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Abstract

The pattering of an optical surface with physical features like with very low
reflectivity and high transmission of IR or visible light can be used e.g. for
antireflective windows for solar cells and photodetectors. Here we present results on
antireflective patterning of Si for back side illuminated InAsSb nanowire long
wavelength IR (8-15 um) photodetectors. Photolithography and dry etching
techniques are used to pattern Si into uniform pillars and by using a Fourier transform
infrared spectrometer we measure the transmittance. We use numerical simulations to
aid the design of the dimensions of Si pillars. Results from transmittance
measurements exhibit diameter dependent peaks that are in good agreement with the
numerical simulations. The numerical results reveal that the transmission peaks are
due to resonant wave guiding modes that enhance the coupling of light into the Si
pillars. We have found that with the proper selection of pillar diameter a resonance
enhanced transmission peak at specific wavelength can be achieved. We have found
that the transmission of IR through bared Si is 53% which is independent of
wavelength. Arrays of Si pillars with mean diameter 1.33 pum + 36 nm show
transmission peak at wavelength of 6.2 um and array of Si pillars having mean
diameter 1.42 pm =+ 35 nm shifts the transmission peak at wavelength of 7.5 pm.
Doughnut shaped Si hollow pillars are also observed as a result of photolithography.
The transmission spectrum of Si hollow pillar arrays is also analyzed.
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1. I NTRODUCTION

1.1 Introduction

The interaction of light with matter is one of the most significant physical
processes that has very strong applications and implications in our daily life. For
example photosynthesis, photovoltaic effect, photoconductor and electroluminescent
process all involve the light matter interaction. In photosynthesis plants convert sun
light into chemical energy. The photovoltaic effect is used to convert sun light directly
into electrical energy; this effect is the basis of solar cells. In photoconductive effect
the resistance of a sample is reduced by the absorption of incident light; this effect is
used in photo detectors. The reciprocal of photovoltaic effect is electroluminescence
in which electric energy is directly transferred to the emitted photons; this effect is
used in light emitting diodes.

Different surface antireflection techniques are used to improve the performance of
optical and optoelectronic devices such as photo-detectors, solar cells and many other
sensing devices [2]. Usually thin films have been used to minimize the reflection of
electromagnetic radiation from optical surfaces, but lately the use of antireflection
structured surfaces has been introduced [3]. By using the deep surface texturing of
several micrometers with a sub-wavelength periodic pattern on an optical surface e.g.
silicon one can minimize the surface reflection over a broad spectral range [2].Surface
patterning is a more precise and effective solution for reducing light reflection losses
as compared with antireflection coating. For surface patterning reactive ion etching
(RIE) can be effectively used [1].

Periodic structure on an optical surface can control the light diffraction properties and
also behavior of photon due to its photonic band gap, so these properties of periodic
structures can enhance absorption of light. By shaping these structures in the form of
nano-pillars or pyramids one can also achieve the resonance enhanced optical
absorption [4].

The purpose of this work is to study the resonance enhanced transmission of long
wavelength infra-red (LWIR) through silicon (Si) antireflective structures.

1.2  Background

1.2.1 Antireflective patterning of silicon surface

The first anti-reflective coating was discovered more than 70 years ago by a Ukrainian
Scientist working for Zeiss in Germany [5]. In our work the targeted material is
silicon; with this in mind we mainly focus on the work that has been done on its
surface in this field. Silicon is the most lavish material on the earth crust after oxygen
and the most widely available semiconductor material. It is relatively cheap and also a
well understood material for producing microelectronics devices. Si photonics is not
completely developed as compared to the direct band gap I11-V semiconductor
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photonics [6]. However, in recent years serious research progress has been made in
silicon photonics and antireflective gratings have been widely investigated with the
emergence of photovoltaic and photo sensing. Different kinds of antireflective
coatings can be used. First optical thin films are widely used to achieve low
reflectivity over a large and tunable band of wavelength.

Secondly arrays of microstructures are used to reduce reflection of the surface which
Is inspired by the antireflective properties on the surface of the eye of a moth [7]. In
1973, P. H. Clapham et al. observed that some insects have micro-structures on the
surface of their eyes which act as an antireflective surface. With the help of these
patterned antireflective structures they have achieved enhanced night vision abilities
[8]. There are many fundamental parameters of these structures which can influence
the optical response e.g. size, shape and arrangements. Variations in these parameters
offer a large tunable antireflective band. Random structures on silicon surface, usually
known as black silicon, also give a broad range of antireflective band; to predict its
optical properties is a big computational task [7]. Black silicon was discovered in the
1980s as an unwanted secondary effect of reactive ion etching. It has very low
reflectivity and correspondingly high absorption of visible and infrared light.

1.2.2 Infra-red radiation

Fredrick William Hershel (1738-1822) did experiments with a thermometer and a
prism about 213 years ago and for the first time infrared radiation was reported [21].
He found that this radiation was reflected, refracted, absorbed and transmitted just like
visible light [22]. The electromagnetic spectrum covers a wide range of wavelengths.
The wavelength band of infrared radiation is located between visible light and
microwaves at approximately 780nm to 1mm as can be seen in fig.1.1.

