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ABSTRACT

Nanocatalysis has received considerable attention in the scientific community due to
their superior reactivity compared to their macro-sized counterparts. MEMS nanore-
actors allow scientists to view these reactions in-situ. This opens up doors to finally
understanding the underlying mechanisms of the nanocatalyst’s effectiveness, which may
eventually improve our every day lives.

This thesis focuses on the viewing port of the device — the electron-transparent win-
dow (ETW) — and how they can be improved for future generations. From scattering
theory, it was determined that the best way to improve the imaging quality of current
ETWs was to develop thinner ones. Two questions were then asked: can a thinner
ETW be integrated into a nanoreactor process? If so, how will it affect the mechanical
strength of the ETW?

Aluminum oxide (alumina) was chosen specifically because of its deposition method,
atomic layer deposition (ALD). The characteristics and material properties of ALD alu-
mina were assessed and it was determined that they are suitable for ETW applications.

Using ALD alumina presented a few challenges in its integration into nanoreactors,
especially the use of vapor hydrogen fluoride. ALD alumina ETWs were able to be suc-
cessfully integrated into a nanoreactor down to 5 nm thick. The 5 nm alumina ETWs
are able to withstand a pressure difference at least 0.75 bar, however they were not able
to survive inside a TEM as they disintegrated immediately under the electron beam.

Alumina ETWs that are 10 nm were able to be imaged in a TEM. These windows were
tested in a transmission electron microscope (TEM) and scanning electron microscope
(SEM) to showcase the improved electron-transparency.

The ultra-thin ALD alumina ETWs can improve the imaging quality of nanoreactors,
due to their lower thickness compare to current nanoreactors. The successful release of
5 nm membranes may also be useful for other applications, such as sensors.
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INTRODUCTION AND MOTIVATION

Nanoreactors are designed to provide the best imaging experience for the transmission
electron microscope (TEM) user while simultaneously withstanding the harsh environ-
mental requirements needed to support nano-catalytic reactions. This thesis will explore
one component of the nanoreactor — the electron transparent window (ETW), which is
the viewing port of the device. Current ETW materials have provided good image
quality for thicker and heavier nano-particles (NPs), however imaging issues arise in
experiments when lighter NPs are desired.

In this chapter, the driving reasons for the need to study nanocatalysis are discussed
in section 1.1. In the following section, the MEMS nanoreactor and components are
introduced. In section 1.3 the ETW is further explained, with a list of its requirements.
Lastly, the motivation and outline for this thesis are given in section 1.4.

1.1 Nanocatalysis and Their Reactions

Catalysts are chemical molecules that facilitate a chemical reaction by lowering the
energy required to complete it. Catalysts are used abundantly in our lives, such as
purifying the fuel in our cars and airplanes [1]. While it has been known that reducing
a catalyst’s size will increase the effectiveness of a catalytic reaction because of the in-
creased surface (and defect) area of the catalyst, it has been discovered that NPs exhibit
different reaction mechanisms due to quantum effects of their electronic behaviors [2].
Results of this are a significant reduction in temperature needed for catalytic reactions
[3]. Another is the enhancement of oxygen storage capabilities compared to their un-
doped counterparts [4]. The in-situ (i.e imaging during the reaction) characterizations
of these reactions becomes then instrumental in developing a better understanding of
these unexplored underlying quantum effects [2].

1.2 MEMS Nanoreactors

The rate of catalytic reactions depend on two things: temperature, to supply the re-
action with additional energy; and pressure, to increase the rate of collision between
the reactants [5]. Nanoreactors are MEMS (micro electrical-mechanical system) micro-
machined devices which control the reaction environment during imaging inside a TEM.
This is challenging, as TEMs operate in vacuums to allow a collision-free path from the
electron gun and the specimen. There are many different forms of nanoreactors which
are used to form the environmentally controlled chamber. Temperature is controlled
by the integration of metal microheaters (currently molybdenum [5] or platinum [6]) on
the nanoreactor which is then biased to generate heat directly on the chip. Pressure is
controlled by gas inlets and outlets called microchannels. Microchannels allow the user
to input a gas or liquid at a specified pressure and flow.

In the nanoreactor, the ETWs are suspended in a thicker, mechanically support-
ing membrane, where the microheater is typically integrated. An illustration of the
nanoreactor and its components can be seen in figure 1.1. An in-depth overview of a
proto-generational and modern MEMS nanoreactors can be read in [7],[8] respectively.
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membrane heater, windows

) 1 mm
gas inlet — gas outlet

Figure 1.1: An illustration of a MEMS nanoreactor main components labeled. Abstracted from [7],
figure 1.

1.3 Electron Transparent Windows and Their Requirements

ETWs are ultra-thin membranes which are the viewing point for the TEM user. By
strict definition, ETWs are not transparent but translucent as T < 1, where T is the
transmission of electrons through the window. Multiple windows are always present
in a nanoreactor as there is no direct control of NP deposition on the ETWs. NPs
are typically inserted via liquid suspension which spreads the NPs randomly across the
whole device. ETWs are usually 1 to 10 ymZ in area, which is most likely the result of
a natural optimization between pressure strength and desired viewing area of a TEM
user. Figure 1.2 is an illustration of how TEM imaging of NPs work, to already form
some understanding. Materials used in the window have varied over the years. Silicon
nitride (SiN) ETWs are currently in production in the Else Kooi laboratory (EKL) [7];
(amorphous silicon) a-Si, (silicon dioxide) SiO, and most recently, (amorphous silicon
carbide) a-SiC have been also explored [9].

There are many ways to characterize the quality of ETWs as they function in nanoreac-
tors. Nanoreactors are currently used at 1 bar pressure, with the likelihood of requiring
higher pressures as nanocatalyic research develops further. Below is a list of require-
ments for ETWs in nanoreactors examined in this thesis:

e Imaging Quality

ETWs should be thin to reduce the amount of electrons scattering within it. Thin-
ner membranes allow the path of the electron from gun to specimen to be mini-
mally disturbed, which in turn improves the clarity of the image [chapter 6]. The
surface of the ETWs should also be as uniform as possible for a smooth imaging
background [section 3.5.2].

e Mechanical Strength

The window should be durable and pin-hole free to withstand the pressure within
the reactor [section 3.4.2, chapter 5]. A rupture in the membrane will ruin the
experiment, and can even damage the TEM.

o Environmental Demands

Electrical Conductivity — This is caused by the electron beam. In this case, the
membrane and/or nano-catalysts can become charged by the electrons penetrating
the material. This is undesirable as it can cause scattering of the catalysts across

2



1.4 motivation and thesis outline

the windows [chapter 6].

Chemical Resistance — The NPs and the carrier mixture can contain chemicals
which may attack the windows. This can eventually destroy the device. Chemical
resistivity affects the longevity of the device. This is an application based criteria
[section 3.8.2].

Beam Resistance — The TEM microscope shoots more than 1010 electrons nm =2

s71 [9]. This can cause the window to deform and finally puncture it. Beam
resistance is measured by the survival time of a window at a given electron beam
intensity [9][section 3.7.2, chapter 6].

Wettability — Because the NPs are suspended in a liquid mixture, the wettabil-
ity of the window is important as it allows for easier positioning of the samples
[9][section 3.7.2].

Electron Beam
Electron Tranparent Window

Membrane

Nano Particles

Figure 1.2: A drawing of TEM imaging of NPs on ETWs (left), and the expected result of a TEM image
taken (right). The right image is a top-view of the left image.

1.4 Motivation and Thesis Outline

To get a deeper and broader understanding of the workings behind nanocatalysis, nanore-
actor ETWs must be made thinner to increase resolution, and thicker to withstand the
inevitable demand for higher reaction pressures. Currently, commercially sold nanore-
actors have ETWs that are 15 nm thick and can withstand 1 bar [10].

The following research questions to be answered in this thesis:

— Can ultra-thin atomic layer deposited aluminum oxide (ALD Al,O3 / alumina) be
suitable and better replacement for current ETW materials?

— If so, how will the minute thickness affect the mechanical properties of the ETWs?

In chapter 2, the theory and modeling of how ETW material properties affect a TEM
image will be presented and discussed. Next, reasons for selecting ALD Al,O3 and
its characterization will be described in chapter 3. The integration of alumina into a
nanoreactor process will be shown and discussed in chapter 4. Mechanical and imaging
experimentation and results will be given in chapter 5 and chapter 6 respectively. Lastly,
the conclusion and future suggestions are offered in chapter 7.






THEORY AND MODELING OF
ELECTRONTRANSPARENCY

The density, atomic number, and thickness of the ETW are all important qualities to
capture the best TEM image possible. An introduction to electron imaging will be given
in sections 2.1 and 2.2. Scattering terminology will be defined in section 2.3, which will
give a foundation before presenting Rutherford’s scattering cross section in section 2.4.
Modifications of the cross section to improve the model’s precision can be found in
appendix A.1. Finally, how the film properties affect spatial resolution will be discussed
and summarized in section 2.5. Extra information of how properties of the ETW affects
contrast in TEM imaging is detailed in appendix A.2.

2.1 Electron Imaging

Like any microscope, the goal is to view samples at a specified magnification. TEMs use
electrons as their means of forming images. While visual light microscopes (VLMs) are
constrained by the detection limit (A & 390 nm) of our eyes, TEM microscopes are able
to surpass this limit using the wave-like nature of electrons. It was Louis De Broglie in
1924 who discovered this behavior [11]:

2
P 1-Z (2.1)

p  mou c
Where h represents the Planck’s constant, and myg, v, and p represent the rest mass,
velocity, and momentum of the electron respectively. The applicable takeaway from
equation (2.1) is this: the faster we can propel electrons, the smaller its wavelength
will be. For example, a 200 keV TEM accelerates electrons to a A of 2.5 pm. This is
the main essence of the TEM microscope, and consequently why they are so large —
kilo-volts of suspension are needed to realize pico-scale resolution [12]. The wavelength
of an electron or photon is directly related to the angular resolution by the Rayleigh
criterion [13]. The angular resolution, § in meters, is the minimum distance between

two points that a microscope can resolve:

1.22A
= — 2.2
2n - sina (2.2)

Where n is the refractive index (RI) of the material between the sample and objective
lens (vacuum, .". n = 1) and a is the acceptance angle of the objective lens of electrons

Objective Lens

Al —
Objective Aperture

Figure 2.1: The acceptance angle «, is formed by the objective aperture and the objective lens. O is an
image which forms an inverted virtual image O’ across the objective lens.
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scattering from the specimen. The product n - sinx is known also as the numerical
aperture (NA). In the TEM, the acceptance angle is deliberately modified by using an
objective aperture (figure 2.1). The relationship between the acceleration voltage V and
the electron energy is the product of V and g, the elementary charge. The velocity is
acquired by creating a magnetic field, recalling the Lorentz force law:

F=—q-(Ei+vxB) (2.3)

Where E; and B represent the electric and magnetic fields respectively and F is the
resulting force applied to the electron. Multiple sizable water-cooled electromagnets
are powered to create a large electric field, which in turn accelerates the electrons [14].
These electrons need to be accelerated through a vacuum so that they have a collision-
free path to the specimen. This is important as it becomes a strict design requirement
of the nano-reactor: the electron transparent windows should be durable enough to
withstand the pressure differences without rupturing, while also being pinhole-free to
contain the pressure.

