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Abstract
In this thesis, Er doped SiO2/nc-Si multilayer structure - a promising material
for on-chip silicon light emission devices, is studied in detail.
It is demonstrated, for the first time, that infrared Er emission could be
enhanced by an Er doped SiO2/nc-Si multilayer structure. It is also determined that
energy transfer from nc-Si to nearby Er ions, is responsible for this emission
enhancement.
The SiO2/nc-Si multilayer structure also works as a horizontal multi-slot
waveguide, in which a high percentage of photons are strongly confined in the
nanometer thin SiO2 layers, where the refractive index is lower than its surrounding
environments. Owing to this unique photon distribution, we theoretically predicted
and experimentally demonstrated that free carrier absorption (FCA) could be strongly
suppressed. Our observation of free carrier suppression in this structure is the first
experimental demonstration of this effect in a slot waveguide.
Scattering loss from multiple interfaces in this device is the price needed to be
paid for this benefit. To see if the costs outweigh the benefits, we proposed a model to
theoretically calculate the scattering loss. Experimental measurements of the
loss, using a top scattering method, agree well with the simulation results. Based on
Er emission enhancement, the FCA suppression and the scattering loss due to
interfaces, a detailed parametric study suggested that overall optical gain at 1535 nm
could be achieved under certain conditions. The last piece of our experiment is an
ultrafast pump probe study of our device. The obtained results confirmed our
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observation of FCA suppression in the slot structure, and clearly showed a significant
difference between Er doped and non-Er doped samples.
This thesis is concluded with our vision for future research direction,
including the optimization and detailed explanation of the energy transfer to achieve
infrared optical gain from Er. We believe that the studies presented here will be
fundamental to achieve the ultimate goal of an electrically pumped on-chip silicon
laser device based on this material structure.
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Chapter 1
Introduction
1.1 Silicon Photonics
Progress in the semiconductor industry has allowed clock speed and
integration density of modern integrated circuit (IC) chips to increase while
traditional interconnects via metal wires on chips are becoming more and more
problematic, resulting in issues such as delay degradation, electromagnetic
interference (EMI), and power dissipation [1]. The argument has been made that
optics can provide better solutions for both on-chip and chip-to-chip interconnects. It
has been proposed that optical interconnects offer major advantages in interconnect
density, interconnect energy, and signal/clock timing over traditional metallic
interconnection because of larger bandwidth, smaller cross-talk, and lower EMI
rejection intrinsic to optical signals [2][3]. The International Technology Roadmap for
Semiconductors (ITRS) suggested that optical interconnects should be pursued as a
technical path for chip improvement.
The concept of optical interconnects for very large scale integrated circuit
(VLSI) was first proposed nearly 30 years ago [4]. However, most research at that
time concentrated on using optics for data communication within a single chip and at
the chip-to-chip or board-to-board level. Various classes of logical operations were
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studied to identify the complex interconnect network requirements, suggesting that
even a fixed but fast and efficient optical interconnect could be superior in certain
scenarios [5]. More recent studies of the requirements for the three levels of optical
interconnect yielded different recommendations [6].
Silicon photonics was pioneered by Soref in the 1980s [7]. Since then, silicon
has been acknowledged to be a poor choice of material for optics because (a) silicon
does not emit light efficiently due to its indirect band gap, (b) silicon does not
modulate light well because of its centrally symmetrical crystalline structure [8], and
(c) silicon does not detect light in the near-infrared region where silicon is transparent.
In his 1993 review paper, Soref admitted that silicon is no longer the primary choice
in optoelectronic integrated circuit (OEIC) research and might instead find its ideal
application in some niche market—mostly due to economic reasons and integration
with the already booming semiconductor industry at the time. Nevertheless, the idea
of a silicon “superchip” was proposed with a hybrid approach in which a silicon
waveguide was used for signal transmission, while a laser diode, an optical amplifier,
and a modulator based on other materials were integrated as hybrids onto a silicon
“bench” (Ref [8]).
At about the same time that Soref acknowledged the limitations of silicon in
OEIC research, others argued in favor of a monolithic silicon photonics chip. Some
small progress has been made in efforts to achieve monolithic integration of various
silicon photonics devices. For example, low-loss single-mode silicon waveguides
have been demonstrated [9][10]. Plasma dispersion effects by injection of free
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carriers were used to create silicon optical modulators [11]. Detectors operating at
near-infrared ([NIR]: 1.3 and 1.5 µm) range based on Si/Ge have also been
demonstrated [12].
The semiconductor industry has evolved and, in recent years, the
complementary metal-oxide-semiconductor (CMOS) technology has been used to
fabricate silicon photonics devices. Now, silicon photonics is preparing to make a
great leap forward. After photonic crystals were proposed, silicon photonics gained
another important device platform for a high-quality cavity that takes advantage of
silicon’s mature process capability that is almost unique to this material [13]. The
combination of silicon’s material processing capability and this new device platform,
all kinds of applications and functions have been proposed for silicon photonics
devices; several have already been demonstrated in recent years, including
ultralow-loss single-mode silicon waveguides with low bending loss [14][15],
high-speed optical modulator-based on compact microresonators [16], high-speed
Si/Ge detectors with high quantum efficiency [17], silicon biosensors capable of
single-molecule detection [18], and ultrahigh-quality microcavities that can make
optics and mechanics interact with each other [19]. Nonlinear effects in silicon
photonics devices have also been explored and unique applications discovered, such
as ultrafast optical switching based on various of nonlinear effects [20], optical
time-lens as [21], silicon photon entanglement as a source for quantum cryptography
and quantum communication [22], and more. The field of photonics is growing fast
and many more applications and devices are likely to be discovered.
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Today, with so many new silicon photonics devices, functions, and
applications on the way, monolithic integration of all-silicon photonics and
electronics on a single chip seems feasible. To take advantage of both optics and
electronics, it is proposed that silicon photonics, which can integrate both optics and
electronics on a single chip, can provide a possible solution for the next generation of
computing. The basic idea is to use the proven computing and logical capabilities of
electronics and incorporate optics to solve the interconnection problem faced by
electronics. Intel announced that, by the end of 2009, the company would
demonstrate an all-silicon transceiver unit that integrated a hybrid silicon laser,
silicon modulator, silicon waveguide, and silicon detector on a single silicon chip.
The chip is both ambitious and Intel’s prediction for the future of silicon photonics.
Compared to Soref’s proposal of scarcely 20 years ago, technical progress has been
achieved.
1.2 Silicon Lasers
Despite the various silicon photonics devices now in use, one is conspicuously
absent. A complete optical link is composed of a light source, the optical signal
channel, an optical modulator, and the optical detector. Silicon-based low-loss optical
waveguides, high-speed optical modulators, and high-speed detectors are all available.
The only device missing from this package is the silicon light source, and there is a
good reason for that device not having yet been realized.
It is widely accepted that silicon is a poor choice of material for light emission
devices. The physics behind this ill fit is simple: silicon is an indirect band gap
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material (see Figure 3) [23]. As shown in Figure 3, the radiative recombination of an
e-h pair requires the assistance of a phonon for momentum conservation; this
momentum conservation leads to low radiative recombination efficiency and a long
recombination

lifetime.

Moreover,

nonradiative

processes

such

as

Auger

recombination, recombination via traps, and free carrier absorption; that occur on
nanosecond timescales, exist in silicon. All above mentioned processes make the
efficiency of radiative processes significantly lower and can easily eliminate inverted
populations. Common sense wisely calls for exclusion of silicon from the list of
potential light emitting media.

