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Preface

The report comprises the results obtained from the ‘Amorphous Silicon Photonic Microcavities’
EOARD Special Contract SPC 01-4062, Contract Order Number F61775-01-WE062. The
purpose of this project is to investigate the use of photonic microcavities to control the
photoluminescence in amorphous silicon. This can lead to significant improvements in
luminescent displays, optical sensors, and optoelectronic devices.

In this research, properties of bulk and microcavity hydrogenated amorphous silicon nitride are
studied. Microcavities were realized by embedding the active hydrogenated amorphous silicon
layer between two metallic or dielectric mirrors. The dielectric mirrors were realized with two
distributed Bragg reflectors (DBR’s). The DBR’s are one dimensional photonic bandgap (PBG)
materials, i.e., photonic crystals, composed of alternating layers of silicon oxide and silicon
nitride. All of the layers are grown by plasma enhanced chemical vapor deposition (PECVD) on
silicon substrates. The temperature dependence of the amorphous silicon photoluminescence is
performed to fully characterize and optimize the material in the pursuit of obtaining novel
photonic microdevices. Photonics device characterization was done by means of atomic force
microscopy (AFM), scanning electron microscopy (SEM), photoluminescence, and reflectance
measurements. The reflectance spectra calculations were performed using the transfer matrix
method (TMM).

Properties of amorphous silicon, photonic microcavities, and PBG materials are introduced in
Chapter 1. Amorphous silicon is studied in detail in Chapter 2. A general theoretical background
of the photonic microcavities and the definitions of the fundamental microcavity parameters are
given in Chapter 3. Chapter 4 includes the considerations taken into account, while designing the
microcavity structures and the fabrication process. In Chapter 5, the techniques used for
characterizing the structures, as well as the results of the measurements, and calculations are
presented. Finally, Chapter 6 concludes the work.

As the principal investigator of this project, I would like to acknowledge the support of our

Laboratory engineer, Adnan Kurt, and my graduate students Temel Bilici, Senol Isci, Ibrahim
Inang, and Selim Tanriseven.

Istanbul, November, 2002 Ali Serpengiizel
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1. Introduction

1.1. Amorphous silicon

In the optoelectronics and microelectronics industry silicon is the most widely used
semiconductor, not only in its crystalline, but also in its amorphous form. Being a direct band-
gap material, [1] unlike crystalline silicon, [2] amorphous silicon is unmatched as a
photoreceptor for laser printing, for switching elements in large area liquid crystal displays, for
large photovoltaic panels, and any other application that calls for a high quality semiconductor
that can be processed on large areas or on curved or flexible substrates. It is generally agreed that
the terms amorphous solid, non-crystalline solid, disordered solid, glass, or liquid have no
precise structural meaning beyond the description that, the structure is not crystalline on any
significant scale. The principal structural order present is imposed by the approximately constant
separation of nearest-neighbor atoms or molecules.

Until the early 1970’s, amorphous silicon prepared by evaporation or sputtering was not
considered as one of the valuable semiconductor materials, because of high density of electronic
states in the band gap related to a large density of structural defects. [3] The discovery of an
amorphous silicon material prepared by the glow discharge deposition of silane, which can be
doped and whose conductivity can be changed by ten orders of magnitude marked a turning
point and opened a new research area.

Most interest focused on hydrogenated amorphous silicon and its alloys, since hydrogen by
removing dangling bonds eliminates non-radiative recombination centers, that are responsible for
reduced luminescence efficiency (and reduced photovoltaic efficiency) and allows doping. [4]
Another advantage of the hydrogenated amorphous silicon is that, it can be deposited by plasma
enhanced chemical vapor deposition (PECVD) onto almost any substrate at temperatures below
500 K, which makes it compatible with the microelectronic technology.

1.2. Photonic microcavities

Photonic microcavities are currently experiencing a boom. Together with the complimentary
microstructures of photonic bandgap (PBG) materials, these microresonators attract the attention
of the scientists and engineers in the field of optics and photonics. As we enter the information
age, the photonic microcavities is the building block of the communication revolution. There are
basically two major communities, who are interested in these optical microcavities. The atomic
physics and condensed matter physics communities approach these optical microstructures with
the scientific and basic research interest. For the physicists, the main interest in these optical
microstructures is for their ability to sustain high optical fields, and therefore strongly interact
with the material with which the optical microresonator is constructed from. The optoelectronics
community however has a purely technological interest and approaches these optical resonators
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with an applied research interest. The optical communication engineers would like to
manufacture high efficiency light sources such as lasers and light emitting diodes, and
photodetectors for dense wavelength division multiplexing applications for optical fiber
communication.

From an historical perspective, we can label the birth of the first optical resonator with the
invention of the first optical interference spectroscope by Charles Fabry and Alfred Perot in
1899. Another major breakthrough happened in 1946 when E. M. Purcell proposed the use of
electromagnetic resonators for the manipulation of the density of states of the electromagnetic
field modes.

Optical resonators with dimension of the order of an optical wavelength can now be fabricated in
a variety of solid state systems including semiconductors, organic materials, and glasses. [5]
Ideally, one can isolate a single optical mode of the optical field in a cube a half-wavelength on a
side with perfectly reflecting walls. Liquid droplets, polymer spheres, and semiconductor
microcavities with dielectric mirrors are examples of microcavities with which, one can
approach this ideal limit, and nearly isolate a few modes of the electromagnetic spectrum from
the continuum of the surrounding freespace modes.

The simplest approach to fabricate an optical microcavity is to shrink the spacing between the
mirrors of a Fabry-Perot resonator to a half wavelength. This structure provides a single
dominant longitudinal mode, that radiates into a narrow range of angles around the cavity axis.
The interaction of optically active material with isolated modes in the cavity offers interesting
physical systems for basic studies and a rich variety of possible applications. Interactions
between atoms and low-loss optical and microwave cavities have led to the demonstrations of
cavity quantum electrodynamics effects, (QED) including coupled atom-cavity modes, quantum
revivals, single-atom masers, and enhanced or inhibited spontaneous emission (SE).

Microcavity resonators have the potential to provide low-cost, efficient, and high-density
optoelectronic light sources over a broad range of the spectrum, from the near-infrared to well
into the visible. They can be used as very efficient light emitting diodes and low threshold
microlasers. [6] In any macroscopic laser, SE is a major source of energy loss, speed limitation
and noise. The fraction of the SE that is coupled into a single lasing mode can be increased by
the enhancement and of SE by the microcavity. The efficiency emission rates, and photon
statistics of light emitting diodes can all be controlled by forming microcavity resonators with
sufficiently high quality factors. Control of these properties will be welcome in a number of
optoelectronic applications including flat panel -electroluminescent displays and optical
interconnects.

1.3. Photonic bandgap materials

The concept of Bragg reflection was recognized by the 1915 Nobel Prize awarded jointly to W.
Henry Bragg and his son W. Lawrence Bragg ‘for their services in the analysis of crystal
structure by means of X-rays.” The optical application of Bragg Scattering was analyzed for the
first time by P. Rouard in 1937 using multiple transparent optical layers. However, these one
dimensional distributed Bragg reflectors (DBR’s) were used only as band reject optical filters
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and their potential has not been fully realized, until Eli Yablonovitch and Sajev John
independently proposed in 1987 the concept of three dimensional photonic crystals or Photonic
bandgap (PBG’s) materials.

The PBG idea is borrowed from solid state physics, where electronic bandgaps exist for an
electronic crystal structure, and prevent the existence of electronic levels at certain energies.
Currently, this microscopic branch of photonics and optoelectronics is experiencing a rapid and
exciting development and growth. PBG materials are constructed by spatially patterning the
dielectric function of a medium in a periodic way. A medium engineered in such a way exhibits
photonic stop bands, i.e., PBG's, for a certain range of frequencies of the electromagnetic
spectrum. A PBG structure can also be treated as a photonic crystal constructed from “photonic
atoms”, i.e., dielectric “photonic resonators”, which possess electromagnetic resonances at
discrete frequencies. Photonic atoms are the electromagnetic analogue of the real “electronic”
atoms, which possess electronic resonances at discrete frequencies. The distributed Bragg
reflectors used in the amorphous silicon microcavities are examples of one-dimensional PBG’s.

1.4. References

[1] J.D. Joannopoulos and G. Lucovsky, “The physics of hydrogenated amorphous silicon,”
(Springer Verlag, Berlin, 1984).

[2] S. Perkowitz, “Optical Characterization of Semiconductors,” (Academic Press, London,
1993), p.27.

[3] P. Shaoqi and D. Xiaoning, "Properties of Sputtered Amorphous Silicon without
Hydrogen", in “Proceedings of the International Workshop on Amorphous
Semiconductors,” H. Fritzsche, D. Han, C. C. Tsai, Eds. (World Scientific, Singapore,
1987).