Costmic Ra:.rs *__’_ . v
ra
Violet Microwaves g % o
Gamma.lhju E 5 E
W av elength (nm) N
0.76 1._5 56 1000
Near Middle
wie s | e
Figure 1.1 Electromagnetic spectrum showing broad band infrared radiation regimes

[39].
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The infra-red spectrum can be classified in different regions as in table 1;

Table 1.1. Classification of infra-red spectrum

Division Name Wavelength (um)
Near Infra-red (NIR) 0.78-1.4
Mid wavelength Infra-red (MIR) 2 -7
Long wavelength infrared (LWIR) 8-15
Far infra-red (FIR) 15 -1000

1.3 Applications

Unusual broad band antireflection properties of a material textured surface, combined
with the semiconductor properties of Si makes this material interesting for a wide
variety of applications; these surfaces are used to improve the sensitivity of photo
detectors, to increase the performance of light emitting diodes and also to enhance the
efficiency of photovoltaic cells etc. [9].

1.3.1 Photo-detectors

To detect photons many different semiconductor devices can be used, known as photo
detectors. In 1971, the first infrared photoconductor was developed by Case [23]. The
development of modern IR detector technology started during the years of World War
I1. The wavelength of two atmospheric windows 3-5 and 8-14pum with low absorption
was the main interest; important developments have been done in that area. In recent
years more interest has been focused on long wavelength infrared detectors motivated
by space applications [24].

The basic principle of photo detectors is very simple; they convert optical signals into
electrical signals. The conductivity of the material is increased when large number of
electrons and holes are generated in a semiconductor. The change of conductivity in a
semiconductor is the basis of the simplest type of photo detector. When electrons and
holes are generated within the space charge region of a pn-junction they are separated
by the electric field and a current is produced. This signal gives the information about
the incident photon. Most of the photodetectors including photodiodes and
phototransistors basically consist of a pn-junction [25].

IR-detectors are usually classified in different groups depending upon their materials
and efficiency [26].

Infrared detectors are used as optical power meters, radiation thermometers, flame
monitors, moisture analyzers, gas analyzers, infrared imaging devices, remote
sensing, human body detection etc.
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1.3.2 Solar cells

Chapin et al. at Bell labs in 1954 had invented, discovered and demonstrated the first
Si single crystal solar cell with the efficiency of 6%. After that developments have
been made by researchers and brought the efficiency up to 15% [27].

A solar cell basically consists of a pn-junction at which no direct voltage is applied
across the junction. It converts solar power into electrical power. There are different
types of solar cells like pn-junction, heterojunction and amorphous silicon cells.

In a simple pn-junction solar cell photon illumination creates electron hole pairs in the
space charge region. These will be swept out and produce a photocurrent in the
junction reverse biased direction [25].

1.4 Goal

The final objective of this project is to find the resonance enhanced wavelength
specific transmission of long wavelength infrared light by patterning a silicon surface.
These patterns will be used in back side illuminated InAsSb nanowire infrared
photodetectors.
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2 . THEORY

2.1  Electromagnetic wave propagation in linear media

The behavior of electromagnetic waves is usually described by Maxwell’s equations.
For a linear and homogeneous medium with

D =¢E (2.1)
B = uH (2.2)

where, E represents electric field, B Magnetic field, £.qy permittivity of (free) space

(dielectric tensor), o) permeability of (free) space (magnetic tensor), and D electric
displacement,

The reduced form of Maxwell’s equations are;

() VeD=p (2.3)
iy VeB=0 (2.4)
(i) 7xE=-2 (2.5)
(v) VxH=]+2 (2.6)

Here, V « is the divergence operator, Vx the curl operator field, J free current density
and p free charge density.

The speed of electromagnetic waves through a linear and homogeneous medium;

- _¢
=== (2.7)
n is refractive index of material;
n= | (2.8)

oMo

If permeability of free space is mostly equal to the permeability of material, so
equation (2.8) would become;

n =/, (2.9

&, IS the relative permittivity or dielectric constant of the material. It is a well-known
fact of optics that light passes at lower speed through matter as compared with free
space; as a result &, is always greater than 1 [11].

2.2  Light matter interaction

We need to know how enhance transmission and tune the way light interacts with the
sample. The simplest way of light propagation in a macroscopic bulk sample is in the
15



form of plane wave. Such a kind of light wave propagation in optics simplifies the
analysis of the optical response. But in other cases when an optical surface is textured
with geometrical features at a length scale similar to the wavelength of incident light,
a tunable light propagation could be achieved.

Thus in a Si pillar array of diameter D with pitch P and length L (Fig. 2.1), a more
complicated type of light propagation could be expected. By varying these three
parameters one can get different optical response of the pillars [10]. The pitch P is the
distance between the centers of two consecutive pillars.

Incident light

11°

Figure 2.1 A schematic of vertical Si-pillars of pitch P, diameter D and length L. The
light is incident at normal angle to the array propagating parallel to the axis of Si-pillars.

A full electrodynamic description is needed to understand the interaction of incident
light with array of pillars; however simple effective medium theories cannot describe
it properly. Consider that the light is incident at normal angle to the pillar array i.e. the
light propagates parallel to the pillar axis. Its electric field is perpendicular to the
pillar axis. In the case when we are dealing with long wavelength limit, (D, P << 1), a
new expression for the effective dielectric constant €, can be found [34]

gerf = lep+ 1+ fep — D]/[ep + 1 — f(ep — 1)] (2.10)

where €5 is the dielectric constant of the Si pillar, f is the volume fraction occupied by
the pillars [35]

f==[(P/,)/P] (2.11)

optical response of pillars depends on the filling factor f and also on the D, P.
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2.3 Reflectance and transmittance at normal incidence

When light is incident on an interface between two non-absorbing materials, some
part of that light is reflected and some part is transmitted. The reflected light is
denoted by I, the transmitted part of light I+ and the intensity of incident light I,.