Figure 1 Band structure of bulk Si with various possible transitions for electron-hole
pair: radiative recombination, Auger recombination, and free-carrier absorption Ref.
[23]. (Copyright 2009 IEEE)
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Even with these problems, the industrial and technological importance of a
silicon laser has attracted researchers in hopes of finding a way to bypass the intrinsic
limitations of silicon. Approaches to achieve robust room-temperature light emission
from silicon or even silicon lasers include porous silicon [24] [25], silicon Raman
amplification [26] [27], Si/III-V hybrid laser [28], Si/Ge alloys [29] [30], low
dimensional silicon [31] [32] [33], rare earth doped silicon nanostructures [34],
bulk-silicon p-n junction [35], and incorporating direct-band-gap compounds into
silicon [36] . These various approaches had been discussed in a very good review
paper [23], so we will briefly cover some interesting approaches here.
1.2. 1 Silicon Raman amplification
Silicon Raman amplification is a type of optical amplification that results from
stimulated Raman scattering at the optical communication wavelengths. Although the
Raman scattering coefficient in silicon is orders of magnitude higher than in silica,
the strong two-photon absorption (TPA) in silicon at this wavelength range generates
noticeable quantities of free carriers and leads to free carrier absorption. By
introducing a p-i-n structure in the silicon waveguide to sweep away the free carriers,
a silicon Raman laser that operates in the continuous-working (CW) mode has been
demonstrated. Although optical pumping is still needed to achieve optical Raman gain,
the technique represents a first step toward a CMOS-compatible silicon laser
[26][27].
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1.2. 2 III-V active materials bounded to silicon substrate
Bonding III-V active materials to silicon substrate is an approach that uses the
high optical gain from III-V compounds and the high quality silicon waveguides.
Photons are emitted from the III-V compound region through electrical pumping and
then evanescently coupled into the silicon waveguide that forms the laser cavity and
determines the laser’s performances. Electrically pumped lasers have been
demonstrated, although the extra bonding process may limit the application of this
approach [28].
1.2. 3 Si/Ge alloy
Si/Ge alloys have been proposed as a viable option for generating strong
room-temperature light emission. By carefully controlling the tensile stress and the
doping level of the Si/Ge alloy, the Ge band diagram can be modified to effectively
become a direct band gap; optical gain from Ge has been demonstrated in [29][30].
Lasing through optical pumping has also been reported with the same material but no
mature process exists for germanium device fabrication, so real-world application of
this approach has been limited.
1.2. 4 Rare earth element-doped silicon nanostructures
Rare earth elements-doped silicon nanostructures have been proposed as a mean
of achieving light emission in the transparent region of silicon. The most commonly
suggested rare element is erbium. By doping SiO2 with Silicon nanocrystal (nc-Si)
and Er ions, Er ions can be excited through the energy transfer from nc-Si to Er ions
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nearby [37]. Optical amplification of a few dB/cm has been reported from this
material system [34] but further investigation to understand the physical mechanism
responsible for the emission is needed, due to the poor control of these materials at
the nanometer scale. It might be possible to achieve better engineering control of
several aspects of the process, such as the optimum Er/nc-Si interaction distance and
the optimum nc-Si size. A better device design might make better use of the potential
of this special material system. Additional information on this material system and the
material research and device design associated with it are presented in later sections
of this thesis.
1.3 Er-doped SiO2/Silicon nanocrystal (nc-Si) structures
1.3.1 Er-doped SiO2/nc-Si material
While these approaches mentioned above are promising, their application in
on-chip optical interconnects is limited in one way or another. They may need an
external light source for optical pumping or require a complex flip-bonding process
that is not feasibly accomplished in mass production. Another approach is needed.
A different approach had been taken to achieve light emission through
Er-doped SiO2/Silicon nanocrystal (nc-Si) multilayer structures. Compared to other
choices of silicon based light-emitting devices, this approach received strong interest
in the research community because (a) it emits light in the 1535 nm wavelength range,
which translates to the transparent range for both silica optical fiber and the silicon
waveguide; (b) its fabrication process is mostly compatible with that of the CMOS
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foundry and therefore easier to incorporate into mass production; and (c) it is possible
to achieve monolithic device integration and provide light emission under electrical
pumping—at least theoretically. These capabilities are fundamental requirements for
light-emission devices used in future on-chip optical interconnects that can be
mass-produced.
The physics behind the strong Er emission in this structure will be discussed
in detail in Chapter 2 and so will be only briefly introduced here. The Er ions doped
in SiO2 can emit photons through intra-4f transition at wavelengths of approximately
1535 nm, which corresponds to the absorption minimum of silica fiber and silicon
waveguides. Although current Erbium doped fiber amplifiers (EDFA) are based on
the optical amplification provided by a matrix of Er doped in silica, the amplification
coefficient is so low that meters of EDFA are required to achieve acceptable optical
gain. Clearly, this requirement is impractical and not feasible for on-chip optical
interconnect applications. Higher gains than those produced by Er-doped fibers can
be achieved by increasing the effective absorption cross-section of erbium ions. This
increase can be realized by inserting silicon nanocrystals into the silica matrix. As
shown in Figure 2, under optical pumping, photons are absorbed by nc-Si and
generate excitons. Because the lifetime of the generated excitons is in the μs range,
this facilitates the energy transfer from exciton to nearby Er ions [38]. Er ions are
then excited through this energy transfer process and light is emitted in the 1535 nm
wavelength range through Er off-resonant pumping.
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Figure 2 Band diagram of Er/nc-Si coupling based on Ref. [23].
The simplified energy diagram for the Er-doped SiO2/nc-Si material system is
shown in Figure 4; the nc-Si is first excited by an incoming pump photon of short
wavelength, then the excited nc-Si could lose its energy through irradiative
recombination to emit a photon or an Auger recombination process. It also could
transfer its energy to Er ion nearby, from which Er emission could be achieved
through intra-4f transition. Compared to the direct resonant pumping of Er doped in
SiO2, this indirect nonresonant pumping is superior in the following ways. Firstly,
nc-Si has a broad absorption spectrum, which minimizes the difficulty of searching
for the right pumping source. Secondly, the absorption cross-section of nc-Si is a few
orders of magnitude higher than that of Er in silica [39]. Thirdly, nc-Si could be
excited through both optical pumping and electrical charge injection, while electrical
pumping for Er in silica is difficult because silica is an insulator.
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Fujii et al. were the first to report that the photoluminescence (PL) intensity of
Er-doped SiO2 films containing nc-Si is about 200 times stronger than that of samples
prepared without nc-Si [40]. This result confirms the hypothesis that nc-Si works as a
sensitizer for Er light emission in SiO2. Evidence of energy transfer from nc-Si to
nearby Er ions was also reported by the same group, indicating that Er ions are indeed
excited by the energy transfer from nc-Si [41]. Although evidence of the phenomenon
was reported, the exact physics behind this energy transfer is still unclear.
Achievement of optical gain from this structure and the optimum device design have
not yet been realized. They are the two main goals of this study.
1.3.2 Our approach: Er-doped SiO2/nc-Si multilayer structure
The well-known approach to fabricate Er-doped SiO2/nc-Si material is to
co-sputter Er with silicon and SiO2, to form an Er-doped silicon-rich SiO2 (SRO)
material. By post-deposit thermal processing, nc-Si will be formed out of SRO –
forming a structure of isolated nc-Si in SiO2 environment. This approach worked
great and had been used in different variations, such as Er-doped silicon-rich-nitride
(SRN) [42], and Er-doped SiO2/ silicon-rich-SiO2 multilayers [43]. Enhancement of
Er emission from all these materials has been observed.
However, this approach has its limitations. First, the formation of nc-Si out of
silicon-rich-SiO2 during thermal process does not provide precise control of the nc-Si
size and the distance between nc-Si and Er ions that are co-sputtered. Since those are
the key parameters to achieve an efficient energy transfer, it is unlikely to optimize
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the energy transfer from nc-Si to Er ions. And second, nc-Si will be buried in a SiO2
matrix, which is an insulator. This makes electrical pumping of nc-Si implausible.
To solve the problems mentioned above, we proposed a new material structure
to achieve Er emission enhancement through energy transfer from nc-Si to Er ions.
Instead of co-sputtering Er, Si and SiO2 altogether; alternating nanometer-thin layers
of Si and SiO2 are deposited, while Er is co-sputtered with SiO2. After post-deposition
thermal processing, the thin Si layers will turn into layers of nc-Si, to provide
excitation of Er ions in SiO2 layers through energy transfer. The size of the nc-Si is
controlled through the thickness of deposited a-Si layer, to the accuracy of nanometer
range – thus it is possible for us to optimize energy transfer in a more controllable
way. The layers of nc-Si can also serve as a channel for carrier injection, thus
providing us the possibility to achieve electrical pumping relatively easily.
As will be demonstrated in the chapters that follow, the proposed multilayer
structure also provides us with benefits on the optical device level. A unique photon
distribution for TM polarization in thin SiO2 and nc-Si layers, gives us the possibility
of a strong suppression of free carrier absorption in nc-Si, at the price of a bit higher
scattering loss due to multiple interfaces.
1.4 Organization of this Thesis
This work is organized in the following way. We begin in Chapter 2 with the
material science of the Er-doped SiO2/nc-Si structures, including sample fabrication
using RF magnetron sputtering. Important sample fabrication parameters such as Er
concentration and silicon layer thickness are fine-tuned during the fabrication process
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to achieve maximum Er emission. An optimum Er concentration for maximum Er
emission that avoids Er quenching has been observed in the past [44]. We also found
an optimum thickness of silicon layer for observation of Er emission enhancement.
With fabrication parameters calibrated, we observed the enhancement of Er
emission in our Er doped SiO2/nc-Si multilayer structures. To our knowledge, this is
the first time that Er emission enhancement was observed in this structure. Further
measurements, including Raman scattering measurement and photoluminescence (PL)
measurements were performed. Based on the measurement results from different
samples, we reached the conclusion that energy transfer from nc-Si to nearby Er ions
is responsible for the Er emission enhancement.
In subsequent chapters, we focus on the optimum device structure from an
optical point of view. In Chapter 3, we discuss the slot waveguide; the structure we
believe is optimum for this material system. The unique photon confinement
capabilities, as well as the benefits we realize from this device structure for future
light emission devices will be examined in detail both theoretically and
experimentally. The slot waveguide structure allows us to maximize Er emission and
minimize the optical loss due to free carrier absorption in the silicon layers.
In Chapter 4, we discuss the scattering loss of our multi-slot waveguide due to
roughness at each interface. The scattering loss is calculated through the electrical
field strength at each interface, and the experimental measurement of scattering loss
is done by monitoring the light scattered out of the structure through the top surface
as a function of propagation distance. Those results agree with each other well. More
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importantly, we did a parametric study on the feasibility of achieving optical gain
from our device structure, using all the parameters that are available in the literature
or measured by us. The result shows that, taking the enhancement of Er emission due
to slot waveguide structure into consideration, it might be possible to achieve overall
optical gain even with significant scattering loss and free carrier absorption. However,
current measurement results on free carrier absorption coefficient are so high that it
wipes out any possibility of achieving optical gain without the enhancement of Er
emission. The experimental verification for the suppression of free carrier absorption
by slot waveguide structure is also covered in Chapter 4. The experiment is based on
a prism coupler setup, carriers are injected into the Si layers via top pumping with a
short wavelength laser, and the 1535 nm light is coupled into the multilayer
waveguide by a prism and coupled out by an objective lens at the exit edge. By
measuring the pump induced loss for TE and TM mode respectively, we can confirm
the suppression of free carrier absorption that is unique in TM mode due to its photon
confinement profile. The experimental results agree well with our theoretical
simulations.
In Chapter 5, we will describe an ultrafast pump-probe study on our
multilayer samples, both non-Er doped and Er doped. We used the output from a
homemade optical parametric amplifier (OPA) tuned to the emission peak of Er, as
the probe pulse; and the 405 nm from second harmonic generation (SHG) from the
laser source, as the pump pulse. The experimental result for non-Er doped multilayer
sample confirmed our CW pump-probe experiment suggesting that free carrier
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absorption can be suppressed by the multi-slot structure. For Er-doped multilayers,
the experimental results show a difference with non-Er doped samples on a very fast
time scale.
The thesis concludes with Chapter 6, where future work is discussed.
Although we have conducted extensive investigations on the material science and
device physics of this material system, many unanswered questions and new
possibilities exist. Among them are (1) electroluminescence (EL) measurements, a
field of study in which my colleagues have already realized some promising results;
(2) an inhomogeneous doping scheme of Er in SiO2, for which we can achieve an
optimized energy transfer and pumping of Er; and (3) eventually the ultimate goal of
an on-chip electrically pumped laser device, in which an Er doped SiO2/nc-Si
multi-slot waveguide structure, electrical pumping by horizontal carrier injection and
a ring resonator must be combined. We believe this could be the device structure of
an electrically pumped on-chip silicon laser device.
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Chapter 2
Er-doped SiO2/nc-Si Material Systems
Although Er-doped fiber amplifiers were first demonstrated as early as 1987
[1] and have been commercially available for quite some time, the application in
silicon light emission/amplification devices for silicon photonics is still quite limited.
The main reasons for this shortcoming are that the doping level of Er in an SiO2
matrix is quite limited by the Er quenching process and, at the same time, the
absorption and emission cross-sections of Er ions in SiO2 matrix are very small [2].
Meters of Er-doped optical fiber amplifiers are required to provide significant optical
gain. While this requirement is acceptable in optical fiber communication
applications, it is not feasible for silicon photonics, where real estate is limited to a
tiny area on silicon chips. Direct doping of Er ions into silicon had also been
considered but this approach is limited by the energy back transfer process from Er to
silicon [3][4]. Other approaches are needed to realize the application of Er doping to
provide light emission/amplification for silicon photonics.
Using low-dimensional silicon such as porous silicon as an Er doping
platform can enhance Er emission at room temperature [5][6]. Fujii was the first to
explain that pumping photons are first absorbed by nc-Si in silicon-rich oxide, while
Er ions are excited by energy transfer from excited nc-Si to Er ions nearby [7].
Because the absorption cross-section of nc-Si is 5 orders of magnitude higher than
that of Er in SiO2 matrix, even a not-so-efficient energy transfer from nc-Si to Er can
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significantly increase the Er emission. Following Fujii’s pioneer work, Er emission
enhancement was observed in many kinds of doped nc-Si material systems including
SRO [8][9], silicon-rich nitride (SRN) [10][11], and SRO/SiO2 multilayer structures
[12]. For SRN and SRO samples annealed at low temperature where no nc-Si is
produced, very strong Er emission enhancement can still be observed [13][14][15]. In
this case, energy transfer involves silicon nanoclusters, not nanocrystals.
Promising results have been observed from these various approaches; one
group in particular suggested that they observed stimulated emission in Er-doped
SRN samples [16], but the prospect of achieving a feasible electrically pumped light
emission device from those approaches is still limited, mainly due to two reasons.
First, the fabrication methods in most of these approaches, use co-sputtering of Er, Si,
and SiO2 (or reactively sputtered Si3N4 under N2 flow) together or ion implantation of
Er ions into silicon-rich samples. Although well-isolated nc-Si can be fabricated in
this way, the distance between Er and nc-Si and the size/concentration of nc-Si can
only be controlled statistically. Because these measures are key parameters in the
energy transfer process, the lack of control makes the optimization of fabrication
process mainly one by trial and error. The second reason is the difficulties of
achieving electrical pumping. In all the approaches suggested, nc-Si are buried in an
insulator matrix—either SiO2 or Si3N4. On one hand, this matrix forms nice potential
barriers separating the nc-Si, which makes the physics easier to understand; on the
other hand, effective electrical pumping of this material system is significantly more
difficult because of the very poor change transport in the insulator matrix. New
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device structures such as tunnel junctions and MOS structures for carrier injection
have been proposed and experimentally demonstrated [17][18], but their efficiency
remains poor.
To overcome these two problems, we propose Er-doped SiO2/nc-Si multilayer
structures. Alternating nanometer thin-layers of amorphous silicon (a-Si) and SiO2 are
deposited by RF magnetron sputtering, while Er is co-sputtered with the SiO2. The
samples are then annealed in a thermal furnace tube to transform the thin a-Si layers
into layers of closely packed nc-Si and to activate the Er atoms. With this fabrication
method, we can - in theory, at least - solve two problems encountered by the other
fabrication methods. To counter the first problem of thickness management, we can
accurately control the thickness of the a-Si and SiO2 layers with a resolution better
than 1 nm. Thus, we can fine-tune the distance between Er and nc-Si and control the
size and density of nc-Si. With control over these important parameters, we can gain
more insights into the energy transfer process. As for the second problem, because our
silicon layers form a continuous film, horizontal carrier injection into the nc-Si is
feasible. In summary, with this approach, it is possible to fine-tune the important
parameters that optimize the energy transfer process and to optimize the Er emission
enhancement.
In this chapter, we discuss the fabrication process, the fabrication parameter
optimization process, and our measurement results. These results show Er emission
enhancement. To our knowledge, this study is the first time that Er emission
enhancement was observed in this structure.
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2.1 Sample Fabrication
2.1.1 RF magnetron sputtering
Planar sputter technique was invented in the 1970s [19]. Following this
invention, the technique became widely used in the semiconductor industry for thin
film deposition onto a flat surface. It is also popular for use in deposition of
antireflection optical coatings.
In a typical sputtering system, a gaseous plasma is created and these gas ions
are accelerated towards the source material. The source material is called the source
target. Under the bombardment of gas ions, the source target is eroded by ejection of
particles of the same composition. When the substrate intersects on the path of those
ejected particles, a thin film of the source material is deposited on the substrate. This
process is relatively simple and it provides the following advantages compared to
other deposition methods (mainly evaporation):


It can be used to deposit materials with high melting points, which is
difficult for evaporation.



Deposited film composition is close to that in the target, whereas reactive
sputter provides some flexibility.



Better adhesion to the substrate is achieved with sputter than with
evaporation.



Maintenance requirements of sputter systems are low, as compared to
evaporation.