[4] J. 1. Panvoke, "Luminescence in Hydrogenated Amorphous Silicon", in “Proceedings of
the International Workshop on Amorphous Semiconductors,” H. Fritzsche, D. Han, C. C.
Tsai, Eds., (World Scientific, Singapore, 1987).

[S] Y. Yamamoto and R. E. Slusher, "Optical Processes in Microcavities," Phys. Today, 46,
66 (1993).

[61 R.E. Slusher and C. Weisbuch, "Optical Microcavities in Condensed Matter Systems,"
Solid State. Commun., 92, 149 (1994).
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2. Amorphous Silicon

Interest in silicon (Si) as a material for optoelectronics has increased recently. With modern
process techniques, it will be possible to integrate lasers, photodetectors, and waveguides into
optoelectronic silicon motherboards to route and modulate optical signals within such silicon
motherboards. Integrated silicon optoelectronics is a rapidly developing field [7]. Discrete and
integrated devices such as photodetectors, modulators, light emitters, resonant cavity enhanced
(RCE) photodetectors, waveguides, photonic bandgap filters, optical amplifiers, optical
interconnects, and optoelectronic integrated circuits are already being realized. However, most of
these devices, with the exception of light emitters, are fabricated using crystalline silicon. Light
emission requires the use of amorphous silicon, since crystalline silicon can not emit light due to
its indirect bandgap.

Hydrogenated amorphous silicon (a-Si:H) is already an established material in semiconductor
technology [8]. The major application of a-Si:H is photovoltaics, color detectors, and active
matrix displays. The primary attribute of the technology is its large area capability, which is
unavailable with other technologies. Another advantage of a-Si:H is that, it can be deposited by
plasma enhanced chemical vapor deposition (PECVD) on almost any substrate at temperatures
below 500 K, which makes it compatible with the microelectronic technology. This property
justifies the interest in a-Si:H as a potential optoelectronic material. Planar waveguides are
already being realized from a-Si:H [9]. With modern process techniques, it will be possible to
integrate lasers, photodetectors, and waveguides into Si motherboards [10,11] for wavelength
division multiplexing (WDM) applications [12].

2.1. Luminescence of amorphous silicon

The advantage of a-Si:H, as well as porous silicon (n-Si), is that, they attract interest as a
potential optical gain medium, because of their room temperature visible electroluminescence
(EL) and photoluminescence (PL). Planar microcavity effects on the PL of #n-Si [13] as well as
Si/SiOy superlattices [14] have already been reported. Recently, we have observed visible PL
from a-Si:H, as well as its oxides (a-SiOx:H) and nitrides (a-SiNy:H) grown by low temperature
PECVD. [15] While the exact mechanism of the occurrence of the PL in bulk a-SiN,:H is still
under discussion, the quantum confinement model is a widely accepted. [16] In the quantum
confinement model the material consist of small a-Si clusters in a matrix of a-SiNy:H. The
regions with Si-H and Si-N, having larger energy gaps due to strong Si-H and Si-N bonds, isolate
these a-Si clusters, and form barrier regions around them. The PL originates from the a-Si
clusters.

A-SiNy:H can be grown both with and without ammonia (NH3). The samples grown without NH;
are referred to as the Si rich samples. The luminescence of these samples is in the red-near-
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infrared part of the optical spectrum. The samples grown with NH; and annealed at 800° C are
referred to as the nitrogen rich samples. The luminescence of these samples is in the blue-green
part of the optical spectrum [17]. The following figure shows the room temperature PL of silicon
rich a-SiN,:H grown without NH;. The PL spectrum has a linewidth of 250 nm and the peak of

the PL is at 710 nm.
750

500}

250}

PL Intensity (arb. units)

0560 600 €50 700 750 800 850
Wavelength (nm)

Figure 2.1. Room temperature photoluminescence of silicon rich a-SiNy:H.

2.2. Surface morphology of the amorphous silicon

Atomic force microscopy (AFM) has been performed the on the a-SiNcH samples to
characterize the morphology of the surface and to analyze origin of the luminescence. The
surface of the a-SiNy:H is optically flat and thus amenable for the growth of multiple layers. This
is necessary condition for the realization of the one-dimensional PBG microcavity. The
following figure shows a low resolution AFM of the a-SiNx:H surface.

10.0

7.5

5.0

2.5

0 2.5 5.0 ?.5 10.0
L]

Figure 2.2. Low resolution AFM of the silicon rich a-SiNx:H surface.
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The surface morphology of the a-SiNx:H is quite uniform. The bulk of the material is composed
of globules of a-SiNx:H and is similar to 7-Si, which has similar luminescence properties. The
following figures show the medium and high resolution AFM pictures of the silicon rich a-
SiNx:H surface. The similarity to 7-Si can be observed better in these figures. Additionally,
although the surface is flat optically, it is quite rough in the 100 nm range, which corresponds to
the average globule size.

0 1.00 2.00
M

Figure 2.3. Medium resolution AFM of the silicon rich a-SiNx:H surface.
500

250

0
500
nM

Figure 2.4 High resolution AFM of the silicon rich a-SiN,:H surface.
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2.3. Porous silicon

Similar to hydrogenated amorphous silicon (a-Si:H), porous silicon also exhibits room
temperature visible PL [18]. Semiconductor microcavity effects have been applied to ©-Si, after
the observation of room temperature visible PL [19] made n-Si a potential optical gain medium
[20]. Steady state [21, 22, 23] and temporally resolved, [24] single and multiple[25] microcavity
controlled PL in t-Si has been observed experimentally [26, 27, 28] and calculated theoretically
[29]. The possibility of using 7t-Si microcavities as chemical sensors has been investigated [30].
In addition, microcavity controlled PL has been observed in n-Si inorganic-organic structures
[31], as well as Si/SiO, superlattices [32, 33, 34]. SiO»/TiO, microcavities [35], SiOx/WOy, and
SiO/MO, multilayers [36] have been fabricated. Microcavity controlled electroluminescence
(EL) of n-Si has been reported [37, 38]. Interference filters [39] and optical waveguides [40]
have also formed from n-Si. Two-dimensional (2-D) photonic crystals have been fabricated in nt-
Si [41] and silicon nitride (Si3N,) [42] waveguides.
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3. Photonic Microcavity

An optical resonator, the optical counterpart of an electronic resonant circuit, confines and stores
light at certain resonance frequencies. These specific frequencies correspond to the optical
modes of the microcavity. The microcavity may be viewed as an optical transmission system
incorporating feedback. Light circulates or is repeatedly reflected within the system. Using the
right geometry it is possible to make one-, two-, or three dimensional optical resonators. Planar
and spherical mirror resonators, ring resonators, and optical fiber resonators are the most typical
optical resonators.

The simplest optical resonator is the planar mirror resonator, often called the Fabry-Perot
resonator, which comprises two parallel planar mirrors between which light is repeatedly
reflected with little loss. It was introduced by A. Fabry and Ch. Perot in 1899. The initial optical
resonator was fabricated using two partially coated mirrors. Later on dielectric and
semiconductor materials were also used, since the Fresnel reflections at high refractive index
step at the material-air interface produces natural mirrors.

3.1. The Fabry-Perot cavity
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Figure 3.1.Schematic of a Fabry-Perot resonator with length d and refractive index n. The first three
resonances are shown.
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The first instrumental passive optical resonator was developed by Charles Fabry and Alfred
Perot, and is now more than a century old. For an excellent review of the Fabry-Perot resonator
the reader should consult the Fabry-Perot Interferometer by J. M. Vaughan [43]. The original
paper on the interference spectroscope was published in the Annales de Chimie et de Physique in
1899 [44].

Additionally, a summary paper focusing on the spectroscopic and metrological applications was
also published [45] together with an English translation [46]. The previous figure is a schematic
description of the Fabry-Perot resonator, and the circulation of photons caused by the reflection
from the mirrors forming the cavity.

3.2. Cavity Quantum Electrodynamics

In a microcavity, the photon density of states (DOS) are enhanced at the cavity resonances, when
compared with the continuum of photon DOS of a bulk sample. The spontaneous emission (SE)
cross-sections at the microcavity resonances are larger than the bulk SE cross-sections because
of the enhanced photon DOS. Also, the luminescence cross-sections in between the microcavity
resonances are smaller than the bulk SE cross-sections.

