections.
Pressure Generation

From the parametric study, an input pressure from 0-35 kPa with 0.35 kPa
increments is required to create a measurable bulge deflection on the composite. Water was
used as the fluid in the pressure system due to its ease of availability, less density and the
ability to create a uniform flow. A hydraulic syringe pump (NE500, New Era Pump
Systems Inc., Wantagh, New York) compatible for generating pressures in the range of O-
70 kPa was chosen to apply pressure on the water.

The syringe pump is connected to the manifold through a 3-way aluminum valve
block and a plastic tube (Y2 inch) as shown in Figure 3.2. One of the holes on the valve
block is connected with a release valve which can be opened and used as a water inlet to

the system.
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Figure 3.2: Syringe pump and valve block

The differential pressure was applied to the system by controlling the syringe pump
head using a stepper motor. The stepper motor is connected to a control box, Figure 3.3,
comprising Arduino board, wires, and other connections. The control box has rotating
knobs to change the speed and switches to control forward/stop/reverse motion of the
stepper motor. Thereby stepper motor feeds the forward, stop and reverse motion to the

syringe pump head.

Control Box Stepper Motor

Figure 3.3: Stepper motor and control box
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A schematic of the pressure generation system connecting all the components to the

manifold is shown in Figure 3.4.

® ] o f—— 0 B O
® O ®

Figure 3.4: Schematic diagram of the pressure generation system

1. Motor Control box

2. Stepper Motor

3. Syringe

4. Water Inlet to valve block
5. Material over the substrate
6. Safety valve

7. Pressure detection system
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Pressure Detection

A pressure transducer (Sensotec Z/0761- 09ZG, Columbus, Ohio. Capacity of
103.4 KPa) was chosen to detect the pressure within the system. The pressurized water
filled in the cavity of the manifold was measured by mechanically connecting the pressure

transducer to one of the holes on the manifold, shown in Figure 3.5.

Figure 3.5: Various connections to the manifold
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The pressure transducer was connected to the strain conditioner, which consists of
a wheat stone bridge and an amplifier.

A voltmeter was connected to the strain conditioner, shown in Figure 3.6, to
measure the change in voltage to a corresponding change in the water pressure within the
system. The pressure-voltage relation was pre-determined by calibrating the pressure
system setup. Thus, the value of the pressure within the system can be determined from the

voltage reading on the voltmeter.

Figure 3.6: Signal conditioner and voltmeter
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A schematic of the pressure detection system connecting all of its components to

the manifold is shown in Figure 3.7.
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Figure 3.7: Schematic diagram of the pressure detection system

1. Material over the substrate
2. Safety valve

3. Pressure transducer

4. Signal conditioner

5. Voltmeter

6. Pressure generation system
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Pressure Calibration

The pressure-voltage response for the system was calibrated, and a relation was
determined to accurately measure and control pressures in the range of 0-35 kPa during the
experiment.

The pressure transducer was removed from the hole and replaced with the
calibration pressure transducer. The calibration pressure transducer measures the pressure
(torr) and displays it on a digital meter. The electrical wiring on the calibration pressure
transducer was connected to the signal conditioner.

A fully closed substrate was fabricated and connected to the manifold using
threaded screws. When the system was at the initial position (syringe pump head at the top
dead/fully open position), the pressure in the system was 750.8 torr (~atmospheric
pressure) and the corresponding voltage value displayed on the voltmeter was set to zero
by balancing and setting the gain to 20 on the signal conditioner.

The stepper motor was turned on and driven in the forward direction. The hydraulic
pressure in the system was changed by 0.2 Psi increments, and the corresponding voltage
values were noted down. This process was repeated for five times, and the voltage values
for corresponding pressures were averaged.

The pressure vs voltage values are plotted as shown in Figure 3.8. Moreover, the
relation is found to be linear. This plot can be used during the experiment to find the

pressure value within the system from the voltage reading on the voltmeter.
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Figure 3.8: Plot showing the pressure vs voltage relation
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3.1.2 Deflection system

The deflection system in the bulge test experiment should be able to measure the
maximum central bulge deflection of the sample accurately. Optical measuring techniques
are generally used for the bulge deflection measurement.