It allows for deposition on large areas.
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Figure 3 is the schematic view of the deposition process of our multilayer
structure using the multi-gun RF magnetron sputtering system. In the figure, the three
sources, namely silicon, SiO2, and an Er target, are arranged in a specific circular
pattern and aimed at the same focal point. When a substrate is placed at this common
focal point and rotated at a steady speed, uniform layers of any combination of the
three targets can be deposited, while the composition can be controlled by the applied
RF power on each target.

Figure 3 Schematic view of multilayer deposition using the multigun RF sputter
system, based on [http://www.ajaint.com/whatis.htm ]
The configuration of UHV (ultrahigh vacuum) sputter system shown in Figure
3 provides the following benefits:
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Flexibility of film composition from any ratio of target material.



Film uniformity across the substrate surface, although achievement of
uniformity requires the substrate to be located at the focal point, so careful
calibration of the system is important.



Deposition rate can be multiplied when the same material is used for all
targets.

Using a UHV RF magnetron sputtering system to deposit the Er-doped
SiO2/nc-Si material structures, allows excellent control of the film composition and
the film thickness uniformity.
2.1.2 Calibration of deposition rate
The whole deposition recipe needs to be carefully calibrated before we can
produce high-quality thin film. We require linearity of the thin film deposition rate,
uniformity of the thin film thickness over the whole 4-inch substrate, and repeatable
film stoichiometry. The parameters we can actively control are substrate location,
substrate rotation speed, deposition temperature, deposition gas flow rate, plasma
power applied on each target, and vacuum level in the chamber. The calibration
process is lengthy, complicated and involved detailed parametric study, the final
disposition condition parameters are offered for future reference:


deposition temperature: 150 °C;



gas flow rate: Ar 3 sccm;



substrate rotation speed: 30-45 rpm;
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substrate holder position: 40;



vacuum level: 3 mTorr during deposition;



RF power: 400W for SiO2, 350W for silicon target.

Both a-Si and SiO2 thin films of several thicknesses have been deposited
under these conditions. Measurements on deposited samples show that thickness
nonuniformity is less than 2% across the whole 4-inch wafer and the thin film can
withstand the extreme thermal process that follows the deposition. This condition was
maintained throughout the entire investigative process.
Having a stable deposition recipe that produces high-quality thin films is only
the first step. The reported nc-Si size for optimum Er emission ranges from 1.7 nm to
4.0 nm [7] [20]. It is equally important for us to accurately calibrate the deposition
rate for silicon and SiO2. This process is described as follows.
Calibration of SiO2 deposition rate is relatively easy because the thickness of
SiO2 can be accurately measured by spectroscopic ellipsometry even for very thin
film. First, we take a single-crystalline silicon (c-Si) substrate and strip the native
oxide by HF etching and RCA cleaning. Then, the substrate is placed into the sputter
chamber and a thin SiO2 film is deposited using the deposition recipe provided in
Section 2.1.2. The deposited sample is then measured by ellipsometry and measured
data fitted by dielectric model for SiO2 to extract the film thickness. By depositing a
series of thin SiO2 films with different deposition times, we can fit a linear function
between deposited film thickness and deposition time (see Figure 4), from which we
can determine the deposition rate for SiO2. Calibration of a-Si deposition rate is
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trickier because of two reasons. First, the a-Si layers are instantly oxidized when they
are removed from the deposition chamber and exposed to air. Second, it has been
shown that the refractive index of thin Si film is a function of film thickness because
of the quantum confinement effect [21]. For these reasons, extreme care must be
taken to accurately calibrate the a-Si deposition rate. Calibration is done by using
both cross-sectional TEM image and careful sample preparation for spectroscopic
ellisometry measurement.

Figure 4 Deposition rate of a-Si and SiO2.
For cross-sectional transmission electron microscopy (TEM), we deposited a
few multilayer samples composed of alternating thin layers of a-Si and SiO2. The
samples are then first polished down to the micron range on a tripod polishing station.
Following the tripod polishing station, the samples are polished to electron
transparency by ion milling. The whole sample preparation process for cross-sectional
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TEM is time-consuming and arduous but critical to achieve a good TEM image. A
typical cross-sectional TEM image (see Figure 5) shows that the boundary between
a-Si and SiO2 is smooth and abrupt, suggesting a good interface which is required for
our waveguide measurements. The layer thickness is uniform over the multiple layers
we deposited under the same conditions. Because the SiO2 thickness is already
calibrated, the a-Si thickness can be measured using the SiO2 layer as a reference.
This method provides a direct way of visualizing and measuring the film thickness.
The problem though, is that it solely relies on human vision to determine the location
of the interface on a TEM image; this reliance on human vision introduces the risk of
systematic error. To counter this risk, spectroscopic ellipsometry is used for film
thickness measurement; this method relies on the reflection/refraction of light at the
interface between two materials with different dielectric constant and provides higher
accuracy than human vision. The results we get from the TEM image will be used as
a reference point for more precise data fitting using ellipsometry measurement.
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Figure 5 Representative TEM picture of a SiO2/Si multilayer deposited by RF
magnetron sputtering. The SiO2 layer thickness is ~15 nm (brighter regions) and the
Si layer thickness is ~ 15 nm as well (darker regions).
Deposited a-Si is oxidized as soon as it is exposed to air, so samples for
measuring a-Si layer thickness were prepared in the following way. First, we took a
c-Si substrate that had already been stripped of its native oxide. The substrate was
then placed in a sputter chamber where a three-layer structure was deposited on its
top; the three layer structure was SiO2/a-Si/SiO2. Because the a-Si layer is protected
by the two SiO2 layers, oxidation of the layer is avoided. Since the thickness of the
SiO2 layer is known with the help of an already-calibrated SiO2 deposition rate, we
minimized fitting variables for ellipsometry data fitting. We then performed
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ellipsometry measurement and fitted the data using an oscillator model [22] with
thicknesses estimated from TEM images. This procedure allows us to measure the
layer thickness of thin a-Si film with high confidence; the deposition rate is shown in
Figure 4.
Both linear fits for a-Si and SiO2 thickness/deposition time show very good
linearity and small variance. Those numbers will be used to estimate film thickness
with high confidence.
2.1.3 Er concentration
If the Er concentration in the SiO2 matrix exceeds a certain amount, Er
luminescence quenching will dominate and Er emission will actually decrease with
increasing Er concentration. This threshold concentration level had been reported to
be approximately 10^20 cm-3 [23], so the Er concentration needs to be controlled for
optimum emission. Because Er ions are sputtered from a 4-inch Er metal target with
99.9% purity, the most direct means of controlling the Er concentration is by
changing the RF power applied onto the target. To measure the Er concentration and
determine the optimum deposition parameter for our samples, both direct
measurement of Er concentration by Rutherford backscattering spectroscopy (RBS)
and PL measurement of deposited samples are performed. The sample preparation
and RBS measurement of Er concentration were performed by a group at University
of Albany, as described in the following paragraphs. The calibration process by PL
measurement is described in Section 2.2.
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Test samples were deposited using standard parameters for Si and SiO2, and 3
sccm of Ar gas flow, which is also the standard practice. SiO2 films of 50 nm
thickness were co-sputtered with Er ion on a pure c-Si substrate, while Er
concentration were controlled by changing the DC power applied onto the Er target.
To determine the effect of applied DC power on Er concentration in the SiO2 film, we
deposited a total of four samples, with DC power on the Er target of 60W, 70W, 80W,
and 90W, respectively.
RBS was performed to determine the Er concentration, in the University of
Albany. The RBS spectra obtained by bombarding 2 MeV He+ ions were collected in
a high-vacuum (~ 10-7 torr) scattering chamber with a silicon surface barrier detector
of energy resolution ~12 keV and a scattering angle of 170o. The spectra were
analyzed using the computer program RUMP to determine the thickness and
stoichiometry of the samples. A typical RBS spectrum is shown in Figure 6, while
measured Er atomic concentration as a function of Er target power is shown in Figure
7. As noted in Figure 7, the Er concentration is considerably higher than the optimum
level, which is in the order of 10^20 (1/cm3), but there is little than can be done to
alter the plasma power on the Er target. The minimum power on Er target is set at
20W; if it is set lower, the plasma on Er target is completely lost. We attempted to
reduce the Er plasma power to as low as 20W, but the Er concentration we achieved
was still too high.
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Figure 6 Typical RBS spectrum of Er-doped samples.
To solve the Er concentration problem, we designed a cover on top of the
4-inch Er target. The cover is simply a stainless steel circular plate with a ½-inch
diameter hole in the center. With the cover, we can block most of the Er atoms that
are released from the Er target and only a small fraction of them go through the center
circular opening to reach the substrate. By using the cover, we can significantly lower
the Er concentration to the recommended level by fine-tuning the applied plasma
power. This process of estimation of the right Er concentration in our multilayer
samples was done with the help of photoluminescence experiments, which are
described in detail in section 2.2.
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Figure 7 Er atomic concentration vs. Er target power.

2.1.4 Post-deposition thermal processing
The main goal of post-deposition thermal processing is to optimize the
fabrication process multilayers to achieve strong luminescence from Er at 1535 nm.
Thermal annealing has to serve two purposes for our samples. First, the process
promotes activation of Er ions in the SiO2 films; most literature reports that 900 °C is
the optimum temperature [2]. Second, crystallization and formation of nc-Si is a
concern; optimum condition depend on the thickness of the film [21]. To address
these two purposes, we follow a two-step approach. In Step 1, we will determine the
optimum annealing condition for Er co-sputtered with SiO2 using PL measurement
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under resonant pumping. With this result, we can identify if our results agree with
other reports and confirm that our Er doping is satisfactory. In Step 2, we determine
the optimum annealing condition for Er-doped SiO2/ nc-Si multilayer structures using
the same PL measurement setup. This two-step approach allows us to identify the
optimum annealing condition and, if we see a difference of annealing conditions
between the two steps, it is an indirect indication that the existence of nc-Si plays an
important role. Because the calibration process is done by PL measurement, the
detailed experimental setup and results are described in Section 2.2, where the PL
study is discussed.
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Figure 8 Raman spectra of Si/SiO2 multilayers annealed at different conditions. Two
Si phases – amorphous (a-Si) and crystalline (nc-Si) were measured. Optical and
acoustic bands (OP + AO) centered at 150 and 300 cm-1 are also depicted. Reference
spectrum (glassy silica) was placed in the inset. Two features labeled as D1 and D2
were identified. They are fourfold and threefold rings defects in SiO2, respectively.
Two transverse-optical modes labeled as ω1 and ω3 were also observed.

2.2 Optical Measurements
This section presents the collection of the measurements we took to calibrate
the fabrication process and to find the optimum Er concentration to achieve the most
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efficient emission at 1535 nm. Also described here is our first step towards isolating
the role of nc-Si. The measurements we performed include Raman measurements,
which are used to verify the existence of nc-Si and to provide important structural
information about Si phase transitions during thermal treatment, PL measurements to
calibrate the fabrication parameters, and time-resolved PL measurements to identify
the Er lifetime.
2.2.1 Raman Measurements
Raman scattering measurements were performed at the Institute of Chemistry,
Maria Curie-Sklodowska University, Lublin, Poland; to verify the existence of nc-Si
in our multilayer samples and to estimate the size of the nc-Si. In this study, samples
fabricated by depositing alternating multiple layers of SiO2 and a-Si, were made on a
quartz substrate. This substrate is used to eliminate any possible c-Si Raman signal
around 520 cm-1 from a c-Si substrate, which could dominate the signal from
multilayers because of the a-Si film’s small thickness. This main Raman peak from
crystalline Si (100) at 520 cm-1 is related to optical phonons. Phonon dispersion
relations for c-Si reveal degeneration at Γ point and only a single, symmetric Raman
line can be observed.
Figure 8 shows Raman spectra from glassy silica wafer (inset) and from
SiO2/nc-Si multilayers annealed under different conditions, where the substrate
contribution was removed. In order to isolate a multilayer spectrum from a substrate,
the simplest form of the difference method was used. A difference spectrum is
one-to-one subtraction of two Raman spectra, the first from a glassy silica wafer and
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the second from a multilayer deposited on this wafer [24]. In the inset, a spectrum
from a substrate was added. Two defects, D1 fourfold (at 495 cm-1) as well as D2
threefold (606 cm-1) rings belong to SiO2 glassy substrate as well as two
transverse-optical modes, labeled as ω1 and ω3, are identified [25]. The spectrum from
the multilayer annealed by furnace annealing (FA) at 1050oC reveals a feature, which
displays two maxima: at about 480-490 cm-1 and 520 cm-1. They are associated with
a-Si and nc-Si phase, respectively. In the case of amorphous crystals, the atomic array
has no periodicity and no long-range order. However, atoms are still in order of the
range of 3-4 bond length and have short-range order. The initial effect of disorder is
generally a relatively symmetric broadening of Raman line. Phonon can no longer be
characterized by a single wave vector. The loss of periodicity results in rather broad
Raman spectrum in which the absence of crystal momentum conservation implies the
participation of all phonon. In the case of nc-Si, phonon confinement effect is
responsible for the detection of phonons with wave vectors k ǂ 0. This fact strongly
modifies the shape of Raman line - from Lorentz profile to asymmetric, shifted to
lower wave numbers as shown in figure 8&9. Optical and acoustic bands (OP + AP)
centered at 150 and 300 cm-1 are also shown. The Raman spectrum from the same
multilayer annealed by rapid thermal annealing (RTP) + FA shows a weak a-Si band.
In general, variably ordered states of a-Si can be formed in the studied multilayers
[26]. The analysis of the Raman spectra brings us to the conclusion that FA is more
effective annealing procedure than the combination of RTP followed by FA to form
both a-Si as well as nanocrystalline Si structures.
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The next step to estimate the best formation conditions of Er:SiO2/nc-Si
multilayers was to test depositions with and without bias voltage using only FA at
1050oC. The Raman spectra of multilayers with different Si layer thicknesses are
presented in Figure 9. It is clearly seen that by changing the silicon deposition time,
which determines the thickness of the Si layer, the Raman spectrum is significantly
modified. The bigger the shift of the main Raman peak to smaller wavenumbers, the
smaller the nc-Si size [27].