These electrons are guided through a series of lenses and apertures that add magnifi-
cation, contrast, and adjust the focus of the image. A lens is an object that can focus
and magnify radiation [13]. While optical lenses are made out of glass, electron lenses
are magnetic solenoids that use the magnetic fields to alter the path of the electrons
[11]. A lens creates a virtual copy on the opposite side of it, this point is called the
focal point. The distance between a lens and its focal point is the focal length, f. An
aperture is a circular hole of a certain diameter d, which is controlled by increasing (or
decreasing) the opening of a diaphragm. The aperture lies on the optical axis. The
diameter of the aperture and its position on the focal length determines an acceptance
angle a. Electrons deflected at an angle larger than a do not reach the focal point. The
relationship between «, f and d is:

f

&~ tane = 2 (2.4)

2d

2.2 The TEM Imaging System

Some familiarity with the imaging system of a TEM microscope is useful before moving
on to theory. Below is an overview of various imaging components of the TEM, from
electron gun to charged coupled device (CCD) camera. In figure 2.2a an illustration of
these components can be seen.

¢ Electron Gun

The free electrons used for imaging are generated by an electron gun. The beam
emitted from the electron gun is usually modeled to have a Gaussian distribu-
tion [11]. There are three main types of emission sources used in electron guns:
thermionic, field, and Schotty [14].

e The Condenser Lens System

This system consists of two lenses and an aperture. It is responsible for guiding
the electrons emitted from the electron gun onto the specimen. These lenses are
named simply condenser 1 (C1) and condenser 2 (C2). This system condenses the
electron beam created by the electron gun into a spot size with a certain diameter
and intensity, effectively controlling the electron flux passing through this lens
system. The spot size and intensity can be manually controlled by the TEM user.

e Specimen Stage

The specimen plane or stage is where the nanoreactor rests. Because of the magni-
fication capabilities of a TEM microscope, special care is taken to ensure the sta-
bility of the holder to reduce motion, which will cause blurring at the nano-scale
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level [14]. This becomes especially important when imaging in high resolution
TEM (HRTEM).

Objective Lens System

This system consists of one lens and aperture. The lens creates the first real image
of the specimen, and lies directly below the specimen. Electrons that strike the
specimen cause them to scatter and hit the aperture, removing them from the
final image. The acceptance angle created by this lens and aperture is directly
responsible for the contrast seen in the final image. This will be explained in more
detail in the following section.

Intermediate and Projective Lenses

The intermediate lens system looks at the first virtual image created by the objec-
tive lens. They adjust the focal length gradually, to create even more magnification.
There can be multiple intermediates lenses. The projective lens guides the image
to the observation screen and it is the last lens the electrons will pass [12].

Observation Screen

The observation screen is where the final image is copied. Using a luminescent
thin film, the impending electrons leave behind a bright spot, depending on the
electron flux at that given point. The local variances of flux create a contrast,
forming a live visual image [14].

CCD Camera

Once the desired image is in focus, the observation screen is removed such that the
electron path directly strikes the CCD. Each pixel will absorb a charge, depending
on the electron flux striking it. The amount of charge in each pixel is converted
to create a digital image by an analog-to-digital converter (16-bit).

\/ Electron Gun

Consender Lenses

Specimen Stage

Objective Lens

Objective Aperture

Intermediate and
Projector Lenses

Observation Screen

CCD Camera

(a) (b)

Figure 2.2: (a) Illustration of TEM components, and (b) a FEI TECNAI 200 keV TEM, at the TNW

faculty, TU Delft.

No video? CCD
cameras use large
capacitors to form
their images. The
size of the
capacitors
increases the
dynamic range
capabilities of the
image. The
drawbacks
however, are
longer acquisition
times and the
inability to
capture videos as
the frame rate
(frequency
response) is
severely limited
by the gigantic
RC constants of
the camera [11].
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2.3 Electron Scattering

Reducing scattering is essential to form clear NP images in the TEM. The less strongly
the ETW scatters electrons, the better the TEM image will be. Scattering is an inter-
action between two or more particles that cause a change in direction, energy or both.
Electrons can be said to scatter elastically (figure 2.3a) or in-elastically (figure 2.3b).
Elastic scattering changes the particle’s trajectory only, while energy is conserved. In-
elastic scattering is when the trajectory and the energies of the particles are changed.

(a) (b)

Figure 2.3: (a) an elastically scattered electron, and (b) an in-elasically scattered electron

A cross section (CS) is seen as an area where an event has a probability of occurring.
A quote taken from [11] sums up this concept perfectly:

“If T throw a ball at a glass window one square foot in area, there may be
one chance in ten that the window will break and nine chances in ten that
the ball will just bounce. In the physicist’s language this particular window,
for a ball thrown in this particular way, has a disintegration (inelastic!) cross
section of 0.1 square feet and an elastic cross section of 0.9 square feet.”

- Rudolf Peierls (Rhodes 1986)

The CS is denoted by Greek letter o, has units of m2, and is always dependent on
an angle or range of angles. For example, a ball that is thrown perpendicularly from
one side of the window and breaks the window, includes scattering angles from 0 to
7t/2 radians — whereas a ball that bounces back, includes scattering angles from 7t/2
to 7t radians (figure 2.4). All angles are seen as semi-angles, meaning that angle ranges
are mirrored across the angle of incidence and doubled. Although multiple scattering
events can occur between an electron and specimen, it is assumed that each event is
independent from another so:

T
2 / 0 (0)opsind - d0 = 1 (2.5)
0
Now it is important to find the probability distribution function (PDF) of a CS from
0 to 7r. This is called the differential cross section (DSC) with units 5—6. The DSC gives
us the probability that an electron will be scattered at angle 6 into solid angle Q).

The trigonometric relationship between () and 6 (figure 2.5) is:

Q =27(1 — cosb) (2.6a)
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Figure 2.4: Illustration of Rudolf Peierl’s quote.

dQ) = 2msind - d6 (2.6b)

and finally putting the DSC together:

do 1 do
o _ - 0 2.6
dQ ~ 27sing do (2.6¢)
Now, taking a spherical integral to retrieve the probability of an electron being scat-
tered within a range of angles 6y to 6; into the prescribed Q) on the inclination angle

¢:

o d
89 ing - do (2.7)

0
(Tobj:/eld0'227'[9 0
0 0

Figure 2.5: Visual representation of the different cross sections and scattering angles.

What if the object is now repeated in a 3-dimensional (3D) film with a density p in a

volume V7?7 The number density N is defined as the number of atoms per unit volume,

atoms m~3:

_ Nap
N=— (2.8)

Where N, is Avogadro’s number (mol~™!) and A is the atomic mass (u) and density p
(kg m™3). We can now have the total cross section (TCS) and is defined as:

0y = N - Uobj (29)
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Imagine now an electron beam with 1 electrons. We then modify N from atoms m—2

to atoms m > by multiplying a differential thickness dh. The number of electrons that
scatter within the given acceptance angle a can be defined as :

d7n = —o(a)dh. (2.10)

This is a first order differential equation, which is solved by considering the initial
condition n = n, when h = 0, where n, is the initial number of electrons in the beam,
gives:

[n]at (0, Z, 1) = ngexp(—oih) (2.11)

where & is the thickness of the film. This relation between transmittance and film
thickness is more commonly known as the Beer-Lambert law. One last parameter in
scattering theory is the mean free path (MPF), A — which has units m~! and is the
average length an electron travels before a scattering event occurs.

A=— 2.12
- (212)

2.4 Rutherford’s Cross Section

Rutherford’s CS (og) can readily describe the relationship between material properties
of the ETW and how strongly it will scatter the incoming electron beam. Because of
the weight difference between electron and nucleus, impeding electrons will change its
trajectory due to the interaction with the material’s nuclei, while they remain station-
ary. The trajectory of the electron changes in elastic scattering, the total energy (and
therefore the wavelength) is conserved [12][14]. This scattering is caused by Coulomb
interaction, which explains the interaction between two electrically charged particles by
Coulomb’s Law:

4192

Where ko is Coulomb’s constant, g1 and gy represent the charges of two particles,
and r the distance between them. The size of the scattering ’area’ created by the atom
intuitively depends on the amount of positive charge (protons) in the atom.

The following equations are modeled after Rutherford’s gold film thin experiment.
Rutherford shot positively charged alpha particles (Z = 2) onto a couple micrometer
thick gold film, then detected the deflection around the film. This experiment, carried
out in the early 1900s [16], eventually led to the discovery of the nucleus. This formula
will be represented in its DCS and CS forms:

’ 2
do Z-7 ¢ 1
— =k 2.14
dQr <° 4-E, > sintg (2.14a)
z.7 -2\ 1
or = | k 2.14b
R <0 15 ) an2? (2.14b)

Where Z is the atomic number of the element, g is the elementary charge, Eg is the
kinetic energy of impending electrons. 6 is the angle at which the electron deviates from

10

In nuclear physics
cgs units are
traditionally used,
where ¢ = q2 - ko,
and the CS is
typically
represented as
barns = 1072
cm? [15].
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its approach. 7' is the atomic number of the incoming particle, since this particle is an
electron (Z = 1), it will be left out in future analyses. The functions in equation (2.14)
can be visualized in figure 2.6 at Eg = 200 keV.