Components for the deflection system were chosen and modified according to the
experiment requirements. To accurately measure the deflections of the sample, a deflection
calibration process was accomplished using a scale. The design and selection of
components for the deflection measurement system and the deflection calibration process

is discussed in following sub-sections.

Deflection Measurement

From the parametric study, the bulge deflections of the composite are highly likely
observed to be >100 um. Thus, a digital camera was chosen to be most convenient for the
experiment. A digital camera with a 2.0x lens was placed at its focal length by the side of
the manifold to measure the deflection of the bulge from the side view.

The digital camera (Lumenera corporation, Infiniti 3-3UR model, 2.8 Megapixels)
was mounted on a positioner, which was placed on a mount stand as shown in Figure 3.9.
This assembly controls the z-motion and gives a fine control in the x-and y-directions using
the micrometers. The digital camera was connected to a computer, and the live image was

viewed on the Infinity analyze software.
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Figure 3.9: Digital camera on positioner and light source

A large mirror was mounted on a base and positioned behind the sample. A green
light source placed beside the camera was directed onto the specimen. Both the mirror and
the light source were used for better focus of the sample, to improve the quality of the

image and to easily measure the bulge deflections.
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A schematic of the deflection measurement system measuring a bulge on a sample

mounted on the manifold is shown in Figure 3.10.
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Figure 3.10: Schematic diagram of the deflection measurement system

. Digital camera

. Positioners

. Light source

. Side view of specimen on manifold
. Top view of specimen on manifold
. Mirror

. Pressure generation system

. Pressure detection system
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Deflection Calibration

An area of an image is composed of numerous pixels. Each pixel represents a
specific unit value. The pixel vs. unit (mm) values for the images captured on the Lumenera
digital camera was calibrated, and a relation was determined to measure the bulge
deflections accurately during the experiment.

A measurement paper was placed right on the substrate, and an image was captured
on the infinity software. This image was opened in the ImageJ software, and under the
measure section, the number of pixels between the parallel lines on the image was
measured and noted down. This process was repeated for five times, and the average

number of pixels between the two lines was counted and shown in Table 3.1

The distance between two lines (in pixels) = 838

The distance between the lines on the measurement paper shown in the figure was manually

measured using a precise digital caliper.

Table 3.1: Pixel and length measurement values for calibration

Count Pixels | Length (in mm)
1 838 2.49
2 841 2.50
3 837 2.49
4 838 2.50
5 839 2.50
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The averaged distance between the two lines (in cm) = 2.50 mm
The averaged pixel count was equaled with the distance measured using the caliper and the

relation between the pixel and unit (mm) was determined.

350 pixels =1 mm
1 pixel = 2.9 um

Using the set scale feature, the relation between pixels and mm (350 pixels/mm)
was imported into the ImageJ software. This relation can be used during the experiments
to measure the bulge deflection. However, the deflection calibration method should be
performed before every new experiment to check the consistency of the above relation.
The length/ maximum central deflection of the bulged sample was first calculated in terms

of pixels and later converted to millimeters on the ImageJ software.

The pressure system and the deflection system are assembled to develop the bulge test

experiment apparatus. The whole test setup is shown in Figure 3.11.
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Figure 3.11: Bulge test experiment set-up
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3.2 MATERIAL PREPARATION

The method used for synthesizing germanium nanowires and the polymer
preparation is discussed in section 3.2.1 and 3.2.2 respectively. The deposition process of
composite (germanium nanowire membrane on PET film) on the substrate to fabricate the

final specimen is given in the section 3.2.3
3.2.1 Germanium Nanowire Synthesis

With the help of the Korgel group, germanium nanowires were synthesized using a
supercritical fluid—liquid—solid (SFLS) nanowire growth reactor. The required materials

and the synthesis procedure is described below.
Materials

The following materials were used for the synthesis:
1. Hydrogen tetrachloroaurate(Ill) trihydrate (>99.9%), purchased from Sigma-
Aldrich.
Tetraoctylammonium bromide (98%), Sigma-Aldrich.
Sodium borohydride (>98.0%), Sigma-Aldrich.
Anhydrous toluene (99.8%), Sigma-Aldrich.
Diphenylgermane (DPG), Gelest Inc.
Trisilane (Si3H8), Voltaix.