Figure 9 Raman spectra from SiO2/nc-Si mulitlayers deposited at different conditions
and annealed by FA at 1050oC. Two Si phases existing in multilayers: amorphous and
crystalline are shown. Optical and acoustic (OP + AO) band centered at 300 cm-1 is
also depicted.
The spectrum with the strongest Raman line intensity of a nc-Si phase, was
obtained from (Si 50s/SiO2 180s)*15 pairs multilayer without bias voltage. The
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reason for preferential nc-Si formation without bias voltage applied during deposition
process might be a strong limitation of pores (free Si volume spaces) nucleation. The
low pore population with no applied substrate bias is attributed to the rough Si-SiO2
interface and large defect density in the bulk of the film, which inhibits pore
nucleation. The high defect density leads to Si nanocrystal seeds nucleation
throughout the film thickness, thus the likelihood of a void spanning the entire
thickness of the film is greatly reduced as grains very rapidly grow into one another
[28].
Raman

investigations

reveal

coexistence

of

both

amorphous

and

nanocrystalline Si phases in SiO2/nc-Si multilayers. They also clearly indicate that the
most preferable conditions for Si nanocrystals formation in our samples are achieved
using 1 hour furnace annealing at 1050oC without bias voltage applied during
deposition.

2.2.2 Photoluminescence (PL) measurements
PL measurement is used to identify the optimum Er concentration and
optimum annealing environment. We set up the experiment, as shown in Figure 10, to
include a CW Ar laser for signal excitation. Depending on the purpose of our
experiment, a 488-nm filter could be used for resonant excitation of Er; or a 514.5-nm
filter could be used for off-resonant pumping of Er. The laser beam is then focused
onto the sample surface by a lens with focal length of 10 cm; the emitted photons
from the sample are picked up by a long-working-distance Mituyoto objective lens
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with numerical aperture of 0.5. The picked-up signal went through a long-pass filter
cutoff at 600 nm to eliminate any laser light and then focused onto the entrance slit of
an MS257 monochromator by another lens. At the exit slit of the monochromator, we
used a Hamamatsu NIR photo multiplier tube (PMT) for signal read-out. The laser
beam was modulated by a chopper; we used an SR810 lock-in amplifier to read the
PMT output signal. The spectral response of the system is calibrated by a standard
light source. Spectral resolution of the detection system is determined by the width of
the entrance/exit slit and the number of line pairs per mm of the grating used. In our
case, we have a spectral resolution of 5.1 nm at the wavelength range in which we are
interested.

Figure 10 Photoluminescence measurement setup.
The measured samples were fabricated by our RF magnetron sputtering
system with standard SiO2 and Si deposition recipes that had already been calibrated.
Er is co-sputtered with SiO2 onto a c-Si substrate for 30 minutes (thickness of ~50nm)
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with a different plasma power on the Er target so that we can change the Er
concentration in SiO2 film. The deposited samples are then cut into pieces and
annealed in a furnace tube under ambient Ar gas flow for 1 hour, but under different
temperatures ranging from 700 °C to 1100 °C. The resulting sample matrix is then
measured in our PL measurement setup to find the optimum Er concentration and the
Er activation temperature.
Figure 11 shows a typical photoluminescence spectrum result from our
samples. The x-axis indicates detection wavelength. The y-axis indicates signal
intensity. The Er emission signature is near 1535 nm, suggesting that we have
deposited high-quality Er-doped SiO2 film. This PL line at 1535 nm results from
Stark splitting of Er levels belonging to the I15/2 ground state, typical of Er in SiO2.
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Figure 11 Typical near infrared Er photoluminescence spectrum peaked at 1535 nm.
Figure 12 and Figure 13 show the peak PL signal intensity as a function of Er
target plasma power and the anneal temperature, respectively. As shown in Figure 14,
there is an optimum Er plasma power of 40W for PL signal intensity. This result
clearly indicates that Er emission starts quenching at higher Er concentration and it is
expected [29]. To achieve the strongest PL signal from our multilayers, we applied
40W of Er plasma power for all future deposited multilayers.
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Figure 12 Maximum of Er photoluminescence intensity vs. Er target power.
Figure 13 shows that the optimum activation temperature for Er activation is
900 °C. This finding is in agreement with most of the literature. As we explain in the
following sections, the optimum annealing temperature is significantly higher for
Er-doped nc-Si/SiO2 multilayer structures. This study represents the first indication
that the formation of nc-Si plays major role in the strong Er emission for multilayer
samples.
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Figure 13 Maximum of Er photoluminescence intensity vs. annealing temperature.
2.2.3 Time-resolved photoluminescence measurement
To measure the Er emission lifetime, we also performed time-resolved PL
measurement on Er-doped SiO2 samples. The experimental setup is almost identical
to the PL measurement, except that we used a photon counter instead of a lock-in
amplifier for PMT output signal readout. Additionally a much higher PMT applied
voltage for signal amplification is needed. With careful calibration, electrical signal
amplification by an external higher speed amplifier, and threshold detection by
photon counter, we determined that each photon that reaches PMT generates one
electrical pulse. Using a photon counter to count the number of electrical pulses, and
by synchronizing the chopper and the counter trigger signal, we can measure the
decay trace of the PL signal and estimate the Er emission lifetime. Note that the
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photon counter (Stanford Research SR400) had a temporal resolution of 5 ns and that
is the detection limit for our measurement system.
Figure 14 shows a decay curve measured by the time-resolved PL
measurement setup with a temporal resolution of 200 µs. By a simple single
exponential decay fit, we estimate that the lifetime of Er in SiO2 is about 2.6 ms,
which agrees with findings in the literature [30]. The scattered pumping laser signal
modulated by the chopper is also shown in the figure at the same time, this fast rise
and decay time of the scattered laser signal proved that the temporal resolution of our
system is ~ 200 µs.

Figure 14 Typical decay trace of the Er.
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2.3 Er-doped SiO2/nc-Si Multilayers
Most fabrication parameters for successful fabrication of Er-doped nc-Si/SiO2
multilayer samples including gas flow rate, vacuum level, Si target plasma power,
substrate bias, SiO2 target plasma power, Er target plasma power, substrate
temperature, and rotation speed were calibrated as described in the previous section.
A post-deposition thermal process had also been studied to find the optimum Er
activation condition and the nc-Si formation condition. In this section, we explore the
fabrication parameter space (including deposition condition and thermal process
condition) to determine the optimum Er emission for Er-doped nc-Si/SiO2
multilayers.
To simplify the problem and the parameter space we need to explore, we start
from two major parameters that have an impact on Er emission—the silicon layer
thickness and the annealing temperature. In principle, the silicon layer thickness
determines the size of the nc-Si formed after annealing, which was also confirmed by
our Raman scattering measurement. According to the quantum confinement model,
the difference in nc-Si size will lead to different emission spectra of nc-Si [31], which
theoretically has major impact on Er emission efficiency because of efficiency of
energy transfer from nc-Si to Er [32]. As for the annealing temperature, it has been
shown that the optimum Er activation temperature is 900 °C, while the temperature
for nc-Si formation is approximately 1050 °C. A study of the optimum annealing
temperature will provide us with useful information on the source of the Er emission
from our samples.
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Aside from the two fabrication parameters we will explore, the rest of the
fabrication parameters are as calibrated in the previous sections. They are listed in
Table 1.
Table 1 Standard Fabrication Parameter
Parameter

Value

SiO2 plasma power

400 W

Si plasma power

350 W

Er plasma power

40 W

Bias plasma

off

Si deposition rate

1.88 nm/min

SiO2 deposition rate

1.23 nm/min

Substrate temperature

150 oC

Substrate rotation speed

30-45 rpm

Gas pressure during deposition

3 mtor

Gas flow during deposition

Ar 3 sppm

Vacuum level during intermission

torr

Using the fabrication parameters included in Table 1, we first deposited a
reference sample of Er-doped SiO2 film with 50 nm thickness. Subsequently, we
prepared a series of Er-doped SiO2/nc-Si multilayer samples with 12 pairs of
alternating Er-doped SiO2 and Si layers, while keeping the total Er-doped SiO2
thickness at 50 nm. The Si layer thickness was varied for each sample within the
series to determine the impact of nc-Si size. The series of samples, including the
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reference sample, were then annealed in a furnace annealing tube with Ar gas flow for
1 hour. The annealing temperature was varied to find its optimum, which assures the
maximum of PL intensity at 1535 nm.
We then measured the PL signal from those samples using the same PL
measurement setup shown in Figure 10. However, during this series of experiments
the Er off-resonant 514.5 nm line from the Ar+ CW laser was used as an excitation
wavelength instead of the 488 nm, which corresponds to Er resonant pumping energy.
All examined samples show emission spectra with an Er emission peak at 1535 nm,
indicating that the deposited Er in SiO2 was activated. Although the position of
emission peaks is the same, there is a significant difference between the PL intensities
from the different samples.
Figure 15 presents the PL spectra of the multilayer sample annealed at two
different temperatures by furnace annealing. It can be observed that PL intensity at
1535 nm is stronger for 1050°C than 900°C temperature. This observation agrees
very well with our previous results from Raman spectroscopy taken from SiO2/nc-Si
multilayers without Er doping – where 1050°C FA gives us the best nc-Si formation.
These findings bring us to the conclusion that nc-Si plays a major role in
enhancement of Er emission.
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Figure 15 Er emission spectrum at different annealing temperatures.
Figure 16 shows the infrared PL spectra from our multilayer sample exhibits
the strongest photoluminescence and a reference sample of Er doped SiO2 with the
same amount of Er atoms and total SiO2 thickness. Note that the Er emission is
enhanced by more than 20 times in our multilayer sample, compared to the 50 nm
thick Er-doped SiO2 film. This result clearly shows that the photoluminescence is
enhanced due to Si nanocrystals presence in the multilayer. To our knowledge, this is
the first time such a strong enhancement was reported from an Er doped SiO2/nc-Si
multilayer structure. Schmidt et al. reported a similar experiment where Er was doped
in SiO2/nc-Si multilayer structure through ion implantation, however, no Er emission
enhancement was observed [33].
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Figure 16 PL spectrum of our Er-doped multilayer sample and reference sample with
same amount of total Er atoms.
Having in mind that the best annealing temperature for Er emission
enhancement was estimated as 1050oC, now we need to determine the optimum Si
layer thickness in the multilayer for Er emission. However, we already know that a
higher annealing temperature is needed for nc-Si with smaller sizes for crystallization
[21], we would not explore Si layer thickness of less than 1.9 nm since they are
unlikely to be crystallized at 1050oC – further increasing annealing temperature will
quench the Er emission, as suggested in figure 15.

Figure 17 shows the PL spectra

of several multilayer samples that were deposited with different silicon layer
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thickness. As clearly seen in Figure 17, the sample with a silicon layer of ~1.9 nm
thickness provides the strongest Er infrared emission under Er off-resonant excitation.