The reflection coefficient R and transmission coefficient T are defined by the
following ratios

_ IR _ EOR 2 _ n{—n 2
r=t=() = () (2.12)

(2.12) is the well-known Fresnel relation for the fraction R of light intensity reflected
at normal incidence. Eqj, Eor and Eor represent the complex amplitude of E for
incident, reflected and transmitted electromagnetic plane wave respectively.

The ratio of transmitted intensity to the incident intensity is

_ It _ fava (For)* _ _4mms
r= I ey (EOI) T (ny+ny)? (213)

n; and n; are the index of refraction whereas &; or &; is called the relative permittivity

or the dielectric constant of the material respectively. Reflectance R and transmittance

T depend on angle of incidence, interference effects as well as the refractive indices of

both materials [11].

It is not easy to calculate the reflectance and transmittance when more than one
interface is involved. Because the measurements of reflectance and transmittance are
obtained from the whole device not from a single interface, each interface contributes
to the measurement. This makes the characterization of the device very complicated.
Reflectance R and transmittance T are normally given in percentage. In case of more
than one interface the following relation holds only when the absorption coefficient
0=0.

T+R=1 (2.14)

For all interfaces the sum of reflectance R and transmittance T should be equal to
unity as of course conservation of energy requires.

2.4 Optical properties of Si pillars

The abundance of silicon on earth increases its importance as an economic
semiconductor for optoelectronics applications. The optical properties of the Si
microstructures are particularly sensitive to their physical dimensions.

The optical properties of Si strongly depend on whether the Si pillars absorb or
transmit the light. Si has an indirect band gap of 1.1 eV at 300 K [28], and absorbs
only wavelengths with higher photon energy than the Si band gap. If the photon
energy is smaller than the band gap of Si then it will be transmitted through the

sample.
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The relationship between the energy E of photon and the wavelength 4 of light is
given by

Where h is Planck’s constant and c is the speed of light.

The transmission properties of Si make it suitable for the infrared region. It was
discovered that the periodic structure of nanowire array as compared with planes can
exhibit outstanding antireflection properties because these periodic structures reflect a
very small amount of light [10].

2.5 Diameter dependent structures

The optical properties of microstructures are particularly dependent on their physical
dimensions [30]. The optical response of transmitting silicon pillars is determined to a
large extent by the relation between the pillar diameter D and the wavelength A of the
incident light. The response can be divided into three different regimes, (i) A << D, (ii)
D << Aand (iii) D= 4.

In the first case the interaction of light with Si pillars can be explained by geometrical
optics and in second case the interaction can be described by electrostatics. In the
electrostatic limit, due to the large contrast in the refractive index of air and pillar, the
incident light is screened from the interior of the pillar. The third case is more
important and interesting in our case; when D = A, optical resonances can be observed
[29]. These resonances can be used for tuning resonance enhanced transmission of
infrared light through Si pillars.

2.6 Resonant enhanced transmission of infra-red

The wavelength specific absorption, reflection and transmission of vertical silicon
microstructure arrays originate from the field distribution of fundamental HE;; wave
guided mode which is highly wavelength dependent. The HE;; wave guided mode is
supported by each silicon pillar.

Fig. 2.2 shows the possible interactions of light at normal incident with a silicon
pillar. However, as discussed above, Si does not absorb long wavelength infrared
(LWIR). Infrared radiation with specific wavelength interacts with pillars at the top
air/pillar interface and is reflected or transmitted at the bottom silicon/pillar interface
[30].
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Incident light

1l

Guided light
Reflection

111

Transmission

Figure 2.2 A schematic of vertical silicon pillars of pitch P, diameter D and length L.
The light is incident at normal angle to the array and propagates parallel to the axis of
silicon pillars; an illustration of wavelength selective wave-guiding system [30].

Since we are using a homogeneous medium for pillar and substrate, it was predicted
that the reflectance of a plane wave decreases and transmittance increases with
decreasing differences of refractive index between the media. If the difference of
index between pillar and substrate is very low, then it is expected that the coupling
between the pillar mode and substrate should increase which results in the higher rate
of transmission and lower rate of reflectance [30]
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3. FABRICATION

3 Fabrication

Photolithography is used to define the anti-reflective (AR) patterns and reactive ion
etching (RIE) for etching the Si surface. This fabrication needs several critical
manufacturing steps that are (a) Adhesion Promotion, (b) Resist coat, (C) Soft bake,
(d) Alignment, (e) Exposure, (f) Development, (g) Inspection and Measurements, (h)
Hard Bake, (i) Etching. Some important steps are discussed in the next sections.

3.1 Resist coat

The Si surface is first coated with a photoresist which is a light sensitive material. A
photoresist typically consists of organic polymers applied from a solution. First a
volume of liquid resist is distributed onto the sample’s surface. Then the sample is
spun by a high speed spinner. Excess resist is flying off leaving behind a thin film of
resist, as schematics show in figure 3.1 (b). Afterwards, to improve the adhesion of
resist and to make its density sufficient to support the later process, the sample is
baked at about 115° C to drive out the solvents from the thin film [12].

Different concentrations of resists are used to coat the surface having different
thicknesses with respect to the spin speed; for example photo resist S1813 spun at
4000 rounds per minute (rpm) gives photoresist thickness 1.3 um. Similarly S1811
and S1805 give photoresist thickness of 1.1 um and 0.5 um respectively at spin speed
4000 rpm [13].