N o o &~ w D

Gold (Au) nanocrystals approximately 2 nm in diameter, capped with 1-
dodecanethiol (Aldrich, g98%), were prepared in deionized water and toluene

(Sigma-Aldrich, g99.5%), using the method developed by Brust et al. 5.
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Procedure

Ge nanowires were synthesized by an Au nanocrystal-seeded supercritical fluid—
liquid—solid (SFLS) reaction in a 10mL titanium tubular reactor connected to high-

performance liquid chromatography (HPLC) pump®® as outlined in Figure 3.12.
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Figure 3.12: Schematic diagram of the supercritical fluid-liquid-solid (SFLS) nanowire
growth reactor system
A 28 mL reactant solution of 25 uLL of Au nanocrystal dispersion (20 mg/mL in
toluene) and 190puL of diphenyl germane (DPG) in anhydrous toluene was prepared in the
glovebox.
Meanwhile, a 10-mL titanium tubular reactor was filled with N2 in the glovebox

and then connected to the six-way valve and the back-pressure regulator at two ends. The
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reactor was preheated to 380 °C and pressurized to 10.3 MPa with anhydrous toluene using
high-performance liquid chromatography (HPLC) pump

After the system had equilibrated, the solution of DPG and Au nanocrystals were
injected into the reactor at a rate of 0.5 mL/min for 40 min. During this injection period,
the exit stream was continually adjusted to maintain a reactor pressure of 10.3 MPa.

After completing the injection of the reactant solution, the reactor was sealed and
cooled to 150 °C. An amorphous Si (a-Si) shell was then deposited on the nanowires. A
volume of 42 uL of trisilane diluted in 2 mL of toluene was loaded in a syringe and injected
to the reactor via the six-way valve (caution: trisilane is volatile, highly flammable and
pyrophoric). Preparation of the dilute trisilane solution must be carried out inside an inert
gas filled glovebox. After injection of the trisilane solution was complete, the reactor was
resealed and heated to 250 °C. After 12 h, the nanowire product was purified by re-
dispersion in a 2:1:1 volume mixture of chloroform, toluene, and ethanol, followed by
centrifugation at 8000 rpm for 5 min. This washing procedure was repeated two more times
to remove excess passivating ligand and unreacted phenyl germane. The nanowires were

then dried under vacuum and stored in air under ambient conditions.

3.2.2 PET Film

A 13-micron thick Polyethylene Terephthalate film was purchased from
GoodFellow corporation. The PET film was cut into circular samples of 30 mm diameter
using a laser cutting machine (LPKF protolaser), shown in Figure 3.13. Laser cutting
method not only improves the accuracy of the shape of the film but also reduces the

wrinkles developed in the film.
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Figure 3.13: LPKF Protolaser cutting machine

The PET film was placed on a rubber mat inside the chamber of the laser cutter.
PET film was stretched and wholly pressed onto the rubber mat when the vacuum
underneath the mat was turned ON. A circular profile drawing was designed in the LPKF
circuit pro software connected to the laser cutter. The number of passes and power of the
laser was assigned as 25 and 5 W respectively in the LPKF circuit pro settings. The laser
cutting process was executed, and the circular PET film samples of 30mm diameter were

fabricated as shown in Figure 3.14.
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Figure 3.14: Circular PET samples cut (OD-30 mm)

3.2.3 Specimen

Multiple aluminum and copper substrates were fabricated to facilitate the
deposition of the composite (PET and Ge-NW membrane). Aluminum blocks were
machined into thin cylindrical pieces. A circular hole of 10mm diameter was cut at the
center of each piece. A machine lathe was used to taper the hole outward with an angle of
25 degrees onto the bottom side. This helps reduce air pockets forming during filling. The
PET film was attached to the substrate using a 3M double coated medical tape (transparent
polyethylene tape, 80 microns).