Figure 17 Er emission spectrum at different silicon layer thicknesses.
2.4 Energy transfer: Reason for Er emission enhancement
The strong Er emission enhancement at 1535 nm from Er-doped SiO2/nc-Si
multilayers was demonstrated in previous sections. To our knowledge, this study is
the first time this enhancement effect has been observed in this type of structure. To
further optimize the multilayer structure design and enhance the Er emission, it is
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necessary to understand the mechanism that is responsible for Er emission
enhancement. And this will be discussed in this section.
Enhancement of infrared Er emission from Er-doped SiO2 in the presence of
nc-Si was first reported by Fujii and explained by an energy transfer process from
nc-Si to nearby Er ions [7]. However, Er emission enhancement in the presence of
amorphous silicon nanocluster was also reported [13] [34], and Fujii proposed that
there could be two different types of energy transfer process responsible for the Er
emission enhancement [35]. Here we will use the same photoluminescence (PL)
measurement approach to find the evidence of energy transfer.
2.4.1 PL measurement for multilayer samples with and without Er doping
The experimental setup for PL measurements was shown in Figure 10. The
514.5 nm emission line of an Ar+ laser is an off-resonant excitation wavelength with
Er in SiO2 matrix. With the off-resonant excitation, we now know for certain that Er
ions can only be excited through an indirect process. To study the energy transfer
process from nc-Si to Er ions, both visible and infrared PL signals were measured.
For near-infrared PL measurement, we used a Hamamatsu NIR PMT as the detector;
and for visible PL measurement, we used a Hamamatsu visible PMT as the detector.
For visible PL measurement, two samples of the same multilayer structure –
one sample doped with Er while the reference sample is not, were tested. Figure 18
shows the comparison of visible PL signal between the Er doped sample and the
reference multilayer sample. It is clearly shown that visible PL signal from Er doped
multilayer sample is significantly weaker than that from non-Er doped multilayer
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sample; although the only difference between the two samples is the existence of Er
in SiO2 layers. Combining this finding with the fact that NIR PL emission is
significantly higher for multilayer samples doped with Er compared to Er doped SiO2
films, the logical conclusion is that the reduction of visible PL signal leads to an
enhancement of NIR PL signal for Er doped multilayer samples. There is indeed
energy transfer from excited nc-Si to nearby Er ions.

Figure 18 Comparison of visible PL between multilayer samples with and without Er
doping.
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2.4.2 PL measurement for multilayer samples with different nc-Si size
With the finding that the energy transfer leads to the enhancement of Er
emission for Er-doped multilayer samples, it is now worth to explore if the size of the
nc-Si had an impact on the Er emission. This exploration is done by the visible and
NIR PL measurements for multilayer samples doped with the same amount of Er, but
with different silicon layer thickness. The result of this study is shown in Figure 19,
where the visible and NIR emission from the nc-Si and the Er are displayed. It is
clearly shown that, the weaker the visible emission, the stronger the NIR emission
gets; suggesting a competition between the two processes.

Figure 19 Visible and near-infrared PL signal for three Er-doped multilayer samples
of different nc-Si size.
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Figure 20 Room temperature-visible PL spectra from non-Er doped multilayers with
different Si layer thicknesses excited by Er off-resonant 514.5 nm wavelength.
We postulate that a smaller nc-Si size leads to a more efficient energy transfer
that gives us a weaker visible emission and a stronger NIR one. To confirm this, it is
necessary to measure the visible PL signal for non-Er doped multilayer samples with
different nc-Si size. The result is shown in Figure 20.
Now we can see that, for non-Er doped multilayer samples, a smaller nc-Si
size gives us a stronger but slightly blue shifted visible emission. Our results agree
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very well with estimates of Si nanocrystal sizes and observations of PL maxima from
Si nanostructures [36]. We also observed a very small blue shift of emission spectra
as the size of nc-Si decreased from 2.3 nm to 1.9 nm. This blue shift is rather small,
due to the fact that as nc-Si gets smaller than 2.5 nm, trap state related to surface
oxidation now dominates over quantum confinement of the nc-Si, leading to a much
smaller blue shift of emission spectra predicted by quantum confinement model [37].
Interestingly, a sizeable difference between PL intensities from Er doped and non-Er
multilayers, was noticed. In the case of the non-Er samples, stronger PL was observed
from samples with thinner (1.9 nm) Si layers. The opposite tendency was indicated
from the results obtained from Er-doped multilayers; thicker Si layers showed a
stronger PL intensity (Figure 19). This is a clear indication that a smaller nc-Si size
leads to a more efficient energy transfer from nc-Si to Er. According to the Förster
energy transfer theory, the emission spectrum of the donor affects the energy transfer
efficiency from donor to acceptor; therefore, theoretically, nc-Si size does have a
major impact on the Er emission intensity [32].
2.5 Conclusion
In this section, we studied the Er emission from our Er-doped SiO2/nc-Si
multilayer samples. By exploring the fabrication parameter space, we found optimum
fabrication conditions that can enhance Er emission by 20 times, as compared to
Er-doped SiO2 film of the same amount of Er atoms. To our knowledge, this study
represents the first time that enhancement of Er emissions has been reported in this
material system, while Er emission enhancement had been achieved in SRO, SRN,
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and similar compounds. This success provides us the pathway to study the energy
transfer process and a simple way of achieving electrical luminescence.
From the PL measurements performed on Er-doped and non-Er doped
multilayer samples, we can already draw some interesting conclusions. First, the
optimum annealing temperature for Er-doped SiO2/nc-Si multilayer samples is
1050 °C, corresponding to the formation temperature of nc-Si, as confirmed by
Raman scattering measurement. We also already knew, from the PL measurement,
that the optimum activation temperature for Er in SiO2 film is 900 °C. Thus, the
formation of nc-Si must play critical role in the Er emission enhancement process, as
already suspected by other researchers. Second, from the comparison between
Er-doped and non-Er-doped multilayer samples under off-resonant Er pumping, the
existence of Er ions leads to a weaker visible emission but a much stronger Er
emission (compared to reference Er-doped SiO2 films). This observation leads to a
logical conclusion that the energy transfer from excited nc-Si to nearby Er ions is the
mechanism responsible for Er emission enhancement. And lastly, we have observed
that the size of nc-Si significantly impacts on the energy transfer efficiency, this is in
agreement with the current theoretical framework for energy transfer.
References
[1]

E. Desurvire, J. Simpson, and P. Becker, “High-Gain Erbium-doped
Traveling-Wave Fiber Amplifier”, Optics Letters, vol. 12, no. 11, pp. 888–890,
Nov 1987.

[2]

A. Polman, “Erbium implanted thin film photonic materials”, Journal of
Applied Physics, vol. 82, no. 1, pp. 1–39, Jul 1997.

59

[3]

F. Priolo, G. Franzo, S. Coffa, and A. Carnera, “Excitation and nonradiative
deexcitation processes of Er3+ in crystalline Si”, Physical Review B, vol. 57,
no. 8, pp. 4443–4455, Feb 1998.

[4]

J. Michel, L. Assali, M. Morse, and L. Kimerling, “Erbium in silicon”, Light
Emission in Silicon: From Physics to Devices, vol. 49, pp. 111–156, 1998.

[5]

A. Dorofeev, E. Bachilo, V. Bondarenko, N. Gaponenko, N. Kazuchits, A.
Leshok, G. Troyanova, N. Vorozov, V. Borisenko, H. Gnaser, W. Bock, P.
Becker, and H. Oechsner, “Strong 1.54 µm luminescence from erbium-doped
porous silicon”, Thin Solid Films, vol. 276, no. 1–2, pp. 171–174, Apr 1996.

[6]

V. Bondarenko, L. Dolgyi, A. Dorofeev, N. Kazuchits, A. Leshok, G.
Troyanova, N. Vorozov, G. Maiello, G. Masini, S. LaMonica, and A. Ferrari,
“Porous silicon as low-dimensional host material for erbium-doped structures”,
Thin Solid Films, vol. 297, no. 1–2, pp. 48–52, Apr 1997.

[7]

M. Fujii, M. Yoshida, Y. Kanzawa, S. Hayashi, and K. Yamamoto, “1.54 µm
photoluminescence of Er3+ doped into SiO2 films containing Si nanocrystals:
Evidence for energy transfer from Si nanocrystals to Er3+”, Applied Physics
Letters, vol. 71, no. 9, pp. 1198–1200, 1997.

[8]

P. Kik, M. Brongersma, and A. Polman, “Strong exciton-erbium coupling in
Si nanocrystal-doped SiO2”, Applied Physics Letters, vol. 76, no. 17, pp.
2325–2327, Apr 2000.

[9]

S. Seo and J. Shin, “Exciton-erbium coupling and the excitation dynamics of
Er3+ in erbium-doped silicon-rich silicon oxide”, Applied Physics Letters, vol.
78, no. 18, pp. 2709–2711, Apr 2001.

[10]

L. Dal Negro, R. Li, J. Warga, and S. N. Basu, “Sensitized erbium emission
from silicon-rich nitride/silicon superlattice structures”, Applied Physics
Letters, vol. 92, no. 18, p. 181105, 2008.

[11]

S. Yerci, R. Li, S. Kucheyev, T. van Buuren, S. Basu, and L. Dal Negro,
“Visible and 1.54 µm Emission From Amorphous Silicon Nitride Films by
Reactive Cosputtering”, IEEE Journal of Selected Topics in Quantum
Electronics, vol. 16, no. 1, pp. 114–123, Feb 2010.

[12]

J. Shin, W. Lee, and H. Han, “1.54 µm Er3+ photoluminescent properties of
erbium-doped Si/SiO2 superlattices”, Applied Physics Letters, vol. 74, no. 11,
pp. 1573–1575, Mar 1999.

60

[13]

G. Franzo, S. Boninelli, D. Pacifici, F. Priolo, F. Iacona, and C. Bongiorno,
“Sensitizing properties of amorphous Si clusters on the 1.54 µm luminescence
of Er in Si-rich SiO2”, Applied Physics Letters, vol. 82, no. 22, pp. 3871–3873,
Jun 2003.

[14]

I. Y. Kim, J. H. Shin, and K. J. Kim, “Extending the nanocluster-Si/erbium
sensitization distance in Er-doped silicon nitride: The role of Er--Er energy
migration”, Applied Physics Letters, vol. 95, no. 22, pp. 221101–3, Nov 2009.

[15]

I. Kim, K. Kim, and J. Shin, “Preventing optical deactivation of nanocluster
Si sensitized Er using nanometer-thin SiNX/SiO2:Er heterolayer thin film”,
Journal of Applied Physics, vol. 108, no. 7, Oct 2010.

[16]

D. Olaosebikan, S. Yerci, A. Gondarenko, K. Preston, R. Li, L. Dal Negro,
and M. Lipson, “Absorption bleaching by stimulated emission in
erbium-doped silicon-rich silicon nitride waveguides RID B-1130-2009”,
Optics Letters, vol. 36, no. 1, pp. 4–6, Jan 2011.

[17]

O. Jambois, Y. Berencen, K. Hijazi, M. Wojdak, A. Kenyon, F. Gourbilleau,
R. Rizk, and B. Garrido, “Current transport and electroluminescence
mechanisms in thin SiO2 films containing Si nanocluster-sensitized erbium
ions”, Journal of Applied Physics, vol. 106, no. 6, Sep 2009.

[18]

S. Yerci, R. Li, and L. Dal Negro, “Electroluminescence from Er-doped
Si-rich silicon nitride light emitting diodes”, Applied Physics Letters, vol. 97,
no. 8, Aug 2010.

[19]

J. Thornton, “Influence of Apparatus Geometry and Deposition Conditions
on Structure and Topography of Thick Sputtered Coatings”, Journal of
Vacuum Science & Technology, vol. 11, no. 4, pp. 666–670, 1974.

[20]

M. Fujii, M. Yoshida, S. Hayashi, and K. Yamamoto, “Photoluminescence
from SiO2 films containing Si nanocrystals and Er: Effects of nanocrystalline
size on the photoluminescence efficiency of Er3+”, Journal of Applied Physics,
vol. 84, no. 8, pp. 4525–4531, Oct 1998.

[21]

M. Zacharias, J. Blasing, P. Veit, L. Tsybeskov, K. Hirschman, and P.
Fauchet, “Thermal crystallization of amorphous Si/SiO2 superlattices”,
Applied Physics Letters, vol. 74, no. 18, pp. 2614–2616, May 1999.

[22]

H. G. Yoo and P. M. Fauchet, “Dielectric constant reduction in silicon
nanostructures”, Phys. Rev. B, vol. 77, no. 11, Mar 2008.

61

[23]

F. Priolo, G. Franzo, D. Pacifici, V. Vinciguerra, F. Iacona, and A. Irrera,
“Role of the energy transfer in the optical properties of undoped and Er-doped
interacting Si nanocrystals”, Journal of Applied Physics, vol. 89, no. 1, pp.
264–272, Jan 2001.

[24]

I. R. Lewis and H. G. Edwards, Handbook of Raman spectroscopy: from the
research laboratory to the process line. CRC, 2001.

[25]

T. Uchino, Y. Kitagawa, and T. Yoko, “Structure, energies, and vibrational
properties of silica rings in SiO2 glass”, Phys. Rev. B, vol. 61, no. 1, p. 234,
2000.

[26]

N. Maley, D. Beeman, and J. S. Lannin, “Dynamics of tetrahedral networks:
Amorphous Si and Ge”, Phys. Rev. B, vol. 38, no. 15, p. 10611, 1988.

[27]

I. H. Campbell and P. M. Fauchet, “The Effects of Microcrystal Size and
Shape on the One Phonon Raman-Spectra of Crystalline Semiconductors”,
Solid State Commun., vol. 58, no. 10, pp. 739–741, Jun 1986.

[28]

David Z. Fang, Fabrication, Characterization, and Functionalization of
Porous Nanocrystalline Silicon Membranes, PhD Thesis, University of
Rochester. 2010.