The cavity alteration of the SE was first proposed for radio waves. [47] The possibility to control
the emission properties of materials with the use of optical microcavities [48,49] attracted the
attention of the photonics community. [50,51] Afterwards, the microcavity alteration of the
spontaneous emission was proposed [52] and observed in organic microcavities, [53] in the
optical part of the electromagnetic spectrum. [54]

In addition, alteration of the SE in semiconductor microcavities was observed [55] and
calculated. [56] In this weak coupling (of the photon and exciton modes) regime, the interaction
(Rabi coupling) strength is smaller than the microcavity mode damping (linewidth) and the
exciton mode damping (linewidth). The SE spectrum is altered due to a redistribution of the DOS
by the presence of the microcavity. However, in the strong coupling (of the photon and exciton
modes) regime, the interaction (Rabi coupling) strength is bigger than the microcavity mode
damping (linewidth) and exciton mode damping (linewidth), and Rabi splitting of the
microcavity and exciton modes occurs. [S7] The proposition of strong coupling in optical
microcavities, [58] was followed by its observation [59] and theory. [60]

If a cavity mode is probed out of the cavity, a resonant change of SE light intensity must be
detected. This effect corresponding to a light intensity spatial redistribution is observed even in
the absence of any sizeable resonant change of the average SE rate. [61] Since the lifetime
changes are the most essential effect in the original concept of the modification of SE proposed
by Purcell. [62] Much attention has been paid to the observation of the cavity induced changes of
the SE decay rate. [63,64] However, the rate of change of SE lifetime in one dimensionally
confined microcavity structures has been predicted theoretically to be relatively small. [65]
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3.3. Optoelectronic Applications

Optical microcavities can now be realized in solid state systems such as organic materials [66]
and semiconductors. [67] Semiconductor microcavities [68] are used in resonant cavity enhanced
(RCE) optoelectronic devices, which are wavelength selective and ideal for wavelength division
multiplexing (WDM) applications. [69] The simple planar Fabry-Perot resonator is the most
widely used geometry in semiconductor microcavities.[70, 71] As they alter the optoelectronic
properties of photonic gain media, semiconductor microcavities can be used in very low
threshold lasers, and very efficient light emitting diodes (LED's). [72] Semiconductor
microcavities have been used in the realization of the low threshold vertical cavity surface
emitting lasers, [73, 74] external-cavity surface emitting lasers, [75] microdisk, [76] and
microwire [77] lasers. Semiconductor microcavities have also been used in efficient RCE LED’s.
[78]

3.4. Resonator Modes
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Figure 3.2.(2) A lossless resonator in the steady state can sustain light waves only at the precise
resonance frequencies, (b) A lossy resonator sustains waves at all frequencies, but the attenuation
resulting from the destructive interference increases at frequencies away from the resonances.
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At resonance the length of the resonator is an integer number of half wavelengths. The resonator
modes can alternatively be determined by following a wave as it travels back and forth between
the two mirrors. A mode is a self reproducing wave, i.e., a wave that reproduces itself after a
single roundtrip. The phase shift imparted by the two mirror reflections is 27 (% at each mirror).
Only self-reproducing waves, or combinations of them, can exist within the resonator in the
steady state. The strict condition on the frequencies of optical waves, that are permitted to exist
inside a resonator, is relaxed when the resonator has losses.

The two principal source of loss in optical resonators are the absorption and scattering in the
medium between the mirrors and the imperfect reflection at the mirrors. There are two
underlying sources of reduced reflection; a partially transmitting mirror is often used in a
resonator to permit the light to escape from it, and the finite size of the mirrors causes a fraction
of the light to leak around the mirrors

In the previous figure (a) a lossless resonator in the steady state sustains light waves only at the
precise resonance frequencies. A lossy resonator (b) sustains waves at all frequencies, however,
the attenuation resulting from the destructive interference increases at frequencies away from the
resonances.

The quality factor (Q) is often used to characterize electrical resonance circuits and resonators.

Large Q factors are associated with low loss resonators. This parameter is defined as [79]:

Q = 2n (stored energy)
(energy loss per cycle)

3.5. Photonic Bandgap Materials

With the introduction of photonic bandgap (PBG) concept in 1987 independently by both Eli
Yablonovitch [80] and Sajev John [81] suddenly other ways to fabricate microcavities appeared.
PBG materials have indeed attracted much attention from the optics and optoelectronics
community [82, 83, 84, 85]. PBG materials are constructed by spatially patterning the dielectric
function of a medium in a periodic way. A medium engineered in such a way exhibits photonic
stop bands, i.e., PBG's, for a certain range of frequencies of the electromagnetic spectrum. A
PBG structure can also be treated as a photonic crystal constructed from “photonic atoms”, i.e.,
dielectric “photonic resonators”, which possess electromagnetic resonances at discrete
frequencies. Photonic atoms are the electromagnetic analogue of the real “electronic” atoms,
which possess electronic resonances at discrete frequencies. Historically, the PBG idea has been
borrowed from solid state physics, where electronic bandgaps (EBG) exist for an electronic
crystal structure, and prevent the existence of electronic levels at certain energies [86].

Alternatively, the PBG and the EBG can be categorized as the bandgaps associated with the
electromagnetic field particle (photon) and the electromagnetic matter particle (electron). A one
dimensional photonic atom is an optical cavity, where the electromagnetic waves are bounded in
only one spatial dimension. After one round trip, the electromagnetic wave comes back to itself
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in phase. This is the most commonly used geometry in active optical devices such as lasers, and
passive optical devices such as filters.

3.6. Distributed Bragg Reflector

The distributed Bragg reflector (DBR) is the simplest one-dimensional PBG. If electromagnetic
radiation falls onto a structure consisting of thin films of several different materials, multiple
reflections will take place within the structure. Exact analysis for the electromagnetic wave
propagation in such structures can be done by the transfer matrix method (TMM). [87, 88, 89]

The simplest nontrivial periodic multilayer system to analyze is the one, whose period consists of
two layers of differing refractive indices ny, n, both having the same optical thickness. Such a
system has a reflectance maximum at a wavelength, for which the optical thickness is a quarter
wavelength and is called a simple quarter-wave stack or a distributed Bragg reflector (DBR).

Figure 3.3. Schematic of an 8 layer distributed Bragg reflector (DBR)

The reflectance of a number of a-SiOy:H and a-SiNy:H quarter wave stacks, which are used as
mirrors of the Fabry-Perot cavity, calculated by TMM is shown in the following figure as a
function of the (normalized) reciprocal wavelength. This figure illustrates that, as the number (N)
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of periods in the stack increases, the reflectance at A, approaches unity. The transition from
reflection to transmission becomes sharper, and the number of oscillations outside the rejection
band increases. As N approaches infinity, the reflectance approaches unity over a band, i.c., the
high reflectance zone [90]. For N =7, N = 10 and N = 14, the reflectance maximum is 91, 97,
and 99 %, respectively. The ratio n;/ ny controls both the width and the height of the of the
reflectance band.
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Figure 3.4. Calculated normalized reflectance spectra of 7, 14, 25 quarter-wave stack distributed
Bragg reflectors (DBR’s). L and H stand for low (a-SiO,:H) and high (a-SiN,:H) refractive index
layers of quarter wave thickness at 710 nm.

3.7. The DBR Microcavity Analysis

A distributed Bragg reflector (DBR) microcavity is shown in the following figure. The DBR’s
are formed from alternating layers of low index ad high index passive optical material. The gain
region is formed from a full wavelength thick active layer.
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Figure 3.5. Schematic of an the amorphous silicon distributed Bragg reflector (DBR) photonic
microcavity
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Figure 3.6. Calculated reflectance curves of microcavities with 7, 10, and 14 pairs of DBR layers
on both sides L and H stand for low and high refractive index layers of quarter wave thickness at

710 nm.
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The response of a number of microcavities with different number of periods in the quarter wave
stack is shown in the previous figure. The calculations are performed by the transfer matrix
method (TMM). This figure illustrates that, as the number of periods in the stack increases, the
reflectance at A, approaches unity. The transition from reflection to transmission becomes
sharper, and the number of oscillations outside the rejection band increases. For N =7, N = 10
and N = 14, the reflectance maximum is 91, 97, and 99 %, respectively. The ratio n;/ ng controls
both the width and the height of the of the reflectance band. Additionally, as the reflectance of
the mirrors increases, the resonant transmission bandwidth at the center design wavelenght of
710 nm decreases. The decrease of the resonant transmission bandwidth results in high quality
factor resonances.
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4. Design and Fabrication

Hydrogenated amorphous silicon oxide (a-SiOx:H) passive based Fabry-Perot microcavities
based on standard complementary metal oxide semiconductor (CMOS) technology have already
been applied to the spectral analysis [91]. The advantage of these optoelectronic microdevices is
that they use the well established CMOS electronic integrated circuit (IC) technology. In this
research, we have used hydrogenated amorphous silicon oxide (a-SiNx:H) active microcavities.
The microcavity was either realized with metallic or dielectric mirrors.

4.1. Metallic microcavity fabricated without ammonia

" The metallic microcavity fabricated without ammonia (NH3) had a Au back mirror and an a-

SiNy:H-air interface front mirror. First, the thin glass substrates were coated with a 100 nm of Au
to fabricate the high reflectance back mirror. Second, a thin layer of a-SiNyx:H was deposited on
the Au coated substrates by PECVD. The flow rate of the PECVD gas (2% SiH4 in N;) was 180
sccm, the radio frequency (RF) power 10 W, and the deposition chamber pressure 1 Torr. The
metric thickness (L) of the a-SiNy:H layer grown without NH3; was measured to be 1400 = 100
nm.