Photoresists can be broadly classified in two different groups as positive or negative,
depending on how it responds to radiation.

3.1.1 Positive resist

The exposed regions become more soluble and unexposed positive resists normally
have very low solubility in the developer. The patterns made in positive resist after
development are the same as those that are metal coated on the mask. There are three
components of positive photoresist, “photosensitive compound, an organic solvent
and a base resin”. The photosensitive compound is sensitive to radiation and absorbs
radiation in exposed areas. Radiation exposure changes its chemical structure to break
its long polymer chains into parts that become soluble in a developer.

3.1.2 Negative resist

Negative resist behaves oppositely to the positive resist. Photosensitive compounds
absorb radiation and after chemical reaction the polymers cross link with each other,
resulting in a higher molecular weight to become insoluble in developer solution [14].
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3.1.3 Limitations and disadvantages in resist coat

Mostly in coating thick resist films a so called edge bead forms which causes
unwanted proximity-gap between mask and flat surface of the resist film during
exposure. It forms due to the surface tension near the substrate edge. This effect may
reduce the resolution of the exposure.

One more common effect can be seen in film deposition which is an uneven thickness
of resist, typically comet-shaped. This effect is due to insufficient substrate cleaning
or due to dust particles in the resist, air or N, bubbles beneath the resist film [15].

3.2  Photolithography

Photo lithography is the process of transferring patterns of geometrical shapes of a
mask on a semiconductor surface covered with a photoresist. The mask aligner MJB4
(soft UV) “Suss Micro Tech.”” is used as a UV lithography system.

uv R.xi.:b'on&

Mask

Substrate I Substrate | | Substrate '
(a) (b) (¢)
(e) (M

Figure 3.1 Schematics showing the main steps in photolithography and etching process,
(a) A clean Si Substrate, (b) photoresist application, (c) alignment and exposure, (d) exposed
regions are developed by using MF319 solution, (e) Dry etching by using RIE (reactive ion
etching), (f) Mask (resist) removal by using Acetone and Isopropanol.

(d)

3.2.1 Alignment, exposure and development

Photolithography is followed by an etching process. The sample is aligned with
respect to the mask as shown in fig. 3.1 (c). MJB4 can handle alignment accuracy
around 1 um or less and can reproduce features in the micrometer range. There are
several different printing modes available on MJB4 and we have used a vacuum
contact mode which gives the best resolution. In this mode of operation the gap
between mask and substrate is evacuated and a variable mechanic pressure with
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additional nitrogen pressure is applied to make a better contact. The optical system is
equipped with 365 nm wavelength exposure optics with an Hg lamp as a light source.

When the sample is illuminated some parts of the resist are exposed and some are not
according to the mask design. As a result the mask pattern is created in the resist film.
A mask is a sheet of glass, usually partially covered with chromium according to the
requirements of design. Exposed parts of the resist were removed by developer
MF319 solution as shown in fig. 3.1 (d).Development was done in steps; during these
steps resist features were observed by optical microscope to check if fully developed
or need of some more development time to obtain wanted feature size.

3.3 Hard bake

Hard bake is the last step of the photolithography process. It is used to drive out water
molecules and volatile organic materials from the resist. For hard bake normally a
temperature about 120° C for 15 minutes is required. High temperature reduces the
photochemical properties of the resist.

3.4  Reactive ion etching

Photolithography is followed by the etching process to create features on a surface as
shown in fig. 3.1 (e). To get anisotropic etching of Si pillars, the reactive ion etching
(RIE) system T2 from Trion technology was used. The RIE system is extensively
used in the microelectronic industry. Both physical (ions) and chemical (radicals)
etching behavior are used to etch the surface in the RIE process. Trion (RIE) has a
parallel plate diode system and the bottom electrode holds the wafer and is also
grounded. A RF (radio frequency) voltage is applied to the upper electrode. The Si
etch rate increases by increasing the process pressure and the RF power [17]. The
grounded electrode with large negatively self-biased wafer and low operating pressure
provides a condition of heavy bombardment of energetic ions from the plasma at the
surface of wafer [14].

In contrast to molecular gasses, radicals in plasma are reactive enough to start a
chemical reaction. To get anisotropic etching and having good selectivity to resist,
SFe/O,/CHF3 plasma was used. In that recipe each gas has its own specific function
and influence on etching. By changing the flow rate of one of these gasses the etching
profile can be controlled. The etching mechanism of RIE could be understood with
the help of fig. 3.2.

In the plasma, SFs produces the F radicals which will take part in chemical etching.
First fluorine diffuses into the surface of silicon. These fluorine radicals chemisorbed
on the surface of silicon and form SiF. After some chemical reactions, the volatile
SiF4 compound is formed. This compound can easily desorb from the surface in the
form of a gas molecule. O, creates O radicals to form SiO4Fy molecules which protect
the side walls of silicon from being etched.
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SF, .CF,"

Figure 3.2 Schematic view of the SF¢/O,/CHF; etch process

To get anisotropic etching and smooth sidewalls CHF; gas molecules need to be
added because SFg/O, plasmas usually produce rough etched surfaces. CHF3 ions
have the ability to etch SiOxFy in one direction and forms volatile COxFy. Similarly,
SF," ions can remove oxy-fluoride by producing volatile SOxFy gas [16, 17].
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4 . CHARACTERIZATION M ETHOD

4.1  Scanning electron microscope (SEM)
The surface of Si pillars was studied by using a scanning electron microscopy (SEM).