[29]

E. Snoeks, P. G. Kik, and A. Polman, “Concentration quenching in erbium
implanted alkali silicate glasses RID D-1490-2011”, Optical Materials, vol. 5,
no. 3, pp. 159–167, Mar 1996.

[30]

F. Gourbilleau, C. Dufour, R. Madelon, and R. Rizk, “Optimization of the
optical properties of Er-doped Si-rich SiO2/SiO2 multilayers obtained by
reactive magnetron sputtering”, Optical Materials, vol. 28, no. 6–7, pp.
846–849, May 2006.

[31]

M. Zacharias, J. Heitmann, R. Scholz, U. Kahler, M. Schmidt, and J. Blasing,
“Size-controlled highly luminescent silicon nanocrystals: A SiO/SiO2
superlattice approach”, Applied Physics Letters, vol. 80, no. 4, pp. 661–663,
Jan 2002.

[32]

H. Rinnert, G. Adeola, and M. Vergnat, “Influence of the silicon nanocrystal
size on the 1.54 µm luminescence of Er-doped SiO/SiO2 multilayers”, Journal
of Applied Physics, vol. 105, no. 3, Feb 2009.

[33]

M. Zacharias, S. Richter, P. Fischer, M. Schmidt, and E. Wendler, “Room
temperature luminescence of Er doped nc-Si/SiO2 superlattices”, Journal of
Non-Crystalline Solids, vol. 266, pp. 608–613, May 2000.

62

[34]

D. Navarro-Urrios, A. Pitanti, N. Daldosso, F. Gourbilleau, R. Rizk, B.
Garrido, and L. Pavesi, “Energy transfer between amorphous Si nanoclusters
and Er3+ ions in a SiO2 matrix”, Phys. Rev. B, vol. 79, no. 19, p. 193312, May
2009.

[35]

M. Fujii, K. Imakita, K. Watanabe, and S. Hayashi, “Coexistence of two
different energy transfer processes in SiO2 films containing Si nanocrystals
and Er”, Journal of Applied Physics, vol. 95, no. 1, pp. 272–280, Jan 2004.

[36]

S. Takeoka, M. Fujii, and S. Hayashi, “Size-dependent photoluminescence
from surface-oxidized Si nanocrystals in a weak confinement regime RID
G-3777-2011”, Phys. Rev. B, vol. 62, no. 24, pp. 16820–16825, Dec 2000.

[37]

M. V. Wolkin, J. Jorne, P. M. Fauchet, G. Allan and C. Delerue, “Electronic
States and Luminescence in Porous Silicon Quantum Dots: The Role of
Oxygen”, Phys. Rev. Letters, vol. 82, no. 1, pp. 197-200, Jan 1999.

63

Chapter 3
Photon Confinement in a Multislot Waveguide
In the previous two chapters, we showed that an Er-doped SiO2/nc-Si
multilayer structure could be a good candidate for a future silicon-based on-chip light
source. For the first time in the literature, the enhancement of Er emission was
observed in this structure.
Although the result seems to be very promising, we must first overcome one
obstacle before any optical gain can be achieved in this structure. That obstacle is free
carrier absorption from excited nc-Si. Free carrier absorption has been reported to be
the major problem in developing silicon-based light emission devices. For example,
although it is recognized that the Raman gain from silicon is quite high, continuous
operation of a Raman silicon laser at room temperature was not achieved until an
Intel group used a PIN structure to sweep out the free carriers to eliminate the loss
[1][2]. The measurement of free carrier absorption done by a group at Stanford
University showed that the free carrier absorption coefficient of nc-Si is quite high,
leading to a not-very-promising conclusion on the feasibility of a nc-Si-based light
emission device [3][4]. A way was needed to bypass the free carrier absorption from
nc-Si so that we could eventually achieve optical gain in our material system. We
believe that the solution lies with a new type of optical waveguide device which we
call slot waveguide.
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3.1 Introduction
Traditional optical waveguide theories are based on the difference of the
refractive index between the outside material (cladding) and the inner material (core).
With high-refractive-index material in the center and low-refractive-index material on
the edge, light propagating within a certain cone angle will go through total internal
reflection (TIR) and thus be confined in the center, where the refractive index is
higher. Another explanation is based on electromagnetic theory, according to which
an eigen solution can be found for the Maxwell equation with a boundary condition
corresponding to the high/low refractive index distribution. The eigen solution is
called an eigenmode and we found that the eigenmode will propagate along the
waveguide. We also found the electromagnetic energy distribution is confined in the
center of the waveguide structure, similar to the geometrical picture but the energy
penetrates a small distance into the cladding layer.
This arrangement makes for a very elegant design that has been the foundation
for optical waveguide theory for decades. Many applications using optical fiber are
based on this arrangement. According to this theory, photons or electrical fields can
only be confined within a spatial range that is comparable to its wavelength divided
by its refractive index. This confinement corresponds to the diffraction limit of light
and to the Heisenberg uncertainty theory, which just makes the design even more
elegant. With a few exceptions such as photonic crystal fibers, it had been widely
accepted and written in most optical textbooks that photons are confined in
high-refractive-index materials within a spatial range of close to wavelength.
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The Er doped SiO2/nc-Si multilayer light emission device based on our unique
material system is different (see Figure 21). While optical gain is provided by nm-thin
SiO2 layers doped with Er atoms, free carrier absorption is localized in nc-Si layers,
which also provide excitation for Er atoms. This separation of optical gain from the
optical loss mechanism provides a possible way of suppressing the free carrier
absorption, which we call the spatial separation of photons and optical loss
mechanism. We can confine the photons in SiO2 layers where there is no interaction
between photons and free carriers; free carrier absorption is suppressed by this spatial
separation between photons and nc-Si.

Figure 21 Schematic of an Er-doped SiO2/nc-Si light emission device.
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However, conventional wisdom dictates that photons tend to be confined in
high-refractive-index materials with a spatial range comparable to light wavelength. It
seems impossible to achieve the anomalous photon distribution we describe here
because the refractive index of SiO2 is much lower than that of Si, not to mention the
thickness of SiO2 layers is on the order of a few nanometers, which is much thinner
than any conventional waveguide.
A novel technology, the slot waveguide, was first proposed in 2004 [5][6].
Researchers determined that when low-refractive-index material was sandwiched
between two high-refractive-index materials, photons could be confined in the low
refractive index layers if those layers were only a few nm thick. This confinement is
possible for TM polarization only. The two-dimensional (2D) waveguide structure
and the simulated mode profile were shown in Ref [5] [6], where it is clearly shown
that, mode was strongly confined in the low-refractive-index region.
The phenomenon depicted in Ref [5][6] can be explained by the continuity
condition at the interface, which states that electrical displacement should be
continuous for TM polarization. Because the refractive index of SiO2 is much lower
than that of Si, the electrical field intensity at the SiO2 side of the interface should be
approximately 9 times higher than that on the Si side. The decay length of this high
field intensity is on the order of a few hundred nm, so the electrical field remains high
across the whole SiO2 layer, which is only a few nm thick. This slot effect was both
theoretically simulated and experimentally demonstrated. Applications of this special

67

photon confinement had also been proposed and demonstrated in biosensing and
nonlinear optics [7][8][9].
If we go one step further with this idea, our Er-doped SiO2/nc-Si multilayer
structure works exactly as a multislot waveguide. Instead of one SiO2 slot sandwiched
between two Si layers, we have multiple alternating SiO2/nc-Si layers, with each layer
as thin as a few nanometers. This structure provided even higher photon confinement
in SiO2 layers than did single slot structures for two reasons. First, we have more
SiO2. Second, those SiO2 layers are so thin that the high field intensity is maintained.
We named this device a horizontal multislot waveguide. The exact photon
confinement of this device, the experimental demonstration of high photon
confinement in SiO2 layers, and its impact on the light emission device, are discussed
in this chapter.
3.2 Photon Confinement
We first simulated the mode profile of a horizontal multislot waveguide using
a commercial available finite-difference-in-time-domain (FDTD) mode solver Rsoft.
We simulated a three-dimensional (3D) multilayer waveguide structure with a
waveguide width of 2 microns. We chose this waveguide width so that single-mode
operation for both TE and TM polarization will be maintained. In a laser device,
although single-mode operation is not necessary due to mode competition, we kept
our device in single-mode operation to simplify the design of the experiment. To
reduce calculation time, the spatial resolution is set at 2 nm. The layer thickness for
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each Si and SiO2 layer is set at 100 nm to provide sufficient spatial resolution. The
cross-section of the waveguide structure is shown in Figure 22.

Figure 22 Cross-section of a simulated multi-slot waveguide.
To simplify the problem, we simulated a 3-pair multilayer structure with a
SiO2 substrate of a few microns thick and a cladding layer of 200 nm Si etched to
form a ridge waveguide. Although the simulated structure is not exactly the same
structure we discussed for the light emission device, the simulation serves the purpose
to show that we can indeed confine photons in thin SiO2 layers. For our light emission
devices in which each layers are much thinner, the photon confinement is not based
on any interference effect; thus, this unique photon confinement will be preserved.
The calculated mode profile is shown in Figure 23(a) and 23(b) for TE and
TM polarization, respectively. For TM polarization, photons are strongly confined in
thin SiO2 layers, while for TE polarization, we achieved a standard Gaussian-like
field distribution. The mode index is also calculated and shown in Figure 23(a) and
23(b); as indicated, the mode index for TM mode is much lower than that of TE mode.
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This difference is explained by the more photons being confined in SiO2 layers for
TM mode, so the photons are exposed to more low-refractive-index materials, which
then leads to a much lower mode index.