For the circular bulge test, the medical tape was cut into a concentric circular shape
of 10 mm inner diameter and 30 mm outer diameter with the laser cutting machine, using
a similar process described in section 3.2.2. The concentric circular medical tape sample is

shown in Figure 3.15.
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Figure 3.15: Concentric circular double-sided tape (OD-30mm, ID- 10mm)

First, the carrier on one side of the medical tape was removed using a tweezer. The
adhesive side of the tape was placed on the substrate such that the inner concentric hole of
the tape aligns with the 10mm circular hole on the substrate. Next, the carrier on the other
side of the tape was removed, and the circular PET film of 30 mm diameter was placed
right on top of the open adhesive side of the tape, such that the PET film completely aligns
with the outer edges of the tape. With this process, a freestanding circular PET film on the

substrate was fabricated. The PET film on the substrate is shown in Figure 3.16.

Figure 3.16: PET film attached to the substrate with circular orifice
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For the rectangular bulge test, the medical tape was cut into a 30mm diameter circle
with a concentric rectangular shape of 20 mm length and 4 mm width with the laser cutting
machine, using a similar process shown in the section 3.2.2. The concentric rectangular

medical tape sample is shown in Figure 3.17.

Figure 3.17: Concentric rectangular double-sided tape (OD-30mm, ID- 20mm*4mm)

Similarly, the carrier on one side of the medical tape was removed using a tweezer.
The adhesive end of the tape was placed on the substrate such that the inner concentric
rectangle of the tape aligns with the 20mm length and 4 mm width dimensions on the
substrate. Next, the carrier on the other side of the tape was removed, and the PET film of
30 mm diameter was placed right on top of the open adhesive side of the tape, such that
the PET film completely aligns with the outer edges of the tape. With this process, a
freestanding rectangular PET film on the substrate was fabricated. The PET film on the

substrate is shown in Figure 3.18.
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Figure 3.18: PET film attached to the substrate with rectangular orifice

The germanium nanowires developed by the Korgel group are treated and loaded into the

spray coater, Figure 3.19.

Figure 3.19: Spray coating machine
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Figure 3.20: Composite (Ge-NW membrane deposited on PET) on the substrate:

The PET film on the substrate was kept inside the spray coating chamber, 6 mg of
germanium nanowires were sprayed by running across the sample. Thickness of the sample
was measured under scanning electron microscopy; SEM image is shown in Figure 3.21.
A germanium nanowire membrane of 5 +0.3 um thick was formed on top of the PET film

as shown in Figure 3.20.

Thus, the composite made of the polymer film and germanium nanowire membrane
was deposited on the substrate (copper/aluminum) by using a double-sided medical tape
and spray coater respectively. The final specimen was further used for testing on the bulge

test apparatus.

62



10 pm EHT = 5.00 kV Signal A = SE2 Date :20 Mar 2019

f——— wo=98mm Mag= 500K X

Figure 3.21: SEM image of the spray coated sample

3.3 EXPERIMENT PROCEDURE

A step by step procedure for conducting bulge test experiment to determine the pressure-

deflection relation of the composite is shown below:
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. The vacuum grease is applied to the O-ring of the manifold, and the fabricated
specimen (composite deposited on the aluminum substrate) is mechanically fixed
to the manifold using screws.

. The water is filled into the system through a hole opened by removing the release
valve on the 3-way aluminum valve block.

. While filling the water, the release valve on the manifold is slightly turned to
remove the air entrapped within the system. This process ensures the removal of
water bubbles completely and reduces the error in the measured pressure.

Once the water is completely filled, the release valve is connected to the 3-way
aluminum valve block.

. The light source on the specimen is turned ON, and the Infinity analyze software is
opened on the computer. A calibration paper is placed across the diameter of the
specimen, and the camera is aligned perfectly with the composite by adjusting the
X, y and z directions on the camera mount.

