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Abstract

Freestanding metallized structures, a few tens of nanometer thick, show promise in
creating flow-through sensors, single molecule detectors and novel solar cells. In this
thesis we study test structures that are a step towards creating such devices. Finite-
difference time-domain simulations have been used to understand and predict the
interaction of light with such devices. Porous nanocrystalline silicon membrane is a novel
freestanding layer structure that has been used as a platform to fabricate and study
sensors and novel slot nanohole devices. Optical mode studies of the sensing structures,
together with the method of fabrication inspired the creation of ultrathin freestanding
hydrogenated amorphous silicon p-i-n junctions solar cells. All the freestanding
structures used in this thesis are just a few tens of nanometers in thicknesses.

In the first part of the thesis the sensing properties of the metallized porous
nanocrystalline structure are studied. The surprising blueshift associated with the sensing
peak is observed experimentally and predicted theoretically with the help of simulations.
Polarization dependence of the membranes is predicted and confirmed for angled
deposition of metal on the membranes.

In the next part, a novel slot structure is fabricated and modeled to study the slot effect
in nanohole metal-insulator-metal structures. Atomic layer deposition of alumina is used
to conformally deposit alumina within the nanohole to create the slot structure.
Simulation models were used to calculate the lowest modal volume of 4x10™ pm’ for an

optimized structure.
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In the last part of the thesis, freestanding solar cells are fabricated by effectively
replacing the porous nanocrystalline silicon layer of the membranes with a hydrogenated
amorphous silicon p-i-n junction with metal layers on both sides of the p-i-n junction.
The metal layers act both as electrical contacts as well as mirrors for a Fabry Perot cavity
resonator. This helps in tuning the absorption profile of the solar cell to target near
infrared part of the solar spectrum. A correspondence is found between the simulation
absorption results with the experimental spectral response of the solar cells. This helps in
designing metallized solar cells with ITO layer to improve absorption and hence the

efficiency.
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freestanding 60 nm a-Si layer with 35 nm of Ag layers on both sides shown in red.
The plot in black shows calculated absorptivity of the same structure in the a-Si
layer with 25 nm of ITO on both sides of the metal layers. ........c..ccccevveriininennnne 95
Figure 5.11: Comparison of solar cell EQE measurement before and after deposition of
20 nm of ITO on the front side of a freestanding 40 nm thick a-Si:H p-i-n junction
with 35 nm of Ag on the front side and 50 nm of Ag on the backside. The inset
tables compare the characteristic solar cell parameters before and after ITO
deposition on the Solar CelIS. ........ccooviiiiiiiiiiie e 96
Figure 5.12: FDTD simulation of structures used in Figure 5.11, for comparing the
simulation absorptance and EQE measurements. The calculated absorptance of the
solar cell structures with and without ITO is presented in red and black plots,
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Chapter 1  Introduction

1.1 Membranes

All living cells must communicate with each other, exchange nutrients and excrete
waste materials to function as the basic building blocks of life. The membrane is an
essential component of this complex biological mechanism. The function of membranes
in organisms is to separate and physically hold material inside a cell. They constitute an
important part of the outer structure that provides mechanical support to the cell. We, as a
species have tried to imitate nature by creating devices to suit our needs and purposes.
Membrane with holes is the obvious choice for mimicking natural living membranes. The
porous membrane can provide a platform for molecular separation, one of the basic
functions of a cell membrane. To this respect, many porous membranes have been
synthetically built from inorganic and organic materials as well. These include tracked
etched membranes [1], anodic alumina membrane [2], carbon nanotube membrane [3]
and ultrathin membranes [4,5]. All these types of membranes have drawbacks either in
their structure, some are too thick or brittle, or because of the high manufacturing cost.
The invention of the porous nanocrystalline silicon [6] (pnc-Si) membrane mitigates
some of these problems and provides a unique platform in membrane technology.

Pnc-Si membranes are ultrathin freestanding nanocrystalline films of Si with
nanoholes in them. A schematic comparing the novel pnc-Si membrane to the

conventional tortuous path membrane is shown in Figure 1.1. Pnc-Si membranes are



made using scalable, Si wafer based and standard semiconductor fabrication process. The
nanoscale holes are spontaneously formed during the rapid phase change of a thin Si
layer from amorphous to nanocrystalline. No postproduction expensive hole drilling or
precision lithographic processing is needed. These free standing membranes can be a few
nanometers in thickness yet can cover up to a few square millimeters in size. They can
have high porosity with a narrow pore size distribution. These properties give the
membrane a unique advantage over other membranes; the resistance offered to particles

flowing through these membranes is substantially lower than anything comparable.

Figure 1.1: Comparison of pnc-Si membrane with conventional membranes. a) In conventional
membranes with thicknesses of microns, the path taken by the molecules is a tortuous path. b) In
ultrathin pnc-Si membranes with a thickness of a few nanometers, the flow rate is much higher as
the resistance offered by the membrane material is several orders of magnitude smaller than the
conventional membrane. [Reprinted by permission from Macmillan Publishers Ltd: Nature [7],

copyright (2007)]
The gas permeance property of the pnc-Si membrane is orders of magnitude higher
than comparable membranes [8]. These membranes have shown significant ability to

separate molecules [9] and nanoparticles [10] and also act as substrates for cell



cultures [11]. The membrane structure provides a basic platform for the distinctive

structures and their applications studied in this thesis.

1.2 Metallized Pnc-Si Membranes and Sensing

Nanoholes have been used to establish the size of small molecules [12] and
proteins [13—15], the electrophoretic forces [16] and zeta potential [17] of molecules
using electrical measurements. Nanoholes in metal films have been used in sensing [18 —
23] including single molecule sensing [24, 25], and in flow-through sensing [18, 26, 27]
using optical measurements. Because they are ultrathin, the freestanding membranes let
molecules pass through them without much resistance [8]. The narrow hole size
distribution allows them to act as precise size-based filters [9, 10]. One goal of this thesis
was to utilize these properties and create a sensor, capable of identifying the molecule
passing through it and also to study the dynamics of the diffusion process through the
nanoholes in these ultrathin membranes.

When metal is deposited on the pnc-Si structure with the holes open, a unique
insulating metal structure is created with nanoholes [28]. A scanning electron
microscopic image showing the cross-section of the membrane is contained in Figure 1.2.
The interaction of light with holes of diameter much less than the wavelength of light has
generated a lot of interest [29-31]. The extraordinary transmission of light (EOT)
phenomena associated with the sub-wavelength apertures in metallic films have been
studied experimentally [31-33] as well as theoretically [34, 35]. Some of the various

methods for studying the interaction of light with the nanoholes are the multiple-



multimode method [36], Green’s dyadic method [37, 38] and finite-difference time
domain (FDTD) methods [39 — 41]. In most cases, a single hole or array of nanoholes is
analyzed in metal films. FDTD simulations are faster and more accurate than other
methods but the grid size for metal interfaces must be small leading to large
computational memory requirements. However, the speed, ease of use and accuracy of
FDTD makes it a preferred tool in this work. Both, single hole structures as well as a
distribution of hole sizes imitating the real metallized pnc-Si membrane are studied in
this work using FDTD simulations. The simulation tool becomes an integral part in

understanding the sensing properties of these metallized pnc-Si membranes.

100 nm

=

Figure 1.2: Scanning electron microscope image of the metallized membrane showing the cross-
sectional view of the metallized pnc-Si membrane. 15 nm of metal is deposited on both sides of
the 30 nm pnc-Si membrane. The upper part shows a piece of the broken metallized membrane,
inclined at an angle, with the nanoholes seen on the surface. The lower part shows the cross-

sectional view of the same membrane.



1.3 Pnc-Si Membranes and Slot effect

The fluorescence rate of a single molecule depends on the photonic
environment [42]. This rate can be enhanced or quenched depending on various
factors [43]. A common way to enhance fluorescence from single molecules is to
manipulate the photonic environment by using the plasmonic interaction of light with
metal nanostructures [44,45]. This manipulation of the local field also influences the
molecule’s emission rate, lifetime and quantum efficiency. Some examples of these metal
nanostructures are metallic nanoparticles [46 — 48], core-shell particles [49], thin metal
films [50], nanohole arrays [51 — 55] and single nanoholes [24, 56]. The nanohole based
enhancement is specifically relevant as it reduces the volume of analyte interacting with
the optical field [25, 32] and allows for easier microfluidic integration [57].

The pnc-Si membrane used in this work with its high permeance is a good
candidate for future integration. However, simulation results [58] have shown that the
plasmonic field enhancement on such ultrathin metallized pnc-Si films is not as high as
currently seen in literature [58—60].

In a slot waveguide a region of low refractive index material is present within the
core of a waveguide [61]. The continuity of Maxwell’s equations, across the low index
slot and the higher index waveguide core boundary, enhances and localizes the electric
field inside the slot, for an incident polarization perpendicular to the boundary. Slot
waveguides have been used in sensing [62, 63] and for optical manipulation of
nanoparticle and biomolecules [64]. The ultra-small mode volumes obtained from the slot

cavities in photonic crystal waveguides have been found to increase the Purcell



enhancement factor [65]. The fabrication of these slots, however, demands the use of
high precision electron beam lithography and is a top-down processing.

In this work, a bottom-up process is used to make air slots inside the nanoholes in
the metallized pnc-Si membrane. Atomic layer deposition (ALD) is used to deposit a
conformal layer of Al,Os; around the nanohole. This method of fabrication is
advantageous because the simple ALD process is capable of providing precise control
over the deposition thickness of Al,Os; without the use of precision lithography.
Simulation results show that creating slots inside the metallized pnc-Si structure
decreases the modal volume of the slot and increases the Purcell factor. The work here
shows that this type of nanohole based slot devices can be fabricated and demonstrate

promise in flow-through single molecule fluorescence measurements.

1.4 Ultrathin Metallized Membrane based Solar Cells

The cost associated with greenhouse gases and climate change is prohibitive [66].
Solar energy is a safe and abundant alternative [67—69] to fossil fuels for mitigation of
negative environmental effects. Conversion of the solar energy directly to electricity
using solar cells is called photovoltaics. To make the solar energy a viable and popular
alternative energy source, the cost per unit watt must be kept low. To keep the time and
cost of manufacturing down, the solar cells should be easy to manufacture and the
material, cheap and abundant. Silicon is the second most abundant element in the Earth’s
crust [70]. It is non-toxic and easy to handle. However, Si being an indirect bandgap
material, it needs a phonon to conserve momentum in the absorption of a photon [71].

Consequently the absorption coefficient of crystalline Si is low. Thin film solar cells help



in reducing the material cost associated with the low energy density of solar
radiation [72]. Thin film solar cells, a few microns thick, have been fabricated using a-
Si:H [73], GaAs [74], CdTe [75,76], CulnSe; [77] and organic semiconductors [78]. Thin
film hydrogenated amorphous Si (a-Si:H) p-i-n junction based solar cells are
comparatively easy to make, have elemental abundance and absorb more solar energy
than thin film crystalline Si solar cells [79] of the same thickness. However, absorption in
a-Si:H is poor especially in the near-infrared part of the solar spectrum. Various methods
have been utilized to increase the absorption of solar radiation in these solar cells.
Patterning or texturing the surface of the solar cell [80, 81] and adding plasmonic
nanoparticle [82—84] or nanoholes [85] are some of the ways to increase light interaction
with the thin solar cells.

This work is inspired by the simulation studies of light interaction with metallized
pnc-Si membrane. An ultrathin freestanding metallized a-Si:H p-i-n junction is
introduced as a solar cell. The metal film on both sides of the a-Si:H acts both as an
electrical contact as well as cavity mirrors. The absorption of this solar cell can be tuned
by changing the thickness of the a-Si:H p-i-n junction. Tuning will allow absorption
wavelengths in the near-infrared spectrum of the solar radiation where the a-Si absorption
is poor. This scheme shows promise in working with tandem solar cells [86, 87] in
targeting specific wavelengths or as transparent solar cells, which is used on windows to

generate solar electricity but allows visible light through [88].



1.5 Thesis Outline

The thesis is structured as follows. The fabrication of all the devices used in the
thesis is remarkably similar and follows from the fabrication of the pnc-Si membranes.
The fabrication and characterization of metallized pnc-Si membrane, slot structures in
metallized pnc-Si membrane and a-Si:H p-i-n junction solar cells with metal contacts
have been discussed in Chapter 2.

In Chapter 3, the interaction of light and the response of the sensing device both for
an isolated single nanohole and for a size distribution of holes over an area of the
metallized pnc-Si membrane are studied with the help of FDTD simulations.
Experimental transmission measurements are performed to characterize the sensing
performance of the device.

The slot effect in metallized pnc-Si is examined in Chapter 4. The slot effect is
defined and the conceptual structure discussed. Three-dimensional FDTD simulation
shows the creation of the slot effect in the low refractive part inside the nanohole.
Various conditions are simulated to characterize the effect in the Al,Os; deposited
metallized pnc-Si membranes.

Chapter 5 examines the photovoltaic effect on freestanding metallized a-Si:H p-i-n
junctions. These structures are inspired by the simulation result obtained in metallized
pnc-Si membranes and are made by replacing the a-Si layer in pnc-Si membrane with a-
Si:H p-i-n junctions. FDTD simulations of absorptance show the associated optical mode
of the structure. Experimental I-V curve and EQE measurements were obtained under

AM 1.5 illumination. The correspondence between the absorptance simulations and EQE



measurements show that absorptance simulations provide a simple method to characterize
and predict the photovoltaic performance of these ultrathin membranes.

Conclusions and outlook for future work are discussed in Chapter 6.
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Chapter 2 Fabrication and Characterization

The first part of this chapter describes the fabrication and characterization of the
porous nanocrystalline silicon (pnc-Si) membranes. The metallization of the pnc-Si
membranes is then outlined to make a novel freestanding sensing platform in section 2.1.
The fabrication and characterization of devices based on slot architecture and of
freestanding, ultrathin, amorphous silicon-based photovoltaic membranes is outlined in

section 2.2 and section 2.3 respectively.

2.1 Fabrication and Characterization of Metallized Pnc-Si Membrane Devices for
Sensing

This section focuses on the fabrication and characterization of the devices used in this

thesis. Fabrication and characterization of the ultrathin nanocrystalline Si porous

membrane are first outlined. This structure acts as the basis for the sensing devices and

the slot devices.