Figure 23 Rsoft-simulated mode profile for the multi-slot waveguide: (a) TE mode
profile; (b) TM mode profile.
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We discovered that the TM mode extends more into the SiO2 substrate. This
phenomenon is explained by the lower mode index of the TM mode, which increases
the penetration depth of the electrical field into the substrate. We are interested in the
photons confined in the thin SiO2 layers but not in the SiO2 substrate, so the large
mode tail into the SiO2 substrate had a negative effect on our design goal, which is to
have as many photons in thin SiO2 layers as possible, but not in the SiO2 substrate.
Although the FDTD software package accurately calculates the eigen mode
profile, the calculation speed is slow. The multilayer structure is large compared to
our real device, each layer of which is only a few nanometers thick. To simulate a
structure with layer thickness of a few nanometers and many layers will require a
spatial resolution of subnanometer, as well as calculation power and time beyond our
means and capability. Optimization of the multilayer structure needs to calculate the
mode profile for different structure iteratively, thus increasing the calculation
complexity even more. In our work, we tried to use Rsoft to simulate our real device,
which is composed of more than 60 layers, each of which is a few nanometers thick.
It took more than one day to calculate the eigen mode profile for one structure, and
the estimated calculation time for the optimization process is more than one month.
Another approach to do the work was needed.
3.3 Transfer Matrix Method (TMM)
To overcome these various obstacles, we turned to the transfer matrix method
(TMM), which is a standard method used to calculate the propagation mode,
reflection, and transmission from a planar multilayer structure. The method was first
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proposed by John Chilwell and Ian Hodgkinson in 1984, where a standard
matrix was used to describe a single layer with known material and thickness [10]. A
multilayer structure is simply described by the consecutive multiplication of the
matrixes that describe each single layer in the structure. The eigenmode index is then
calculated by satisfying the substrate-to-cover field-transfer equations, and the mode
profile can be calculated as well. With small-perturbation approximation, we can even
assume there is a gain/loss in certain layers and then calculate the modal gain or loss
based on the gain/loss distribution in the multilayer structure.
It should be noted that TMM is used for 2D structures only. For a real 3D
structure such as the one we sought to fabricate, the photon confinement will be
slightly different because of the third dimensional structure. The impact of the third
dimension can be approximated by effective index; the third dimension is
approximated by another slab waveguide in that dimension whose refractive index is
determined by the mode index of the multilayer waveguide in the first two
dimensions. Because we used a shallow-slab waveguide structure, the result will be
very close to this approximation. For a slab width of 2 micron, which we used for the
single-mode condition, the effective index approximation suggested that the photon
confinement in the thin SiO2 layers is mainly determined by the horizontal multilayer
structure. Based on this suggestion, the results of TMM will be an accurate indication
of the confinement factor in which we are interested. In our actual experiment, we
also measured a 2D structure to compare with our 2D simulation results.
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To start our simulation on the multilayer waveguide, we chose a multilayer
structure with total thickness of 520 nm, with a 50 nm SiO2 layer cladding and a SiO2
substrate of infinite thickness. We have seen from the Rsoft results that even for the
TM mode, the electrical field extended less than 2 microns into the substrate, so any
SiO2 substrate of more than 2 microns can be represented by an infinitely thick SiO2
substrate, which simplifies our calculation. The thickness of the multilayer region is
chosen so that at least one TE and one TM will be supported. The silicon layer
thickness is set at 4 nm, very close to the estimation of the optimum silicon layer
thickness we predicted in Chapter 2. Because it had been determined that a silicon
layer thickness of ~1.9 nm yields the best Er emission and therefore the optimum
energy transfer, we needed to change our structure to match this number. For the time
being, we used a silicon layer thickness of 4 nm because the fabrication process is
less time-consuming and the result is equally indicative of the photon confinement
factor in which we are interested.
Aside from the total multilayer thickness and the silicon layer thickness, we
also need to know the SiO2 layer thickness to fully determine the multilayer
waveguide structure. The approach we take is to use the thickness ratio between
silicon and SiO2 layers as the varying parameter for optimization process. The benefit
of this approach is that, first, SiO2 layer thickness is determined with a known
thickness ratio and silicon layer thickness and, second, because both silicon and SiO2
layers are only a few nanometers thick, the field intensity is a constant across the
entire thin layer region and it is almost independent of the exact layer thickness.
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Therefore, the photon confinement factor can be solely determined by the thickness
ratio between silicon and SiO2 layers, even if we change the silicon layer thickness
from 4 nm to ~1.9 nm to match the optimum silicon layer thickness. The conclusion
can still be applied and we just need to change the SiO2 layer thickness to maintain
the same thickness ratio.
Now we have a multilayer waveguide structure to work on. We also need to
determine the metric that we are going to calculate. The power confinement factor in
SiO2 layers seems to be a reasonable parameter to start with because power is directly
related to the number of photons and can be easily calculated through the Poynting
vector. An equally reasonable approach is to calculate the square of the electrical field,
as proposed by the Cornell group [11]. It is believed that the square of the electrical
field is indicative of the energy transfer rate, according to the Fermi golden rule.
Although this is a fair assumption, we will maintain our approach by calculating the
power confinement factor because it is directly related to the number of photons in
which we are more interested.
The calculated photon confinement (power confinement) factor in SiO2 layers
of the multilayer region is shown in Figure 24, where the x-axis represents the
thickness ratio between silicon and SiO2 layers and the y-axis represents the
calculated photon confinement in SiO2 layers of the multilayer region, as a percentage
of all photons in the propagation mode, with blue and green curves for TE and TM
polarization, respectively. There is nothing special about TE polarization; the photon
confinement in SiO2 layers reduces as the thickness ratio between silicon and SiO2
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layers increases. This is simply explained by the fast that there are more silicon in the
multilayer region, thus less percentage of photons are confined in SiO2. The TM
polarization is more interesting where a clear confinement peak of close to 75% exists
at a thickness ratio close to 1. This result is explained by the competing process that
both silicon layers contribute to the photon confinement.
On the one hand, a decreased thickness ratio between the silicon and SiO2
layers simply means there is more SiO2 in the multilayer region. Because the field
intensity is almost a constant over the SiO2 layer, which is only a few nanometers thin,
this condition simply leads to more photons in the SiO2 layers. On the other hand,
with more SiO2 in the multilayer region, the mode index of the propagation mode will
decrease, which in turn leads to a larger tail in the substrate. This condition results in
a reduced percentage of photons in the SiO2 layers in the multilayer region. The
competition of those two processes leads to the saturation we see in Figure 28, where
maximum photon confinement of 75% is achieved at a thickness ratio between silicon
and SiO2 layers close to 1.
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Figure 24 Calculated photon confinement in SiO2 for TE and TM polarization.
This result applies to structures with a multilayer thickness of 520 nm thin
only. Both the maximum confinement factor and the optimum thickness ratio will
change if we use a different total multilayer thickness. Because the total thickness is
chosen so that at least one TE and one TM mode will be supported, our structure is a
reasonable thickness to start with. This method can be applied easily to multilayer
structures with different thicknesses, although the conclusion will be slightly different.
We also performed simulations on multilayer structures with thickness of up to 1 µm.
More than one TE and TM modes are supported for those structures for sure, but now
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we were able to achieve photon confinement in the SiO2 layers of as high as 90% for
thick structures.
3.4 Experimental Demonstration
Our simulation results provided us with important results and insights into the
multilayer waveguide structures. First, we confirmed by FDTD mode solver that
photons can actually been confined in the SiO2 thin layers for a horizontal structure,
the same as was demonstrated in the reference for a vertical slot structure. Second,
using TMM, we determined that more than 75% of photons can be confined in
nanometer-thin SiO2 layers, a huge increase from single slot structures. For single slot
structures, this ratio is approximately 20% because the field strength decays in SiO2
layer if the SiO2 layer is too thick; and if SiO2 layer is too thin the percentage of
photons in the SiO2 layer will drop as well. A multilayer structure solves this problem
by using multiple thin SiO2 layers. High field strength is maintained across the
entirety of SiO2 layers by the thin layers, while a high percentage of photons in the
SiO2 layers is achieved by multiple thin SiO2 slots. If we further increase the total
multilayer region thickness and remove the single mode operation constraint, this
percentage can be as high as 90% because of a smaller mode tail into the substrate.
Experimental verification of our results is tricky. The layer thickness for our
SiO2 layers is on the order of tenths of nanometers, if not even thinner. This thickness
is considerably lower than that of the diffraction limit of light, so any mode profile
measurement based on far-field propagation will not work. Usually, the near-field
scan technique is needed to see any feature below the diffraction limit. This technique

77

requires a complex experimental setup and a surface roughness of less than one
quarter of the resolution required. Considering we have a feature size of tenths of
nanometers, to see this feature with sufficient resolution, a surface roughness of a
sub-nanometer is needed. Although this level of roughness is achievable with MRF
polishing, even the sample preparation process is time-consuming, not to mention the
near-field scan technique itself. We needed to pursue other methods to verify our
simulation results to prove we had indeed confined photons in nanometer-thin SiO2
layers.
The method used by the Cornell group was to measure the mode index of the
propagation mode [6]. More photons are confined in the SiO2 layer, where the
refractive index is lower, so the effective refractive index or the mode index of the
TM mode is lower than that of the TE mode. The higher the percentage of photons in
SiO2 thin layers, the lower the measured mode index. This method provides the
benefit of an easier measurement system. Mode index can be both theoretically
simulated and experimentally measured, thus provides a way of verifying our
theoretical results. This method is the one we chose to use in our research work.
3.4.1 Experimental Setup
The Cornell group used a method based on interference to measure the mode
index of a propagation mode. We chose to use a prism coupler (m-line measurement)
to measure the mode index. There were multiple reasons for our decision. First, this
method is for 2D structures and no photolithography or etching process is needed to
form a real 3D-waveguide structure. We can simply deposit a multilayer sample,
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cleave it to the right size and then perform the measurement. Second, as a multilayer
waveguide, it is intrinsic to have multiple interfaces and thus multiple scattering
sources, a condition that leads to higher scattering loss. Even if we fabricate a 3D
waveguide based on the multilayer structure, the propagation loss could be so high
that it would be difficult the observe interference because of multiple reflections from
the end facet. The difficulties compound the problem of measuring the mode index.
The experimental setup for a prism coupler (m-line measurement) is shown in
Figure 25. Our sample is pressed firmly to a prism by applied gas pressure. The prism
is typically made of high-refractive-index materials, such as rutile (~2.5) or
amorphous silicon (~3.46); lower refractive-index materials such as some glasses are
also used for measurement of lower mode indices. Light output with a wavelength of
1.55 um from a near-infrared laser is coupled out by an SMF fiber and collimated
output in free space is achieved through a fiber collimator. The collimated beam is
then shined onto the prism and aimed at the coupling spot where the sample and
prism contact.
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Figure 25 Experimental setup for mode index measurement.
Note that the prism/sample module is mounted onto a motorized rotation stage
so that we can change the incident beam angle. Because of the air gap between the
sample surface and the prism, light will be reflected by total internal reflection at the
prism/air interface and then picked up by the detector. At certain beam incident angles
that corresponds to the mode index of the propagation mode of our sample, light
energy is tunneled into the waveguide through frustrated total internal reflection, thus
reducing the picked-up light intensity at the detector. This angle can be identified by
monitoring the reflected light intensity as we rotate the prism/sample module, and a
light intensity dip will be found at this angle where a large amount of light energy is
coupled into the propagation mode of the waveguide.
With the knowledge of this angle and the refractive index of the prism, we can
calculate the mode index. Figure 26 shows a typical scan trace for the reflected light
power, with and we can easily obtain the correspondence between dip angle and
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mode index n_eff, as shown in the figure – two modes were observed in this case, as
expected. There are also polarization optical devices such as polarizer and half wave
plate in the optical path so that we can control the polarization state of the incident
beam and measure corresponding mode index, which we believe will be quite
different from that predicted by photon confinement.

Figure 26 Typical scan trace from a prism coupler setup.
The measurement setup seems simple enough but those who seek to repeat
these procedures should be aware of these considerations for better system alignment
and interpretation of results. The first concern is the contact spot: Optical power is
coupled into the waveguide propagation mode through evanescent wave coupling. At
total

internal

reflection,

optical

energy

actually

penetrates

into

the

low-refractive-index material for only a small distance, which is called the
penetration depth. If the mode profile of the waveguide propagation mode extends
into this region and overlaps with the evanescent wave, optical power can then be
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coupled into the waveguide propagation mode under certain conditions, and this
coupling represents the rotation angle in our case.
Penetration depth is a function of the refractive index of the materials on each
side of the interface (e.g., rutile and air); usually, penetration depth is in the order of
less than 100 nm. This measure places a strict requirement on the thickness of air gap
between the sample surface and the prism surface, which are pressed together through
air pressure. The air gap thickness must be smaller than the penetration depth so that
there is extensive overlap between the propagation mode of the sample and the
evanescent wave from the total internal reflection at the prism/air surface. The
smaller this thickness is, the higher the coupling efficiency of the optical power into
the propagation mode.
Both the sample surface and the prism surface were carefully cleaned because
the existence of any surface contamination or particles will likely increase the air gap
thickness. To minimize the air gap thickness, we used the highest possible gas
pressure, which is 60 psi, as limited by the in-house nitrogen gas line supply, to press
the sample onto the prism surface. In our practice, the size of the contact spot is
approximately 1 mm2. Careful alignment of the incident beam is required to ensure
the light beam exactly aligns with the contact spot. This precision is achieved by
aligning the optical system through a He-Ne light beam; if we are confident the
near-infrared beam overlaps well with the He-Ne beam, then we can then run the
experiment with the 1.55 um laser beam and do not need to worry about the
alignment.
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Another issue with the contact spot is the rotation of the sample/prism module.
The sample/prism module is rotated to locate the reflected light intensity dip, and the
mode index is calculated through the rotation angle that corresponds to this dip.
Before conducting the calculation of the mode index, we must ensure that the contact
spot between the sample and the prism does not move as we rotate the module,
otherwise finding the coupling angle will be more difficult. To prevent the sample
and prism from moving, we rely on the careful design and manufacture of the
mechanical mount for the sample/prism module on the motorized rotation stage. After
some trial and error, we achieved good couplings.
Aside from the coupling spot, another important task associated with
successful implementation of the experiment is the selection of the prism. The
refractive index of the prism partially determines the range of angles for which we
can achieve total internal reflection at the prism/air interface, which in turn
determines the range of mode index we can measure. The range of the mode index is
also determined by the detector that is used to pick up the reflected light intensity. As
the sample/prism module rotates, the reflected beam rotates twice as fast in angular
speed. Although we used a large-area Ge detector to pick up the reflected beam, its
size was still limited and the range of mode index that could be measured was also
limited. In summary, the selection of the prism and the size of the detector together
determine the range of mode index we can measure. To cover a large range of mode
index that can be measured, we used three prisms that are made of glass, rutile, and
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amorphous silicon. Our calculation shows that mode index ranges from 1.3 to 3.2 can
be measured.
3.4.2 Experimental Results
In our experiments, our samples are fabricated by RF magnetron sputtering,
with Si and SiO2 targets. The refractive index and the deposition rate of the deposited
thin films are measured by ellipsometry measurement, as described in previous
chapters. With known layer thickness, refractive index, and multilayer structure, the
mode index can be easily calculated by TMM. Dimensions of the simulated and
fabricated structures are shown in Table 2, as well as calculated mode index and
measurement results.
Table 2 Simulated and Measured Mode Index for our Deposited Sample Structures
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In table 2, it is shown that, overall the mode index measurement agrees well
with simulation results. It needs to be pointed out though, that a few fundamental
modes are missing. The reason is the limitation we have in our measurement system –
the range of refractive index we can measure is limited by the prism used for mode
coupling. Unfortunately, we have a gap between 1.8 to 2.0 that is not covered by any
of our available prism, and this leads to the fundamental modes that are missed in our
measurement results.
Figure 27 shows the theoretical simulation and the experimental measurement
of the mode index for the fundamental mode, with the x-axis representing the
thickness ratio between silicon and SiO2 layers, and y-axis representing the mode
index. The calculated mode index decreases as the thickness ratio between SiO2 layer
and silicon layer increases, as expected, because the higher the thickness ratio, the
more SiO2 we have in the multilayer region and, in turn, the lower the mode index.
The measured data points in the figure indicate that there is very good agreement
between the experimental and theoretical results, suggesting a good theoretical model.
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Figure 27 Mode index measurement and simulation results.
An important conclusion we can draw from Figure 27 is that the mode index
of TM polarization is significantly lower than that of the TE polarization. This
difference is an indirect indication that more photons are confined in SiO2 layers for
TM polarization than in those of TE polarization. Combined with the photon
confinement calculation we did using the same theoretical model, we can confidently
claim that the high percentage of photons are indeed confined in thin SiO2 layers
within the multilayer region. With regard to the theoretical framework, we can further
increase this percentage to even higher levels.
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There are further implications of this result. We observed large differences
between the mode index of TE polarization and TM polarization. This difference was
called “form birefringence” by Yariv [12] because this birefringence is a man-made
effect. Birefringence as large as 0.7 was demonstrated in Figure 30, a measure
unlikely to be found in natural materials. Form birefringence could be useful for some
on-chip polarization optical devices where large birefringence is needed but this
concept exceeds the scope of our work.
3.5 Gain/Loss Study
It is possible, using our multilayer waveguide approach, to confine a high
percentage of photons in nanometer-thin SiO2 layers but our ultimate goal is to
suppress the free carrier absorption. Intuitively, by “hiding” photons in thin SiO2
layers, the interaction between photons and free carriers in silicon layers is minimized,
hence the free carrier absorption is suppressed. Another benefit we realize came from
this photon confinement: With more photons in SiO2 layers, the interaction between
photons and Er atoms that provide optical gain is promoted. Thus, aside from the
suppression of free carrier absorption, we would also expect the increase of optical
gain from excited Er atoms.
To study this effect quantitatively, we calculated the modal gain for TE and
TM polarization, respectively. Calculation of modal gain is barely achievable by an
FDTD software package and exceeds the calculation power of our current
infrastructure. As we did for the calculation of mode profile and photon confinement,
we again relied on the TMM method. This time, a first-order small perturbation
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method is used in combination with the TMM method to calculate the modal
gain/loss for our multilayer waveguide structures. The method is performed as
follows.
We start from a perfect, unperturbed multilayer waveguide in which all layer
materials as well as substrate and cladding material are lossless. In our simulation,
this perfect waveguide is achieved by setting the refractive index of the material as a
pure real number. A perturbed waveguide is set so that the refractive index of certain
layers is modified to reflect the gain/loss in the layer. Mathematically, this calculation
is expressed as Eq. 1:
(1)
In Eq. 1,
is lossless,