. The voltmeter is set to zero volts by adjusting the balance knob on the signal
conditioner; it corresponds to a bulge pressure of 0 kPa.

. The stepper motor is turned ON, and a very low rpm is chosen using the knobs on
the control box.

. The stepper motor is turned off after every 0.35 kPa increment in pressure, and the
bulge deflection image is captured on the infinity analyze software. This process is
continued until the system reaches a pressure of 7 kPa.

Using ImageJ software, the maximum central deflection of the bulge on each image

is measured and tabulated along with their corresponding bulge pressure values.
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CHAPTER 4: RESULTS

Both circular and rectangular composite samples were tested on the bulge test
apparatus. The mechanical properties of the composite were determined from the bulge test
and subsequently the elastic material properties of the germanium nanowire membrane

were extracted. Results from the bulge test experiment are presented in this chapter.

DATA ANALYSIS

Pressure and the maximum central deflection measurements obtained from the
bulge test are plotted against each other. The pressure vs. deflection curve is then fitted
with the bulge equation derived in chapter 2, equation (2.11) and equation (2.19) for
circular sample and rectangular sample respectively. The coefficients (C;, C;, D& D)
determined from the curve fit are used to calculate the reduced modulus and residual stress
as mentioned in section 2.1.3.

An initial bulge test was conducted on a 13 um PET film to verify and validate the
elastic properties obtained from the experiment result with the known values. Five
repetitions of bulge test on the PET film were conducted and the coefficients obtained from
the curve fit, Figure 4.1, along with the equations (2.11) and (2.19) were used to determine
the elastic properties. Young’s modulus and Poisson’s ratio obtained from the bulge test
experiment were 2.55 + 0.12 GPa & 0.393 + 0.015. respectively. This result is consistent
with the known E = 2.5 GPa and v = 0.4 for the 13micron PET film (GoodFellow

corporation) with an error of 2 %.
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Figure 4.1: Pressure vs deflection plot for the 13micron PET film from the bulge test

The bulge test experiment as mentioned in section 3.3 was conducted on both
circular and rectangular composite samples with five repetitions each. The average values
from the test are considered to plot the pressure vs deflection curve for the circular sample,
shown in Figure 4.2, and the rectangular sample, shown in Figure 4.3. The cubic and linear
coefficients for both circular and rectangular samples can be determined from the curve fit

with bulge equations equation (2.11) and equation (2.19) respectively.
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Figure 4.2: Pressure vs deflection plot for the 18micron circular composite sample from
the bulge test

67



A

f
kPa) | D, = 1028000 GPa/m’

3 - D, =309 MPa/m

2.4 1

Figure 4.3: Pressure vs deflection plot for the 18micron rectangular composite sample
from the bulge test
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Hole-diameter (a) = 10 mm

Rectangle-width (a) = 2 mm

PET thickness (t;)= 13 um

Nanowire membrane thickness on the circular composite sample (t,)=5 + 0.3 um
Nanowire membrane thickness on the rectangular composite sample (¢,)=5 4 0.3 um
Young’s Modulus (Epgr) = 2.55 GPa

Poisson’s ratio (vpgr) = 0.393

Coefficients (C;, C,, D;& D,) are determined from the curve fit of Figures (4.2), (4.3).

The reduced modulus (M) and the residual stress (o, ) for the circular sample are:
M, =899.30 £ 5.20 MPa
o, = 1.72 4+ 0.03 MPa
The reduced modulus (M,.) and the residual stress (o, ) for the rectangular sample are:
M, = 685.33 + 2.08 MPa
Oxo = 0.62 £+ 0.02 MPa

The Poisson’s ratio and Young’s modulus of the composite are calculated using equations
(2.21), (2.24).
E. = 618.53 + 3.7 MPa
ve = 0.312 4 0.008
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Elastic material properties of the nanowire membrane can be extracted from the following

equations:

1 Veer N Vaw
4.2)

EC a EPET ENW

Ve = Vper * Vpgpr + Vyw * Vyw (4.2)