2.1.1 Fabrication of Pnc-Si Membranes

The porous nanocrystalline membranes were first discovered by Striemer et al. [1].
They can be made in various thicknesses ranging from <10 nm to >30 nm. The average
pore diameters range from 5 nm to 80 nm and the porosities can range from 0.1% to > 15

%. The fabrication of these membranes is attractive because no precision lithography
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tools like focused ion beam or electron beam lithography are needed to make nanoholes
in the membrane. A distinctive feature that makes these membranes unique is that despite
being only a few tens of nanometers thick, they are freestanding and can cover an area
upto a few mm’.
Standard semiconductor manufacturing processes are used in fabricating these
membranes [89], The steps are outlined schematically in Figure 2.1.

Photolithography

100 nm thermal oxide  step to create an
oxide window

Si wafer —_—

| | I—

Front oxide layer removed¢

and oxide/a-Si/oxide film
stack deposited

S Rapid thermal
anneal
== 1 E
EDP etching )
pnc-Si membrane
BOE etch to

T m m m M e m W ommom om om o omomo remove Oxide ﬁmmnﬁﬂﬂﬂnﬁ

Figure 2.1: Schematic for fabrication process of the porous nanocrystalline silicon membrane

The starting material is a 4-inch diameter, 200 um thick, < 100 > orientation double
polished and n-type doped Si wafer. The silicon wafer is cleaned using standard
RCA [90] clean process that removes organics, native oxides and metal contaminants.
100 nm of thermal oxide is grown on both sides of this wafer using a tube furnace. The

backside of the oxidized wafer is then patterned using standard photolithography process.



12

Hexamethyldisilazane (HMDS) and a positive photoresist (Shipley 1813) are spun and
baked on the backside of the oxidized wafer. This layer is then exposed to UV light
through the patterned transparency mask and developed. The pattern in the SiO; layer on
the backside and the front oxide layer are both removed using a 1:10 aqueous HF solution
followed by the removal of the photoresist. The shape and size of this pattern determines
the geometry of the freestanding membrane. In the next step, a high quality 3 layer film
stack typically 20 nm of SiO,, 15 nm of amorphous Si and 20 nm of SiO; is deposited
using an AJA International ATC-2000-V RF magnetron sputtering tool. The thickness of
the sandwiched amorphous Si layer determines the thickness of the membrane. In this
study both 15 nm and 30 nm is used. This three-layer stack is then put into a rapid
thermal processing (RTP) chamber. Here the temperature of the stack is raised to between
700 °C to 1100 °C in a few minutes, where it is kept for a minute and then allowed to
cool down. This rapid rise in temperature causes the sandwiched amorphous Si layer to
change its state to nanocrystalline silicon. As the nanocrystals begin to nucleate, voids are
created in the film. This wafer is then put into a custom made etch cell, with its etched
bottom side in contact with the highly selective Si etchant ethylenediamine pyrocatechol
(EDP). EDP has a etch rate ratio of 5000:1 between Si and SiO,. The SiO; layer acts as a
stop layer for the etching process. This leaves a freestanding stack made of three film of
oxide, porous Si membrane and oxide. In the final step, the protective oxide masks are
removed using buffered oxide etchant (BOE). The BOE selectively etches away the SiO;
layers to release the porous nanocrystalline silicon as a freestanding membrane. Those

voids, which are spontaneously formed in the RTP process and are large enough to cover
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the thickness of the membrane, open up as holes. The Si membrane is released as a
freestanding membrane with holes of the order of nanometers in size. This freestanding
membrane is supported by the un-etched Si substrate. Pnc—Si membranes of different

shapes and geometries are shown in Figure 2.2.

XXX

Figure 2.2: Images of pnc-Si membranes with different geometries on a silicon wafer.

The pore density and the geometry of the pores are dependent on a number of fabrication
parameters. The most important of them are the annealing temperature and the silicon
layer thickness. For an RTP annealing temperature ranging from 700 °C to 1000 °C, the
average pore size ranges from 9.4 nm to 22.2 nm and the porosity ranges from 0.5 % to
6.6 %, respectively [3]. The pore size and porosity of the membranes increases

significantly with an increase in the thickness of the Si layer.

2.1.2 Characterization of Pnc-Si Membranes
As seen in section 2.1.1, the nanohole pores are formed spontaneously during the RTP
process resulting in a distribution of pore sizes. The shape of the pores also shows a wide

variation. The most important parameters that describe the porous membranes are
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porosity, pore size and pore shape. Since these membranes are ultrathin and freestanding,
they can be characterized by transmission electron microscopy (TEM) to characterize
these membranes.

In a transmission electron microscope, a beam of electrons is passed through an
ultrathin specimen. As the de Broglie wavelength of the electron is much smaller than the
wavelength of visible light, it is possible to form an image of the ultrathin specimen with
a resolution in the order of angstroms. The TEM image of a freestanding pnc-Si

membrane, supported by a substrate designed to fit in the sample holder of a Hitachi 7650

TEM is shown in Figure 2.3.

Figure 2.3: Transmission electron microscopic image of the porous nanocystalline Si membrane.
The white spots show the nanoholes or pores. The darker regions denote the diffracted

nanocrystalline structure, with the darkest regions satisfying Bragg’s condition.

The image is taken in the bright field mode. The white, almost circular spots in the TEM
images are the open pores through which electrons pass through collinearly without any
interaction and hence are imaged as bright spots. Around these white spots, different
areas are seen ranging in color from light gray to black. These are the nanocrystalline

areas of the membrane. Since the nanocrystals are oriented with different Bragg planes,
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the electrons are diffracted by variable amounts giving rise to different shades of gray

color. The darkest areas indicate nanocrystal planes satisfying the Bragg condition [91].

Number of Pores
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Figure 2.4: a) TEM image of the pnc-Si membrane with the pore outlined in red using MATLAB
code. b) Histogram of the pore distribution obtained from the TEM image. The mean diameter of

the pores for this membrane is 32.7 nm and the porosity is 10.7 %.

The bright field TEM images not only show the nanohole pores and the nanocrystals,
but also help in characterizing the porous membrane properties. Using a custom image
processing code written in MATLAB [available for download at
nanomembranes.org/resources/software], it is possible to determine the porosity, size
distribution and average size of the pores from this bright field TEM image.

Figure 2.4a shows the outline of the pores in red on a TEM image of the pnc-membrane
processed using the software. Pores at the edges are not taken into account by the
software. The pore distribution is also shown in a histogram in Figure 2.4b. The mean
diameter of the pore distribution for this pnc-Si membrane is 32.7 nm. The porosity of the
membrane, defined as the ratio of the open space of the pores to the whole area of the

membrane expressed in percentage, is 10.7 %. The standard error for the porosity value



16

and average pore diameter for different locations of the same membrane is low, so
statistics from any random location of the membrane can be assumed to represent values

for the whole membrane [5].

2.1.3 Metallization of Pnc-Si Membranes

Metallization of the membranes has to fulfill two criteria. First, the metal film should
not block the nanoholes or the unique porous property of these pnc-Si membranes would
be lost. The second criterion is that the metal must form a continuous and smooth film.
Electron beam evaporation is a physical vapor deposition process that satisfies the above

criteria for the pnc-Si membranes.
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Figure 2.5: Schematic of an electron beam evaporator. The source is a tungsten filament that is

heated with high current. The electron beam generated is accelerated using high voltage and
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directed using a perpendicular magnetic field to the evaporation material, which acts like a

cathode. The crucible is water-cooled and the whole system is kept under vacuum.

A CHA electron beam evaporator is used to deposit metal on the membranes. A
schematic of the process tool is shown in Figure 2.5. This tool consists of a chamber that
is kept at a base pressure of 10 to 10”7 torr during deposition. A tungsten wire filament
acts as a cathode for generating electrons. A high current is passed through this filament
causing thermionic emission of electrons. These electrons are then accelerated to high
energies using an accelerating voltage. A magnetic field directs the beam to the
evaporation material. This beam can be moved around to target the evaporation material.
The evaporation material is kept in a crucible liner made up of electrically conductive
graphite. The pocket around the crucible liner is grounded and kept in a water-cooled
jacket. When the high-energy electrons hit the surface of the evaporation material they
lose their kinetic energy rapidly. This causes the evaporation material to heat up and
consequently melt or sublime. The substrate holder with the membranes is usually kept
on top of the source at a distance of about 700 mm. The vapor from the evaporation
material condenses on the substrate and the membrane to form a thin film. This is a line
of sight deposition, so necessary care has to be taken to ensure that the membranes are
not shadowed in the chamber.

Gold (Au) was deposited on the membranes. However, gold adhesion with silicon is
poor so titanium (Ti) is used as an adhesion layer between gold and silicon. The

evaporator tool has multiple pockets for multiple layer deposition of different materials.
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Firstly; 3 nm of Ti is deposited and without breaking the vacuum, 10-15 nm of gold is
then deposited on the membranes. During deposition of Ti, care was taken to ablate
oxidized Ti from the surface before opening the shutter for deposition on the substrate.
The deposition rate for Ti is 0.5-1 A/s and that for Au is higher, 1-4 A/s. A quartz crystal
microbalance is used to measure the deposition rates and thickness of the film. The
deposition is repeated on both sides of the structure to get a metal insulator metal
structure. A different type of geometry is also investigated to enhance the sensing

properties of this metallized membrane. This is discussed in Chapter 3.

2.1.4 Characterization of Metallized Pnc-Si Membranes
The continuity and smoothness of the deposited metal films on the pnc-Si membranes
are important in making the sensors. Scanning electron microscope (SEM) is a

convenient and fast tool in characterizing the metallized films. In this method, a
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Figure 2.6: a) Scanning electron microscope (SEM) image of a metallized porous nanocrystalline
membrane. The nanoholes are shown as black circular holes. The surface of the metallized
membrane is continuous. b) SEM image of a metallized membrane where the metal deposition
was not continuous leading to island formation. In this case the oxidized Ti layer was not ablated

and this resulted in poor adhesion between Au and Si leading to island formation.
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sample is scanned with a beam of electrons to form an image. It is possible to get a cross-
sectional view of the membrane to measure the thickness and determine the continuity of
the metal film.

Figure 2.6 a) shows an SEM image of a metallized membrane. Here the metal is
continuous and the holes are seen as dark spots. Figure 2.6 b) shows the SEM of a
metallized membrane where the metal is not continuous. Here the oxidized Ti layer was
not ablated; this resulted in poor adhesion between Au and Si leading to island formation.
From the SEM images, the difference between a continuous metal film and island film
growth after metal deposition is clear. This provides a fast and convenient method in
characterizing the deposition process.

To image the cross-section of the metallized membrane, the following method is
used. The membranes on the Si substrate are kept face down on the polished surface of a
Si wafer. A drop of isopropyl alcohol is put on the back. As this liquid evaporates, the
membrane attaches itself onto the Si wafer surface. The Si wafer is then cleaved to get a

cut through the attached membrane.
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Figure 2.7: SEM image of a metallized pnc-Si membrane showing the cross-sectional view of the
membrane. The pnc-Si membrane is 30 nm in thickness; the deposited metal layer on each side is

15 nm in thickness. The cleaved edge of the Si wafer is seen on the top of the membrane.

This piece of Si with the attached membrane is kept perpendicular to the electron beam to
get a cross-sectional image of the membrane. Figure 2.7 shows the SEM image of the
cross-section. The deposited metal films can be seen on both side of the 30 nm thick pnc-
Si membrane. The total thickness of the deposited metal was 15 nm on each side. The
cleaved Si wafer edge can be seen on top of the membrane.

The smoothness of the metallized film is characterized using an NT-MDT atomic
force microscope (AFM). AFM was developed in 1986 and is a derivative of the
scanning tunneling microscope (STM) [6,7]. An AFM consists of a sharp silicon tip at the
end of a cantilever. The size of the tip is of the order of nanometers. When this tip is
brought near the surface, the various interaction forces between the surface and tip bends

the cantilever. A laser spot is reflected off the cantilever to a detector. As the cantilever
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bends, the spot moves and the detector records the movement. As the tip scans across the
surface, an image is formed with a resolution of less than a nanometer.

Surface roughness and features can be measured with high accuracy using the AFM.

Figure 2.8: AFM image of a freestanding metallized pnc-Si membrane. The surface roughness is

0.3 nm. The metal layer is smooth and the holes can be clearly seen to be open.

The AFM image of Figure 2.8 shows the surface of a freestanding metallized pnc-Si
membrane. The rms roughness of the surface measured from this image is 0.3 nm, that is
of the same order as that of the deposited a-Si layer in the membrane fabrication
process [6]. The AFM image shows that the metal deposition step creates a smooth

continuous film and does not block the nanoholes in the pnc-Si membrane.

2.2 Fabrication and Characterization of Slot based Pnc-Si Membranes
The slot architecture is based on the metallized freestanding pnc-Si membranes. The
metallization of the membranes is done on a different tool, a PVD-75 Kurt J. Lesker

evaporator/sputter tool. The challenges associated with depositing metal on this tool are
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outlined. Atomic layer deposition technique is used for the conformal growth of a
dielectric inside the nanoholes. The following subsections describe the fabrication and

characterization of such a device.

2.2.1 Metallization of the Pnc-Si Membranes for Slot Devices

The metallization achieved in the CHA-ebeam evaporator leads to a continuous and
smooth film. However, the processing time of the tool was large. The Kurt J. Lesker
PVD-75 evaporator/sputter turn-over time was only 2 hours and the easy accessibility
made it a good candidate for metal deposition.
3 nm of Ti and 15 nm of Au was deposited on a 15 nm thick pnc-Si membrane. The
initial base pressure before deposition is kept at 2.1e-6 Torr. The rates of depositions are
0.2-0.3 A/s and 0.3-0.4 A/s for Ti and Au respectively. SEM image of the deposited

membrane is shown in Figure 2.9.
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Figure 2.9 SEM image of metallized membrane at the interface between freestanding part of the
membrane and the substrate supported part. The metal film is continuous over the substrate while

the metal film is broken up over the freestanding part.
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The SEM image shows that the metal film over the freestanding part of the membrane is
not continuous and broken into pieces. The membrane supported over the substrate is
continuous and similar to the one seen in the CHA ebeam evaporator. There can be two
probable causes for this type of breakup in the continuous film over the freestanding
membrane. Firstly, mechanical vibrations over the freestanding film during deposition
breaks the metal film up. Secondly, the distance between the source metal and the
membranes being smaller (when compared with the RIT CHA ebeam evaporator), the
metal adatoms carry enough energy to move about and coalesce when they reach the
freestanding membrane. The substrate being thicker can dissipate this energy faster and
make a continuous film. To test out the probable cause, pnc-Si membranes were placed at
about 10° over the deposition plate, seen as ‘angled’ in Figure 2.10. This was done, to
change the kinetic energy of the atoms hitting the freestanding membrane at an angle. To
test out the second hypothesis, the membranes were kept in an orientation such that they
were at different distances from the center of the platen but were perpendicular to the

direction of deposition. This is seen as ‘perpendicular’ in Figure 2.10.
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Platen

Figure 2.10: Position of the ‘angled’ and ‘perpendicular’ membranes on the platen. The ‘angled’
samples are kept at 10° with respect to the surface of the platen. The ‘perpendicular’ samples lie

perpendicular to the direction of deposition.