When dealing with a compound instead of an element the Z becomes a weighted
average Zegs [14]:

A B
Zeff = av B T AT B

for a compound : Y4 Xp, Zx (2.15)

esc?(x/2)
10" 180
SiN, 210 150
ALO
108 273
Carbon
240 120
108
NA —
3
< 10t 270 o ] 9
102 = 10\/
—= 300 | 60
10° 20
. 330 30
0 /2 ™ 0
Scattering Angle (radians)
(a) (b)

Figure 2.6: Rutherford’s scattering cross section of three different materials. (a) in Cartesian coordi-
nates and (b) in polar coordinates.

The following can be derived from equation (2.14):

o If the film material has a higher atomic number, more scattering will occur — o Z2
[equation (2.14)].

o If the film material is denser, more scattering will occur — o p [equation (2.8)].

o If the film material is thinner, less scattering will occur — o h [equation (2.11)].

Looking at equation (2.11), each term also has an exponential dependence on the
transmittance, 7.

Equation (2.14a) can be broken into two sections: a parametric component and an
angular component. The parametric component is a multiplier to the angular compo-
nent and depends on the material properties of the film. A TEM with an acceleration
voltage of 200 keV will have values around 10724 — 1072% m2. At any given 6, the DSC
is proportional to the inverse of Eg. Higher electron velocities in the TEM thus reduce
the DSC.

A few approximations need to be mentioned. First, this formula ignores other scat-
tering effects and forces — such as in-elastic scattering. In-elastic scattering is ignored
because 0jp1a5tic 18 typically around three orders of magnitude smaller than o,,4. at
TEM energies [12]. Retrieving data from energy-disperse X-ray spectroscopy (EDX)
(figure D.3) confirms that inelastic scattering does occur as X-ray emission are a result
of electron/atom interaction [17].

Secondly, it is also assumed that only one scattering event can happen to an electron.
In other words, an electron has a probability of scattering once or zero times. These

11
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two approximations can be made because of the minute thickness of the film.

Lastly, specimen according to the model do not form diffraction patterns (DPs). DPs
are predictable and patterned scattering interference caused by the crystallography of
the film material. Even amorphous materials give rise to DPs because while atoms are
arranged quasi-randomly in the film, the positioning of an atom and its neighbors are
well-defined [11].

2.5 Blurring: Resolution Reduction

Thicker ETWs will reduce image quality. The reason for this is hazing. The less the
ETW scatters electrons the less blurring, and the clearer the image will become. Blurring
is a result of hazing, however images can also blur by de-focus aberrations or by motion
drift [11][13]. Hazing is referred to as beam-spreading in [11]. Beam-spreading describes
blurring well, but it is important not to forget that every point inside the beam is being
subjected to spreading, not just the circumferential ones. Hazing is well documented in
other photonic imaging systems such as magnetic imaging resonance (MRI) and X-ray
imaging [18]. Hazing will now be further conceptualized in the spatial and frequency
domains:

e Spatial Domain

Imagine a perfectly circular, uniform and infinitesimally thin-membrane called
membrane A. Membrane A is suspended by an infinitely thick square membrane
that is imaged by a TEM perfectly (no noise). The expected image is seen in
figure 2.7a. Now another thin film, membrane B, is placed underneath or above
the membrane A. Membrane B will scatter the image formed by Membrane A
(figure 2.7b). The interaction between membranes A and B can be expressed
mathematically as a convolution of both of their transmittance functions.

What if membrane A or B were now to be non-uniform? This would cause further
degradation of the image quality because the electrons are now scattered non-
uniformly through membrane B. In figure 2.9 a HRTEM image of a 10 nm layer
of ALD alumina is seen. The non-uniformity of the film would be undesirably
imprinted on the final image.

(a) (b)
Figure 2.7: (a) an un-blurred image (Membrane A). (b) a blurred image caused by the beam path also
passing a finitely thick membrane (Membrane A and B).

12
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e Frequency Domain

In the frequency domain, hazing can be described as adding a low-pass filter
(LPF) to an image. In figure 2.8 there are two sets of images. In each pair,
one is a blurred version of the other. Blurring makes the image more granular,

lowering the spectral resolution as sharper contrast differences are filtered out.

Following the convolution theorem in the frequency domain, the resulting image

is the product of the NP and ETW ones.
(b)
(c) (d)

Figure 2.8: (a) an image of white noise, with a blurring added (c), and their fast Fourier transform
(FFT) of both (b) and (d) respectively.

Figure 2.9: TEM image of 10nm alumina window at 450kx magnification.
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2.6 conclusions

The digital domain’s discrete nature allows the spatial resolution to be easily mea-
sured. However, in the analog domain there is no universal approach to quantify it.
For example, in [11] full width at tenth maximum (FWTM) is used to quantify the
magnitude of hazing. Given A = 2Z, the relative strength of hazing imposed by the
thin material is then:

K= exp(% 1) (2.16a)

K-t= exp(%) (2.16Db)

where K it the material scattering factor. A higher K means the thin film will cause
more blurring relative to materials with lower K values.

2.6 conclusions

It can be said from equation (2.16) that the best materials in terms of imaging for ETW
applications are those with low atomic weight, density, and thickness. While it is true
that there is a multitude of compounds and elements available, Z, ¥ and p of compounds
that can be deposited in the EKL do not vary greatly (table 2.1). The most effective
way to lower K is to produce the thinnest layer possible. For example, a 5 nm reduction
in ETW thickness will result in a 81% reduction in K for the same material.

Table 2.1: Z,¢r and p of various materials available in the EKL. Data taken from (SiN, [19]; AlO3, [20];
SiC [9]).

Zeff P (g Cm_3)

LPCVD SiN 10 2.8
ALD ALO; 10 3.1

LPCVD SiC 9.2 2.7
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DEPOSITION AND
CHARACTERIZATION OF ALD
ALUMINA

In this chapter, various characteristics of ALD alumina will be measured and analyzed.
The reasoning behind selecting ALD alumina as an ETW material will be discussed
in section 3.1. Information about the growth of ALD alumina is given in section 3.2.
Various material properties of ALD alumina are evaluated throughout sections 3.3 to 3.8,
ending with a conclusion in section 3.9.

3.1 Why Atomic Layer Deposition Alumina

Low pressure chemical vapor deposition (LPCVD) is known for its fantastic step cov-
erage and uniformity that can be as low as 0.3 nm-RMS roughness [21]. While it is
possible to grow ultra-thin, pin-hole free layers with LPCVD with certain precursors
and temperatures [22], LPCVD materials that could be deposited in the EKL - SiN
and SiC - retain their good qualities only down to ~15 nm [9]. Therefore the deposi-
tion technique from ALD is needed, which can retain the good properties of LPCVD
at even lower thicknesses. In the EKL the only ALD material currently available is
alumina. This is why alumina, in particular, was chosen to replace ETWs integrated
into nanoreactors in this thesis.

3.2 Atomic Layer Deposition of Alumina

There has been extensive research in ETWs composed of SiN and SiC [9][23]. Both
materials are deposited via LPCVD amorphously. A layer that is 15 nm thick made
of SiN and SiC are able to withstand at least 1 bar [9][10]. ALD on the other hand,
possesses not only better uniformity than LPCVD, it was also found to give pin-hole
free layers down to 5 nm — and perhaps even thinner.

Cermaic Heaters

Substrate

TMA | H,O | H,

VWV

NS

Figure 3.1: A Simplified illustration of the ALD reaction chamber.

» Exaust

Both LPCVD and ALD use two (or more) precursor gasses to form the deposited
layer. ALD pulses each precursor one at a time into the reaction chamber. An overview
of the reaction chamber and gasses is depicted in figure 3.1. Before the next precur-
sor enters the chamber, the gas and the byproducts are completely purged out of the
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chamber. This is done by using inert nitrogen (N;) gas. The injection and purging of
both precursors is known as a cycle. The precursor and purge timings were 1 s and 6 s
respectively. The precursor gasses in ALD are more reactive compared to LPCVD thus
lower thermal energy is required to create the necessary reactions for the deposition
[24]. While there is a multitude of precursor combinations available, in this thesis the
precursor gasses used were trimethyl-aluminum (Al(CHjz); / TMA) and water (H,O)
[25]. In figure 3.2 and equation (3.1) the reaction sequence can be seen.

(A) (B) (A)

CH; CHs on OH OH
9AL(CHz)s 3CH; AR O - RN
Al

OH OH OH ‘ ‘

o —

Figure 3.2: One complete cycle of ALD alumina Synthesis [26].

(A) AIOH (s) + Al(CHy)s (g) — AL-O-AI(CH,)q(s) + CH, (g) (3.1a)

(B) AlCH,)s(s) + HyO () — AIOH(s) + CH, (g) (3.1b)

The most important quality of ALD is that it is a self-limiting process. This means
that when each precursor is passed into the reaction chamber there is a point of sat-
uration, where all possible reactions between the precursors and substrate have been
completed. It is for this reason that ALD is currently the best deposition method for
ultra-thin and uniform growth [27]. Notice how the reaction in figure 3.2 begins on
hydroxy (-OH) terminated groups. -OH terminated groups can be found on any oxide,
varying in -OH group surface concentrations depending on the oxide and deposition pa-
rameters [28][29]. While ALD is self-limiting, less than one monolayer is grown per cycle.
Due to the surface free energy () of the substrate, the surface species and/or ligand
(CHj group) may desorb. Free energy in the system decreases with increasing tempera-
ture (Gibbs free energy). The growth per cycle (GPC - in A cycle™) then is dependent
on the stability of the surface species and ligands (-CHgz, -OH) which is dependent on
temperature. At higher temperatures, the surface free energy can be reduced by the
rearrangement of surface species [26]. There are other growing phenomena that have
not been mentioned, as the GPC tends to decrease again after 250-300°C, partly due to
increased ligand desorption rates [24][30]. Other considerable temperature dependent
effects include: density [31][32], stress [30], refraction index [30][32], electrical properties
[31], and elemental composition [32] of the film.

3.3 Growth Rate and Thickness
The thickness of the ETW layer is a parameter needed for most experiments and analyses

in this thesis. The GPC indicates how accurately this ALD system can reliably deposit
thicknesses at different cycle counts.

3.3.1 Procedure

Alumina was deposited with an ASM F-120. The thickness was measured using a J.A.
WOOLLAM XLS-100. The WOOLLAM is an ellipsometer, which measures the change
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in light polarization after reflection off the wafer. The change in polarization is depen-
dent on the material properties and thickness, and wavelength of the emitted light [33].
A model can then be created to fit known materials to unknown thicknesses. A stack of
multiple materials can be modeled accurately if the previous layer thickness was mea-
sured and used as a constant for the model. For example: for this test the alumina
was grown on thermal silica, so the silica must be measured first. All measurements
made with the WOOLLAM were 9-point measurements. After the alumina deposition,
another 9-point measurement was made. The model is fitted with both alumina and
silica materials, but now with the known thicknesses of the previously measured silica.