Vopr = — 2 Vg = —2
PET_t1+t2' NW_tl‘l'tz (4'3)

Young’s modulus and Poisson’s ratio of the germanium nanowire membrane are:

Vaw = 0.104 + 0.03
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CHAPTER 5: CONCLUSION

Young’s modulus and Poisson’s ratio of the germanium nanowire membrane
determined from the bulge test experiment are 208.30 + 5.2 MPaand 0.104 + 0.03
respectively. The values obtained from the five repetitions of the bulge test on circular and
rectangular samples gave elastic properties within the range given above. An error of + 2.5
% and + 2.88 % was observed in Young’s modulus and Poisson’s ratio respectively.

This error can be due to the limitations on the deflection, pressure and the thickness
measurements. The resolution of the image on the digital camera with one pixel is
equivalent to 3 um. The resolution of the pressure transducer is 7 Pa which is equivalent
to 0.2 % of the maximum pressure applied on the sample. The thickness of the spray coated
nanowire membrane measured on the SEM was 5 + 0.3 um. Due to the inability to
measure the change in deflection less than 3 um and pressure less than 0.007 kPa, and the
6% variation of the membrane thickness from spray coating could have introduced this
error.

Due to the presence of visco-elastic behavior of the polymer film, the composite
was allowed to rest for 24 hours before each repetition of the bulge test. It was also
observed that the residual stress in the composite for both circular and rectangular samples
was reduced from 1.75 MPa to 1.69 MPa and 0.64 MPa to 0.60 MPa respectively. This

behavior can be attributed to the stress relaxation of the composite.
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The bulge test method presented in this work is not only limited to the germanium
nanowire membrane but it can also be used for determining the mechanical properties of
any porous film, membrane and three-dimensional nanostructure. For example:
nanocrystal films, carbon nanotube membrane etc. These materials can be deposited on a
free-standing base material (either polymer or metal film) to fabricate a composite
specimen. The most optimal base material can be selected by performing a parametric
analysis on the composite specimen using the bulge equations.

This composite specimen can be subjected to a differential pressure by controlling
the fluid volume in the bulge test apparatus. The corresponding pressure and deflection
values can be measured and the pressure vs deflection characteristics of the composite can

be studied to extract the mechanical properties of the material.

FURTHER WORK

An alternative approach of measuring the radius of curvature of the bulged film and
converting it to the bulge deflection by equation (2.1) can be used to reduce the error in
deflection measurement by the digital camera. Moire deflectometry technique is
extensively used for measuring the radius of curvature of the bulged thin films. The yield
behavior and other mechanical properties such as failure strength of the germanium
nanowire membrane can be determined by loading the sample on the bulge test apparatus
until it bursts.

To study the mechanical behavior of the nanowire membrane a two dimensional-
long fiber network model of the germanium nanowire membrane is developed by the
Huang group. A single layer of nanowire membrane of thickness equivalent to the diameter

of the nanowire (d = 50 nm) was considered for the model. Mechanical properties such as
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stiffness and poisson’s ratio of the membrane were determined from the model. To verify
and validate this model, a bulge test experiment on the 2D nanowire membrane is highly
desired.

The elastic mechanical properties presented in this work were obtained from testing
the 5 um thick germanium nanowire membrane, which is equivalent to 100 layers of
nanowires stacked on top of each other. Extracting the elastic material properties of a 50-
nm thick germanium nanowire membrane deposited on a 13 um thick PET on the bulge
test apparatus would give higher error due to very low volume fraction of the membrane
within the composite. Also, a PET film of thickness < 3 pm wrinkles too much and tears
while handling making it very difficult to deposit on the substrate.

Thus, due to the limitations on the thickness of the polymer an alternative method
to determine the properties of the 2D nanowire membrane should be developed. One such
method is to determine the elastic properties of multiple composite samples with
decreasing thickness of nanowire membrane (maintaining polymer thickness constant) and
extrapolating this data/trend to estimate the elastic properties of the 2D germanium

nanowire membrane of 50-nm thickness.
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