SEM images are taken of the angled samples and the perpendicular samples as shown in
Figure 2.11. The angled sample is the one nearer the middle of the platen. The
perpendicular sample membrane is the one at the edge of the platen, shown with arrows

in Figure 2.10.
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Figure 2.11: a) and b) show the SEM images of ‘angled’ metallized pnc-Si membrane. a) Shows
the interface between the freestanding and substrate supported part of the membrane. b) Shows
the SEM over the freestanding membrane. The images show that metal film is discontinuous and
blocks up the nanoholes for ‘angled’ deposition. ¢) and d) Shows the SEM images of
‘perpendicular’ deposited metallized pnc-Si membrane with c¢) showing the interface. d) Shows
the SEM image over the freestanding membrane. Although the metal film is not as continuous as

previously seen using the CHA ebeam evaporator, the holes are not blocked.

Figure 2.11 shows that keeping the membranes at an angle does not help in depositing a
continuous film over the membrane. Increasing the distance between the membranes and
the evaporating source material does help in making the film smoother and does not lead

to deposits over the nanoholes. However, the metal film still does not have the film
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quality seen using the CHA ebeam evaporator. A TEM image of the metallized

membrane further shows the open nature of the holes and the discontinuity in the metal,

as seen in Figure 2.12.

Figure 2.12: TEM image of the metallized membrane showing the open nanoholes and the cracks

in the metal film.

From the TEM image, it is seen that although the metal is not totally continuous, the
nanoholes are open and this metallized membrane is suitable for the atomic layer

deposition process for depositing Al,Os.

2.2.2 Atomic Layer Deposition (ALD) Process

Atomic layer deposition is a chemical vapor thin film growth technique, discovered in the
late 1970’s by Suntola et al. [94]. The pair of chemicals used in growing the films is
called precursors. The growth of the film is a cyclic process. In each cycle, a single
monolayer of material is deposited. Each cycle consists of four basic steps as follows.
First, the saturated vapor of the precursor is introduced into the chamber; this reacts with

the surface to create an intermediary compound. In the next step, a purge step makes sure
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that excess precursor is removed from the chamber environment. This is done by
evacuating the chamber to a low pressure and using a purging gas like Argon. Then the
second precursor is introduced to react with the first intermediary compound already
present on the surface of the substrate. The final step consists of removing the excess
products of the reaction and the second precursor. This creates a monolayer of the
material being deposited. The thickness of one cycle can be 0.1 A to 3 A [95]. The cycle
is repeated to create films of the desired thickness. This process gives very precise
control over the thickness of the film being deposited. As the deposition is based on
saturated vapor deposition process, the film is extremely conformal.

The freestanding ultrathin pnc-Si membranes have a higher gas permeance than any other
membrane [8]. ALD deposition of Al,O3 has been shown to shift the pore size histograms
by conformally covering the holes and thereby decreasing their size [96]. Here, we use
the ALD process to deposit Al,O3; conformally on the metallized membrane to create an
air slot inside the nanohole. Precise control of the film thickness and conformal

depositions are both satisfied by ALD. The outline of the process is shown in Figure 2.13.
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Figure 2.13: Steps outlining the ALD deposition of Al,O3 on a Si substrate. a) The Si surface is
hydroxylated by water vapor. b-c) Trimethyl Aluminum is introduced as a pulse; this reacts with
the surface hydroxyl groups. The unreacted precursor and reaction products are expunged from
the chamber. d) Water is pulsed; it reacts with the intermediary compound on the surface to form
hydroxylated aluminum oxide. The byproduct of this reaction, methane and excess precursors are
again expunged from the reaction chamber. This cycle is repeated to grow multiple layers of
ALO:s.

The deposition is performed in Cambridge NanoTech Savannah S200 system
(Cambridge, MA). Individual chips were loaded into the chamber. In one configuration,
they are set in between the edges of two glass slides to maintain the uniform flow of
gases on the top and bottom of the freestanding membranes. The pressure change is
enough to blow these chips in the membrane. So two other glass slides are placed on top
of the membranes to sandwich them and hold in them place. The membranes and glass
slides are oriented such that they do not impede the gas flow inside the chamber. The
films are of better quality at higher temperature. The chamber is heated to 250°C and
pumped to a base pressure of 10mTorr to evacuate the excess products. 20 sccm of argon

is introduced continuously in the chamber to help expunging the unreacted precursors and
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reactant products. The precursor pulses of water and trimethyl aluminum are 50
milliseconds long with a 5 second pause between the pulses to help in purging the
products. 1.1 A of material is deposited after each cycle.

The metallized membranes have pores of different sizes, with an average diameter of ~30
nm. So by depositing a 10 nm layer or 91 cycles of Al,Os an average air slot diameter of
10 nm is created provided the deposition inside the holes is conformal and at the same
rate. It is important to note that the hydrophobicity/hydrophilicity of the Si surface and
the Au surface is different [97]. The hydrophobicity/hydrophilicity of Au depends on the
impurities present in it. Pure Au is hydrophilic. Carbon contamination renders it
hydrophobic [98]. As has been seen for ALD deposition, a hydrophilic surface is
necessary to form the hydroxyl groups on the surface. The deposition rate and profile on

Au and Si surface of the metallized membrane may be different.

2.2.3 Characterization of Slot Metallized Membranes

ALD deposition at 250°C results in agglomeration of the metal film to form isolated
metal films. This is a thermally activated process [99]. There are various models
describing this agglomeration process [100-103]. An SEM image of the interface
between the freestanding and substrate supported metallized membrane after the ALD
deposition of Al,Os is seen in Figure 2.14. The image shows that the metal film gets
agglomerated to form metal islands. The conformally deposited Al,O3; around the metal

islands can be seen as a change in contrast around the metal islands.
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Figure 2.14: SEM image of the interface between the freestanding and substrate supported
metallized membrane after the ALD deposition of Al,O; at 250°C. The image shows the
agglomeration of the metal at 250°C to form metal islands. The conformally deposited Al,O;

layer surrounding the metal is also seen.

TEM image of such an ALD deposited metallized pnc-Si membrane is also taken, shown

in Figure 2.15.

Figure 2.15: TEM image of the metallized membrane after the ALD deposition of Al,O; at
250°C. The image shows the metal islands in dark after the agglomeration of the metal film.
Conformal deposition of Al,Oj; is also seen around the metal and also around the nanoholes in the

pnc-Si membrane.
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The TEM image shows the metal islands in dark and the pnc-Si membrane with its
characteristic nanocrystals and nanoholes. Al,O3 deposition around the metal islands and
nanoholes can also be seen. 250°C for the deposition of Al,Os3 is too high for the integrity
of the metal film over and near the freestanding membrane.

Much further away from the freestanding part of the membrane over the substrate, the
metal film does not form islands after the ALD process. It remains as a continuous metal
film. The Al,Oj3 is deposited conformally around the hole. This can be seen in the SEM
image of the ALD deposited metallized membrane shown in Figure 2.16. The image is
taken over the substrate part of the membrane much further away from the freestanding

part.

EHT = 5.00kV Signal A = InLens Date :24 Aug 2012
WD = 43 mm Photo No. =779 Time :9:37:44

Figure 2.16: SEM image of the metallized membrane after the ALD deposition of Al,O; at 250°C,
taken over the substrate much further away from the freestanding part of the membrane. The
metal film does not agglomerate and the ALD deposition leads to conformal growth of Al,Os

around the holes as seen by the contrast surrounding the holes.

This shows that the deposited metal film quality over the substrate is good enough to

withstand the 250°C temperature of the ALD deposition.



32

The AlL,Os film quality is higher at 250°C, but because of the agglomeration of the metal
film, a 100°C temperature recipe was used to deposit Al,Os using the ALD process.

The SEM picture of the metallized membrane after the Al,Os deposition is shown in
Figure 2.17. The SEM image shows the freestanding part of the ALD deposited
metallized pnc-Si membrane. The change in contrast indicates conformal growth of the
Al,Os layer. However, it is important to note that Al,Os3 being an insulator, it is difficult

to image such a membrane because of charging effects.

EHT =15.00 kV Signal A = InLens Date :29 Aug 2012
WD = 2.0 mm Photo No. = 1004 Time :11:08:12

Figure 2.17: SEM image over the freestanding membrane of a metallized pnc-Si membrane after
deposition of Al,O3 using ALD process at 100 °C. The image shows a difference in contrast

around the holes indicating the conformal growth of AL,Os.

A TEM image of the ALD deposited metallized membrane is shown in Figure 2.18.
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Figure 2.18: TEM image of the metallized membrane after the ALD deposition of Al,O; at
100°C. The image shows the Al,O; layer deposited conformally around the biggest nanohole

leaving a slot in the middle. The Al,O5 covers the smaller nanoholes completely.

The TEM image shows the conformally deposited Al,Os layer surrounding the nanohole.
The thickness of the starting pnc-Si membrane is 15 nm. The thickness of the Ti and Au
films is 3 nm and 15 nm respectively. The temperature during the ALD deposition is kept

at 100°C and 91 cycles gave a thickness of around 10 nm of conformal Al,Os.

2.3 Fabrication and Characterization of Freestanding a-Si:H Membrane Solar
Cells

In this section, a novel freestanding amorphous silicon solar cell is described. The

fabrication of the solar cell is inspired from the pnc-Si membrane fabrication. The

fabrication process is similar, and involves depositing a p-i-n a-Si:H junction using a

plasma enhanced chemical vapor deposition tool. The advantage of using this type of
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freestanding solar cell is twofold. One, it has two surfaces the back and front which can
be coated with materials to act as electrical contacts and help in optical confinement.
Second, this type of fabrication allows deposition of MOS fabrication incompatible

materials.

2.3.1 Fabrication of a-Si:H Solar Cells

The fabrication of the freestanding a-Si:H solar cells is similar to the fabrication of the
pnc-Si membranes. The major differences are the deposition of an a-Si:H p-i-n junction
film instead of the a-Si film. The rapid thermal anneal process is also absent. The steps of
the fabrication are outlined below in Figure 2.19. First, a thermal oxide layer 100 nm
thick is grown on a 200 pm thick double-sided polished 5-10 Q-cm n-type <100> Si
wafer. The backside of this wafer is patterned to open a 2 x 2 mm window using contact
lithography followed by buffered oxide etch (BOE). The front 100 nm oxide is also
stripped off by this BOE etching step. 45 nm of oxide is then deposited on the front side
of the wafer using GSI plasma enhanced chemical vapor deposition (PECVD) tool. This
oxide acts as a stop layer during the Si etching step. A hydrogenated amorphous Si p-i-n
type junction (a-Si:H p-i-n) is then deposited over the deposited oxide using the GSI
PECVD. The n layer is deposited first so that it is closer to the back contact of the solar
cell. The power during the deposition is kept at 50 watts. The thickness of the p-i-n
junction is dependent on the time of deposition. In a typical case, deposition times of 13,
25 and 9 seconds gives corresponding thicknesses of 20, 25 and 15 nm for the n, i and p

layers respectively. The n-doped film is kept at the bottom of the stack, closest to the
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back contact as in the a-Si:H film, as the n-doped film absorbs more light compared with

the p doped film.

Photolithography
100 nm thermal oxide  step to create an
oxide window

Si wafer —_—
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Front oxide layer removed &

and oxide/a-Si:H/oxide
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Figure 2.19: Steps outlining the fabrication of the freestanding a-Si:H solar cell

Conductive Material

The last step involves making the electrical contacts. The most common geometry
involved depositing Ag metal on both sides of the membrane. The deposition is similar to
the metal deposition of the pnc-Si membranes shown in section 2.1.3, except that no
adhesion layer is deposited there. The deposition in the electron beam evaporator was
typically performed at a base pressure of 1.9e-7 Torr at an accelerating voltage of 10 kV
and at rates of 0.3-0.5 A/s. The minimum thickness deposited on any side of the PV
membrane is 25 nm. It is important to maintain a continuous metal film to have a good
electrical contact. The SEM shows that 25 nm of Ag deposition is enough to get a

continuous metal film as seen in Figure 2.20
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Figure 2.20: SEM image of the 20 nm thick Ag film deposited over the freestanding PV

membrane. The film is continuous over the membrane and should provide good electrical contact.

The SEM image shows that the deposited Ag film is continuous and therefore should

maintain good electrical and optical properties.

2.4 Conclusion

In conclusion, this chapter describes the processes involving the fabrication and
characterization of metallized pnc-Si membranes, ALD deposited slot metallized
membranes and metallized ultrathin freestanding a-Si:H solar cells. The common
platform in all the three devices is the fabrication of ultrathin freestanding membranes.
The fabrication is MOS compatible and hence follows standard fabrication techniques
and can be scaled up. The characterization process involves using standard tools like
SEM, AFM and TEM. The characterization process confirms the structure of the various

devices and gives starting values for simulation models used later to describe the results.
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Chapter 3 Nanohole and Sensing

In this chapter, the interaction of light with the metallized membrane is studied and the
sensing property of such a structure is investigated. In section 3.1 there is a general
discussion about how light interacts with small holes in metals when the radius of the
hole is much smaller than the wavelength of light. The fabrication and characterization of
the membranes are described in section 3.2. Finite-difference time-domain (FDTD)
simulations are used to study the interaction of light with the structures and understand
the relevance of membranes towards sensing in section 3.3. Section 3.4 details the

experimental results and their understanding using simulation.

3.1 Background
In this section, surface plasmon resonance (SPR) sensors are introduced. Different
sensors using SPR are outlined. A background review of the interaction of light with

single nanohole as well as an array of nanholes is outlined.