A scanning electron microscope (SEM) can produce high resolution images of a
sample surface.

The electron column consists of an electron gun and a number of electromagnetic
lenses operating in vacuum. The electron gun is used to generate free electrons and
electron lenses are used to focus the electron beam on the sample. This fine electron
probe is scanned across the surface of the sample. Incident electrons strike and are
scattered against the atoms in the specimen. This results in some electron emission
from the surface. Usually secondary electrons (SE) and backscattered electrons (BSE)
are collected. Secondary electrons emitted with low energy (<50eV) are mostly
emitted from regions close to the surface. The brightness of the final image depends
on the rate of emitted electrons, which in turn also depends on the slope of surface.
For example, normal incidence of the electron beam onto the sample surface results in
a low rate of emitted electrons and a darker image. Thus, the angle of incidence was
chosen to give more secondary electrons, which results in a brighter image.

The incident electron beam is scanned over the specimen surface and the signal of
detected secondary electrons is amplified to give topographic image displays ona TV
screen.

4.2  FTIR spectroscopy

The transmittance and reflectance characteristics of Si pillars were investigated by
using Fourier Transform infrared spectroscopy (FTIR). The FTIR system is based on
the Michelson interferometer principle as shown in fig. 4.1. The beam of broad band
infrared radiation from a heated filament is divided into two equal parts by the beam
splitter. One of the beams is directed towards a fixed mirror and the other beam
towards a moving mirror at the other side of the beam splitter. After hitting the
mirrors the beams return back and recombine at the beam splitter and interfere. Part of
the resulting beam moves towards detector. For an easy explanation: With the two
mirrors (fixed and moving) at the same path length from the beam splitter the two
interfering beams are totally in phase and interfere constructively independent of
wavelength. This position of the moving mirror is called the point of zero path
difference (ZPD). Moving the mirror in any direction by the distance of A/4, the path
changes by A/2 meaning 180° phase difference so destructive interference for that
particular wavelength will be observed. The moving mirror travelling another A/4
distance at which the optical path difference is A gives constructive interference again
for that wavelength [18].
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Figure 4.1: Schematics of conventional Michelson interferometer with a moveable mirror and
a stationary mirror having a Globar light source.

On the way to the detector the beam passes through the sample and the intensity of the
beam depends on the difference in path. The intensity | of the combined beam is the
source of spectral information as a function of path difference. The path difference is
dependent on the frequency of incident light. The path difference ¢ is also known as
optical retardation,

§=n-1, (4.1)
Wheren e N ={0,1,2,3....}
Eqg. 4.1 holds for constructive interference and all light reaches the detector.

For destructive interference, keeping the n definition

_ 2n+1
T2

B X (4.2)

By changing the position of interferometer mirror an interferogram is measured. The
interferogram intensity 1(6) at the detector is calculated as

1(6) = 0.51(v,)cos2mv,6 (4.3)

Each data point of the interferogram gives information about all frequencies
originating from the light source where v, is the wavenumber (%=1/4 cm™) and 1(vo)
is the interferogram intensity at a particular wavenumber.

All the measurements regarding reflectance and transmittance of Si pillars were
obtained by using FTIR. The light source used was a W coil emitting near black body
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radiation (Globar). All measurements were performed at room temperature, at
atmospheric pressure, and at normal incidence. As a reference a background spectrum
was measured to get 100% transmission. The transmission spectrum for bare silicon
was measured. The transmission data obtained from bare Silicon was normalized by
using background transmission data yielding the transmittance spectrum through only
bare Silicon. As a last step the transmission spectrum of silicon pillars was obtained
and normalized by using the bare silicon spectrum to get the transmission spectrum of
silicon pillars. We assume that the light which was not transmitted to the detector was
reflected back [19, 20], since the low doped Si should not absorb IR light.
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5. ResuLts anoDiscussion

5.1 Results and discussion

In this work wavelength specific resonance enhanced transmission of long wavelength
infrared (LWIR) from the silicon (Si) microstructures is measured by using the
Fourier transform infrared spectroscopy (FTIR) technique. All measurements are
taken at room temperature and atmospheric pressure. Si microstructures are fabricated
by using photolithography and dry etching (Reactive ion etching) techniques. The
transmission measurements were repeated by varying different parameters (diameter
D, Length L, Pitch P) of silicon pillars to check their effects on measurements.

5.2  Transmission through untreated Silicon

Silicon is a low cost optical material with high refractive index [31]. The refractive
index of silicon is simply taken as 3.5 [32].

First of all transmission of infrared radiation through untreated silicon (111) was
measured. The expected Fresnel reflectance is

R = () (5.1)
R=(5) =030 62

The reflectance through one interface air/silicon is around 30%. There are two
interfaces involved here air/silicon/air. Expected transmission (Eq. 2.14) through the
untreated silicon would be

(1—R,) X (1—Ry) (5.3)
(1-10.3) x (1 —0.3) = 0.49 (5.4)

Here R; and R; are the reflection through the first and second interface respectively.

Fig. 5.1 shows the resultant transmission spectra after normalization of untreated
silicon with background.