4.2. Metallic microcavity fabricated with ammonia

The metallic microcavity fabricated with NH3 had an Al back mirror and an a-SiNy:H-air
interface (or a a-SiNy:H-Al partially transmitting) front mirror. First, the thin Si or quartz
substrates were coated with 100 nm of Al in order to fabricate the high reflectance Al back
mirror. Second, a thin layer of a-SiNy:H was deposited on the Al coated substrates by PECVD.
The flow rates of the PECVD gases were 180 sccm for 2% SiHy in N; and 10 sccm for NH3, the
RF power 10 W, and the deposition chamber pressure 1 Torr. The metric thickness (L) of the a-
SiNy:H layer grown with NH; was measured to be 1000 £ 100 nm. Finally, the samples were
annealed in a forming gas atmosphere at 600°C for 10 min. For the Al partially transmitting front
mirror microcavities, a thin (approximately 10 nm) layer of Al was deposited on the annealed
samples.

4.3. Dielectric Microcavity fabricated without ammeonia

The dielectric microcavity was realized by a A/2 active layer of a-SiN,:H sandwiched between
two passive DBR’s. First, the bottom DBR was deposited by PECVD on the silicon substrate
using A/4 alternating layers of a-SiNy,:H (with refractive index = 1.72 and metric thickness =
104+5 nm) and a-SiOx:H (with refractive index = 1.45 and metric thickness = 12446 nm). For
the nitrogen rich a-SiNy:H deposition, ammonia (NH3) with a flow rate of 10 sccm, and 2%
silane (SiH4) in nitrogen (N,) with a flow rate of 180 sccm were used. For the a-SiO4:H
deposition, nitrous oxide (N,0) with a flow rate of 25 sccm, and 2% SiHy in N, with a flow rate
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of 180 sccm were used. After the deposition of the bottom DBR, a A/2 layer of silicon rich a-
SiN,:H (with refractive index = 2.03 and metric thickness = 163+8 nm) was deposited. For the
silicon rich a-SiN,:H deposition, only 2% SiH4 in N, with a flow rate of 180 sccm was used.
Afterwards, the top DBR was deposited, using A/4 alternating layers of a-SiO,:H and a-SiN,:H.
The radio frequency (RF) power was 20 W, and the deposition chamber pressure 1 Torr during
the continuous deposition process. The m = 1 cavity mode was tuned to the corresponding
wavelength and growing the layers accordingly. The PL spectrum of bulk amorphous silicon has
an maximum emission at 710 nm. This yields geometrical layer thicknesses of 164 nm and 328
nm for the half wavelength and full wavelength hydrogenated amorphous silicon active layers,
respectively, and 123 nm and 104 nm for the silicon oxide and silicon nitride DBR layers,
respectively.

> A4 SizNy/SiO; quarter wave stack

A thick active laver

> A4 Si0,/SizNg quarter wave stack

Figure 4.1. The planar microcavity structure with DBR mirrors.

The schematic and the scanning electron microscope (SEM) picture of one of the microcavity
structures is shown in the preceding figure. The 328 nm thick a-SiNy,:H layer can be
distinguished in the middle, although it is mixed up a little with the silicon oxide layers enclosing
it. The dark regions are 104 nm thick silicon nitride layers, and the light gray regions are 123 nm
thick silicon oxide layers.

4.4. Sample Cleavage, Cleaning and Cleanliness

In the field of device physics cleaning means to remove the undesired materials from the wafer
before each process step. The dirt may come either from the surroundings or from the previous
process steps. Cleanliness is to prevent the contamination and to maintain the level of cleanliness
that is already present. These two definitions are in fact very simple, but they are very crucial for
achieving high performances in the production of semiconductor devices.
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Clean rooms are categorized by the number of particles contained in the air. A clean room
categorized as a class-100 clean room has 100 or less particles that are 0.5 micrometer or greater
in diameter, in a cubic foot of air. A class-100, which is used for fabrication of semiconductor
devices, requires good filtering techniques and protective clothing on personnel. Class-10000,
which is relatively easy to obtain, is generally used for semiconductor characterization. For
comparison, the general environment of an average building usually exceeds class-100000.

Because we fabricate our devices in just one step by PECVD, cleaning operation is performed
once, after cleaving. The wafers are cleaved into pieces of dimensions 2.0 x 2.0 cm? to fit them
into our reflectance measurement setup. This size is also big enough to assume in theoretical
calculations, that the cavity has infinite dimensions in the x -y plane. In our processes, we
performed 3-solvent cleaning, in which the solvents are Tricholoroethan (TCE), Aceton (ACE),
and Isopropyl Alcohol (ISO). The samples were boiled for 2 minutes in TCE, and then left at
room temperature and then rinsed with deionized water. Drying is very important such that no
droplets should be evaporated on the surface, since they carry dirt. For this reason nitrogen gun is
used for removing the water from the surface. Finally the samples are kept on the hot plate at
120°C for 50 seconds. The solvents are semiconductor grade, that is they are extremely pure and
filtered in sub-microns. Organic solvents are effective in removing oils, greases, waxes and
organic materials. Many cleaning methods with various materials procedures do exist, and they
are chosen by trial and error.

4.5. Plasma Enhanced Chemical Vapor Deposition

Plasma processing is used extensively in the semiconductor industry for etching and growth of
thin film materials [92]. Plasma assisted techniques are especially important in deposition of
thin-film materials because they can be accomplished at relatively low temperatures. Such
materials could be deposited on wafers using chemical vapor deposition, in which the reactant
species are introduced into the vicinity of a hot wafer by gaseous flow and the appropriate
reactions to drive this chemical reactions are often 700° to 1000° C. For gallium arsenide wafers,
arsenic evolves in this temperature range. Metals commonly present on the wafer can not be
exposed to these extremes either. As one example ohmic constants are formed at approximately
450° C. Temperatures above 500° C will rapidly destroy the ohmic contact. Therefore CVD is not
a generally useful technique, so low-temperature, plasma driven reactions are used instead. The
plasma-assisted deposition process is denoted as plasma-enhanced chemical vapor deposition
(PECVD). PECVD yields films that are amorphous in nature with very little short range
structural ordering. Chemical bonding within the film may vary. The plasma assisted deposition
process sometimes has been called plasma polymerization to emphasize that the film may be
randomly bonded, and highly cross-linked. Therefore, chemical species other than the desired
ones are often included in the film. In this sense, plasma assisted deposition is more complex
than plasma-assisted etching, in which it does not much matter what the final products are,
because they disappear into the pumps.

From the perspective of a physicist, the plasma state encompasses a wide range of electron
energies and densities and includes such phenomena as flames, low-pressure arcs, solar coronas,
and thermonuclear reactions. The regime of interest to semiconductor processing is the low-
pressure plasma or glow discharge regime. These plasmas are characterized by gas pressures on
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the order of 0.1 to several Torr, free-electron densities of 10° to 10" cm™, and electron energies
of 1.0to 10.0e V.

The plasma is able to generate chemically reactive species at relatively low temperature because
of the nature of the plasma state. The temperature of the chemical species (atoms, molecules, or
radicals), as represented by their translational and rotational energy, is generally near ambient.
The electrons, however, can exhibit temperatures of tens of thousands of degrees Kelvin. The
electron energy is sufficient to break molecular bonds and create chemically active species in the
plasma. Any of these species can be excited to higher electronic energy states by further
interaction with the electrons. Hence, chemical reactions that usually occur only at high
temperatures can be made to occur at low or even ambient temperatures in the presence of an
activating plasma state. Most of the species remain neutral in glow discharges. This feature
allows most of the plasma to remain near ambient temperatures. Although the ionization rate is
small, it is adequate to provide sufficient number of reactive species. The light glow emitted
from the plasma is characteristic of the electronic transitions taking place. The wafer is generally
heated to aid the deposition process, but usually less than a few hundred degrees Celsius.
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Figure 4.2. The schematic of the Plasma Enhanced Chemical Vapor Deposition (PECVD) system.

Plasma processing occurs in equipment called plasma reactors. Wafers are placed on the lower
electrode, which is also used to heat wafers. The 13.56 MHz RF signal which excites the plasma
is applied across the two electrodes. The reactant gases are introduced at the outer radius, and
flow radially between the electrodes. The plasma occupies the region between the two
electrodes, but is excluded from the immediate vicinity of the electrode surface by
electromagnetic effects. This region is called the plasma sheath or the dark region (because it
doesn't glow). It is on the order of 0.1 to 10.0 mm thick, depending on the operating conditions.
The plasma is generally neutral, with positive species balancing negative ones. However, the
plasma sheath is a region of positive space charge and the electrode surfaces are negative with
respect to the plasma. This is due to the higher mobility of electrons, which move rapidly to the
surface of electrodes. The RF voltage is applied through a large blocking capacitor, so that no dc
bias is intentionally applied. Most of the voltage between the two electrodes is dropped across
the two plasma sheaths.
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The plethora of chemical species in the plasma and the nature of the plasma state make
processing results extremely sensitive to virtually all possible parameters: gas type, gas flow rate,
gas delivery position, pressure, electrode geometry, power, power density, radio frequency,
wafer temperature, and wafer material The possible chemical reactions can be highly complex,
because of the presence of so many radicals. These considerations mean that plasma processes
are developed more by empirical means than by theoretical analysis.