3.1.1 Surface Plasmon Resonance Sensors
Surface plasmons are collective oscillations of the electron density at a metal-
dielectric interface. The resonance conditions associated with these surface plasmons are
sensitive to the local environment making it possible to develop refractive index sensors.
For the photons to transfer energy to the metal electrons, both the energy and the
momentum need to be conserved. When these conditions of coupling between the
photons and electrons are satisfied, the resulting propagating electromagnetic wave at the

interface is called the surface plasmon polariton (SPP). The SPP wave is a TM polarized
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wave with the electric field perpendicular to the direction of propagation of the wave and
also to the plane of the interface. The propagation constant for a SPP for a semi-infinite

metal dielectric interface is given by

2

B=k [ (1)

em+ n?
where k is the free space magnitude of the wave vector, &, is the complex dielectric
constant of metal and ng is the refractive index of the dielectric [104]. The effective
wavelength of the SPP is significantly shorter than the wavelength of the incident field.
The most common of approaches to satisfy the above conditions of coupling light are the
Kretchmann [105] configuration and grating couplers [106]. In the Kretchmann
configuration, a prism is used to couple in light, using total internal reflection, into the
metal film on one of the sides of the face of the prism. The resonance condition of
coupling, seen as a reflection minimum, is very sensitive to the change in dielectric
surrounding the metal film. It is monitored as a function of either the angle or the
wavelength [104]. In grating couplers, as the name suggests, there is a periodic
corrugation at the metal dielectric interface, when light falling on this grating is
diffracted. When the total component of momentum of a diffracted order along the
interface equals the momentum of the SPP, the photons transfer energy to the SPP. The
coupling resonance condition being sensitive on the dielectric surrounding the grating,
the monitoring aspects are similar to the Kretchmann condition. The highest bulk
sensitivity of a SPR based attenuated total reflection optical prism based sensor is 8000

nm per refractive index unit (RIU) [107]. In grating based SPR sensors a sensitivity of
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1000 nm/RIU has been obtained [108]. Although these configurations have high
sensitivity, they do have certain drawbacks. Since both of these approaches work in the
reflection mode, the optical infrastructure associated with it increases the footprint of the
device. Multiplex sensing is of primary importance in many SPR sensing
applications [109,110] and in the above configurations, it is difficult to incorporate flow-

through microfluidics.

3.1.2 Light Interaction with Nanoholes
The interaction of light with a hole of radius much smaller than the wavelength of the
incident light was first studied theoretically by Bethe [29] and later extended by
Bouwkamp [30] and Cohn [111]. For an infinitesimally thin perfect metal conductor, the
transmission T(A) was found to be proportional as (A/r)*, where A is the wavelength of

incident light and r is the radius of the hole, as shown in Figure 3.1.
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Figure 3.1: (a) Calculated transmission from a hole in an infinitesimally thin perfect metal sheet.
The transmission from the hole, whose radius is much smaller than the wavelength of light, falls
as (X/r)4. (b) In the case of a nanohole in a real metal, there is a peak superimposed over the (?»/r)4
transmission curve. [Reprinted by permission from Macmillan Publishers Ltd: Nature [112],

copyright (2007)]

So the transmission is very low as A becomes longer than the radius of the hole. Ebbesen
found that the transmission through a single hole in Ag metal film has an unexpected
resonance peak superimposed on a smooth background [112]. This transmission peak

indicates the presence of surface plasmon resonance.
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In another study, Rindzevicius et al. [113] found that for a nanohole in an optically
thin metal film, localized surface plasmons (LSP) are generated at the edge of the
nanoholes, resembling dipole radiation. These LSPs then couple into the SPPs, seen in
the near-field scanning microscope image shown in Figure 3.2 . The LSP-SPP coupling
plays an important role in the way light interacts with these nanoholes. The thickness of

the Au metal film in this case is 20 nm and the hole diameter is 60 nm.

(b)

Figure 3.2: (a) Near-field scanning microscope image of light interacting with a nanohole 60 nm
in diameter in a 20 nm thick Au film on a glass substrate. The electric field of the incident light is
shown and the dipole like LSP generation is parallel across the direction of the electric field.

[Reprinted (adapted) with permission from [113]. Copyright (2007) American Chemical Society.]

3.1.3 Nanohole Arrays

A newer configuration for sensing uses ordered nanohole arrays [114]. Nanohole
arrays show enhanced transmission through sub-wavelength holes in a metallic film. This
enhanced optical transmission is attributed to surface plasmon polariton waves [31]. The
condition for coupling light in the structure follows from equation 1 and for a square

array of nanoholes, the transmission resonance maximum is given by
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where P is the periodicity of the nanohole array, i and j are the order of the Bragg
resonance, &, is the complex dielectric constant of metal and ny is the refractive index
of the dielectric [115]. Nanohole array sensors can use high numerical aperture optics,
perform collinear detection, multiplexing and hence achieve smaller device footprint and
integration. Recently, flow through sensing using a nanohole array has been
demonstrated [116]. The general disadvantage of nanohole arrays is the need for
expensive fabrication. To manufacture periodic nanohole arrays, focused ion beam or
electron beam lithography is needed. Unordered nanohole patterns and isolated single
holes have recently been used as SPR sensors [117-119]. Typically, they have been
manufactured using colloidal lithography rather than expensive electron beam
lithography or focused ion beam lithography. However, these devices need to be
supported by a glass substrate and do not allow flow through sensing configuration. More
recently, a flow through sensor with unordered nanoholes has been demonstrated by
Jonseson et al. [27], but the fabrication is a multistep process involving colloidal
lithography and RIE etching.

The highest sensitivity of 1022 nm/RIU in nanohole arrays have been demonstrated by
using 200 nm diameter holes in a 200 nm Au film and using a parallel and orthogonal
polarizer-analyzer pair [114]. For unordered short range holes a bulk sensitivity of 110
nm/RIU has been demonstrated with 110 nm diameter holes in 20 nm thick Au

film [117]. For a flow-through system, a bulk sensitivity of 630 nm/RIU has been
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demonstrated for a 220 nm diameter hole with a 600 nm periodicity in a 125 nm thick Au

metal film suspended over a SiN membrane 50 nm thick.

3.2 Materials and Methods

The fabrication and characterization of the metallized porous nanocrystalline
membranes have been outlined in section 2.1. The structure proposed here resembles
unordered nanoholes in metal films and does not require any precision lithography. The
cross-sectional thickness of our structures is one order of magnitude smaller than the
conventional nanohole arrays and their area can stretch to the order of mm?®, which is
much larger than conventional nanohole arrays. Figure 3.3 shows a typical structure. A
freestanding ultra-thin porous Si nano crystalline membrane is coated with Au on both
sides of the membrane. Essentially this is a freestanding porous gold membrane

supported by a porous Si membrane.
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Au

Figure 3.3: Schematic cross section of the metallized membrane showing the freestanding
membrane with metal on the top and bottom. The thickness of the structure can be as small as 45

nm.

The nanocrystalline membranes are made using standard microfabrication techniques. In
this technique, a rapid thermal process is used to create nanoholes in a sandwiched SiO-
aSi-Si0; structure deposited on a silicon wafer. The silicon wafer substrate is back etched
to fabricate the freestanding membrane structure, as described elsewhere [6]. These
membranes can be made in various thicknesses ranging from <10 nm to >30 nm. For our
work, we have used 15 nm and 30 nm thick membranes. The pores are spontaneously
formed during the nanocrystal nucleation process and hence no precision electron beam
or ion beam lithography fabrication is required.

These freestanding membranes are robust and capable of withstanding an atmosphere
of differential pressure without plastic deformation or fracture [6]. This mechanical

robustness is important because in the next step of device fabrication, a metal film is



45

deposited on this membrane using electron beam evaporation at 107 Torr pressure. First,
a 3 nm thick Ti layer is deposited on both sides of the freestanding membrane. The Ti
layer acts as an adhesion layer for Au. The Au film thickness is 15 nm. During
deposition, the membrane is kept such that there is an angle of about 10° between the
surface normal and the metal deposition direction. After depositing the metal on one side
of the membrane, it is rotated by 180° and metal is deposited on the opposite side of the

membrane. Schematic of the angled deposition is shown in Figure 3.4.

Figure 3.4: Schematic diagram showing the deposition of metal at angles.

Transmission electron microscope measurements are performed on a membrane
where metal has been deposited on one side. In Figure 3.5, the TEM image shows the
metal deposited on one side of the holes. The RMS surface roughness of the metallized

membrane is 0.3 nm, as measured using AFM (see section 2.1.4).
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Figure 3.5: TEM image of a metallized membrane with metal deposited at an angle. The metal

can be seen deposited on one side of the holes.

3.3 Simulations Results for understanding Interaction of Light with Metallized
Pnc-Si Membranes

To obtain a quantitative understanding of how light interacts with this type of free
standing metallized structure including when the refractive index of the surrounding
medium changes, we make use of three dimensional finite-difference time-domain
(FDTD) [120,121] simulations. FDTD simulations are highly effective for understanding
light interaction with nanopores and have been used elsewhere [39] to study single
apertures in metals. In our work we used commercially available software (FDTD
SOLUTIONS from Lumerical Solutions, Inc). Johnson and Christy material data [122]

and Palik’s material data [123] were used to model Au and Si, respectively.

3.3.1 Scattering Cross-sections of a Single Hole
The effective area around a particle where light either gets absorbed or scattered is
defined as the total cross section of the particle. The total cross section of the particle is

defined mathematically as the sum of the scattering and absorption cross sections.
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Nanoparticles have been studied and characterized using these scattering cross sections
theoretically using FDTD simulations [124] as well as experimentally [125]. Scattering
cross sections of nanoholes in optically thin metal films have been studied theoretically
as well as experimentally [113], where the presence of localized surface plasmons have
been seen at the edges of the nanoholes. The structure used here is different from a
conventional metal nanohole film on a dielectric substrate. So the scattering, absorption
and hence the total cross section for the nanohole is calculated using FDTD simulations.
The results shown below in Figure 3.6 show the scattering, absorption and the extinction
cross sections for a 30 nm radius nanohole in a 30 nm thick Si membrane with 15 nm Au
metal on both sides of the Si membrane. The extinction cross section is the total cross
section and is the sum of the scattering and absorption cross sections. A distinct peak in
the scattering cross section and hence also in the extinction cross section is seen at around
the wavelength of 800 nm. The scattering cross section profiles of these 60 nm diameter
nanoholes is markedly different form a Au nanoparticle of the same diameter [126].

Cross sections
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Figure 3.6: The calculated extinction, scattering and absorption cross sections of a 30 nm radius

nanohole in a 30 nm thick Si membrane with 15 nm of Au on both sides.
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This peak in the extinction cross section shows that nanoholes in this metal insulator
metal structure also scatter light and hence their sensing properties can thus be

investigated.

3.3.2 Sensing Response for a Single Hole

We first consider a simplified model of a single hole in the metallized Si membrane
with a radius 30 nm. The Si membrane thickness for our model is kept at 30 nm and the
Au metal thickness on both side of the membrane was 15 nm. The Ti layer is ignored as
its thickness is small compared to the Au and Si. The size of the mesh is set at 1 nm. A
plane wave was incident on one side of the hole. A two dimensional transmission monitor
was placed on the other side of the hole at a distance of 200 nm from the surface of the
membrane. This monitor calculates the amount of power transmitted through the monitor
normalized to the source power. The simulation was run with 2 different medias, air
(n=1.00) and isopropyl alcohol (n=1.37). The transmission spectra showed two
characteristic peaks as seen in Figure 3.7a. Peak 1, which corresponds to the maximum
transmission is blueshifted by 14 nm with increasing refractive index. Peak 2, which
occurs at a larger wavelength, was red shifted by 72 nm with increasing refractive index.
To understand the origin of these two peaks and their red or blue shift, the electric field
intensity was plotted along the cross section of the hole at the two resonant wavelengths.
As shown in Figure 3.7c, for the longer wavelength red shifted peak, the field is confined
inside the hole and resembles the cavity mode of a resonator. As expected for such a

mode, any increase in the refractive index inside the hole redshifts the resonance
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wavelength. The mode profile intensity at the blueshifted peak 1 shows significant field
confinement inside the Si membrane, as shown in Figure 3.7b. The mode profile intensity
of the blueshifted peak 1 is lower than the mode profile at peak 2, as shown by the

relative intensities in the scale bar.

a) Transmisson through a single hole
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Figure 3.7: a) Transmission calculated through a single hole for refractive index of 1 and 1.37
shown in black and red curves separately. Two distinct peaks are seen for each curve. Peak 1
blueshifts whereas peak 2 redshifts. The insets b) and ¢) show the electric field intensity at 2 peak

wavelengths with the field enhancement factors shown in the color bars.

Considering the fact that the holes only occupy a small fraction of the membrane, a
substantial part of the field goes into Si for this mode. When the refractive index inside
the hole and its surrounding membrane increases, the field confined in Si is drawn into

the higher refractive index leading to a blue shift for the resonance peak.
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Figure 3.8: a) Resonant wavelengths of peak 1 and peak 2 are plotted against Si membrane
thickness, keeping the nanohole size fixed at 30 nm radius. b) Plot of peak 1 and peak 2 position
against size of hole, keeping the thickness of Si membrane constant at 30 nm. The metal

thicknesses are kept same throughout at 15 nm on each side.

To further investigate these two distinct modes, the resonant wavelength of these modes
is plotted against the thickness of the Si membrane and the diameter of the hole
separately. In Figure 3.8a, the dependence of peak 1 and peak 2 is plotted against the
thickness of the Si membrane keeping the radius of the hole constant at 30 nm. In Figure
3.8b, the dependence of peak 1 and peak 2 is plotted against the radius of the hole,
keeping the thickness of the Si membrane constant at 30 nm. Our results show a linear
increase in the wavelength of peak 1 with increasing membrane thickness but a very
small dependence on the hole radius. In contrast, the mode associated with peak 2 is a
“cavity mode”, so this mode depends on radius as well as the length of the hole. This can
be seen in figures 3.8a and 3.8b, which show a linear dependence of the peak position

with respect to the hole radius and the membrane thickness as well.
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3.3.3 Simulations for Multiple Holes in the Metallized Pnc-Si Membranes

The simulations shown above correspond to a single hole or a number of identical
holes. In our membranes, the pore size is not monodispersive but can be described
reasonably well by a Gaussian distribution [6,89]. To accurately model the membrane,

the transmission through a square area of 1 um”is calculated.
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Figure 3.9: a) 1lum® area of membrane being simulated for calculating transmission. The hole size
distribution is Gaussian and the holes are placed randomly. The porosity and average diameter
resemble that of the actual metallized membrane. b) Comparison of calculated transmission for

membrane and single hole.