There are two reasons why alumina was grown on thermal silica. First, this is to
mimic the process in chapter 4. Second, by growing and measuring thermal silica, it
is possible to circumvent the unknown thickness of native oxide present. This allows a
more precise model to be made when measuring the ultra-thin alumina. The ASM was
first profiled to 20 nm. Assuming that ALD deposits linearly with the number of cycles,
the cycle number for the 15 nm, 10 nm and 5 nm targets were established.

Prior to ALD, the wafers were always cleaned in a 10 min bath in nitric acid (HNO3)
at room temperature, followed by a 5 min de-ionized water rinse (DI-Rinse), followed by
HNOj3 at 85°C, followed again by a 5 min DI-Rinse. It is unknown how HNOj affects
the surface of the thermal silica, and more particularly the -OH group concentration.

Because of the small area (0.1 mm?) of the windows, it was impossible to measure
the alumina thickness on the process wafers, as the ellipsometer scans a large area of
around 3 mm?. The ASM F-120 machine does allow for two wafers to be loaded at the
same time, however the measured alumina thicknesses on both wafers varied by around
2 nm, thus all of the tested wafers were loaded only one at a time.

3.3.2 Results

The GPC calculated at 300°C is 0.8 A cycle™. This result is 0.2 lower compared to [31]
and 0.1 lower compared to [35]. Both were calculated from a linear fit with a similar
cycle count (= 200, 300), and using the same deposition temperature and precursors.
However, different deposition systems and substrates were used in those works. In
figure 3.3 the thickness vs. cycle number is displayed. Table 3.1 shows the thickness
and relative standard deviation (RSD)'. All thicknesses were under 10% RSD, which
indicates good repeatably in ALD.

Number of Cycles Avg Thickness (nm) RSD (%)

50 4.83 7.48
115 9.81 2.19
180 15.19 2.76
245 20.28 2.97

Table 3.1: Number of cycles vs. thickness used in the process.

1 RSD = 2_100%

Average
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Alumina thickness per cycle
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Figure 3.3: Thickness per cycle of ALD alumina 300°C. The data is fitted linearly.

3.4 Layer Continuity

Layer continuity is necessary as the ETWs act as a mechanical barrier which contains
the environment inside the nanoreactor from the TEM vacuum.

3.4.1 Procedure

The pin-hole density was tested by etching ALD alumina deposited on a silicon wafer,
with 200 nm of thermal silica grown on it, in VHF. Because VHF etches silica and not
alumina, discoloration on the wafer due to silica removal can visibly show if pin-holes
existed.

3.4.2 Results

ALD alumina was found to be pin-hole free up to 5 nm. Discoloration of the wafer
happens only around the edges. This could indicate that handling of the wafer with
manual tweezers can damage and open 5 nm thick alumina layer.

3.5 Surface Uniformity

Mentioned towards the end of section 2.5, it is desirable to have a uniform ETW for
a smooth backdrop to image the NPs on. Surface uniformity of ALD alumina is a
fairly stable parameter; it does not depend greatly on deposition temperature [32] or
the number of cycles grown [36].

3.5.1 Procedure

The surface roughness was measured using an atomic force microscope (AFM). The
AFM makes use of a micro-machined cantilever with a fine tip attached to it. This
AFM measurement was configured in 'tapping mode’, where the cantilever is oscillated
near its resonance frequency. The resonance frequency of the cantilever used for this
measurement was between 140-390 kHz. The change in height is measured by a laser
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that is beamed at the tip of the cantilever and reflected back to a photo-detector, while
raster-scanning a specified area. The detector measures the change in frequency of the
cantilever, which is dependent on the height of the substrate surface. Surface uniformity
is standardly measured in root mean squared (RMS)?.

3.5.2 Results

The RMS roughness (S, in A) of a 5 nm ALD layer was 4.0 (figure 3.4), which is a
smooth layer considering the small thickness. A 30 nm thick layer of ALD alumina was
measured to have a Sy of 3.0 [38], which indicates a minor decrease in S; with increasing
thickness. For comparison, a 40 nm LPCVD SiC with gas flow rate (GFR = 2) has a

Sy of 2.4 [9] which betters both alumina measurements, although at a higher thickness.

0.0 nm

Figure 3.4: A 3D reconstruction of an AFM scan on a 5 nm thick alumina film deposited on 300 nm of
thermal silica.

3.6 Residual Stress

Residual stress is a property that is especially important for thin-film membranes as it
determines the amount of bulging or tautness of the released film. Stress is introduced
to thin films in various ways. The total residual stress (Xy.5) is a summation of intrinsic
(2jn¢) and thermal stress (X4,),

Dres = 2'int + Zth (3-2)

Yint is caused by the growth of the thin-film. There are many different ways films
can nucleate, grow, and coalesce on substrates. ALD X;,; is therefore a consequence
of recipe parameters such as cycle/purge timing, precursor selection, and deposition
temperature. The colder the deposition temperature the more tensile X;,; will become
[39][40][41]. X4, on the other hand, is added from the difference in coefficient of thermal
expansion (CTE in T~!) and lattice constant between the thin film and the substrate it
is grown on [41][42][19]. The relation between Xy, and the CTE of the film and substrate
material is given below [41]:

E
T = 7= (6 =) (Tawo = Tom) (3.3)

24/1 fOL |Z(x)| dx where Z(x) is the height profile, x is position, and L is the length [37].
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Where E, vy and ¢ denote the Young’s modulus, Poisson’s ratio and CTE respectively.
Subscripts f and s denote if the property belongs to the film or substrate. Tarp and
T, are the deposition temperature and ambient temperature respectively.

Stress is measured in pascals (Pa) and is defined in N m™2. Stress can either be
tensile (+%) or compressive (-X), which either exerts a force inward or outward force in
the lateral direction respectively. Depending on the stress, the curvature of the wafer is

altered (figure 3.5).

Because the underlying substrate is removed from a now-released membrane, it will
relax by tightening (tensile) or buckling (compressive). If the stress exceeds the frac-
ture limit, tensile free standing membranes will tear [43][44][45]. With this knowledge,
it can be said that compressive materials are better suited for ultra-thin membranes.
While tensile membranes are generally desired as they form flat surfaces upon release,
the increase of X,,s with smaller thicknesses might make the membranes more suscepti-
ble to tearing during release. There is no risk of tearing in releasing ultra-compressed
membranes. The bulging will anyways disappear when pressure is applied within the
nanoreactor.

Tensile stress (+)

e

-+
ﬁm\
Compressive stress (-)
\-—-———/ Substrate
w Film

—_—

Substrate

l

Film

Figure 3.5: Comparison of tensile and compressive stress. Adapted from [46].

3.6.1 Procedure

The stress of the alumina was measured using a TOHO FLX 2320-R. The TOHO mea-
sures the radius of the wafer before and after thin-film depositions to determine the
amount of stress added to the wafer. The TOHO uses Stoney’s equation to measure the
stress:

__ EN 1_1
nf = 6l¢(1—vs) (R RO) (3.4)

Where hy and hf are the thickness of the substrate and deposited film respectively,
Ry and R is the radius measured prior and after thin film depositions. Stoney’s equation
assumes the substrate and films are uniform, isotropic, and linearly elastic [47].

Similar to thickness measurements in section 3.3.1, the alumina layer was deposited
on 200 nm of thermal silica. A number of steps were taken to prepare the measurement
wafers. The curvature and thickness were measured for the bare silicon wafer and again
after the deposition of both silica and alumina. The silicon wafer thickness was measured
from a 17-point average by an EICHHORN + HAUSMANN MX 203-6-33. The silica
and alumina thicknesses were both measured by the WOOLLAM and are a result of a
9-point average. The TOHO requires the inputs of the substrate and film thicknesses
for stress calculations in equation (3.4). Before re-measurements, the front side of the
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wafer is covered by photoresist and dipped Buffered HF 1:7 (BHF) until the silica or
alumina on the backside is completely removed. The wafer will have to be ashed prior
to its re-measurement. These steps are taken to ensure that the wafer remains bare on
the backside as it should not contribute to any bending of the wafer. The wafer was
measured nine times then averaged in the 0° orientation.

3.6.2 Results

The results of the stress measurements are graphed and tabulated in figure 3.6 and ta-
ble 3.2. The deposition temperature was at 300°C, which was compressive in the range
of thicknesses grown. |Z.s| becomes exceedingly high at ultra-thin thicknesses, meaning
that the mechanical characteristics can differ greatly from their bulk counterparts. The
Young’s modulus, which depends on stress, is an important criterion in determining the
amount of pressure a membrane can withstand before rupturing.

Stress vs Thickness of Thin Film Alumina

02+ * Data
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Figure 3.6: Thickness per cycle of ALD alumina at 300°C.

Average Thickness (nm) Average Stress (GPa)

4.995 -1.378
9.811 -0.681
15.154 -0.442
20.548 -0.305

Table 3.2: Number of cycles vs. thickness used in the process.

3.7 Surface Free Energy

Surface free energy () in mJ m~2 is directly related to the wettability [48], sintering
[49] properties and beam resistance [9] of a material. Surface free energy can be thought
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of as the energy required to cut the material in half.

Wettability — NPs are currently loaded onto nanoreactors by liquid suspension, there-
fore a certain amount of wettability is needed to reliably settle NPs on the ETWs. For
example: in [1], water is used to deposit NPs. A surface is described as either hydro-
philic or -phobic, which is measured by the contact angle a water droplet on its surface
[48]. Higher v increases the wettability of the material. Ethanol (EtOH) or isopropanol
(2-propOH) can also substitute water, as they have different wetting properties.

Sintering — At high temperatures NPs on the surface of materials have a tendency
to sinter, or migrate towards each other forming larger particles. This is undesirable as
it increases the surface area of the NPs during the experiment, retarding the reaction.
For example, oxidation of NPs will increase its wetting behavior during the experiment,
which can more effortlessly coalesce NPs together [49][50]. A reduction of an ETW’s v
can impede NP sintering behaviors by reducing wetting behavior on its surface.

Electron Beam Resistance — During TEM imaging, the high electron beam energies
and flux will cause the windows to break [9]. The reason for this is the displacement of
atoms due to inelastic collisions with electrons [51]. Materials that are more resistant
to electron beams have higher 7 because their chemical bonds containing the atom in
formation are stronger [9].