A number of materials have been grown by using PECVD. The major materials are
hydrogenated amorphous silicon nitride (n = 1.7) and hydrogenated amorphous silicon oxide (n =
1.4) are used particularly for inter-level dielectrics, capacitor dielectrics, and scratch protection.
They are used as the alternating refractive index layers of the DBR’s.

4.6. Nitrogen rich hydrogenated amorphous silicon nitride deposition

A mixture of 2% silane (SiH,) and 98% nitrogen (N) is used as the silicon source, and ammonia
(NHj;) as the nitrogen source. The desired overall reaction would be

3SiH4 + 4NH; = SisN, + 12H,
or
3SiH, + 2N, = SisN, + 6H,

but there are enormous number of possible intermediate reactions. Oxygen may be present from
background gases or water Carbon may be present from background hydrocarbons, such as pump
oil. The resulting "silicon nitride" may include Si, N, 0, H, and C. Even in the complete absence
of background components or contamination, hydrogen will be included in the film because of
ammonia. In fact, plasma a-SiN,:H can contain as much as 20-25% hydrogen. [93-94] So the
Si/N ratio will not necessarily be 3/4, it is a function of the operating parameters.

Parameter Value

Automatic Pressure Controller (APC) Pressure 1000 m Torr

RF Power 20W
Temperature 100°C
2%SiH4+98%N, Flow Rate 180 sccm
NH; Flow Rate 10 sccm
Process Time 5.60 minutes

Table 4.1. Nitrogen rich hydrogenated amorphous silicon nitride PECVD recipe
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The recipe in the previous table was found by empirical means and used, to deposit
approximately 1040 A thick nitrogen rich hydrogenated amorphous silicon nitride (a-SiNy:H)
layer.

4.7. Hydrogenated amorphous silicon oxide deposition

Although it is common to refer to plasma deposited hydrogenated amorphous silicon oxide (a-
SiO,:H) as "silicon dioxide", the same caveats on stoichiometry, that applied to a-SiNx:H, also
apply here. The Si/O ratio may depart from %. The mixture of 2% silane (SiHs) and 98%
nitrogen (N;) is used as the silicon source , and nitrous oxide (N,O) as the oxygen source. The
desired overall reaction would be

SiH; + 2N,0 > Si0, + 2N, + 2H,

Oxygen has a much greater affinity for reacting with silane than does nitrogen. Hence, silicon
oxide formation dominates over silicon nitride formation. The recipe in the below table was used
to deposit approximately 1230 A thick layer.

Parameter Value
Automatic Pressure Controller (APC) Pressure 1000 m Torr
RF Power 20W
Temperature 100°C
2% SiH4+ 98% N, Flow Rate 180 sccm
N,O Flow Rate 25 sccm
Process Time 2.81 minutes

Table 4.2. Hydrogenated amorphous silicon oxide PECVD recipe

The thickness and the refractive indices of a-SiOy:H and a-SiNy:H layers were measured by an
ellipsometer. Although the precision of the ellipsometer is 1 Angstrom (A), subsequent
measurements may differ, e.g., about 10 - 20 A for 1230 A thick a-SiO,:H layer, which means an
error of approximately 1.5%.
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4.8. Silicon rich hydrogenated amorphous silicon nitride deposition

Hydrogen is included in the plasma deposited film, because silane is used as the silicon source.
Like a-SiNgH and a-SiO.H, although we refer to our plasma deposited material as
"hydrogenated amorphous silicon", it contain N, because silane is mixed with a carrier gas, N».
Oxygen may be present from background gases or water, carbon may be present from
background hydrocarbons. So the resulting "hydrogenated amorphous silicon" includes Si, H, N,
0, and C. The recipe used to deposit approximately 1640 A thick hydrogenated amorphous
silicon nitride layer is given in the below table. Ellipsometer can not measure the thickness and
the refractive index of amorphous silicon. The thickness was measured by a surface texture
analysis system to be 1640 + 30 A and the refractive index was estimated from the literature to
be 2.18. [95, 96]

Parameter Value

Automatic Pressure Controller (APC) Pressure 1000 m Torr

RF Power 20W
Temperature 100°C
2% SiH4 + 98% N, Flow Rate 180 sccm
Process Time 6.34 minutes

Table 4.3. Silicon rich hydrogenated amorphous silicon nitride PECVD recipe
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5. Characterization and Results

5.1. Photoluminescence measurements

Photoluminescence (PL) study of a sample is a good technique to characterize the material,
revealing the optical characteristics of the sample. To investigate the light emission properties of
the sample, a PL spectrum is necessary. This analysis helps in understanding the energy band
structure of the sample, therefore determining the emission wavelength, together with some other
material parameters. The interaction of light with semiconductors occur at the spectral range 0.1-
1000 um (0.001-12 V). In the near ultraviolet, visible, near infrared region (0.24-3.1 V) the
dominant effect is absorption at the band gap and by impurities, leading to PL under certain
conditions.

A valence electron can be excited across the band gap of a semiconductor with an incoming
photon, whose energy equals to or exceeds the gap value. Absorption also occurs, when the
photon raises an electron from a neutral donor level to the conduction band, or from the valence
band to a neutral acceptor level. It is also possible to induce absorptive transition from the
valence band to an ionized donor level, or from an ionized acceptor level to the conduction band.
These processes lead to the sensitive probe of PL, which occurs when the excited electron returns
to its initial state. This process can be either radiative or non-radiative. If it is radiative, it emits a
photon whose energy gives the difference between the excited and the initial state energies. The
emission spectrum shows a fingerprint peak related to the energy of each excited level.

The gap being direct or indirect strongly affects the absorption process. The incoming photon
carries negligible momentum compared to that of the electron, so the absorbing electron gains
energy without changing its wavevector. In a direct gap semiconductor like GaAs an electron at
the valence band maximum, executes a vertical transition to the conduction band minimum
directly above. From the energy conservation,

hv = Ef -Fi,
where Ef and Ei are the final and initial energies of the electron, and hv is the photon energy.
For an indirect gap semiconductor like crystalline silicon, the excited electron needs additional
momentum to reach the conduction band minimum at a nonzero wavevector. It gains this
momentum through a phonon,
hv=Ef-Ei+hQ,

where hQ is the phonon energy, and + corresponds to the phonon emission and absorption.
Phonon emission dominates at low temperatures, since there are less phonons. The need for an
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additional third body interaction with the phonon makes indirect absorption far less probable
then direct absorption, resulting in a weak absorption.

After any of the absorption processes separates an electron and a hole, they recombine. This can
proceed in either radiative or non-radiative form. In a direct gap semiconductor, the
recombination transition is vertical. For an indirect gap, a phonon must be involved as in indirect
absorption. Because of the same reason, as in absorption, the indirect recombination process is
much less probable than direct recombination. This explains why crystalline silicon, with its
indirect band gap, is a poor light emitter.

Although radiative emission is in many ways the inverse of absorption, there are two main
distinctions. One is that recombination is a non-equilibrium process, requiring a supply of
electrons at energies above their equilibrium values. For this reason lasers are used as pumping
sources. Second, all electronic states whose energy difference obey the conservation law
participate in absorption, leading to broad spectral features. But for emission, the recombining
electron hole pairs have well defined energy levels, resulting in narrow spectral features. This is
why PL is a better tool for characterization than absorption spectroscopy. The sharp peaks of PL
can yield highly accurate values for the gap and impurity energies.

The room temperature PL setup consists of a pump laser, a spectrometer, a lock-in amplifier, and
a digital oscilloscope. The collected PL signal is imaged to the entrance slit of the spectrometer,
whose output is fed to a sensitive photomultiplier tube (PMT). A lock-in-amplifier is providing
the necessary electronic gain to the PMT output gain in phase with the laser pulse. The digital
oscilloscope is used for monitoring and optimizing the PMT signal. All of the measurement and
test devices are computer controlled and the data is acquired digitally. For the room temperature
measurements at 300 K the samples are attached to a holder. For low temperature measurements
the samples are placed in a closed cycle cryostat system. The closed cycle cryostat system is
used to control the sample temperature from 10 K to 300 K.