Fig. 5.1 shows that the untreated silicon transmits about 53% of infrared light almost
independent of wavelength. Measured values showed good agreement with the
calculated value. IR light simply does not reflect only twice between two interfaces
but there are multiple reflections involved. Then the transmission would be

1-R)XA—-Ry)+(1—R;)XR3XR,x(1—R,)=0.53 (5.5)

The total transmission through untreated silicon is about 53% which has good
agreement with experimental results. There may also be some more effects which can
affect the final results like multiple scattering events or detector disability to collect
all of the transmitted IR light.
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Figure 5.1 Transmission through plain Silicon (Si) normalized with background shows
53% transmission of IR independent of wavelength.

During etching the pillars in Si there was an unwanted fluffiness on the surface of
pillars examined. This effect occurs due to the sample heating during etching in RIE
which makes the surface passivation polymers unstable. To make transmission
calculation more correct | have placed plain silicon without any pattern along the
sample with patterns for etching in RIE to make its surface rough; this is used for
normalization to minimize the error in the results. Fig. 5.2 shows the comparison
between the transmission of plain Si and rough Si surfaces; experimental results show
that both have a comparatively equal transmission independent of wavelength. This
indicates that the surface roughness is too small to make any noticeable difference in
transmission.

T T T T T T T 1 1
Plain Si
Rough Si

0.65 -

0.6~ -

0.55 -

Transmittance

0.5+ -

0.45 -

04 r r r r r r r r r r
4 5 6 7 8 9 10 11 12 13 14 15
Wavelength (um)

Figure 5.2 Transmission spectra of plain Si and rough Si. Transmission spectrum shows
that both have nearly equal transmission.

30



5.3  Transmission through the Si pillars

We have studied the resonance enhanced wavelength specific transmission of IR light
from Si pillar array by a controlled variation in pillar diameter. The length and pitch is
also changed systematically in a controlled manner. In that way a tunable wavelength
specific resonance enhanced transmission of LWIR can be achieved. The Si pillars of
diameter D and length L are placed in a triangular array with a pitch P,

The transmitted wavelength related to a specific diameter can be associated with the
condition for constructive interference [33],
_ n®/pne

A=—L27 (5.6)

m

Where / is the wavelength associated with the diameter of the pillar, D is the diameter
of the pillar, np is the refractive index of the pillar and m is an integer. Constructive
interference in the cross section where m=1 corresponds to the fundamental
waveguide mode (HE11).

Here, we show experimentally and theoretically the specific wavelength enhanced
transmission by changing the diameter of the Si pillars. Simulations are run by
Nicklas Anttu (Division of Solid State Physics, Department of Physics, Lund
University) for Si (n=3.5) region to show transmission in actual structure in non-
absorbing region. Simulations are performed for single interface, ignoring backside
reflection. Fig. 5.3 below shows the simulation schematics for D=1 um, P=7 um and
L=5 pm.
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Figure 5.3 Simulation result for a silicon pillar array having D=1 um, P=7 um, L=5 um.
Here the pitch is larger than the resonance wavelength and a sharp peak is observed due to
an overlap of incident light with the resonance mode.

This shows a resonance peak at the wavelength 5 um. Here, the pitch P is larger than
the resonance wavelength. The sharp resonance peak in transmittance is probably due
to the good overlap of incident light with the HE11 resonance mode. If the pitch P is
larger than the resonance wavelength, the peak in transmittance becomes narrow.
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Fig. 5.4 shows the simulation spectrum for the parameters D=1.5 um, P=7 pum and
L=5 um. We can observe a clear peak in transmittance at 7.5 um and the transmittance
value reaches very close to one. As the pillar diameter is increased, the resonance
peak shifts to higher wavelength in transmittance. This resonance peak is due to the
waveguide resonance. As the pitch P is similar to the resonance wavelength, a clear

Wavelength (m)

transmittance peak shows up at waveguide resonance.

x 10

Simulation result for a silicon pillar array with D=1.5 um, P=7 um and
L=5 um. Here the pitch is comparable with the resonance wavelength and a clear peak is
observed in transmittance due to waveguide resonance.
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Figure 5.5

observed due to coupling effect.

Fig. 5.5 shows the transmission simulation spectrum for D=1.5 um, P=5 pum and L=5
um. Here, we can observe a narrow peak in transmittance close to 7 pm with some
additional structure also present in the plot. We do not see a clear peak due to

Wavelength (m)
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Simulation result for a silicon pillar array having D=1.5 um, P=5 um and
L=5 um. Here the pitch is smaller than the resonance wavelength and additional peaks are




waveguide resonance. It should be due to the short distance between pillars with a
pitch P=5 um. With D=1.5 um, the resonance transmission is expected close to the
wavelength 7 um but a small pitch coupling effect has introduced some additional
structures. That is the third case when the pitch P is smaller than the resonance
wavelength and some additional structures show up in the spectrum.

Here we need to correct the pillar diameter so that light can couple to HE11 mode,
which is most important for the peak. The pitch of the pillars causes coupling between
the modes of neighboring pillars impact peaks, which is enough to see a resonance
peak. If the pitch of pillars remains the same throughout the sample then it enhances
the effect of resonance peak. But the specific pitch throughout the sample is not
necessary to see the resonance peak. For the absorption of light in nanowire array for
a fixed diameter, the length Land pitch P has strong direct relation with each other
[38]. So with the increase in length L of Si pillar the pitch P should also increase in
order to see a good coupling between the modes of neighboring pillars.

We design and fabricate large scale vertical silicon pillar arrays as shown in fig. 5.6
(b), a SEM image tilted at 30°. We have fabricated arrays of pillars with diameters
varying from 1.33 um = 36 nm to 2.48 um £ 62 nm and a constant pitch and length of
7 um and 5 um respectively.