A Gaussian distribution of hole radii sizes having lower and higher cutoffs at 2 nm and
30 nm, respectively, was randomly distributed on the membrane as shown in Figure 3.9a.
The membrane porosity of 15% and the average pore radius of 14 nm are typical values
in our work. The transmission through the membrane was compared with the
transmission through a single hole with the same average size (Figure 3.9b). In the
spectrum for the membrane, the cavity resonant peak 2 is absent. The wavelength of peak

2 depends on the size of the nanoholes. Since there are holes of different sizes, each of
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these holes peaks at a different wavelength. The net result is a weak shoulder instead of a
distinct peak. However, the peak at the smaller wavelength, which depends on the
thickness of the Si layer, is identical for a single hole or a hole size distribution. As
shown in figure 3c, this mode blue shifts with increasing refractive index. The result is
that with increasing refractive index, the transmission through these membranes blue
shifts. These results are in sharp contrast to the red shift seen for increase in refractive

index for nanohole sensing [127].

3.4 Experimental Results

In this section the sensing of properties of the metallized pnc-Si membrane are
measured and investigated. First, the sensing property of the Si membranes is
investigated by thermally growing an oxide layer over the pnc-Si membrane before
metallization. The results are compared with simulations. Next, the sensing properties of
these membranes are characterized experimentally and theoretically for liquids. In the last
section, thiol terminated alkane molecule of different sizes is chemically deposited and

the sensing properties are again investigated.

3.4.1 Sensing Properties of the Metallized Pnc-Si Membrane
A preliminary test of the sensitivity of the membrane and the accuracy of our
simulation models was devised. In this test, the pnc-Si membrane was oxidized in a tube

furnace for various times at 800 ‘C in an O, atmosphere. Inert Ar was flowed while
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loading and unloading the samples. The thickness of the oxide layer over the membrane
depends on the oxidation time and temperature. TEM images comparing the pre and post
oxidation of the pnc-Si membrane is shown in Figure 3.10 for 15 min and 45 min
oxidation at a furnace temperature of 800°C. The figure shows that after oxidation, the
contrast in the image showing the various nanocrystal orientations is decreased. With the
growth of the oxide, the nanocrystal diffraction efficiency decreases. Some nanoholes
that were not totally open before oxidation disappear when the membrane is oxidized.
The contrast of membrane decreases with higher oxidation time, in this case 45 min.
Hence, from these images it can be inferred that it is possible to grow different
thicknesses of oxide on these freestanding pnc-Si membranes. It is also possible to
oxidize the Si totally to make SiO, membranes by keeping the pnc-Si membrane in the

furnace at 900°C for 45 minutes.
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Before Oxidation After Oxidation @ 800 °C

Time of oxidation= 45 min

Figure 3.10: TEM image of pnc-Si membranes, intially 30 nm in thickness, before and after
oxidation shown at the same position to compare the nanohole and nanocrystals. The images
show two sets for 15 min and 45 min oxidation time at 800°C furnace temperature in an Ar

environment.

Fully oxidized pnc-Si(SiO,) membranes and non-oxidized pnc-Si membranes,
initially 15 nm in thickness, are metallized in the next step using the standard electron
beam evaporation to deposit 3 nm of Ti and 15 nm of Au. The transmittance in
percentage is then measured using a Perkin Elmer Lambda 900 spectrophotometer for the
above two membranes and also for a pnc-Si membrane without any metal deposition. The

experimental results are shown in Figure 3.11a. The non-metallized pnc-Si transmittance
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spectrum resembles the transmittance from an ultrathin Si membrane and matches the
FDTD simulation result observed in Figure 3.11 b.

Both the metallized Si membrane and SiO, membrane show characteristic peaks. The
peak of the Si membrane at 550 nm is red shifted when compared with peak SiO,
membrane at 675 nm. The same trend is seen in the simulations. In Figure 3.11b, the

metallized Si membrane shows 2 peaks; this is however not seen experimentally.
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Figure 3.11: a) Transmittance measured from a pnc-Si membrane, initially 15 nm in thickness,
metallized pnc-Si membrane and metallized oxidized pnc-Si membrane. b) The experimental
results are compared with FDTD simulations of models of the membranes. The figures show

good agreement with the position of the transmission peaks.

Next, pnc-Si membranes, initially 30 nm in thickness, are oxidized for different times of
15 min and 45 min respectively. They are metallized using an electron beam evaporator
to deposit 3 nm of Ti and 15 nm of Au. The transmittance of these partially oxidized
metallized membranes is measured and the results are plotted in Figure 3.12. The figure
shows that there is a shift of 27 nm between the two samples. The transmittance levels
from the two samples are also different, with the 15 min oxidized sample showing higher

transmission.



56

Measured transmission for 30 nm thick
membranes oxudlzed at dlfferent tlmes
{ T

L
0.55 4 £ Sample A: oxidized 800C [~
4 for 15 min +
| —— Sample B: oxidized 800C [~

/

for45 min ~

0.5

Transimission
o o
w 2 »
v IS e

| | 1

o
W
T

0.25

021 L.

——— T
600 800 1,000 1,200
Wavelength (nm)

Figure 3.12: Measured transmittance from metallized partially oxidized 30 nm pnc-Si
membranes. Sample A (red) and Sample B (Black) are oxidized in a tube furnace at 800°C for 15

min and 45 min respectively.

These experiments demonstrate that FDTD simulations can predict the transmission
characteristics of the membranes. It is interesting to note that the transmission peak from
an initially 30 nm thick metallized pnc-Si membrane is red shifted to 825 nm when
compared with the transmission peak of 15 nm thick pnc-Si membrane with a peak at 675

nm.

3.4.2 Sensing in a Liquid Environment
Transmission spectra were measured for metallized membranes using a Perkin Elmer
Lambda 950 UV/Vis/NIR spectrophotometer and an integrating sphere to capture the

total transmitted energy. A 20X objective was used to illuminate only the membrane area.
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Transmission measurements were done in an environment of air, methanol and iso-propyl
alcohol (IPA). Methanol and IPA have a refractive index of 1.3284 and 1.3772 at 20 °C,
respectively. The angle of the incident polarization of the beam was kept constant. Figure
3.13 show that the transmission peak blue shifts with increasing refractive index. The
transmission intensity is also seen to be increasing with increasing refractive index. This
is because the effective area of the holes increases with increasing refractive index,
thereby increasing the amount of transmitted light. Transmission peak in air occurs at
725.1 nm and the transmission peak in IPA blue shifts to 698.1 nm. The resulting
sensitivity is 71.6 nm/RIU. In contrast, the transmission peak in methanol blue shifts to
714.9 nm, corresponding to a sensitivity of 31.1 nm/RIU. The smaller than expected blue
shift for methanol can be explained with the help of simulations, the results of which are
shown as solid curves in Figure 3.13. While modeling IPA, the refractive index on both
sides of the membrane is changed. Good agreement is seen between the experimental and
simulated data for air and IPA. For modeling with methanol, a good fit between theory

and experiments is obtained when the refractive index of only one side of the membrane
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was changed. In the experiments, IPA went through the pores to wet both

Transmission for 30 nm metallized membrane
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Figure 3.13: Experimentally measured transmission spectrum for the metallized membranes in an
environment of ambient air, IPA and methanol is plotted with dots and lines. The simulation fit is
plotted as solid line. 1 pm” area of the membrane with a porosity of 7% was modeled with 13 nm
of Au and 3 nm of Ti on both sides of a 32 nm thick Si membrane. These values closely resemble

the experimental values used in the fabrication.

sides of the membrane but methanol exposure was limited to only one side. This blue
shift and the relative transmission intensities corroborates with the simulations.

In Figure 3.13, to fit the experimental data 3 nm of Ti has to be included. This
thickness of Ti is a fraction of the wavelength but is still important in fitting the
experimental data. In Figure 3.14, the experimental transmission data of the metallized
pnc-Si membrane is compared with the simulated data with and without 3 nm Ti. Without
Ti and with 15 nm of Au and 30 nm of Si, the simulation results show that the full width
half maximum (FWHM) of the curve is much narrower than the experimental data. The

peak of the transmission curve is blue-shifted with respect to the experimental data. To fit
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the data, the 3 nm of Ti is included with 32 nm of Si and 13 nm of Au on both sides of
the membrane.
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Figure 3.14: Importance of 3 nm thick Ti is shown in fitting the experimental data of the
transmission of the metallized pnc-Si membrane (shown in black). Without the including the Ti
the full width half maximum of the simulated transmission curve (shown in red) is smaller than

the data.

In metal films, only the roughness and thickness of metal can be varied, but the porous
nature of our membranes allow the deposition of metal at opposing angles as shown in
section 3.2. It is expected that some metal will be deposited on the inner surface at the
two opposite openings of the hole. This creates a metal geometry where the transmission
of the device depends on the incident polarization of the beam. The simulation model of
such deposited nanohole with its cross-section taken along the plane of angle deposition
is shown in Figure 3.15a. The electric field intensity is plotted for such a structure and is
shown in Figure 3.15b. The incident field is a plane wave with its polarization parallel to

the plane of the angled deposition, which in the figure is the z axis. The source is towards
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the left of the figure moving right. The electric field intensity profile shows the creation
of hotspots [128,129]. The electric field intensity enhancement factor shown in the color
bar of Figure 3.15b shows a value of 100 which is 4 times higher than a similar structure

where the metal deposition is simulated as being perpendicular deposition (not shown

here).
a) . ) oeB
I he y—z pl 1
6 4 ndex in the y—z plae X107 4
=
5
Py
1 .G
" . Si E
-1
\ Ny
=il e
-7 -2 3 10 - -8 -3 . 2 7 10 )
y y (microns)

Figure 3.15: a) Cross-section of a 3D model of a nanohole in a metallized membrane. The metal
is deposited at angles. b) Electric field intensity profile of the model. The incident electric field is
coming from the left of the figure. The polarization is along the z axis. The electric field intensity
profile shows the creation of the hot spots, when the incident electric field is parallel to the plane

of the angled deposition.

To measure and study this effect, the metallized membranes are rotated along their
surface normal while keeping the incident polarization beam fixed and their transmission
is measured in the spectrophotometer. The transmission peak of the membrane is found to
shift periodically as the membranes are rotated, as shown in Figure 3.16a. Here 0°
corresponds to the incident electric field being parallel to the plane of angled deposition

of metal, 90° corresponds to the perpendicular angle. A structure having a single
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metallized hole resembling the deposited structure was modeled and the transmission
calculated for different polarizations. The simulation result seen in Figure 3.16b shows

that it follows the same periodic trend as seen in the experimental results.
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Figure 3.16: a) Experimental transmission peak position versus the incident polarization angle. A
periodic trend in the peak wavelength is shown with the dotted curve. b) Simulation of the
transmission peak position versus incident polarization angle is shown here for a model of a
single metallized hole resembling the deposited structure. The curve joining the points is just an

aid to the eye.

The sensitivity of the device is also found to depend on polarization. The blue shift due to
IPA measured at 0° is 17 nm while for 90 it is 9.5 nm. This confirms that on using the

angled deposition, the device becomes polarization sensitive.

3.4.3 Sensing of Thiol Terminated Molecules

In further demonstration of sensing, 100 uM of mercapto-1-hexanol and 1-decanthiol
were put on one side of the metallized membranes and incubated in a moist environment.
After 2 hours, these membranes were washed with DI water to removes excess thiols.

Mercapto-1-hexanol and 1-decanthiol are 6 chain alkane and 10 chain alkane thiol
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terminated molecules. The thiol reacts with the Au surface to create a bond and creates a
monolayer of the molecules over the surface [130,131]. The length of the chain
determines the thickness of the monolayer. This created a monolayer of thiols attached

onto the gold surface of the membranes, as shown in Figure 3.17.
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Figure 3.17: Schematic of the thiol terminated alkane molecules 6-mercapto-1-hexanol and 1-
decanthiol. The thiol terminated end bonds with the gold surface creating a monolayer of

molecules over the Au surface.

Figure 3.18 shows the measured blue shift, induced due to the monolayer of the thiol
chemicals at two different polarizations 0° and 90° with respect to the angle of deposition.
The sensitivity of the membrane is seen to be again higher when the incident polarization

is parallel to the angle of deposition.
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Figure 3.18: Blue shift induced by monolayer thickness of Mercapto-1-hexanol and 1-decanthiol
with two polarizations of the incident light. One polarization is parallel to the angle of deposition

of the metal and the other perpendicular to it.

It is also seen from the data that the sensitivity is higher for mercapto-1-hexanol
compared with 1-decanthiol. This is surprising as the mercapto-1-hexanol is the shorter
molecule and hence the layer that it forms should be thinner than that formed by the 1-
decanthiol. It could be due to the greater hydrophilicity exhibited by mercapto-1-hexanol

that makes it pack differently from 1-decanthiol to form the monolayer.

3.5 Conclusion

The interaction of light with a freestanding ultrathin metallized porous membrane has
been studied in this chapter. Experiment results are validated using three-dimensional
FDTD simulations. Sensing attributes of the structure is investigated under oxidation of
the Si membrane, in a liquid environment and using thiol terminated alkane molecule

monolayers. Sensing experiments show a blueshift of transmission peak with increase of
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refractive index, which is in sharp contrast to the usual redshift seen in conventional
light-matter interaction biosensing. This contrast is explained with the help of

simulations.
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Chapter 4  Nanohole and Slot Effect

In this chapter, the interaction of light with air slots in nanoholes is described. In
section 4.1, the slot effect is introduced and depicted. The description here is based on
slot waveguides. In section 4.2, the conceptual structure and experimental fabrication is
discussed. The simulation results of the slot effect in the nanoholes are described in

section 4.3.

4.1 Background
In this section, waveguide geometry is used to demonstrate the principle of
confinement of light in a low refractive index medium. The continuity of Maxwell’s

equation across the boundary is the basis of this slot effect.