Sample

Figure 5.1. The experimental photoluminescence setup.
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5.2. Transmittance, reflectance, and absorbance measurements

The visible-near-infrared spectrophotometer is used for the transmittance, reflectance, and
absorbance (TRA) measurements of bulk and microcavity sample. The optical design of the
spectrophotometer is shown in the following figure. [97] The light from the source, which
passes through the filter wheel is directed through the entrance slit into the monochromator,
where the grating disperses the light into its monochromatic components. After passing through
the monochromator, the light is split into two equal beams. One of the beams is directed onto the
sample at 0° with respect to the surface normal and reflected, the other is used as reference beam
to compensate the spectrum obtained for changes in some of the system variables. The beams are
then recombined and enter the detector compartment. Reflected intensity is calibrated relative to
a "perfect reflector," which was an aluminum mirror.

UV-VIS-IR Source

Recombiner

Detector

Figure 5.2. Layout of the spectrophotometer.

5.3. Temperature dependence of the PL

The following figure shows the PL spectra of the a-SiNy'H measured in the
550 - 900 nm wavelength and in the 12 — 298 K temperature range at a constant excitation laser
intensity of 0.1 W cm™ A broad PL band centered at 710 nm (E, =1.746 eV) at 12 K is
observed. The PL spectra have approximately a Gaussian lineshape modulated slightly by Fabry-
Perot resonances. These resonances are due to the Fresnel reflections from the a-SiN,:H film
surfaces. The PL intensity decreases with increasing temperature. This feature is typical of the
PL, which is due to donor-acceptor pair transitions observed in semiconductors [98].
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Figure 5.3. PL spectra of a-SiNx:H in the 12 - 298 K temperature range.
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Figure 5.4. Temperature dependence of a-SiN,:H PL intensity at the emission band maximum.
The arrow at 170 K shows the starting point of the intensive quenching.
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The variation of the PL peak with respect to temperature is plotted in the previous figure. In the 12
- 170 K range, the PL intensity decreases slowly. Above 170 K, however, the PL intensity
decreases at a larger rate due to a thermal quenching process. The activation energy AE for this
thermal quenching process can be derived in the 170 - 298 K temperature range using a nonlinear
least squares fit to the following equation,

I=1, exp (AE/kgT),

where 1 is the PL intensity, I, a proportionality constant, and kg the Boltzmann’s constant. The
semilog plot of the emission band intensity as a function of the reciprocal temperature gives a
straight line in the 170 - 298 K region. An activation energy of E, = 0.027 eV for the emission
band is derived from the slope of the straight line fit. This activation energy is associated with a
shallow level located at 0.027 eV from the band. This shallow level in undoped a-SiNy:H may be
associated with the presence of defects and unintentional impurities [99].

5.4. Power dependence of the PL

The following figure presents the PL spectra for 10 different laser intensities at 12 K. As the power
is increased the PL intensity increases.
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Figure 5.5. PL spectra of a-SiN,:H in the 0.1 —3.7 W cm? laser intensity range at 12 K.

The intensity variation of the emission band versus the excitation laser intensity at T = 12 K is also
investigated and plotted in the following figure. The experimental data can be fitted by a simple
power law,

Toc LY,
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where 1 is the PL intensity, L the excitation laser intensity, and y a dimensionless exponent. It was
found that, the PL intensity increases sublinearly (i.., Y= 0.89) with respect to the excitation laser
intensity. For an excitation laser photon with an energy exceeding the band gap energy Eg, the
coefficient y is generally 1 < y< 2 for the free- and bound-exciton emission, and yY< 1 for free-to-
bound and donor-acceptor pair recombination [100]. Thus, the obtained value of y = 0.89 confirms
the assignment of the observed emission band in a-SiNcH is due to donor-acceptor pair
recombination.

-—
~3

-
o
1
!

A
(3]
T
|

-
¥ -
w
|

i 1

6 7 8 9 10 11
Ln (Laser Intensity)

Ln (Integrated PL Intensity)
o

Figure 5.6. Dependence of a-SiN,:H integrated PL intensity versus excitation laser intensity at 12
K. The solid curve gives the theoretical fit using Eq. 7 o< L7,

5.5. TRA of the a-SiN,:H fabricated without ammonia

The following figure shows the measured and calculated transmittance, (a) reflectance, (b) and
absorbance (c) spectra of the bulk a-SiNy:H fabricated without ammonia (NH3). The absorbance
spectrum is obtained by subtracting both the reflectance and transmittance spectra from unity,
i.e., 100%.




5. Characterization and Results

100
s 8f @
@ - - experimental |
S 60 [ P 1
£ ——calculated
E 4| a-SiNx:H
§ [ glass
- 20 f
o [ ] ! l
400 500 600 700 800 900
100
[ —experimental
_ 80 f (b) p 1
2 [ —calculated
) [
£ 80 - a-SiNx:H
g 40 _ glass
ko -
o [ | ! L | L i f ] L
400 500 600 700 800 900
100
S 80 — eXperimental
§ 60 _ —— calculated
8 ¥ a-SiNx:H
= 40 |
8 L glass
< 0fF (
0 : x : ——ie )

400 500 600 700 800 900
wavelength (nm)

Figure 5.7. Experimental and theoretical (a) transmittance, (b) reflectance, and (c) absorbance
spectra of the silicon rich a-SiN,:H fabricated without NH;.
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In the calculations, the total transmitted and the reflected electric fields for each wavelength were
obtained using an absorbing Fabry-Perot microcavity model. In this model, we assumed the
sample to be a one dimensional absorbing dielectric slab. The experimentally measured
absorbance spectrum was obtained by subtracting both the experimentally measured
transmittance and the reflectance spectra from 100%. This experimentally measured absorbance
spectrum was then incorporated to the calculations of the transmitted and reflected electric fields.
The calculated transmittance and reflectance at each wavelength were obtained from their
respective electric fields. Later, as a final check, the calculated transmittance and reflectance
intensity was subtracted from 100% to obtain the calculated absorbance.

The theoretical fit to the experimental spectra is extremely good. The metric thickness of the a-
SiN,:H is found to be L = 1376 nm (which agrees well with the experimental thickness of 1400 +
100 nm) and the refractive index n = 2.1. Both the transmittance (maxima) and reflectance
(minima) spectra show Fabry-Perot resonances at wavelengths (An) satisfying the microcavity
resonance condition:

Ay =28, 0

m
m

where m is the quantized mode number, L the metric thickness, and n the refractive index of the
microcavity. The microcavity is formed because of the Fresnel reflections from the air and glass
interfaces. The mode number of these resonances were found to range from m =11 (A;; = 545
nm) to m = 7 (A; = 835 nm). The resonances have linewidths of AL = 35 nm and quality factors
of Q = 20. Below 600 nm, the resonances start to wash out by the absorption of the a-SiNx:H.
The loading of the resonances by the a-SiNx:H absorption stops above 600 nm.

5.6. PL of the metallic microcavity fabricated without ammonia

The following figure shows the PL of the metallic a-SiN,:H microcavity fabricated without NH3,
whose transmittance, reflectance, and absorbance spectra were shown in the previous figure. The
PL intensity is modulated by the weak Fabry-Perot resonances, which correlate well with the
maxima of the transmittance spectrum, and the minima of the reflectance spectrum. The red-
near-IR PL has a broad linewidth (250 nm). This broad linewidth heralds a-SiNy:H as a novel
photonic gain medium.

The Fabry-Perot resonances have experimental and theoretical linewidths of AL = 25 nm and
quality factors of Q = 30. The metric thickness of the a-SiNy:H microcavity with the Au mirror
was found to be L = 1438 nm (which agrees well with the experimental thickness of 1400 = 100
nm) and the refractive index n = 2.1. The PL is modulated by the strong Fabry-Perot resonances.
The mode number of these resonances were found to range from m = 11 (A;; = 558 nm) to m =
7 (A7 = 874 nm).
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Figure 5.8. PL spectrum of the nitrogen rich a-SiN,:H microcavity fabricated without NH; (a)
without the Au back mirror and (b) with the Au back mirror.

The PL spectra of the above figure were obtained under the same experimental conditions. When
comparing the spectra, the PL of the microcavity with the Au mirror has 3 noteworthy features
with respect to the PL of the bulk a-SiNy:H : (1) there is a 2X increase of the overall spectrum
average (i.e., averaging out the Fabry-Perot resonances), (2) there is a 4X enhancement of the PL
peaks, and (3) the PL dips have similar amplitude. These 3 features are noticed with respect to
the PL of the bulk a-SiN,:H. The 2X increase is due to the "round trip" of the excitation laser in
the Fabry Perot cavity due to the presence of the back Au mirror. Since the wavelength of the
laser is non-resonant, the input laser light does not resonate in the cavity, which would have
enhanced the PL further. The 4X enhancement at the resonances, are clearly due to the combined
effect of the enhancement of the PL by the cavity resonances with that of the input laser
reflecting from the back Au mirror. The PL dips having the same amplitude in both spectra is
due to the inhibition of the PL in between the resonances.