3.7.1 Procedure

Only wettability with water will be directly measured in this thesis. Wettability was
measured using the sessile drop technique, using a DATAPHYSICS SCA-20. A 7 uL
droplet of water is dispensed on a wafer’s surface and the contact angle 6, was measured
between the surface and liquid-air interface (figure 3.7). Droplets were deposited five
times in five different locations on a silicon wafer with 5 nm ALD alumina layer deposited
on it. The angles were measured then averaged.

Figure 3.7: A water droplet on an alumina layer. Image taken from a DATAPHYSICS SCA-20.

3.7.2 Results

The 7 of ALD alumina is between 38.3-44.9 mJ m~2 [38]. The average contact angle was
58.3 degrees, meaning the surface is hydrophilic. There is certainly a trade-off between
wettability and sintering-quenching. Sintering is also related to the mismatch between
v of the alumina film and the NP. Sintering-quenching is therefore an application based
criteria, which depends on the NPs a TEM user is working with, and also how they
intend to use the NPs within a nanoreactor.
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3.8 Chemical Inertness

The chemical inertness of the ETW is also an application-specific parameter. It de-
pends on which gasses/liquids the TEM user will be using as reactants for their MEMS
nanoreactor experiments. Degradation of the ETW contaminates the experiment by
introducing undesirable products into the reaction chamber. Moreover, the ETW can
weaken and rupture due to the chemical abrasion. The reactants currently used by TEM
users include ambient air, carbon monoxide (CO) and water [1][52]. These reactants
are generally used to view the oxidation behavior of the NPs, which poses no threat to
alumina — even at high temperatures. As with any emerging technology, it is uncertain
what the demands for future applications will be. Therefore, various acids and bases
typically used in MEMS processing will be tested. While these chemicals may never
be used as reactions for in-situ experiments, they will at least give an overview of etch-
ing compatibles for future MEMS processes while also giving insight into its chemical
inertness.

3.8.1 Procedure

The etch rate alumina for alumina was measured in several acids and one base. A
single measurement was made with the WOOLLAM before and after the etching. The
etch rate of alumina in potassium hydroxide (KOH) was found in table IV in reference
[53]. While the reference does not use ALD alumina, the evaporated alumina used in
that work has a similar RI to amorphous ALD alumina found in [30] (1.66 and 1.63
respectively) so it will at least give a reasonable approximation of the etch rate. More
process-specific etch rates can be found at appendix C.

3.8.2 Results

From table 3.3 it can be seen that SiC is most resistant to multiple clean room etchants,
whereas alumina is least resistant.

Table 3.3: The etch rates of ALD Al,O3, LPCVD SiN, and LPCVD SiC in various MEMS processing
etchants. All etch rates are in nm/minute. All SiC and SiN etch rates were taken from [9]

and the EKL respectively.

Etchant ALD ALO3;  LPCVDSiC?  LPCVD SiN
BHF 7:1 81.0 1.8 x 1073 0.3
0.55% HF 17.4 0 0.2
VHF /EtOH 0 0 3.0P
80% H3PO4 at 157°C 40.1 4.8 x 1073 25.3
25% KOH at 85°C >800 © 0.3 0.3 x 1073
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3.9 conclusions

3.9 Conclusions

ALD alumina is an exceptional layer for ETWs with better or similar qualities than
LPCVD materials thanks to its low surface roughness, surface continuity, and finely
controllable deposition rate. The compressive residual stress of ALD makes it more
suitable for the membrane release of ultra-thin layers. However, for harsher chemical
environments, LPCVD SiC would be a more suitable option. Because of alumina’s

weakness in etching solutions, to integrate it into a nanoreactor special steps are needed.

This will be explained in the following chapter.
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INTEGRATION OF ALD ALUMINA IN
A NANOREACTOR

In this chapter ALD alumina integrated nanoreactor is processed and analyzed. The
nanoreactor geometries and layout are presented in section 4.1. In sections 4.2 to 4.3
the process is described and imaged. Notable and interesting effects of ALD integration
are discussed in sections 4.4 to 4.5. Lastly, process improvements and conclusions are
given in section 4.6.

4.1 Device Layout and Geometries

The ETWs are integrated in a 800 ]/tm2 square (figure 4.2c), which is defined by a
tetramethylammonium hydroxide (TMAH) etching window from the back side (dotted
square in figure 4.1). On the square there are 26, 20 x 5 pm elongated circles. The
circles are patterned in a spiral, in the center of the square membrane. In figure 4.2a an
L-edit image of the mask design is displayed. To simplify the process, this thesis does
not include the typically integrated microheaters (figure 4.2b). Also not included are
the metal traces from the microheater to contacts pad. Figure 4.2d shows an overall
image of the device, where each chip is 10 X 3.3 mm rectangle. The device can be diced
towards the end of the process to suit the needs of the TEM user.

In this thesis, only half of the nanoreactor was processed and tested. In reality, two
chips seen in figure 4.1 are combined with an O-ring, with the inclusion of microheater-
s/channels, to form a complete nanoreactor similar to figure 1.1.

Figure 4.1: A 3D image of the idealized nanoreactor chip. The dotted window underneath it will be
etched by TMAH to eventually create a suspended membrane see in figure 4.2c.

4.2 Device Fabrication

The alumina ETWs were created using 3 masks in total. The starting wafers were p-type,
525 mm thick with (100) crystal orientation. There were a few challenges in creating
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Figure 4.2: (a) dimensions of the ETW in this thesis, (b) layout of the ETWs with the normally-
included microheater. (c) layout of ETWs spiral inside the 800 pm? square, (d) layout of
aforementioned square in the die. In the mask design there are 40 die, distributed in 4 rows
of 10 die each. All images were taken in L-edit.

the process. Alumina is etched in TMAH, which meant that the ALD alumina had to
be deposited on a sacrificial layer resistant to TMAH. The sacrificial layer must at the
same time be etched in vapor hydrogen fluoride (VHF), to release the membrane. Ther-
mal silica was chosen as the sacrificial layer as it satisfied both requirements; resistance
in TMAH and the lack thereof in VHF. Thermal silica is also a smooth layer, which
allows for a more-uniform deposition of the ALD alumina. After ALD, the layer has to
be protected (capped) to prevent damage and contamination from further processing.
Plasma enhanced chemical vapor deposition of tetraethyl orthosilicate (PECVD TEOS)
is used in this process, because it can be etched in VHF but also has a low deposition
temperature which keeps the thermal budget small. Realistically, many capping mate-
rials can be used.

The complete process is outlined below in nine steps with its visual counterpart in
figure 4.3:

a) 200 nm of thermal silica is grown on the silicon wafer. The oxidation temperature
was 1000°C . The oxide is used as an etchant-stop for the TMAH etch later in the
process, and is used as a sacrificial layer at the end of the process.

1 All thermal SiO; in this thesis is grown at 1000°C
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4.3 system layout

b) 1 um of SiN is deposited using LPCVD. The SiN will become the mechanically
supporting membrane of the ETWs.

¢) On the front-side, the ETW holes were dry-etched to land on the thermal silica.
d) The wafers are etched in BHF to remove the remaining oxide in window holes.

e) 800 nm of thermal oxide is regrown in the window holes. The idea behind process
steps d) and e) was to provide a uniform surface for the ALD Al,O3 to grow on.
The dry etching step done in step c) causes the previous thermal oxide layer to
become uneven due to the ion bombardment.

f) Al O3 is deposited via ALD at 300°C.

g) 1 ym of PECVD TEOS is deposited on top of the Al,O3. TEOS was chosen as
a protective layer for two reasons: because it is a silica, and the deposition is
performed at 350°C. Because TEOS is an oxide, it can be removed with VHF
simultaneously with the thermal oxide beneath the window in step a). 1 ym was
chosen because the selectivity between TEOS and thermal silica was found to be
approximately 4.5:1 in VHF. The idea here was that the release of the window from
the oxides would occur about the same time. The low deposition temperature of
the PECVD also fits the low thermal budget of this process.

h) On the back-side, the TMAH openings are dry-etched to remove the silicon nitride,
silicon oxide and alumina to reveal the bare silicon. A 25% TMAH solution at
85°C (with magnetic stirrer) etches the silicon wafer. Prior to the etch the wafer is
dipped in 0.55% hydrogen fluoride (HF) for 4 minutes to remove the native oxide
present on the exposed silicon. The front side of the wafer needs to be protected
in the bath because TEOS etches in TMAH. This was done using a mechanical
holder.

i) Lastly, VHF is used to release TEOS and thermal oxide. The wafer was diced
before loading into the VHF machine. This was to set controls during the experi-
mental phase of the process.

4.3 System Layout

Various images of the resulting device are depicted in figure 4.4. In figure 4.4a a few
particles can be seen laying on a 5 nm alumina ETW, proving that it exists. By look-
ing at the cliff where the supporting membrane ends, it can be seen that the line is
not straight but has a wave-like characteristic. This is unwanted as it will reduce the
threshold pressure of the ETWs. The smoothness of the surrounding area proves that
the film is continuous, as there are no signs of etching of the SiN layer. Additionally,
alumina can grow on SiN despite it lacking -OH groups.

4.4 Vapor HF

The alumina windows were released in VHF with the STPS TECHNOLOGIES uEtch.
VHF is chosen as the release-etchant for two main reasons. First, VHF has perfect se-
lectivity between alumina and oxides. The VHF etching parameters were 125 Torr with
a 190 and 210 sccm of HF and EtOH respectively. Second, rinsing and drying is not
needed to remove the etchant from the devices. In general, VHF is a suitable etchant
for MEMS devices because the reactants and products can be kept in the gaseous phase,
meaning stiction issues are virtually sidestepped [55].
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Silicon Wafer
Thermal Silicon Dioxide
LPCVD Silicon Nitride
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PECVD TEOS

Figure 4.3: Process for the Al;O3 ET'Ws outlined in steps a though i.

The reaction is as follows:

Si0, (s) + 4 HF, (g) —2OH

SiF, (g) + 2H0 (g) (4.1)

EtOH is used here as a catalyst. VHF systems exist without using EtOH but instead
use HyO as a catalyst [56], which is a product in equation (4.1). The HyO can then in
turn be used as a catalyst to further aid the reaction:

H20

Si0, (s) + 4 HF, (g) SiF, (g) + 2H,0 (g) (4.2)

The SPTS preforms etching in cycles, where a purging is performed at the end of every
cycle to remove water vapor from the chamber. The etch rate of the SPTS is therefore
heavily dependent on cycling times. The pumping down of the reaction chamber allows
the water to be kept in its gaseous form [57]. The temperature during the reaction is
unknown, however the teflon wafer holder feels warm to the touch directly after etching.