4.1.1 Introduction to the slot effect

The slot effect is a direct consequence of the general boundary condition for
electrodynamics coming from Maxwell’s equation [132]. A schematic of an infinite
waveguide, shown in Figure 4.1, is used in illustrating the effect. The figure shows an
infinite waveguide having a low refractive index region ns inside a waveguide with a core
with a higher refractive index ny. The extent of the core is 2b in width and that of the slot
is 2a. The cladding region has an index of nc. The general boundary condition for

electrodynamics across the interface between the slot and higher refractive index region

of the core of the waveguide for the linear medium is given as Dg' =Dy =0, [133]
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where D, and D, are the normal components of electric displacement in the slot and
high refractive index region, respectively. o, is the free charge at the interface. As there

are no free charges, 0, =0. Hence the normal component of the electric displacement
across the interface is continuous, i.e. D; = Dj, . The electric displacement can be further

written as &,E, =¢,E} , where £;and ¢, are the dielectric constant of the slot region and

high index core region, respectively. The dielectric constant in a medium is the square of

N 2

the refractive index of the medium. Hence, it follows E—i, = n_,; So the ratio of the normal
B

component of the electric field inside the slot and core is equal to ratio of square of the

refractive index of the core region to the slot region. In most cases and true for the case

used here, the slot region is air, so ny, =1. Then the slot field is enhanced by a factor of

n;, over the field inside the high refractive index region.

Figure 4.1: Schematic of a 2D waveguide structure showing the slot within the core region of the
waveguide. The core has an index of ny, and the slot has a lower refractive index of ng. The high

index slabs are infinite in the Y and Z direction [61] .
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The electric field of such an infinite slab slot waveguide has been plotted by Almeida et
al. [61], which is shown in Figure 4.5. The figure shows that the electric field inside the
slot is higher than the electric field in the core. This happens only when the width of the
slot is much smaller than the decay length of the mode in the waveguide. The evanescent

field in the core on both sides of the slot must be able to interact with each other.
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Figure 4.2: Normalized electric field Ex plotted across the slab slot waveguide. The electric field
inside the slot region (-a<x<a) shows the peak associated with the slot. The ratio of the electric
field in the slot to the electric field in the core region is n g 2, which in this case is the square of

the refractive index of Si. (Reprinted from [61]).
4.2 Concept and structure

Enhancing light-matter interactions has important applications in sensing [62,63],
trapping [64], quantum optics [134] and telecommunications [135]. This enhancement is
achieved either by increasing the quality factor (Q) of a resonator, as shown in photonic
crystals [136],or by decreasing the mode volume using slot waveguides [65] or plasmonic
nanostructures such as nanoholes [60,137,138]. Nanoholes in metal films have shown

the phenomenon of extraordinary transmission of light [31]. This leads to light
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localization inside the nanohole cavities and has been used for increasing fluorescence
yield for molecules [24]. Slot waveguides have been shown to confine and enhance the
modes of waveguides into a low refractive index slot [61]. Here a novel freestanding
structure that merges the nanohole localization of the electromagnetic energy with the
confinement and enhancement property of a slot waveguide is proposed. This creates a
structure with an ultra-small mode volume. In this section, such a structure is numerically

studied and steps of fabrication outlined.

4.2.1 Fabrication

The fabrication step involves the metallization of the pnc-Si membrane on both sides
of the membrane with the help of electron beam evaporator. The metal can be a
plasmonic material like Au or Ag. Al,Oj; is deposited conformally using an atomic layer
deposition tool. The schematic of the device is shown in Figure 4.3. The ALD gives a
precise control over the thickness of the Al,Os3, which is shown in blue in the schematic.
The slot is created inside the open nanoholes. There is a distribution of hole sizes in the
membrane which leads to slots of different sizes. The higher refractive index region, in
this structure, is the conformally deposited Al,O; inside the nanohole; the slot is the open
volume at the center of the nanohole. The fabrication of the structure is outlined in details

in section 2.2.
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Figure 4.3: Schematic of the slot metallized pnc-Si membrane. The ALD deposited ALO; is
shown in blue. The slot is created inside the hole, where the higher refractive region is AL,O3 and

air 1s refractive index of the slot.

4.2.2 Simulation model

The simulation model is based on an ultrathin porous nanocrystalline metallized Si
membrane [89], as described in section 3.3. To study this structure, FDTD simulation
software from Lumerical Solutions is used. Although the proposed device would have a
distribution of hole sizes over a large area, here the simulation is limited to a single hole.
A three-dimensional structure representative of the hole is simulated and a schematic of
the cross-section of the structure in the x-z plane is shown in Figure 4.4. The Si
membrane is 28.5 nm thick, the Ag metal on both sides are 30 nm thick. The Al,Os layer
is 15 nm in thickness all over the structure. This creates an air slot, 10 nm in diameter for
the 40 nm diameter hole. The source is a plane wave coming from the bottom of the
structure with the electric field along the x-axis. The mesh is kept at 0.1 nm around the
slot for the simulations. There are a number of monitors to measure and record the

electric fields and transmission of the device.
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Figure 4.4: A schematic of the cross section of the three dimensional structure along the x-z plane
is shown. The size of the nanohole is 60 nm in diameter and the thickness of the conformal layer
of ALLO;3 is 15 nm, leaving a 15 nm diameter slot in the middle of the hole. The thickness of the
pnc-Si membrane is 28.5 nm and the thickness of the plasmonic metal Ag is 30 nm on both sides

of the pnc-Si membrane.

4.3 Simulation results

In this section the single nanohole slot structure is studied in detail. The electric field
intensity is plotted in the logarithmic scale at the resonant slot mode. Next, the resonant
field profiles are studied with the variation of the slot size, nanohole size and thickness of

the metal layers. The Purcell enhancement factor of the structure is also calculated.

4.3.1 Resonant slot mode

The electric field intensity in logarithmic scale is shown in Figure 4.5 at a resonant
wavelength of 665 nm. From the scale, it is seen that a substantial part of the field gets
confined in the air slot. Intense localized surface plasmons (LSP) are seen at the interface
corners between the Si and Ag metal. The LSP generated in the interfaces are much

stronger than the slot effect. The slot effect “squeezes” the electric field of the cavity
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mode of the nanohole into the low refractive region. To study the effect, simulations for
various slot and hole sizes are performed keeping the thickness of the Si membrane and

metal layers constant.

Electnc Field Intensity for Cavity mode

Z(nm)

Figure 4.5: The outline of the structure shows the 60 nm hole with the 15 nm diameter slot. The
Si membrane and Ag layer are 28.5 nm and 30 nm thick respectively. The electric field intensity
is plotted in the logarithmic scale and shows the slot enhancement and the LSPs at the interface
between metal and insulator. The field is plotted at the resonant slot wavelength that is 665 nm in

this case.

In order to focus our study on the slot effect and to avoid contribution from the LSP’s, the
electric field intensity is plotted along the x axis (along the white dashed line in Figure
4.5), is shown in Figure 4.6. In the simulations, the incident electric field has a value of
one, so the electric field intensity plotted along the y-axis is also the measure of the
electric field intensity enhancement factor. This line is along the center of the Si
membrane where the field due to LSP is absent. This electric field profile matches the

profile shown in Figure 4.2.
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Figure 4.6: Electric field intensity along the center of the slot structured metallized nanohole. The
y-axis of the electric field is in linear coordinates. The figure shows that the electric field in the

slot gets enhanced and localized.

4.3.2 Effect of varying slot size

Electric field profile for different slot sizes ranging from 2.5 nm to 20 nm in diameter
are plotted for a 40 nm diameter hole. The thickness of the pnc-Si membrane and the
metal thickness are kept the same at 28.5 nm and 30 nm respectively. The field intensity
profile for the different slot sizes is shown in Figure 4.7a; all resembling the typical
profile of a slot mode [50]. Figure 4.7b shows the change in intensity enhancement factor
at the center of the slot (in black) and the calculated modal volume (in red) with the
variation in size of the slot. As the slot becomes smaller, the electric field intensity
enhancement factor at the center of the slot increases. The modal volume follows a
reciprocal trend and decreases with decreasing size of the slot. When the slot size

becomes 0 nm, i.e., the slot collapses, then it is seen that the slot effect disappears, the
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intensity of the electric field decreases and the modal volume increases. In the case when
the nanohole does not have the Al,Os layer, depicted in Figure 4.7a by a slot size equal to
the nanohole size of 40 nm, the electric field enhancement factor is lower and the modal
volume higher than the 0 nm slot size. The increase in intensity and decrease in modal
volume is due to the nanohole being filled with Al,Os which then effectively creates a

bigger hole such that more light is transmitted through it.
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Figure 4.7: a) The electric field intensity enhancement factor plotted along the white dashed line
of Fig. 1. Only the thickness of the encapsulating Al,O; layer is changed in order to change the
slot size. b) The black line plots the electric field intensity at the center of the slot (X=0). The red
line plots the modal volume as a function of the slot diameter. As the slot becomes smaller, the
electric field increases while the modal volume decreases. As the slot closes in on itself, the slot
effect disappears and the electric field intensity falls and the modal volume increases. At 40 nm
slot size, the diameter of the slot becomes same as that of the nanohole, effectively it means that

there is no Al,O; layer on the structure.

The smallest calculated modal volume is 4 x10” pm’, the mode with a q factor of 20

gives a Purcell enhancement factor [42,135] of 8x10°.
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4.3.3 Effect of varying nanohole size

The intensity enhancement is also plotted for different size nanoholes with fixed slot
size of 10 nm in Figure 4.8. The thickness of the Si membrane and the metal thickness
are kept constant. From the figure, it is seen that the slot mode width does not change, yet
the electric field intensity in the core region varies with the size of the nanohole. The
inset of Figure 4.8 shows the intensity enhancement at the center of the slot. This inset
shows that there is an optimum size of the nanohole to get maximum enhancement,
which in this case is 45 nm.
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Figure 4.8: The electric field enhancement factor is plotted along the x direction across the center
of the slot. The slot size is kept fixed at 10 nm, while the diameter of the nanohole is changed
keeping all other parameters same. The inset shows the electric field enhancement factors at X=0,
i.e. the middle of the slot. The inset shows that there is an optimum nanohole diameter for a fixed

slot size and length.
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4.3.4 Effect of varying the metal layer thickness

In another similar study, the size of the nanohole and the slot is kept fixed at 40 nm
and 10 nm respectively. The metal thickness on both sides of the pnc-Si membrane is
varied simultaneously from 5 nm to 40 nm thicknesses. The electric field intensity along
the center of the structure is plotted at the slot resonant mode in Figure 4.9.
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Figure 4.9: The electric field intensity is plotted across the center of the slot structure along the x-
axis. The metal thickness on both sides of the membrane is varied keeping the slot size and
nanohole size fixed. Inset a) plots the change in the resonant wavelength against the variation in
the metal thicknesses. Inset b) plots the electric field intensity enhancement factor at the center of

the slot against the thickness of the metal layer.

The electric field is plotted across the center of the structure along the x-axis. The width
of the slot mode (at x ==+ 5 nm) and the nanohole mode (at x =+ 20 nm) does not change
because the nanohole and slot size is not changed. However, when the thickness of metal
is changed, the resonant slot mode varies with the metal thickness. This is plotted in the

inset a of Figure 4.9, where the resonant slot mode wavelength is plotted against the
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thickness of the metal layer. It is seen from the inset that as the metal thickness increases,
the slot mode blue shifts to lower wavelength. This gives a way of tuning wavelength of
the slot mode by controlling the thickness of the deposited metal. In inset b, the electric
field intensity enhancement factor at the center of the slot is plotted against the thickness
of metal on one side. The plot shows that there is an optimal thickness for which the

enhancement is highest; in this case it is ~27 nm.

4.3.5 Three dimensional visualization of the slot mode

For visualization of the mode, a 3D map of the fields is shown. Figure 4.10a and
Figure 4.10b show the same 3D mode from two different angles for the case when the
incident light is linearly polarized. In the figure, only field enhancement factors greater
than 12 are shown. The side lobes are due to the localized surface plasmons (LSP) at the
interface between the metal and Si. These are also in the direction of the polarization of
the incident field. The slot mode is seen confined in the middle. When circular
polarization is used instead of linear polarization, keeping all other parameters the same,
the side lobe of the LSP’s become doughnut shaped in geometry. This is shown in figures
4b and 4c. The incident polarization affects the geometry of the LSP part of the mode.
The geometry of the slot mode for circularly polarized light is more circular than the

linearly polarized light.
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Figure 4.10: a) & b) show the 3D logarithmic electric field intensity profile of the slot mode for
linearly polarized incident light. Intensity enhancement factors less than 12 are not plotted in
these figures. The LSP lobes are seen in the direction of polarization. The slot mode is seen in the
middle. In ¢) & d) the incident light is circularly polarized, all other parameters are kept same.
Circularly polarized light affects the geometry of the LSP and the slot mode also becomes more

circular when compared with the linearly polarized light.

4.4 Conclusion

The slot effect within nanoholes in metal-insulator-metal freestanding membranes is
investigated. This effect enhances and confines the mode to increase the electric field
intensity and decrease the modal volume. The highest electric field intensity enhancement
factor is 29 for a 2.5 nm diameter slot and the smallest calculated modal volume for this
slot size is 4 x10™ um’. An optimum size is found for a fixed nano-slot diameter. The

resonant slot mode is found to be dependent on the thickness of metal over both side of
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the membrane. The optimum metal thickness is found to be ~27 nm. The geometry of the
mode is dependent on the initial polarization of light. Circular polarization produces a

doughnut shape mode for the LSP’s in contrast to linear polarization that produces lobes.
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Chapter 5  Photovoltaic Application of Metallized Ultrathin

Membranes

In this chapter the photovoltaic application of p-i-n junction type of hydrogenated
amorphous Si (a-Si:H) metallized ultrathin membrane is discussed. Section 5.1 introduces
the photovoltaic effect and a-Si:H p-i-n films. In section 5.2, the use of metallized
ultrathin p-i-n junctions to make a photovoltaic device is outlined. Simulation of optical
interaction of light and experimental results of such p-i-n devices are described in section

5.3.

5.1 Background
In this section the general principle behind photovoltaics and its necessity is

described. Later the a-Si p-i-n junction thin films are introduced and discussed.