Fig. 5.7 shows the experimental results of the resonance enhanced transmission for
P=7 pm, L=4.2 um and a pillar diameter of 1.33 pm * 36 nm, the uncertainty taken as
the standard deviation (Fig. 5.6 (a)).Transmission measurements of Si pillars are
performed by illuminating with the Globar LWIR source at normal incidence. The
pitch is comparable to the resonance wavelength. Si pillar array shows the coupling
effect at wavelength 6.2 pum, which is reasonably close to the calculated value. The
transmission reaches 76% at a particular wavelength.

Tl |

' ] .~ re
SUB000 10.0kV 8.0mm x20.0k SE(U) e 50.0um

@ ®)

Figure 5.6 (@) Patterned vertical silicon pillar; SEM image taken at 30° tilt position.
Mean pillar diameter is 1.33 um = 36 nm, length is ~4.2 um and pitch 7 um. (b) Arrays of Si
Pillars.
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Figure 5.7 Experimental data for a silicon pillar array having D=1.33 xm + 36 nm, P=7
um, L=4.2 um. Here the pitch is comparable with the resonance wavelength and a clear peak
is observed in transmittance due to waveguide resonance at wavelength 6.2 um and
transmission of 76%.

The position of the transmission peak can be tuned over the wide range of IR band by
adjusting the diameter of pillars. To remove the substrate contribution from the final
result, we have normalized the transmission through pillar and substrate with the
silicon sample having a rough surface. Because the walls of pillars and also the
surface between the pillars is not smooth, to normalize with untreated plain Si is not a
good option. The roughness of the surface is achieved by etching it with RIE for
couple of minutes. The final spectra show the intensity of transmitted light through
the Si pillars only.

In fig. 5.9 we present the transmittance of arrays with larger pillar diameter as
compared to the case in fig. 5.7 discussed above. Here L=4 pm, P=7 um and D= 1.42
um £ 35 nm (Fig. 5.8).The silicon pillar array shows the coupling effect at wavelength
7.5 um, which is reasonably close to the calculated value. The transmission reaches
77% at a particular wavelength. With the increase in pillar diameter, the peak shifts
towards higher wavelength in the IR band. The simulated spectrum (fig. 5.4) is
quantitatively in good agreement with the experimental results with respect to the
spectral peak position as a function of pillar diameter. The peak is low in the
experimental result compared to the simulated spectrum, which could be due to
multiple scattering of light through the substrate so that detector cannot collect all
scattered light. Here we can observe a linear dependence of peak position with the
pillar diameter.
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Figure 5.8 Patterned  vertical  Si
pillar SEM image taken at 30° tilt position.
The mean diameter of pillars is 1.42 um +
35 nm, length is ~4 um and pitch 7 um.
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Figure5.10  Patterned  vertical  Si
pillar; the SEM image is taken at 30° tilt
position. Mean pillar diameter is 2.48 um
* 62 nm, the length is ~4.5 um and pitch 7

um.
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Figure 5.9 Experimental data result
for a Si pillar array having D=1.42 um *
35 nm, P=7 um and L=4 um. Here the
pitch is comparable with the resonance
wavelength. A clear peak is observed in
transmittance due to waveguide resonance
at wavelength 7.5 um.The transmission is
about 77%.
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Figure5.11  The experimental data
result for a Si pillar array having D=2.48
um + 62 nm, P=7 um and L=4.5 um. Here
the pitch is smaller than the resonance
wavelength and additional peaks are
observed due to coupling effect. A strong
transmission peak at wavelength 11 um is
observed with 94% transmittance.



Fig. 5.11 shows the transmission spectrum with pillar dimensions as L=4.5 um, P=7
um and diameter D=2.48 um + 62 nm (Fig. 10). Here we can observe that with the
increase in diameter, the transmission peak shifts towards higher wavelength in the IR
band. Transmission reaches to 94% at a wavelength A=11 um. Here some additional
structures are also present due to the coupling effect as a result of the small pitch.
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Figure 5.12 (b) Enhanced transmission of

IR at a specific diameter of Si Pillars fit to

a linear model.

Figure 5.12 (a) Comparison between
three different diameter sizes of Si pillars.
By increasing the diameter, the enhanced
transmission peaks shift linearly towards
the higher wavelengths.

Fig. 5.12 (a) shows the comparison of transmission spectra of pillars having different
diameters but the same pitch. Here we can observe that with increasing the diameter
the transmission peaks shift towards higher wavelengths.

Fig. 5.12 (b) shows the data points of resonance enhanced transmitted wavelength at a
specific diameter of Si pillar fit to a linear model. The line has a linear relation
Y = (3.8 X X) + 1.6. The general form of linear equation is Y = mX + b. In this
equation m and b are constants where m determines the slope of that line and constant
b is known as Y intercept. According to this model we can tune the transmitted light at
a specific wavelength by tuning the pillar diameter.

In figure 5.13a simulated demonstration shows the electric field intensity distribution
of the HE11 mode as a function of nanowire diameter inside the wire. Figure 5.13 is
for InAsSb nanowires embedded in resist. Si pillars should show the similar results
for the transmission of IR light. It explains the optical response of three different pillar
diameters.