Unlike wet etching, the etch rate of VHF was dependent on how many samples were
loaded into the reaction chamber, with more samples reducing the etching rate of the
TEOS. This observation was also corroborated in [56].
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Figure 4.4: (a) tilted SEM image of an ETW, (b) an optical image 100x of a few ETWs with NPs
sputtered on them, (c) a SEM image of the ETWs integrated in the supporting membrane
and, (d) a die inserted in a TEM holder (abstracted from [1]).

4.4.1 Alumina

A silicon wafer coated with a 5 nm thick alumina film was measured before and af-
ter a 100 min VHF etch and no significant difference in thickness was measured. Re-
measurement of wafers actually indicated a minute growth in the layer in the order of
0.1 nm. This may have been due to replacement error in the WOOLLAM.

4.4.2 TEOS

The step coverage of VHF was worse than anticipated. Figure 4.5 depict different vari-
ations of TEOS rings on top of the alumina windows. Figure 4.5a is an example of the
non-uniform etch rate at dice-level. Windows less than 20 pym apart have different etch
rates, as three of the windows have TEOS still completely intact on top of the alumina
membrane. Figures 4.5b to 4.5d depicts various magnifications and angles of what are
called TEOS rings in this thesis. The outermost ring that surrounds the window is typi-
cally always present. These rings follow the shape of the elongated circle perfectly, and
as shown are never continuous, but corrugated and interrupted. The second, inner-ring
is not always present. Sometimes it is continuous as seen below, or discontinuous. In
figures 4.5¢ and 4.5d it is continuous and is lifted at their edges.
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4.4 vapor hf

It is uncertain if actually TEOS that is seen, as additional etching, even at higher
gas flows does not remove the rings. The reason for the TEOS ring’s presence remains
unknown. Reference [56] makes no mention of any remnants after TEOS etching in
VHF. The solution to this issue was to limit the number of chips loaded in the VHF
etcher at a given time.

This phenomenon was not present with the etching of the thermal SiO; from the back
side. Besides material properties, there is a topological difference between the thermal
silica and TEOS, as the alumina window is around 800 nm away from the surface of the
SiN membrane — meaning the VHF has to enter a deeper cavity to etch the TEOS.

AccV Magn |——— 50um
3.00 kV 1000x

AccV Magne b————— 2um
3.00 KV 20000x

(c) (d)

Figure 4.5: (a) an image showing released and un-released ETWs on the same dice, (b) an overview
image of TEOS rings, (c-d) different angles and magnifications of TEOS rings at a tilt. All
images were captured with a SEM.

In figure 4.6 an AFM image of a wafer with a 5 nm of ALD alumina, that had 1 pm of
PECVD TEOS deposited and etched in VHF, is displayed. The full wafer was etched in
the VHF system. The hillocks are dense and reach up to 30 nm in height. It is assumed
that the hillocks seen in figure 4.6 are of similar origins from those in figure 4.5, which
somehow relate to the TEOS deposition and etch. In [30], ALD alumina membranes of
similar thickness were released, but with PECVD silica instead of TEOS. There is no
mention of these hillocks in that work. Additionally, as mentioned earlier the rings in
figure 4.5 only occur when more chips are loaded into the VHF at a time.
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Figure 4.6: (a) an AFM image of 5 nm alumina after TEOS deposition and removal in VHF, (b) a 3D
reconstruction of (a).

The TEOS deposition and removal also thinned the alumina layer. While there are
two oxides that are sacrificed in VHF, only TEOS was analyzed because it is deposited
after ALD alumina. The alumina was grown on 200 nm of thermal silica at various
thicknesses. A 1 ym thick layer of TEOS was subsequently grown on the alumina at
350°C. The TEOS was then etched in VHF for 10 cycles of 10 min each. The thickness of
the alumina was measured before and after the TEOS deposition/removal. The results
are given in table 4.1. To ensure that the VHF itself did not contribute to the thinning,
the wafers were again etched by VHF and measured.

The removal of TEOS thinned the alumina layer by around 1 to 0.5 nm, depending on
the thickness. The thinning of the alumina is likely caused by the temperature during
the PECVD TEOS deposition. Thermal treatment of alumina will cause it to thin [31]
and should be taken into consideration if the end-process ETW thicknesses are to be
more accurately known.

Table 4.1: Thickness of alumina prior to TEOS deposition and after two separate VHF etching instances.
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Avg Thickness Pre- | Avg Thickness after Thickness Avg Thickness after Thickness

TEOS Deposition | TEOS 10x10 min Difference +10x10 min VHF Difference

(nm) VHF (nm) (nm) (nm) (nm)
4.995 4.308 -0.687 4.405 +0.097
9.766 9.298 -0.468 9.298 0.000
15.154 14.187 -0.967 14.187 0.000
20.548 19.403 -1.145 - -

4.4.3 Silicon Nitride

While the SiN support membrane is out of the scope of this thesis, it is still important
to consider how the nanoreactor as a whole will be affected by the process done in this
thesis. SiN deteriorates in VHF/EtOH by reacting with both the HF and EtOH to form
ammonium fluorosilicate [(NHy4),SiFg / AFS]. Pyrolysis of AFS at 100°C or above will
remove the compound over time [54].
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Figure 4.7: (a-b), SEM images (top-side) at 45° tilt showing the detachment of 5 nm ETWs from side
walls. The contrast for these images is heightened in order to visibly distinguish the ETW
and empty space. (c-d), SEM images from the backside of the device.

While AFS does not find itself directly on the ETWs and can be removed easily
post-release, it should still be considered how this reaction can weaken the mechani-
cal membrane. In some cases, the SIN membrane will break after VHF etching. The
side-wall release of ETWs can be seen in figures 4.7a to 4.7b. In figures 4.7c to 4.7d
the backside of the ETWs is displayed. Because there is no alumina protecting the SiN
from VHF, material degradation is clearly visible.

4.4.4 Surface Uniformity

By cropping multiple areas like those boxed in the green-dotted line in figure 4.6a an
average Sg can be taken. This in attempt to take the RMS in the non-hillocked areas
to determine how the TEOS deposition and removal affects the Sg where hillocks do
not form. The average Sg was around 70 A, which is slightly higher than the roughness
(So = 40) measured from figure 3.4 on pg. 19.

4.5 Residual Stress

The height profile of the 5 nm release ETWs can be seen in figure 4.8. The mem-
brane is smoother than expected as none would expect a significant amount of bulging
due to the compressiveness of Xy,. Still, some bulging can be seen in the membrane.
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Perhaps the geometry of the membrane can explain why the bulging may be suppressed.
Using the KEYENCE VK-X250 analyzer, the average height difference between the

lowest and highest point in the three complete membranes captured in figure 4.7, was
found to be 0.52 ym. The KEYENCE uses white-light informetry to measure the height

differences.

) Yy

Figure 4.8: A height map of released 5 nm alumina ETWs.

4.6 Conclusions

The integration of ALD alumina within a nanoreactor process was successful, however
there is always room for improvement. The SiN membrane mentioned in section 4.4.3
is undesired in VHF /EtOH. A solution to this problem would be replacing the SiN with
SiC, which is a more chemically robust material [9]. SiC is completely resistant to VHF
[57], which would fix the current degradation problem with SiN, and might also solve
the TEOS ring problem shown in section 4.4.2.

Replacing TEOS with PECVD silica as the protective layer would also streamline
the process. Silica is innate in TMAH, which means less mechanical handling and the
ability to process in batches. This is because the whole wafer can be in contact with
TMAH - without the use of single-sided holder. Silica also etches in VHF which means
no changes are needed for the membrane release.

VHF has its limitations compared to wet etching. It is slow, and only a limited num-
ber wafers (4) can be loaded in the SPTS system at a time. No cassette-loadable VHF
system seems to exist on the market. A more optimal process would use wet etching
instead of VHF to release the membranes. Wet etching can etch oxides considerably
quicker (e.g. BHF) and wafers can be etched in large (>25) batches. It is a requirement
of the wet-etchant to have a high selectivity for alumina while also maintaining a low
selectivity for silica. No standard clean room wet enchant [53] meets this requirement.
The throughput of alumina integrated MEMS nanoreactors is limited not only by the
ALD, but also the VHF system.

The next step would be to find another suitable ALD ETW material, more specif-
ically one that is resistant to common wet etchants. ALD SiC (see [25] for precursor
possibilities) is an ideal material because of its chemical inertness [9].
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4.6 conclusions

The last theorized improvement would be the integrating sacrificial and protective
layers within the ALD system. A sacrificial layer can be grown encapsulating the ETWs
during the same ALD run by using a different set of precursors before and after the
ETW deposition. The ALD sacrificial layer should be resistant to TMAH or KOH and
should also have an infinite selectivity (Sacrificial Layer : ETW) in an etchant to release
the ETW.
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MECHANICAL EXPERIMENTATION

5.1 Threshold Pressure

Pressure is an important requirement for nanoreactors during in-situ imaging, as it is
a needed to increase the rate of catalytic reactions. The current industry standard for
nanoreactors is 1 bar. The ETW geometry of this nanoreactor was not optimized for
pressure because the shape is not a circle. Decreasing the surface area of the ETW will
also naturally increase the pressure threshold, at cost of a smaller viewing area for the
TEM user. While the geometries of ETWs vary, this test will provide a good reference
to what can be expected from alumina at 5 and 15 nm thicknesses.

5.1.1 Methodology

The bulging test was performed on a modified experiment from [19]. An overview of this
set-up is depicted in figure 5.1. The pressure is controlled and injected from an N, gas
source. The gas is injected into a micro-machined metal holder which fits a distribution
wafer. The distribution wafer forms a capillary system for the N, gas, which directs the
gas to 40 designated areas which correspond to 40 TMAH windows on a nanoreactor
test wafer. The idea behind this contraption is to control the pressure of gas from the
source and distribute it equally among all 40 membranes.

1 bar

Vv

Devices / Chips Photoresist

—>» Vacuum

< Adjustable
Pressure In

Figure 5.1: A cross-sectional view of the set-up for the pressure threshold experiment. The metal holder
is not depicted in this illustration.