5.1.1 Solar Cells

The generation of direct current from solar radiation with the help of
semiconductor material is called photovoltaics. As the name suggests, this effect has two
parts to it; light in the form of photons and electricity in the form of electrons. When
photons are absorbed into a photovoltaic semiconductor material, the electrons in the
valence band absorb the energy of the photons. The electrons get excited and jump into
the conduction band creating electron hole pairs. These electron hole pairs are separated

by an electric field and collected by the anode and cathode creating electricity flow. With
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solar radiation and semiconducting materials, this photovoltaic effect can be utilized to
create a renewable source of energy [69] with a low carbon footprint [139]. For solar
energy to be a viable source of alternative energy [67], it needs to be economical and
efficient. To satisfy this, the semiconducting active layers need to be optically thick. For
an indirect bandgap semiconductor like crystalline Si [140,141], this thickness can be 100
um [80] and a few microns for a direct bang gap semiconductor like CulnyGa;_Se, [77].
The use of a substantial amount of material not only increases the material cost, but also
increases the time required by the photovoltaic module to payback its energy invested
during its fabrication. Thin film solar cells have the potential to lower the fabrication and

material cost together with increasing the efficiency [78].

5.1.2 Thin film Solar Cells

Thin film solar cells, a few microns thick have been fabricated using
hydrogenated amorphous silicon (a-Si:H) [73], GaAs [74], CdTe [75,76], CulnSe; [77]
and organic semiconductors [78]. Si stands out from the above materials because it is
abundant in the earth’s crust, has low toxicity and has a mature industry behind it.
Crystalline (c-Si) and amorphous (a-Si) are the two common forms that are used in solar
cell fabrication. Each has its advantages and disadvantages [71]. Here a-Si is used
because it is a direct band gap material, hence the absorption coefficient is higher than c-
Si in the visible part of the solar spectrum.

Thin film solar cells must have a high optical absorption coefficient in the solar
radiation spectrum. Unfortunately for a-Si, the absorption is rather poor in the near

infrared region of the useful solar spectrum. To increase this absorption, methods like
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plasmonic light trapping in thin film solar cells [78] have be employed where
nanoparticles have been used to trap light and plasmonic back reflectors have been
developed [80,142]. Recently, ultrathin a-Si:H n-i-p junction deposited on zinc oxide
nanorod array solar cells has been demonstrated where the ultrathin absorber layer is only
25 nm in thickness. It has been found in this study that the ultrathin 25 nm thick solar
cells are more efficient, with an efficiency of 3.6%, than a-Si:H solar cells with active
layer 75 nm thick with planar or patterned surfaces [84], having an efficiency of 2.6%.

Our device consists of an unique solar cell based on ultrathin a-Si:H p-i-n junction.

5.2 Concept and Structure

In this section the concept of the device and fabrication is outlined. The electric
field intensity profile previously calculated using FDTD simulations in section 3.3.2 for
metallized porous membranes inspired the solar cell application of freestanding ultrathin

membranes. Latter part of this section briefly outlines the fabrication of these solar cells.

5.2.1 Concept

Looking back at Figure 3.7, in section 3.3.2 the electric field intensity calculated
from the simulation is found to be concentrated mostly in the Si region of the metallized
membrane for the mode at the lower wavelength. Further, it was found from FDTD
simulations that even with no holes, these metallized membranes concentrate light into
the high index dielectric, i.e. Si. When the Si is doped with a p-n or the membrane is

made up of a-S:H p-i-n junction, the structure does not change optically. Light is
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concentrated in the junction region because of the metal on both sides of the membrane.
This is very similar to Fabry-Perot cavity resonance effect [143]; however, the cavity
here is of the order of a few tens of nanometers, a fraction of the wavelength of light.
This type of cavity resonance effect has been used in improving the optical performance
of inverted organic solar cells [144]. In organic solar cells, the refractive index of the
active layer is not as high as that of a-Si so the enhancement factor is limited. Organic
solar cells also suffer from poor electron-hole transport. Shah et al. [71] have shown p-i-n
type solar cells of a-Si:H material. In such structures, it is important for the intrinsic
region to have a high optical absorption coefficient and the thickness of the a-Si:H layer
is typically kept lower than 400 nm to prevent recombination losses. So it is important to
increase the effective optical thickness of the intrinsic layer without increasing the
geometric thickness of the intrinsic layer.

The Fabry Perot type effect will increase the effective optical length of interaction
of light with material. This is illustrated in Figure 5.1, which shows the electric field
intensities and the absorptance for cavity like metallized membrane based solar cell
structures, calculated using 3D-FDTD simulation models. Figure 5.1a shows the electric
field intensity for an a-Si membrane 30 nm thick with 30 nm of Ag on both sides. The
electric field is plotted at the resonant cavity wavelength of 620 nm. From the figure, it is
seen that the electric field is confined in the a-Si membrane. The a-Si membrane is
representative of the a-Si:H p-i-n junction in the solar cell structure. In the actual
structure, the increased absorption inside the a-Si:H p-i-n membrane should correspond to

an increase in the interaction of photons with the band structure creating more electron
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hole pairs. Figure 5.1b shows the electric field intensity over the outline of the solar cell
structure with an a-Si membrane layer thickness of 80 nm and Ag thickness of 30 nm.
The structure is exactly the same as the one shown in Figure 5.1a except for the thickness
of the membrane layer. This effectively increases the length of the cavity, causing the
resonant wavelength to red shift to 915 nm. The absorptivity of both the structures is
shown in Figure 5.1c, structure a in black and structure b in blue and is compared with a-
Si membrane layer 30 nm thick without any metal layer, plotted in red. From this figure,
it is seen that the bare a-Si membrane does not absorb light in the visible to near infrared
region of the solar spectra, which has been plotted in Figure 5.2. The quality factor of the
resonance also changes with change in thickness of the a-Si layer. Two peaks are seen for
the absorptivity spectrum of the 80 nm thick membrane. The peak at 530 nm corresponds
to the higher order mode in the cavity. From Figure 5.1c, it is seen that the quality factor
of the resonances depend upon the thickness of the a-Si membrane for the same 30 nm

thick metal layers on both sides of the structure.
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Figure 5.1: a) 3D-FDTD simulated electric field intensity over the solar cell structure. The a-Si
membrane thickness (simulating the p-i-n junction of the a-Si:H) is 30 nm and the thickness of
Ag metal on both sides is 30 nm. The electric field intensity shown is at the resonant peak
wavelength of 620 nm. b) Shows a similar FDTD simulated electric field intensity over the solar
cell structure, with a-Si membrane 80 nm thick, keeping other parameters same as in (a). The
resonant wavelength is 915 nm. ¢) Shows the calculated absorptance of 30 nm and 80 nm thick a-

Si membranes compared with a 30 nm a-Si membrane without any metal layers.

From the solar spectral radiance, plotted in Figure 5.2, it is seen that the irradiance is
highest between 500 nm to 1200 nm. The Fabry Perot based cavity resonance solar cell
membranes allows tuning the response of the solar cell across the solar spectrum, above
the bandgap of the material in the p-i-n junction. The metal layers in the structure have

dual purpose. First, they act as mirrors to make a cavity to trap light; second, they act as
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conductive layers to collect the holes and electrons. The thickness of the metal layer is
dependent on the quality of deposition to make a continuous layer to keep the sheet
resistance low. The quality factor also depends on the thickness of the metal layer. The
thicker the metal layer, sharper is the resonance peak and hence higher the quality factor.
This gives an added parameter to tune the device to a specific wavelength range.
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Figure 5.2: Plot of global total solar spectral radiance. (Data taken from [145])

Since the shape and position of the absorptivity can be controlled using such a structure,

it can have uses in tandem solar cells [86,87] or as transparent solar cells [88].

5.2.2 Fabrication of Metallized Membrane based Solar Cells

The fabrication of such structures is detailed in section 2.3.1. The fabrication
procedure is similar to the fabrication process of the pnc-Si membranes, where a
hydrogenated a-Si:H p-i-n junction is deposited in place of a-Si in the sandwiched layer,
using a GSI PEVCD tool. Then releasing the membranes using an EDP and BOE etch to
create an ultrathin free standing a-Si:H p-i-n junction. This kind of fabrication process

helps surpassing the restriction of using metal in the GSI PECVD tool. The metal contact



86

layers can be added on both sides of the freestanding p-i-n junction as the last step in
fabrication. It also allows for adding additional material on both sides of the contact. A
schematic of the device is shown in Figure 5.3. The figure shows a 60 nm thick a:Si:H p-
i-n junction with 35 nm of Ag on both sides of the junction. The p-doped region is 10 nm
and the n-doped region is 20 nm. The light first interacts with the p junction on the front
side of the solar cell. This p junction is usually thinner than the n junction; also the
absorptance of the p layer is smaller than the n layer. This ensures most of the light is

absorbed in the intrinsic layer to create the electron hole pairs.

35 nm $

60 Nnm

Ag 35nm

Figure 5.3: Schematic of a freestanding a-Si:H p-i-n junction with metal on both sides of the
junction acting as contacts as well as reflectors. The red arrows indicate the direction of

illumination.

5.3 Results
In this section, simulation results on the model of the devices fabricated are tested and
corroborated. First, absorption calculations from FDTD simulations are compared with

the measured absorption of a-Si structures. Next, external quantum efficiency (EQE)
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measurements of actual solar cells are compared with simulated absorption results. In the
last section, effect of adding ITO layer on top of the metal contact layer to increase sheet

resistance and optical coupling is investigated.

5.3.1 Absorption Characteristics of the Solar Cells

To measure the absorptance characteristics of the solar cells, amorphous Si (a-Si) is
deposited to imitate the optical response of a-Si:H p-i-n junction solar cell. On top of a
standard glass slide, 30 nm of Ag is first deposited using electron beam evaporation.
Then using a CVC instrument, 30 nm of a-Si is deposited on top of the metal. Lastly, 30
nm of metal is again deposited on top of the a-Si to create the sandwiched structure to
optically imitate the proposed solar cell. The structure’s reflectance and transmittance is
measured using a Perkin Elmer spectrophotometer using an integrating sphere. The
reflectance (R), transmittance (T) and the absorptance (100-R-T) measurements in
percentage are plotted in Figure 5.4. The absorptance plot has a peak at 620 nm and is
similar to the absorptance peak seen in Figure 5.1c (in black), calculated from the
simulation results. The measured absorptance intensity matches the simulated values.

A similar structure is fabricated using the same process, but with an 80 nm thick a-Si
layer sandwiched between the 30 nm thick Ag layer. The reflectance and transmittance
measurements are plotted in Figure 5.5. The absorptance plot shows two peaks, one at

950 nm, and the other at 610 nm.
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Measured data for 30 nm Ag, 30 nm a-Si and 30
nm Ag deposited on glass

100

@
o

= Transmittance
= Reflectance
Absorptance

Intensity (%)

N
o

S, T U
500 600 700 800 900 1,000 1,100

Wavelength (nm)

o
ES
(=3
o

Figure 5.4: Reflectance (R) and transmittance (T) plots, in percentage, of a 30 nm Ag, 30 nm a-Si
and 30 nm Ag structure deposited on glass. The absorptance is calculated using 100-T-R.

Measurements are performed on a spectrophotometer with an integrating sphere.

Comparing the above values with those seen in Figure 5.1c (in blue), the absorptance
plots are similar. The positions of the two absorptance peaks are near the measured
values but do not match exactly. This may be due to different deposition rates for a-Si
layer leading to change in thickness. The intensities of the measured and simulated plots

also match qualitatively.
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Figure 5.5: Measured reflectance (R) and transmittance (T) plots, in percentage, of a 30 nm Ag,
80 nm a-Si and 30 nm Ag structure deposited on glass. The absorptance is calculated using 100-
T-R. Measurements are performed on a spectrophotometer with an integrating sphere to collect

stray light.

In another measurement with p-i-n junctions, the absorptance of a freestanding metallized
a-Si:H p-i-n junction 40 nm thick is compared with the absorptance of an unmetallized
membrane with the same thickness. In Figure 5.6, the absorptance of a freestanding
metallized membrane with 35 nm of metal film deposited on both sides of the 40 nm
thick a-Si:H p-i-n junction is compared with a similar freestanding p-i-n junction without
the metal layers. The figure shows that a resonant peak is seen at 680 nm for the
metallized solar cell. The unmetallized membrane absorptivity is similar to that of a-Si
silicon. The absorptance around the peak at 680 nm for the metallized p-i-n is higher than

the absorptance of the unmetallized solar cell.
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Figure 5.6: Absorptance measurements in percentage of a metallized 40 nm thick a-Si:H p-i-n

junction solar cell compared with an unmetallized solar cell of the same thickness.

These measurements confirm with the simulation models and show that it is possible to
tailor the optical absorption of such ultrathin metallized solar cells by changing the

thickness of the semiconductor layer.

5.3.2 [External Quantum Efficiency of Solar Cell Structures

External quantum efficiency (EQE) is a measurement of how efficient a solar cell is in
converting photons into electricity. It is defined as the ratio of carriers collected by the
contacts of the solar cell to the total number of photons falling on the solar cell within a
given energy. The spectral response of the solar cell is usually plotted as the EQE against
the wavelength [146]. The EQE curve and the current versus voltage (I-V) curve is a
measure of the characteristics of the solar cell.

To measure the EQE characteristics of the solar cell a Xe lamp is used as a broadband
source. The light from the source is passed through a collimator into an Oriel Cornerstone

130 1/8m monochromator. The light coming out of the monochromator is focused and
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coupled into a fiber bundle that directs the light onto a lens. Here the light is focused onto
the solar cell sample. The focused spot on the solar cell underfills the active area of the
solar cell. Before measuring the solar cell a c-Si Hamamatzu S1781-12 diode is calibrated
under the focused spot. The current from the diode is recorded at 10 nm wavelength
increments. The incident power at each wavelength is calculated using the spectral
sensitivity specification of the diode. The current from the solar cell is then measured
under the same conditions to find out the ratio of the carriers collected by the contacts to
the number of photons incident on it at the specific wavelength to calculate the EQE of
the solar cell.