5. Characterization and Results

5.7. TRA of the bulk a-SiN,:H fabricated with ammonia
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Figure 5.9. Experimental and theoretical (a) transmittance, (b) reflectance, and (c) absorbance
spectra of the bulk a-SiN,:H fabricated with NH;.
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The previous figure shows the measured and calculated transmittance, (a) reflectance, (b) and
absorbance (c) spectra of the bulk a-SiNy:H fabricated with NH;. The absorbance spectrum is
obtained by subtracting both the reflectance and transmittance spectra from unity, i.e., 100%.
The calculations were performed using the absorbing Fabry-Perot microcavity model described
in the previous section.

The theoretical fit to the experimental spectra is extremely good. The metric thickness of the a-
SiN,:H grown with NH; is found to be L = 963 nm (which agrees well with the experimental
thickness of 1000 + 100 nm) and the refractive index n = 1.6. Both the transmittance (maxima)
and the reflectance (minima) spectra show Fabry-Perot resonances at wavelengths (Ar,) satisfying
the microcavity resonance condition. The microcavity is formed by Fresnel reflections from the
air and quartz interfaces. The mode number of these resonances were found to range from m =7
(A7 = 461 nm) to m = 4 (A4 = 760 nm). The resonances have linewidths of AA = 40 nm and
quality factors of Q = 10. Compared with the absorption of the a-SiN,:H grown without NH3, the
absorption of the a-SiN,:H grown with NHj3 is an order of magnitude lower. Consequently, there
is no loading of the resonances by the absorption.

5.8. PL of the metallic microcavity fabricated with ammonia

The following figure shows the PL of the a-SiNyx:H grown with NH; on Si together with the
samples grown on quartz, whose transmittance, reflectance, and absorbance spectra were shown
previously. The samples grown on quartz are used for transmittance and reflectance
measurements. The samples grown on Si are used for PL measurements, since Al sticks better to
Si when compared with quartz.

The PL intensity is modulated by the weak Fabry-Perot resonances. The mode number of these
resonances were found to range from m = 7 (A; = 488 nm) to m = 6 (A¢ = 572 nm). The PL is
inhibited in between these two resonances at m = 6.5 (Ass = 524 nm). The blue-green PL has
also a broad linewidth (100 nm). This broad linewidth again shows that, a-SiNy:H has potential
as a novel photonic gain medium. The Fabry-Perot resonances have experimental and theoretical
linewidths of AL = 40 nm and quality factors of Q = 10. The metric thickness of the a-SiNy:H
grown on Si was found to be L = 1103 nm (which agrees well with the experimental thickness of
1000 = 100 nm) and the refractive index n = 1.6.

Figure (b) depicts the PL of the a-SiNy:H microcavity with the Al back mirror. Al is chosen
instead of Au, because Al has higher reflectance in the blue-green part of the optical spectrum.
The Fabry-Perot resonances have experimental and theoretical linewidths of AL = 60 nm and
quality factors of Q = 8. The metric thickness of the a-SiN,:H microcavity with the Al mirror
was found to be L = 929 nm (which agrees well with the experimental thickness of 1000 = 100
nm) and the refractive index n = 1.6. The PL is modulated by the strong Fabry-Perot resonances.
The mode number of these resonances were found to range fromm =6 (A¢ =515 nm)tom =35
(As =603 nm).
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Figure 5.10. PL spectrum of the nitrogen rich a-SiN,:H metallic microcavity fabricated with NH;
and (a) without or, (b) with the Al mirror.

The two PL spectra of the above figure were obtained under the same experimental conditions.
When comparing the spectra, the PL of the microcavity with the Al mirror has 3 noteworthy
features with respect to the PL of the a-SiNy:H : (1) there is a 1.3X increase of the overall
spectrum average (i.e., averaging out the Fabry-Perot resonances), (2) there is a 2X enhancement
of the PL peaks, and (3) the PL dips have similar amplitude. These 3 features are noticed with
respect to the PL of the a-SiN,:H. The 1.3X increase is due to the "round trip" of the laser in the
cavity due to the presence of the back Al mirror instead of a Si substrate, which only partially
reflects the incident beam. Since the wavelength of the laser is non-resonant, the input laser light
does not resonate in the cavity, which would have enhanced the PL further. The 2X enhancement
at the resonances, are clearly due to the combined effect of the enhancement of the PL by the
cavity resonances with that of the input laser reflecting from the back Al mirror. The PL dips
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having the same amplitude in both spectra is due to the inhibition of the PL in between the
resonances.

375
_’."j a-SiNx:H
[ = N
S Si
a8 250
s
=y
2
&S 125
=
a (@)
0
460 540 620 700 780 860
750
2
S Al
£ 500 | a-SiNx:H
8 Al
=y Si
[72]
& 250
£
3 (b)
0 L L ol o

460 540 620 700 780 860
wavelength (nm)

Figure 5.11. PL spectrum of the nitrogen rich a-SiNy:H metallic microcavity fabricated with NH;
and (a) without the Al back mirror, (b) with the Al back and front mirrors.

The above figure shows the PL of the a-SiNy:H grown with NHj3 divided by 15, in order to have
the same spectral average for both figures. Figure (b) depicts the PL of the a-SiNy:H microcavity
with the Al back and Al front partially transmitting mirror. The Fabry-Perot resonances have
experimental and theoretical linewidths of AL = 20 nm and quality factors of Q = 25. The metric
thickness of the a-SiNy:H microcavity with the Al back and partially transmitting front mirror
was found to be L = 1072 nm (which agrees well with the experimental thickness of 1000 + 100
nm) and the refractive index n = 1.6. The PL is modulated by strong Fabry-Perot resonances. The
mode number of these resonances were found to range fromm =7 (A; =488 nm)tom=5 (A5 =
687 nm). When comparing the spectra in (a) and (b), the PL of the microcavity with the Al back
and partially transmitting Al front mirror has 3 noteworthy features with respect to the PL of the
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a-SiN:H : (1) the overall spectral averages are the same (i.e., averaging out the Fabry-Perot
resonances), (2) there is a 2X enhancement of the PL peaks, and (3) the PL dips have similar
amplitude. These 3 features are noticed with respect to the PL of the nitrogen rich a-SiN,:H. The
2X enhancement at the resonances, while the overall average being the same, is clearly due to the
enhancement of the PL by the cavity resonances. The PL dips having the same amplitude in both
spectra is due to the inhibition of the PL in between the resonances.

5.9. Dielectric silicon rich a-SiN,:H microcavity
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Figure 5.12. The schematic of the dielectric silicon rich a-SiN,:H microcavity.

In this section, we study, the alteration of PL in an all dielectric silicon rich a-SiNy:H
microcavity. We also study the measured and calculated reflectance of the all dielectric silicon
rich a-SiN,:H microcavity. The previous figure shows a schematic of the dielectric silicon rich a-
SiN,:H microcavity. The A/4 passive nitrogen rich a-SiNy:H layers are shown in black, while the
A4 passive a-SiOx:H layers are shown in white. The active A/2 central layer of silicon rich a-
SiN,:H is shown in gray. The following figure shows a scanning electron microgram (SEM) of
‘the dielectric silicon rich a-SiNy:H microcavity.

Figure 5.13. The SEM of the dielectric silicon rich a-SiN,:H microcavity.
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5.10. Reflectance of the dielectric distributed Bragg reflector
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Figure 5.14. Experimental (solid line) and calculated (dotted line) reflectance spectra of a DBR

with alternating a-SiN,:H and a-SiN,:H.
Experimental and calculated reflectance spectra of a DBR which has alternating a-SiN,:H and a-
SiN,:H layers is shown in the previous figure. The DBR is highly reflective over a stop band
range of 80 nm. Calculations are performed by transfer matrix method (TMM). The following
figure shows the reflectance spectra of the half wavelength microcavity formed by 2 DBR
mirrors.
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Figure 5.15. Experimental (solid line) and calculated (dotted line) reflectance spectra of half
wavelength thick microcavity formed by 2 DBR mirrors.
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5.11. Reflectance of the half wavelength thick dielectric microcavity

Experimental and calculated reflectance spectra of a half wavelength thick dielectric microcavity
with 2 DBR mirrors is shown in the previous figure. Cavity resonance wavelength is 710 nm,
which is the position of the dip in the stopband.
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Figure 5.16. Wavelength reflectance spectrum of half wavelength thick microcavity.
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Figure 5.17. Frequency reflectance spectrum of half wavelength thick microcavity.
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Reflectance vs. wavelength and frequency spectrum of a half wavelength thick microcavity
enclosed between two DBR’s, which have alternating a-SiN,:H and a-SiOx:H layers is shown in
the previous figures. Reflectance versus frequency spectrum is symmetrical because the adjacent
reflection minima and maxima are equally spaced in frequency scale.