Working from this, 4 membranes were purposely broken on a test wafer. On top of
these broken holes, the nanoreactor devices tested in this experiment are aligned then
glued into place by placing and baking photoresist. The chips are gently nudged by a
tweezer to ensure that the chips are glued in place. A vacuum ensures that the test
wafer is fixed to the distribution wafer.

The KEYENCE'’s differential interference contrast (DIC) and white light interferom-
etry was used to verify if windows are broken are not. The pressure was increased in
increments of 0.25 bars. Bulging of the support membrane confirmed that the ETWs
were indeed subjected to pressure. This set-up is limited to 1.25 bars.
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5.1.2 Results and Conclusion

The 5 and 15 nm alumina windows survived up to 0.75 bars and 1.25 bars respectively.

The 15 nm may exceed 1.25 bar, however due to set-up limitations, it could not be
tested. The 5 nm windows can withstand less pressure than 1 bar, performing worse
than current standards.

In figure 5.2 a 3D reconstruction of a height map and a DIC image is shown. The
bulging in some cases is predominant on one side of the ETW only. The windows are
dirty, which allowed to ETWs to be detected easier in an optical microscope. Notice in
the DIC image in figure 5.2 that there is a roughness on the windows. Figure 5.3 shows
a pair of images taken from a chip with ETWs that are in some cases broken. In contrast
to figure 5.2b, figure 5.3b has a perfectly smooth surface in some ETWs, indicating that
they are broken, as there is now no reflection in those areas.
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Figure 5.2: (a) a height map and, (b) DIC image of unbroken 15 nm ALD alumina ETWs.



5.1 threshold pressure

Figure 5.3: (a) a height map and, (b) DIC image of unbroken and broken 15 nm ALD alumina ETWs.
A few ETWs have high height variances in (a), or appear very smooth in (b), indicating
that they are broken.
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ELECTRON IMAGING
EXPERIMENTATION

In this chapter, two different deposition methods are explained in section 6.1. Next,
transparency comparisons between alumina and SiN ETWs are made and discussed in
section 6.2. Lastly, conclusions are given in section 6.3.

6.1 Sample Preparation
Two different NPs were imaged in a TEM, each of them deposited differently.
— Liquid Suspension

This is currently the most commonly used method to deposited NPs on ETWs. NPs
are mixed into a liquid solution, dropped onto the nanoreactor, and left to evaporate.
In this thesis, 2 drops from a copper NP solution was mixed with 5 mL of H0, and
20 mL of ethanol in a beaker. This beaker was then placed in an ultrasound tank for
one hour and covered, to limit the evaporation of the liquid. This step dispersed the
particles, as these particles have a tendency to coagulate in still solutions.

One drop of this solution is then placed on the backside of the supporting membrane
and left to evaporate. TEM images of copper NPs can be seen in figure D.2.

— Spark Ablation

Spark ablation creates NPs by generating high voltages (1.5 kV) between metal elec-
trodes. Once the voltage potential is high enough, a spark is generated between the
electrodes. This spark will discharge NPs, which can be sputtered with a carrier gas
directly onto the nanoreactor [58].

A benefit of this technology is that the electrode material can be almost any conduc-
tive material. In this case nickel (Ni) was used. Like any metal, Ni will slightly oxidize
with contact to air, meaning that the nickel deposited will also contain a nickel oxide
(NiO) phase. Another benefit is more control of the deposited NPs, since the density
and size of the NPs are related to carrier gas selection, gas-flow and electrode voltage
[58]. Additionally, since they can be guided with Nj, there is minimal risk of contam-
ination. It was initially uncertain if NPs could be deposited via this method onto the
ETWs, since the pressure of the carrier gas was unknown. The 5 nm ETWs were able
to survive the deposition, which was confirmed in a SEM.

6.2 Electron Transparency

6.2.1 Theoretical Expectations

From theory in chapter 2 and data from table 2.1 on page 14, the relative scattering
factor K of 10 nm ALD alumina is 73% lower than that of 15 nm SiN. In TEM images,
the more strongly the ETW scatters electrons, the darker the image will become as



6.2 electron transparency

fewer electrons will reach the objective lens. In the case of the SEM, ETWs that are less
electron-transparent will become brighter, since only reflected electrons are detected.

6.2.2 TEM

The samples were tested in a FEI Tecnai at 200 keV. Ideally, the resolution would be
quantitatively measured by observing the FFT of crystalline NPs on the ETWs. How-
ever, with the availability of only amorphous NPs the intensity differences between
ETWs under identical TEM conditions were compared. The 5 nm alumina windows
disintegrated immediately under the electron beam. This indicates that 5 nm thick
membranes are unsuitable as a nanoreactor ETWs. It was incorrectly hypothesized
that thinner ETWs would be more resistant to electron beams as 0jjejqs1ic decreases
exponentially with lower thicknesses. Alumina membranes 10 nm thick did survive the
TEM session, which was imaged and inspected for around 20 min. During the imaging
session no charging on the ETWs was noticed.

(a) (b)

Figure 6.1: (a) A NP imaged on a 15 nm SiN ETW, (b) a NP imaged on a 10 nm alumina ETW. Both
images are taken in identical conditions at 450kx magnification.

To measure the differences in electron transmission between 15 nm SiN and 10 nm
alumina, GWIDDION was used to find the mean value for contrast (16-bit, signed grey-
scale value) in the clear regions in figure 6.1a and figure 6.1b, which is a 15 nm SiN and
10 nm alumina ETW respectively. In the images no objective aperture was used, thus
contrast behavior was not implicitly controlled. The average contrast value for the 10
nm alumina and 15 nm SiN ETWs were 737 and 233 respectively.

6.2.3 SEM

While the application of ETWs in this thesis is intended for TEM imaging, by using
a SEM the transparency is more noticeable. Unlike the TEM, the SEM uses backscat-
tered electrons o > 71/2 of in-elastically scattered electrons (ISE) to form images. SEMs
raster scan a specified area while using a +200V biased cathode to absorb charge at a
given pixel. The amount of charge is related to the amount of ISEs generated. Because
each pixel is generated one at a time the SEM automatically adjusts the contrast relative
to what has already been raster-scanned. ISEs are able to be detected in this method
because of the significant energy loss after collision [59].

Electrons are also elastically back-scattered to the chamber wall. These back-scattered
electrons (BSEs) have a probability of generating ISE after collision with the chamber
wall (figure 6.2) [59]. Typically a back scattering detector (BSD) can be placed inside
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Figure 6.2: BSE and ISE scattering and detection in a SEM.

a SEM to detect only the BSEs. This was not available in the EKL. In any case, by
comparing the contrast of different membranes, the difference in transparency can be
clearly demonstrated. The film must be free-standing with a large, open space beneath
it. All electrons transmitted through the membrane should be absorbed so it does not
contribute to the cathode charge. Additionally, The window should also be imaged
entirely. This is to minimize the auto-adjustments the SEM makes. Because the SiN
and alumina samples had different supporting membrane thicknesses, comparing the
contrast between the supporting membrane and ETW would not be possible. The con-
trast and brightness adjustments were kept constant for all images.

eV Magn f—— AccV Magn
50000% 5 nm alumina 150 KV 50000x 15 nm SiN

(a) (b)

Figure 6.3: (a) a 5 nm alumina and (b) a 15 nm SiN ETW imaged in a SEM at 50,000 kx magnification
and 15 keV. (a) has a grey-scale average of 23.1, while (b) has a grey-scale average of 47.2
(8 bit, unsigned).

AccV Magn
500KV 50000x 15 nm SiN

nm alumina

(a) (b)

Figure 6.4: (a) a 5 nm alumina and (b) a 15 nm SiN ETW imaged in a SEM at 50,000 kx magnification
now at 5 keV. (a) has a grey-scale average of 13.2, while (b) has a grey-scale average of 42.7
(8 bit, unsigned).



6.3 conclusions

Figure 6.3 and Figure 6.4 are comparisons between the 5 nm alumina and 15 nm SiN
ETWs at 15 and 5 keV respectively. Since the SEM uses back-scattering to form images,
the darker the image the more electron-transparent it is. The 5 nm alumina ETWs are
clearly darker than their counterparts.

6.3 Conclusions

The transparency of thinner ALD alumina membranes was qualitatively compared to
15 nm SiN membranes in a TEM and SEM. In both cases, as predicted from theoretical
calculations, the thinner ETWs proved to be more electron-transparent.
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CONCLUSIONS AND FUTURE WORK

In this thesis the process for releasing 5 nm ALD alumina suspended membranes —
specifically for nanoreactor applications — was described and carried out. ALD mem-
branes exhibit desirable qualities for TEM imaging applications due to their uniformity,
continuity and thickens control at ultra-thin thicknesses.

There are a couple ways that the process can be improved. SiC should replace SiN
for the supporting membrane, as SiN is slowly degraded in VHF. Replacing PECVD
TEOS with PECVD silica is a logical improvement. This change allows for bulk etching
in TMAH, as a single-sided holder would no longer be needed. VHF is considered a
weakness in this process, as wet etching the clear winner for consistent, bulk process-
ing. However, there is no reason that a bulk VHF etchant system can be designed and
routinely used. Because alumina and SiC are completely resistant to VHF, the batch
can be over-etched to ensure all membranes are released. Lastly, ALD can preform the
depositions of the ETW and sacrificial layers during the same deposition run, encapsu-
lating the ETW.

There is a limit to how thin ETWs can be. Alumina ETWs that are 5 nm thin dis-
integrate immediately under the beam’s flux, even low intensities. A flux vs. survival
time experiment was not explicitly carried out. However, the 10 nm alumina ETWs
were able to be imaged in a 20 min session without any degradation. It is unpredictable
where between a thickness of 5 to 10 nm an optimization lies between survival time and
electron-transparency.

Spark ablation is a proven and better method for depositing NPs on ETWs. Ultra-
thin ETWs can survive this deposition method. Spark Ablation allows for a TEM user
to have direct control on material and deposition density. Additionally, the NP can be
carried in Nj.

The threshold pressure pressure of 15 nm alumina is only slightly better (1.25 bar)
than current ETWs. The ETWs can certainly hold more pressure if they were circular
and have a smaller surface area.

While in this thesis alumina was used as ETW materials, any ALD material would
be suitable if can be controlled with etchants. This means that there are many options
in material selection to the whim of the process engineer. While the application of
ultra-thin membranes in this thesis is intended for nanoreactors, there are many other
areas where this process can be applied — such as sensors or tynodes.