The I versus V curve of the device is plotted under illumination in Figure 5.7, for the
40 nm thick a-Si:H p-i-n solar cell, with 35 nm of metal on the illumination side and 50
nm of metal on the back side of the freestanding junction. The thicker metal is used in the
backside to act like a partial mirror.
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Figure 5.7: Current (I) versus voltage plot of the solar cell under illumination from AM 1.5.
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The EQE of the device is plotted in Figure 5.8. A peak is seen at 650 nm indicating the
cavity resonance effect seen in simulation and measured absorption data. The
characteristics of the solar cell are shown in the table in the inset of Figure 5.8.
Efficiency [147] is the ratio of the output energy of the solar cell to the total energy
incident on the solar cell in form of solar radiation. From the table, the value of efficiency
is only 0.20 %. This is low because the PECVD process used in making the p-i-n junction
is not optimized. The short circuit current density, Jsc is defined as the current flowing
through the solar cell when the voltage across it is zero. In our case, this is 0.67 mA/cm®,
Similarly, the shot circuit voltage is the defined as the voltage across the solar cell when
no current is flowing through it. Here the short circuit voltage, Voc=0.51 volts. The fill
factor, defined, as the ratio of the maximum power to the product of the Jsc and Voc is

0.59 in this cell.

Spectral Response of Solar Cell

| ———3FP device

Ag (35 nm) Efficiency (%) | 0.20
a-Si-pin Fill Factor 0.59
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Figure 5.8: Spectral response of the solar cell with the EQE plotted against the wavelength, for a
freestanding 40 nm thick a-Si:H p-i-n junction solar cell with 35 nm metal on the side facing
illumination and 50 nm metal on the backside. The inset shows the characteristics of the solar

cell.
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To compare experimental and simulation results, the calculated absorption from
simulations is compared with experimental EQE values shown in Figure 5.9. The
experimental freestanding solar cell structure is a 40 nm a-Si:H p-i-n junction with 35 nm
of Ag on both sides of the junction. This is plotted in black in Figure 5.9. For the FDTD
simulation, the structure replaces the p-i-n junction with a material with the refractive
index characteristics of a-Si. The red curve in the figure shows the absorption of the
structure. There is good agreement to the position of the peaks, between the absorption
and experimental EQE. The range of the measuring instrument limits the range of EQE

measurements.
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Figure 5.9: Comparison of FDTD simulated absorption profile of a 40 nm a-Si with 35 nm of Ag

on both sides with EQE measurement from a similar freestanding a-Si:H p-i-n junction.
A good correspondence is seen between the simulated absorption results and
experimental EQE measurements. Hence, different structures can be tested through

simulations to predict the experimental spectral response of the solar cell.
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5.3.3 Effect of Indium Tin Oxide (ITO) on the Solar Cell Structure

In the previous section, it is seen that the solar cell structure has thin metal films on
both sides of the p-i-n junction that act as contacts as well as Fabry Perot mirrors to
create a resonant cavity. It has been seen in Figure 2.20 that deposition of 20 nm of Ag on
top of solar cells gives a fairly continuous contact. However, to make the contact even
better, ITO can be deposited on top of the metal to decrease the sheet resistance of the
metal films. ITO has been used in thin film solar cells [148] and a-Si solar cells [142,149]
as a collector for charges. Adding ITO on top of the metal changes the optical
characteristics of the freestanding thin film metallized structure. So, simulations on such
ITO deposited structures are performed to see how it affects the optical absorption.
Figure 5.10 shows the absorptance calculated from FDTD simulation of similar structures
with and without ITO. The structure for the plot in red is of a freestanding structure with
60 nm of a-Si layer with 35 nm of Ag layers on both sides. The plot in black shows the

same 60 nm a-Si layer and 35 nm Ag layers with 25 nm of ITO on the two metal films.



95

Fabry Perot PV, effect of ITO

—  25nmITO-35nmAg-60nmasSi-35nmAg-25nmITO
—— 35nmAg-60nmaSi-35nmAg

ITO (25 nm)
Ag (35 nm)

a-Si (60nm)
Ag (35 nm)
)

Ag (35 nm)
a-Si (60nm)
Ag (35 nm)

Absorptivity in a-Si (pin junction)

2e-07 3e-07 4e-07 5e-07 6e-07 7e-07 8e-07 9e-07 1e-06

Wavelength (m)

Figure 5.10: FDTD calculated absorptance (absorptivity) in the a-Si layer of a freestanding 60 nm
a-Si layer with 35 nm of Ag layers on both sides shown in red. The plot in black shows calculated
absorptivity of the same structure in the a-Si layer with 25 nm of ITO on both sides of the metal

layers.

In Figure 5.10, it is seen that the absorptance in the a-Si layer increases in the spectrum
range from 320 nm to 600 nm with the addition of the ITO layer on both sides of the
structure. Although the cavity resonance peak at 780 nm decreases, overall there is an
increase in the absorptivity of the structure when ITO is added. This is attributed to the
index matching, as the refractive index of ITO is high (1.7 at 600 nm). The ITO layer acts
like an index matching layer for the metal layer [150], so less light is reflected from the
metal.

To confirm the increase in absorptance and hence the increase in the efficiency and
performance of a solar cell, 20 nm of ITO is deposited on the front side of the solar cell.
The performance of the ITO deposited solar cell is compared with the same solar cell
before deposition of ITO. The results are plotted in Figure 5.11. The FP device is the

solar cell without ITO (plotted in red), and the ITO FP device is the same device after
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ITO deposition (plotted in black). From the EQE measurements, it is seen that overall
EQE value for the ITO FP device increases when compared with the FP device. The EQE
increases significantly from 400 nm to 600 nm. This increase is also reflected in the inset
table in Figure 5.11 which tabulates the characteristic solar cell parameters. There is an
increase of 45 % in the efficiency of the ITO FP device when compared with the FP
device. The fill factor decreases, but the Jsc increases from 0.67 mA/cm? to 1.04
mA/cm?. The Voc remains unchanged.

EQE comparison of effect of 20 nm of ITO

10 —
p | FP device |ITO FP device

] Ag (35 nm) Efficiency (%) | 0.20 029

8 a-Si-pin Fill Factor 0.59 0.54

(40 nm) ssc(majem?) | 0.67 1.04

Ag (50 nm)

Voc (V) 0.51

ITO (20 nm)
Ag (35 nm)
a-Si-pin
(40 nm)

EQE (arb units)

Ag (50 nm)

300 400 500 600 700 800 900 1,000
Wavelength (nm)

Figure 5.11: Comparison of solar cell EQE measurement before and after deposition of 20 nm of
ITO on the front side of a freestanding 40 nm thick a-Si:H p-i-n junction with 35 nm of Ag on the
front side and 50 nm of Ag on the backside. The inset tables compare the characteristic solar cell

parameters before and after ITO deposition on the solar cells.

To compare the results with the simulation, 3D FDTD simulation on the above structure
is performed. The absorptance in the a-Si layer of the structure is calculated and
compared for a 40 nm a-Si freestanding membrane with 35 nm and 50 nm thick layer of
Ag, on the front and back side respectively, with and without 20 nm ITO as depicted in

Figure 5.12. The comparison is for the same structure shown in Figure 5.11. The
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absorptance for the device with ITO is higher than the one without it. There is qualitative
agreement with the EQE measurements in Figure 5.11, and the FDTD -calculated

absorptance.

FDTD Simulations

Comparing the effect of 20 nm of ITO.
0.6

Ag (35 nm)
a-Si-pin
(40 nm) ITO (20 nm)

Ag (35 nm)
Ag (50 nm) a-Si-pin
03 (40 nm)

Ag (50 nm)

0.5

0.4

Absorptance

0.2

-0 T
4e-07  5e-07  6e-07  7e-07  8e-07  9e-07  1e-06
Wavelength (m)

Figure 5.12: FDTD simulation of structures used in Figure 5.11, for comparing the simulation
absorptance and EQE measurements. The calculated absorptance of the solar cell structures with

and without ITO is presented in red and black plots, respectively.

5.4 Conclusion

In this chapter, a unique freestanding ultrathin membrane based solar cell is
introduced. The device is inspired from simulation results in metallized membrane, which
showed a Fabry Perot type resonant effect. The spectral response of this device can be
designed to target the near infrared part of the solar spectrum by controlling the thickness

of the p-i-n junction.
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FDTD simulations of such structures calculated absorptance spectrum of the device. A
strong correspondence was found between the simulated and experimental absorptance
with EQE measurements of fabricated devices. Simulations also helped in designing
structures with index matching layers, which helped in increasing the performance of
these solar cells.

The solar cell can be designed to target the infrared region of the solar spectrum, so it
can be used as the bottom layer in a tandem solar cell. The near infrared part will pass
through the upper layers of the tandem cell and be absorbed in our device layer, while the
visible part will be reflected to the upper layers. Another possible application is in near

infrared detectors where currently there is a lack of cheap efficient detectors.
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Chapter 6  Conclusion and Future Outlook

Pnc-Si membranes have been fabricated and used as a platform to make sensors and
novel slot nanohole devices. To understand and predict the interaction of light with such
devices, FDTD simulations have been used as a vital tool. The freestanding a-Si:H p-i-n
junction solar cells were inspired by the fabrication and optical mode studies of the
metallized pnc-Si membrane. Each section summarizes the results and discusses the

future aspects of these devices.

6.1 Sensors based on Pnc-Si Membranes

As a first step in making a flowthrough sensor that would take advantage of the high
permeance of the pnc-Si membranes, metallized pnc-Si membranes are studied as
Sensors.

Metal deposition of Ti and Au were performed to create metallized pnc-Si membranes.
TEM and SEM images confirmed that the metal layer was continuous and successful in
keeping the nanoholes open. Characterization of the deposited metal layer using AFM
showed rms thickness to be 0.3 nm only. A novel method of angled deposition was also
carried out. TEM image of such devices indicated the creation of structures inside the
nanohole of the metallized pnc-Si membrane. Three dimensional model structures of the
devices were analyzed using FDTD simulations. Scattering cross-sections and sensing
properties of a single hole were investigated. In general, transmission calculations

showed the presence of two peaks, one which red shifted and the other which blue shifted
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with increasing refractive index of the surroundings. To model a Gaussian distribution of
holes for mimicking part of the real metallized membrane, it was found that the blue
shifting peak was the dominant peak during sensing. Experimental transmission
measurements on these membranes confirmed the simulation results and experimental
transmittance plots could be fitted with the help of simulation data. Polarization
dependence of the transmission peak and sensitivity was seen experimentally and
confirmed using simulation models of angled metal deposited pnc-Si membranes.

A major shortcoming to using these membranes for sensing is that the mode associated
with sensing resides in the a-Si layer, i.e the insulator layer of the metal insulator metal
structure. Certainly, the nanoholes do influence this mode as seen from the polarization
dependence of transmission and sensitivity of this mode, but most of it is concentrated in
the a-Si layer. This results in the loss of sensitivity for the device. Another impediment to
better sensitivity is the Ti layer used as an adhesion layer for the Au metal. Although the
thickness of Ti layer is less than 3 nm that is a fraction of the wavelength of light,
simulations show that this layer absorbs light and affects sensitivity. Using a different
method for deposition that can avoid such adhesion layer would improve the sensitivity.
Simulations have shown that using a pnc-Si membrane with a bigger average size hole
would improve the sensitivity. Until recently, such membranes were not available; a
novel development to membrane design may help in improving the sensitivity of these

devices.
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6.2 Slot Effect in Metallized Pnc-Si Membranes

The slot effect was used in a novel way to enhance and localize the electric field mode
inside the metallized pnc-Si membrane device. ALD deposition of AlL,O; to make the
slots in the nanohole was consistent with the bottom-up approach for fabrication of the
pnc-Si membrane and needed no precision lithographic techniques.

The fabrication process involved optimization of a new Kurt J. Lesker electron
beam evaporator. TEM images of the slot nanoholes in the membranes showed the
formation of the slot. The slot in the ~25 nm diameter nanohole was ~5 nm in size.
Three-dimensional FDTD model simulations of a nanohole in the conformally deposited
metallized pnc-Si membrane were performed. The simulations showed the enhancement
and localization of the mode inside the air slot of the nanohole. The mode profile was
consistent with the typical mode profile seen across a slot waveguide. Various nanohole
and slot diameters together with metal thicknesses were simulated to find out the
optimum parameters. The highest enhancement was found to be 29 for a 2.5 nm slot with
the smallest mode volume being 4 x10™ pm’.

The Ti adhesion layer optically reduces the enhancement factor because of absorption.
Hence, a different technique of depositing Ag/Au metal on the pnc-Si membrane needs to
be found. However, this slot concept should work in nanohole arrays or single nanohole
in optically thick metal films. On our pnc-Si membrane, increasing the average size of
nanoholes will allow the deposition of thicker metal films. These scenarios need to be
modeled to optimize the fluorescence interaction. Experimental fluorescence studies must

be performed to confirm enhancement of fluorescence signals.
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6.3 Metallized Ultrathin Membranes as Solar Cells

The freestanding membrane based metallized ultrathin solar cells were inspired by the
simulations showing the blue shift in sensing results with metallized pnc-Si membranes.
This mode was found to be concentrated in the pnc-Si layer of the metal insulator metal
structure. Since the refractive index of pnc-Si layer and a-Si:H p-i-n are not that different,
this mode would get confined within the p-i-n junction to allow for the interaction of the
photons to generate electron-hole pairs. The absorption spectra of such devices can be
adjusted to target specific range of wavelengths in the solar spectrum.

The fabrication process followed from the fabrication of metallized pnc-Si
membranes. The a-Si:H p-i-n junction was deposited using a GSI-PECVD tool. The
smallest thickness of the p-i-n junction was 40 nm, the PECVD tool restricted this value.
The metal layers on the front and back acted both as electrical conductors to carry charge
as well as reflectors to create a cavity for trapping light. The experimental EQE
measurements matched the absorption calculations in FDTD models of the solar cell.
This gave a convenient method to optimize the structure for better light interaction. ITO
layer was added to increase the index matching between layers and to raise the total
absorption. Measurements corroborated with an increase in performance of such solar
cells.

The efficiency of these devices is not high. There are a number of reasons for this. The
primary reason is the quality of the a-Si:H p-i-n junction. The GSI-PECVD tool is not
optimized to make solar cells and thus leads to very inefficient solar cells. The device

allows for tuning the absorption profile of the solar cell to specific wavelengths. By the
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very nature of this design, a large part of the solar spectrum is lost and thus the efficiency
is expected to be low. However, this device can specifically target solar spectrum regions
where other type of solar cells fail. Thinner a-Si:H p-i-n junctions with higher quality
junctions can blue shift the absorption profile into the visible range to increase efficiency.
Using patterning or nanoparticles to increase coupling of light can enhance the device

performance. Performance of such devices can be predicted using simulations.
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