The following figure shows the measured reflectance spectrum of the silicon rich a-SiNyH
microcavity. The room temperature reflectance measurements were made at 0+5° with respect to
the surface normal with a resolution of 0.1 nm. The measured reflectance spectra of show a
microcavity resonance at a wavelength of 710 nm. This resonance has a linewidth of AA = 6 nm
and a quality factor of Q = 120. In order to compare our experimental reflectance measurements,
we have also calculated the room temperature reflectance spectrum of the a-SiNx:H microcavity
using transfer matrix model (TMM) . [101]
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Figure 5.18. The measured reflectance spectrum of the dielectric silicon rich a-SiNgH
microcavity.

The following figure shows the calculated room temperature reflectance spectrum of the
dielectric silicon rich a-SiNy:H microcavity. The calculated spectrum is in good agreement with
the experimentally observed reflectance spectrum. The resonance linewidth AA and the quality
factor Q can also be estimated using the multiplication of the electric field amplitude reflectivity
coefficients r; and r;:
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Figure 5.19. The calculated reflectance spectrum of the dielectric silicon rich a-SiNi:H
microcavity.
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where A = 710 nm is the resonant wavelength, n, = 2.03 the refractive index of the silicon rich a-
SiN,:H, ng; = 3.77 the refractive index of the silicon substrate, n, = 1.0 the refractive index of air,
n, = 1.72 the refractive index of the nitrogen rich a-SiNy:H, n, = 1.45 the refractive index of a-
SiOcH, n = 1.59 the average refractive index of a-SiNc:H and a-SiO«H, An = 0.27 the
refractive index difference of a-SiN,:H and a-SiOx:H, and ¢ the number of pairs in each DBR.
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5.12. PL of the half wavelength thick dielectric microcavity
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Figure 5.20. The measured PL spectrum of the half wavelength thick dielectric silicon rich a-

SiN,:H microcavity.
The room temperature PL spectra were measured with a resolution of 0.1 nm. The PL spectra
were later corrected for the responsivity of the spectrometer and the photomultiplier tube (PMT).
The PL spectra were taken at 0£5° with respect to the surface normal. The PL spectra shows a
microcavity resonance at a wavelength of 710 nm. This resonance has a linewidth of AA = 6 nm
and a quality factor of Q = 120. The PL is enhanced by the microcavity resonance.
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Figure 5.21. The PL spectrum of the half wavelength thick bulk Si rich a-SiN,:H.
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In order to clarify the effect of the microcavity and to demonstrate its advantages with respect to
the bulk Si rich a-SiNx:H, we also show the PL of a A/2 thick layer of bulk Si rich a-SiNx:H in
the previous figure. Both spectra are obtained under the same experimental conditions. The red-
near-infrared PL of the bulk Si rich a-SiNx:H has a broad linewidth of 250 nm. This broad
linewidth shows that, Si rich a-SiNx:H has potential as a novel photonic gain medium.

A comparison of the spectra in the previous figures shows that the effect of the microcavity is
twofold: first, the wide emission band (250 nm) is strongly narrowed to 6 nm; second, the
resonant enhancement of the peak PL intensity is more than one order of magnitude with respect
to the emission of the A/2 thick layer of bulk Si rich a-SiNx:H (assuming that all the transmitted
excitation light is pumping the active layer in both cases, with a transmittance of approximately
70% at the excitation wavelength for both cases). In addition by choosing the appropriate width
of the Si rich a-SiNx:H active layer and DBR's, it is possible to select the emission wavelength of
the microcavity by taking advantage of the broad spectral emission of the a-SiNx:H active layer.
Both spectra are plotted together in the following figure.
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Figure 5.22. Photoluminescence spectrum of a half wavelength thick microcavity with 2 DBR
mirrors (solid line) and bulk amorphous silicon (dotted line). The data of the amorphous silicon
were multiplied by 10 for comparison. The inset shows the schematic of the structure.

The following figure shows the reflectance and the PL spectra of a half wavelength thick
microcavity with DBR’s. The PL peak and the dip of the reflectance spectrum coincide at 710
nm. The resonant transmission bandwidth is 6 nm. The PL peak has a full width at half
maximum of 6 nm. Q was estimated to be 313 for a microcavity with 2 DBR mirrors, but that
was calculated by taking the reflectances of the mirrors as 99.1 %, which is the reflectance
maximum of the DBR’s. However the fabricated structure's reflectivity is 98%. This gives a
quality factor of 155, which is close to the experimental value of 120.
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Figure 5.23. Reflectance and PL spectra of a half wavelength thick dielectric microcavity.
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Figure 5.24. Modeled emission spectra (solid line) and PL (dotted line) of a half wavelength thick
dielectric microcavity.

In order to prove that the microcavity structure does not act to simply filter the SE, which would
yield only a relative and not an absolute enhancement the emission spectrum of a half
wavelength thick microcavity was modeled as the PL spectrum of the bulk amorphous silicon
multiplied by the transmission spectrum of the sample. The spectral shape of PL can not be
reproduced by simply multiplying the PL spectrum of the bulk by the transmittance of the
sample.
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5.13. Reflectance of the full wavelength thick dielectric microcavity

The thickness of the resonator must be an integer multiple of half wavelength (A/2) in order for a
resonance to occur. A structure with one A thick active layer was fabricated, and its optical
response was compared to the A/2 thick microcavity. The following figures show the reflectance
spectra of the A and A/2 thick structures, respectively. As it is seen in the figures, there is not a
significant change related to the larger active layer thickness.
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Figure 5.25. Reflectance spectrum of the half wavelength thick cavity.
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Figure 5.26.Reflectance spectrum of the full wavelength thick cavity.
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5.14. PL of the full wavelength thick dielectric microcavity

The following figures show the PL spectra of the half wavelength (A/2) thick and the full
wavelength (A) thick structures, respectively. As it is seen in the figures there is not a significant
change related to the larger active thickness.
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Figure 5.27. PL spectrum of the half wavelength thick cavity.
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Figure 5.28.PL spectrum of the full wavelength thick cavity.
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6. Conclusions

Bulk and microcavity luminescence properties of hydrogenated amorphous silicon nitride (a-
SiN,:H) were studied at room temperature and at low temperatures. The PL emission intensity
increases at low temperatures due to the lack of thermally excited phonons. The emission
spectrum stays broad even at low temperatures. The broad luminescence spectrum even at low
temperatures is a results of the heterogenous size distribution of the amorphous silicon quantum
dots. This heterogenous size distribution is further confirmed by atomic force microscopy (AFM)
measurements of the sample surface. The photoluminescence (PL) extends from the red part of
the spectrum to the near-infrared for the samples grown without ammonia (NHsz). The PL is in
the blue-green part of the spectrum for the samples grown with NH;.

These complementary colors cover the whole visible spectrum, herald the possibility of an a-
SiN,:H color flat panel display. The broad PL spectrum of the a-SiN,:H, also makes it a suitable
source for wavelength division multiplexing (WDM) applications.

Metallic and dielectric Fabry-Perot microcavities are used for the enhancement and inhibition of
PL in a-SiN,:H. The microcavity mode was tuned to the emission maximum of a-SiN,:H (710
nm). The reflectance and the PL measurements show the effect of the microcavity. The a-SiNx:H
microcavities consist of an active (a-SiN,:H) layer sandwiched between two mirrors. The
metallic microcavity was realized by a metallic back mirror and an a-SiN,:H - air or a metallic
front mirror. Dielectric microcavities were realized using distributed Bragg reflectors (DBR’s).
This is the same structure used in vertical cavity surface emitting lasers (VCSEL’s). Stopband
widths of 80 nm and 99% reflection at the middle of the stopbands were obtained by using
alternating quarter wavelength thick a-SiOx:H and a-SiNy:H layers. The DBR’s were fabricated
using alternating layers of quarter wavelength thick a-SiN,:H and a-SiOx:H.

The reflectance spectra were simulated by the transfer matrix method (TMM). Excellent
agreement between the theoretical and experimental spectra was obtained. The effect of the
number of top mirror layer pairs on the emission maximum and the transmittance at the
microcavity resonance was investigated both theoretically and experimentally. The reflectance of
the DBR increases as the number of layer pairs in the dielectric stack increases. This, in turn,
reduces the emission maximum and the transmittance at the cavity resonance, because of the
reduced light coupling out of the microcavity. A microcavity with one wavelength thick active
layer was also fabricated and the same cavity effects were demonstrated.

The PL of the bulk a-SiN,:H is enhanced at, and inhibited in between, the resonances of the
microcavity, with respect to the bulk a-SiNy:H. The enhancement and inhibition of the PL is
understood by the modified photon density of states (DOS) of the microcavity. The PL
bandwidth was narrowed to a linewidth of 6 nm, with respect to the linewidth of the bulk a-
SiNy:H, again due to the presence of the electromagnetic modes of the microcavity. Quality
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factors as high as 120 was obtained. This narrowing and enhancement of the PL can be
understood by the redistribution of the density of optical modes due to the presence of the
microcavity. The microcavity enhancement and inhibition of luminescence in a-SiNx:H opens up
a variety of possibilities for optoelectronic applications such as color flat panel displays or
resonant cavity enhanced (RCE) devices for WDM applications.
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