ADDITIONAL ELECTRON IMAGING
TOPICS

A.1 Modifications to Rutherford’s Cross Section

There are two problems with the formula in equation (2.14a). First, is that as 6 — 0

the DSC diverges to infinity. This will be fixed by adding the screening effect. Electron

screening is when the atom appears slightly less positive to the electron due to the
2

electron cloud surrounding it. A screening modifier %0 is added. 6y is known as the

screening parameter:

0.1177'/3
6y = ? (A1)
The screening effect is added to the angular component so that now:
1
;%R x (A.2)
(sin2§ + 2)2

Screening (electron-electron interaction) is then mostly dominant in low scattering
angles, while above 6 electron-nucleus interaction become dominant.

The second modification is moving from non-relativistic to relativistic effects because of
the high energies supplied. Because of the higher energy, the electrons become heavier
and faster relative to the speed of light. Using the relativistic equations becomes more
important as the energy of the electron approaches the rest energy mgc2. The relativis-
tic equation for energy is the sum of the electrons rest energy and kinetic energy (gEo)
supplied by the TEM:

E = mc* = qEy + moc? (A.3)

my is the rest mass of an electron, m is the relative mass of the electron, c is the speed
of light, I' is the Lorentz factor (1+qEy/E):

m=mgy1l+ £ (A.4a)
Eo
1
v=rcy/1— 2 (A.4b)
Ay = L (A.4c)

my - ¢ +/1—T7?

The relativistic CS, in it s various forms:

2 2
do Z-q? _[(Z-T-)\?
a0r ~ (k087r~mvz) = (m,) (4.5)

Where ag is the Bohr radius (= 0.029 nm)



A.2 scattering contrast

In literature, there are multiple derivations and modifications for Rutherford’s CS.
The derivations above completely ignore the wave-like nature of electrons, which intro-
duce inaccuracies.Rutherford’s formula is special because the same result can be from
classical mechanics as well as quantum mechanics.

A.2 Scattering Contrast

Contrast is the difference in intensity n, of two areas in an image. Transmission (elec-
tron flux) is controlled by or equation (2.14a) of a material and the acceptance angle
« equation (2.4). Electrons are scattered outside the objective aperture (6 > «) are ab-
sorbed by it. Only electrons with deflection angle 8 < a are transmitted. This is called
bright-field mode. In a SEM, contrast can be change willfully before taking an image
by, for example, changing detector gain. Even though TEMs use CCD cameras they are
strictly analog machines. To simplify calculations, the aperture of the incident beam «;
is much smaller than «, so that a; << a. When trying to image NPs on a similarly thick
film more contrast is always better as the NPs can be better distinguished from the film.

204

Specimen

Objective Aperture

Optical Axis

Figure A.1: An electron beam approaching a specimen at angle a; is scattered by the specimen. Elec-
trons scattered more than a do not contribute to the transmission of the image. The
objective lens between the specimen and the object aperture is not included in this illustra-

tion.

The transmission from two areas will now be calculated: the electron path passing
the NP and film, and the path passing the film only. The film and NP will have a MPF
of Ay and Ay respectively.

4 4 4 4
i = noexp(= (- 4 3)) = moexp(— 1) - moexp(— 1) (A.6a)
zZ
ng= noexp(—xtt) (A.6Db)

Contrast can be quantitatively determined in different metrics:
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A.2 scattering contrast

nO nO
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(a) (b)

Figure A.2: (a) An unscattered electron beam 1y passing though both a thin film and thin film + NP
results in transmittances ny and n,. (b) A comparison between transmittance of ng, ns

and np .
Npy—n
Cym = el Michelson contrast, used in [14]. (A.7a)
nfn +ny
Nfy—n
Cw = e L Weber contrast, used in [11]. (A.7b)
nf,n
n
Co = ” f Normal contrast, used in [17]. (A.7¢)
fn

Solving for equation (A.7) with equations (A.6a) and (A.6b) results in all of the
contrasts being dependent on 7, only. It is then impossible to compare the effectiveness
of ETWs using contrast.

(a) (b) (©)

Figure A.3: Three images, all with identical contrast ratios. The circular symbols have identical trans-
mittances in each image. Each background has a different transmittance. While all three
are identical w.r.t contrast, it is obvious that (x) is the clearest.
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LIST OF ABBREVIATIONS, SYMBOLS,
AND UNITS

-OH hydroxl group

AFM atomic force microscope/y

AFS ammonium fluorosilicate

ALD atomic layer deposition

AL O3 aluminum oxide / alumina

BHF buffered HF

CCD charge coupled device

CcO carbon monoxide

CS cross section

CTE coefficient of thermal expansion
DCS differential cross section

DIC differential interference contrast

DP diffraction pattern

EDX energy-dispersive X-ray spectroscope/y
EKL Else Kooi Laboratory

ETW electron transparent window

EtOH ethanol

FFT fast fourier transform

GPC growth per cycle

HF hydrogen fluoride

HRTEM high resolution TEM

LPCVD low pressure chemical vapor deposition
LPF low pass filter

MEMS micro electrical-mechanical system/s
MPF mean free path

NA numerical aperture

NP nano-particles

PDF probability distribution function



PECVD
RI
RMS
RSD
SEM
SiC
SiN
Si0,
TCS
TEM
TEOS
TMA
TMAH
VHF
VLM

list of abbreviations, symbols, and units

plasma enhanced chemical vapor deposition
refractive index

root mean squared

relative standard deviation
scanning electron microscope/y
silicon carbide

silicon nitride

silicon dioxide / silica

total cross section

transmission electron microscope/y
tetraethyl orthosilicate
trimethyl-aluminum
tetramethylammonium hydroxide
vapor HF

visual light microscope/y
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list of abbreviations, symbols, and units

Symbol Name Units
5—6 differential cross section meter?
o acceptance angle degree / radian
o cross section meter?
A wavelength meter
A mean free path meter !
1) resolving power meter
0 material density kilogram-meter 3
v Poisson’s ratio
07 free surface energy joule-meter 2
r Lorentz factor
coefficient of thermal expansion Celsius™!
2 mechanical stress pascal
o incident angle degree / radian
Ot total cross section meter?
A standard atomic weight u
B magnetic field tesla
E Young’s Modulus pascal
Ey electron kinetic energy q-volts
E; electron kinetic energy volt-meter—1
K atomic scattering factor
\% acceleration voltage volts
Z atomic number
d objective aperture diameter meter
f focal point meter
h thickness (general) meter
v relative electron velocity meters-second?

3D

3-dimensional
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list of abbreviations, symbols, and units 51

Millimeter (mm) %1073 meter

Micrometer / Micron (ym)  x10~® meter

Nanometer (nm) x10~% meter
Angstrom (A) %1071 meter
Picometer (pm) %1072 meter

€0, vacuum permittivity 8.854x 10712 farad-meter !

¢, speed of light 2.9979%108 meters-second !
mg, rest mass 9.1091x103! kilogram
g, elementary charge 1.602x10~1 coulomb
h, Plank’s constant 6.6256x 10734 joule-second
ko, Coulomb’s constant 8.988 x10° newton-meter?

N4, Avogadro’ constant 6.022140857x10% mol !

by, Bohr’s Radius 0.029 nm




PROCESS SPECIFIC ETCH RATES

Material Etchant Etch Rate Time Etched
TEOS / Thermal SiO; Al Etch® at 35°C 0 4 min
TEOS Vapor HF"¢ 55.95 nm/min 5 min
Thermal SiO» Vapor HF"¢ 12.25 nm/min 5 min
ALD Alumina Vapor HFP® 0 100 min
ALD Alumina Al Etch® at 35°C 1.08 nm/min 4 min
ALD Alumina BHF 7:1¢ 1.35 nm/sec 11 sec
ALD Alumina HF 0.55% 0.29 nm/sec 30 sec
ALD Alumina Phosphoric Acid at 157°C  1.08 nm/sec 12 sec

a 77% H3zPO4+11%HNO3+3%HAc

b Temperature is unknown, holder feels warm after an etching run

¢ Vapor HF with EtOH as catalyst, etched for 5nm. flow rates:
EtOH/210 sccm; HF /190 scem, pressure: 125 Torr

d Room Temperature



SUPPLEMENTARY IMAGES

D.1 Film Verification - SEM

If the film is so thin, how can we verify that the film is actually there? Two main methods
were used to determine if a window actually existed or not. Due to the nanoscale
thickness, it’s impossible to verify if windows exist using an optical microscope at 100x
magnification. Dirty of contaminated windows can be seen optically due to the reflection
of the micro-sized particles. Because of the high bulging due to the stress, it is able
to verify the existence 15 nm windows buy finely adjusting the focus up and down the
window to see bulging and folding of the membrane. For 5 nm the clearest way was to
use a SEM. In figures D.4a and D.4b, an 20 keV and 0.5 keV SEM image respectively,
of 5 nm alumina ETWs were taken at similar locations on the same chip. There are
two broken windows in the top left corner. In figure D.4a its hard to tell if a thin
film exists there or not, however at lower energies (figure D.4b) the back-scattering
coefficient increases considerably such that the contrast between broken and unbroken
windows becomes obvious (equation (2.14)). The elastic back-scattering coefficient can
be calculated using equation (2.7) and taking the limit of integration from 7r/2 to 7.

AccY Magn pb————————| 50um AccV Magn |————— 50um
20.0kV 1200x  Window Verification 500V 1200x  Window Verification

(a) (b)

Figure D.1: Two SEM images taken at a similar area on the same chip, taken at different energies.

D.2 Film Verification - TEM

To prove that 10 nm ALD alumina windows were imaged in the TEM, an EDX spectro-
graph was made. The graph can be seen in figure D.3.

D.3  Attempt in releasing sub-1 nm thick ALD membranes

What happens if we grow 10 cycles of ALD alumina and try to release it? The results
are depicted in figure D.4. The alumina seems to curve up into itself. The layer did
not fully coalesce, which is visible by the number of pin-holes in the layer. Magnifying
further onto the alumina will cause the film to deform and bend. Not depicted is the
surface of the SiN membrane. It looks similar to the AFS contaminated layer captured
in figure 4.7d.
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(d)

Figure D.2: The same copper NP imaged at different magnifications in a TEM.
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Figure D.3: EDX spectograph of a 10 nm alumina window
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(a)

Figure D.4: Ten cycles of ALD alumina deposited and released in VHF.
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