Fig. 5.13 (b) shows the case in which the wire diameter D = 700 nm is comparable
with associated transmitted wavelength 4 = 4.5 um. At the absorption peak, due to
resonance excitation of the HE11 waveguide mode, a strong field strength inside the
wire is observed [36]. Results should be similar for the transmission spectra of Si

pillars. The fundamental HE11 resonance mode can be tuned across the broad spectral
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range, and selection of different pillar diameters can exhibit high wavelength
selectivity [37]

(a) d=200nm,p=1000nm (b) d=700nm, p=3500nm (c) d=1200nm, p=6000nm

€

Figure 5.13  Electric field intensity inside the InAsSh nanowires embedded in resist having
three different diameters; (a) Due to small diameter pillar shows the field strength outside the
wire and the wavelength enhanced coupling is weak. (b) Increased diameter of wire leads to
the resonant excitation of HE11 mode; as a result high field intensity inside wire is achieved.
(c) Further increase in the wire diameter leads to the localization of HE11 mode in the middle
of the pillar. Due to small overlap, small coupling occurs, which means weak resonance
enhanced absorption of light [36]. In this work we are using Si pillars and the transmission
results should be similar as discussed for absorption.

Fig. 5.13 (a) shows the case with small diameter; it exhibits weak overlap and
coupling between HE11 mode and incident plane wave. Due to the small diameter the
maximum field strength is outside the wire and enhanced transmission of coupled
wavelength is weak. As a result absorption would be lower. In our case transmission
would be lower.

Fig. 5.13 (c) shows the case when the wire diameter is comparatively larger than the
previous two cases. Due to large diameter the field strength due to HE11 mode is
localized in the middle of wire. The overlap between field generated by HE11 mode
and incidence plane wave is weak. Small amount of coupling can be achieved and in
the result weak absorption is observed. If the pillars are close enough the HE11 mode
couples together and transmission peaks begin to broaden.

54  Some lithography results

During photolithography, the mask should be in contact with the flat surface of resist
film to get maximum resolution of exposure. Figures 5.14 (a) and (b) show the SEM
images of pattern features of resist on Si surface resulting in good contact between
mask and resist film. In another case, when edge bead causes unwanted gap between
mask and the flat surface of the resist during exposure, doughnut shaped features are
observed on the surface of Silicon. These doughnut shaped features are produced due
to the Fresnel diffraction limit. After etching these doughnut shaped features result in
hollow Si pillars.

37



(@)

Figure5.14  SEM image taken at 30° tilt position; (a) and (b) show the solid features on Si
surface as a result of photolithography, while (c) and (d) show the doughnut shaped features
on Si surface as a result of photolithography.

Hollow Si pillars also have interesting optical properties. Fig. 5.15 shows the
simulation results of hollow Si pillars having height L=5 um, pillar diameter D1= 2.47
um, inner core diameter D,=1.48 um and having two different pitches P=7 pm and
P=5 pum. Simulation results show that light should be able to transmit through hollow
Si pillars.
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Figure5.15  Simulation result for a Silicon pillar array having pillar diameter D;=2.42
um, inner core diameter D,=1.48 um, length L=5 um and pitches P=7um and S5um,
respectively.

Fig. 5.16 (b) shows the transmission spectrum of hollow Si pillars having pillar
diameter D1=2.47 um, inner core diameter D,=1.48 um, pitch P=5 um and height L=4
um. In this case the pitch is small compared to the pillar diameter. The HE11 mode
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couples together and the transmission peak would be broad. Transmission spectrum
shows the maximum transmission at wavelength =8 pum.

SUB000 1.0kV L-x22.0k SE(UL) 5.00um

Figure 5.16 (a) Si hollow pillar array
having pillar diameter D;=2.42 um, inner
core diameter D,=1.48 um, pitch P=5 um
and L=4 um. SEM image is taken at 30°
tilt position.
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Figure 5.16 (b) Experimental data result
for a Si hollow pillar array having pillar
diameter D;=2.42 um, inner core diameter
D,=1.48 um, pitch P=5 wum and length
L=4 um. The transmission spectrum shows
maximum transmission at wavelength of
A=8 um. A broad peak can also be
observed.

Fig. 5.18 shows the transmission spectrum of hollow Si pillars having pillar diameter
D;=1.75 um, inner core diameter D,=1.2 pm, pitch P=7 um and height L=2 pm. We
cannot see any clear resonance peak due to the small length of hollow pillar as
compared to the pitch of pillars. There is week coupling between the neighboring

pillars impact peak.
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Figure5.17 Si hollow pillar array
having pillar diameter D;=1.75 um, inner
core diameter D,=1.2 um, pitch P=7 um
and L=2 um. SEM image is taken at 30°
tilt position.
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Figure5.18  Experimental data result

for a Si hollow pillar array having pillar
diameter D1=1.75 um, inner core diameter
D,=1.2 um, pitch P=7 um and length
L=2um. The transmission spectrum did
not show clear peak due to the small
height of pillars.



Conclusion

By using photolithography and RIE Si pillars were created on Si substrates. We have
demonstrated the resonance enhanced wavelength specific transmission of LWIR by
using transmission measurements through Si pillars with FTIR spectroscopy.
Transmission peaks are due to the fundamental waveguide HE11 mode. Results show
that the position of the transmission peak is highly dependent on geometrical
parameters of Si pillars. By doing control variation in diameter, pitch and length of Si
pillars, the resonance enhanced transmission peak can be shifted to higher or lower
wavelength. We can conclude that the tunable transmission of IR light through Si
pillars is highly diameter dependent. Due to high resonance enhanced wavelength
specific transmission through Si pillars, these structures can be used in back side
illuminated InAsSb nanowire infrared photodetectors.
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