is the refractive index of the nth layer before modification, which

is the gain/loss of the layer material that we assigned to it—the sign of

this number determines whether this layer is provides loss or optical gain—and

is

the layer material refractive index after modification. We already knew that the layer
matrix for each layer is determined by material refractive index and layer thickness;
eventually we will have a series of all the layer matrixes, some of which contain
complex components. The solution of this characteristic matrix will, in general, give
us a complex mode index that can be expressed as shown in Eq. 2:
(2)
In Eq. 2, β is the solution to the characteristic matrix which is lossless, β’ is
the solution to the characteristic matrix, which is modified and contains gain/loss in
the layer materials, and b is a pure imaginary value that can be simply determined by
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the characteristic matrix. From the definition of propagation constant, we know, as
shown in Eq. 3, that
(3)
Because b is a pure imaginary value, the power attenuation coefficient or the optical
gain/loss can be determined by β and b, both of which can be calculated through the
characteristic matrix.
Simulation based on small perturbation is performed on a multilayer structure
with a multilayer region thickness of 450 nm, and the thickness ratio between silicon
and SiO2 layers is set to 1, as shown in Figure 28. As described in previous sections,
this structure provides us optimum confinement of photons in SiO2 layers while
maintain single-mode operation for both TE and TM polarization. Our objective is to
determine whether this structure provides benefits of suppression of free carrier
absorption and enhancement of optical gain.
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Figure 28 Device structure for modal gain/loss simulation.
Instead of specifying the exact gain/loss coefficient in SiO2 and silicon layers,
which is difficult to determine, we use the ratio between gain coefficient and loss
coefficient in SiO2 and silicon layers as the parameter to be scanned in the simulation.
The overall propagation gain/loss is calculated by the small perturbation method and
plotted as a function of the gain/loss coefficient ratio. Because our simulation is based
on the first-order small perturbation method, the calculated result is also proportional
to the real number in the first order. For now, we are mainly interested in the point
where the structure shows optical gain, so this calculation is acceptable.
Figure 29 shows the calculated propagation gain/loss as a function of the ratio
between gain coefficient and loss coefficient in SiO2 and silicon layers; results for
both TE and TM polarization are as shown. As indicated by the results, we can
observe two pieces of information. First, the modal gain for TM polarization is
significantly higher than that of TE polarization, which suggests that the difference in
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photon confinement between TE and TM polarization leads to a difference in modal
gain for those two polarizations. Second, the threshold gain/loss ratio to achieve
propagation gain can be estimated from the figure. For TM polarization, this
threshold is ~0.2, which suggests that overall optical gain can be achieved even if the
optical gain coefficient is only one quarter of the optical loss coefficient in silicon
layers.

Propagation gain for TE and TM polarization by TMM
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Figure 29 Calculated modal gain/loss by TMM method.
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Figure 29 also shows that the threshold for TE polarization is approximately
2.5, indicating that the optical gain coefficient provided by Er in SiO2 layers needs to
be at least 2.5 times higher than the optical loss coefficient, which is mainly due to
free carrier absorption, for the structure to show overall optical gain. As suggested in
reference, free carrier absorption from excited nc-Si could be so high at the
wavelength of interest that the possibility of achieving overall optical gain could be
completely ruled out [13]. Using the unique photon confinement demonstrated, our
multilayer structure provides the benefit that even at a high free carrier absorption
coefficient level, achieving an overall optical gain is still possible for TM polarization.
At the very least, this approach is as or more plausible than other approaches.
3.6 Conclusion
In this chapter, we discussed the unique photon confinement of our multislot
waveguide structure, both theoretically and experimentally. Our simulation shows
that, with proper design, more than 75% of the photons can be confined in SiO2 layers,
excluding the SiO2 substrate. This percentage can be even higher if we exclude the
requirement of single mode condition. For a laser device, single mode condition does
not always need to be met because of mode competition. Higher photon confinement
can be achieved for future devices, if necessary.
This unique photon confinement is indirectly demonstrated by a mode index
measurement experiment because direct measurement of mode profile requires use of
the near-field technique to achieve resolution of nanometer range, which is much
lower than the diffraction limit. The experimental result shows that the mode index of
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TM polarization is significantly lower than that of TE polarization. This result is
explained by the unique photon confinement in which the higher percentage of
photons in SiO2 leads to a lower mode index because photons are exposed to more
SiO2. Aside from the indirect demonstration of the unique photon confinement, we
also observed strong form birefringence [12]. Birefringence as high as 0.7 had been
observed and could lead to on-chip polarization optical devices. Birefringence and
on-chip polarization optical devices exceed the scope of the present work.
The reason we are interested in this unique photon confinement is that we
need to find a way to suppress the strong free carrier absorption from excited nc-Si in
our light emission device. It had been suggested that this absorption is so strong that it
is impractical to achieve absolute optical gain based on an Er-doped nc-Si device. To
solve this problem, our approach is the spatially separation between photons and
excited nc-Si. Through this multilayer waveguide structure, high percentages of
photons are confined in SiO2 layers so that they do not interact with excited nc-Si,
and suppression of free carrier absorption is achieved. Our simulation results proved
that optical gain provided by Er in SiO2 layers can be only a quarter of the optical loss
in silicon layers, and the structure still shows overall optical gain. This result will be
experimentally demonstrated in the next chapter.
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Chapter 4
Loss Mechanism
As explained in preceding chapters, our Er-doped multilayer structure could
provide strong Er emission enhancement due to energy transfer and could suppress
free carrier absorption due the multislot waveguide structure. Although the device
structure looks promising, some key components necessary for a device structure
candidate to be successful are still missing. These components are the loss
mechanism and its impact on the overall device performance.
There are two major loss mechanisms in our multilayer structure. One is the
intrinsic scattering loss due to multiple interfaces in the structure. The other one is the
pump-induced loss from the nc-Si. Intrinsic scattering lost had not been addressed in
the past because of its complexity—there are multiple interfaces involved and the
calculation resources needed for a real 3-D FDTD simulation are beyond our access.
Some other approaches are needed for the calculation. Because there are multiple
interfaces in our multilayer waveguide structure, the roughness of each interface will
scatter light into leaky mode and contribute to propagation loss. We paid a price of
higher scattering loss to achieve the benefit of Er emission enhancement and it is
worth investigating whether the benefits we reap compensate for the price we paid.
Also at issue is whether it is possible to determine a device structure so that the
benefits we reap outweight the price.
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Pump-induced loss has been discussed in the literature, although there has
been no agreement as to the efficacy of this mechanism. Most current reports
measured a very high pump-induced loss level resulting from free carrier absorption
and indicated it is unlikely to achieve optical gain with that level of loss [1][2][3].
Other reports estimated that the absorption coefficient is actually two orders of
magnitude lower [4].
In this section, we discuss those two major loss mechanisms. For the
scattering loss due to multiple interfaces, theoretical calculation and experimental
measurement will be presented. For loss due to free carrier absorption, we offer a
demonstration that the loss can be suppressed by our multislot waveguide structure.
4.1 Scattering Loss
The theoretical treatment of planar waveguide scattering loss was previously
presented by a few groups for a single-slab waveguide structure [5][6]. Marcuse was
the pioneer in this area; he approached the problem by modeling the propagation loss
as energy coupled from waveguide propagation mode to radiation mode. The
approach was quite complex and the results did not provide much physical insight
into the nature of the problem. Payne and Lacey provided a simpler but equally
accurate approach using the method of equivalent currents. The basic idea is to treat
the surface roughness as an antenna; any surface roughness will serve as an
equivalent current source and thus emit an electromagnetic field. The overall integral
of the emitted field is then treated as the propagation loss, so the overall problem is
reduced to a statistical solution of Maxwell’s equation. By a Green function approach
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and Fourier transform of the Maxwell’s equation, a simple solution of the waveguide
structure and interface roughness shown in Figure 30 can be represented as shown in
Eq. 4 (Ref [4]):
＝

(4)

Figure 30 Geometry of the waveguide structure for scattering loss derivation, where β
is the propagation constant, d is the waveguide half thickness, n1 and n2 is the
refractive index for core and cladding material, respectively, and σ is the RMS
deviation of the surface roughness from a perfect planar waveguide, based on Ref [1].
A study on the equation in detail yields some interesting findings. The first
term, ϕ2(d), is the propagation field strength at the perfect interface. This term
suggested that the propagation loss is proportional to the square of the field strength.
Because it is assumed that scattering of propagation mode only occurs at the
interfaces, a stronger field strength at the interface will lead to a higher propagation
loss, and this finding agrees well with our physical intuitive.

98

The second term,

, is basically the difference between the refractive

index of the core layer and the cladding layer. In the extreme case where the two
refractive indices equal each other, the propagation loss became 0; this value is
expected because we are working with a homogenous medium and no constraints or
interface imperfections. The third term is an integral of the autocorrelation of the
surface roughness for a certain spatial frequency range. This term tells us both the
severity of the surface roughness and its statistical properties. Assuming a Gaussian
autocorrelation function, this value can be expressed as Eq. 5:
μ

(5)

In Eq. 5, σ is the RMS surface roughness shown in Figure 30 and Lc is the
correlation length of the statistical distribution. Note that both parameters could be
measured by scanning with an atomic force microscope (AFM). Given that the
parameters could be measured, it is possible to estimate the propagation loss by
experimental measurable parameters.
Important physical insights we can gain from the equation include the realistic
means to reduce propagation loss. Breaking the equation into the three terms of σ, Lc,
and refractive index difference, we have three approaches for propagation loss
reduction, which correspond to these three terms:


Reduce the field strength at the interface. From optical waveguide theory,
this concept basically means that the waveguide should be as thick as
possible. However, there is a practical limitation to this approach: a thicker
optical waveguide tends to have more than one propagation mode.
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Although a multimode waveguide is not preferred in most applications,
from Eq. 5 we can see that the propagation loss in fundamental mode is
lower than in higher order mode because fundamental mode usually
extends less into the cladding layer, so the field strength at the interface is
lower.


Reduce the refractive index difference. In today’s silicon photonics, this
concept is an unlikely approach. The silicon waveguide with a SiO2
cladding layer is a mature platform, both in device design, fabrication
process, and applications. Using silicon nitride (Si3N4) as the cladding
layer could be a feasible approach because the refractive index of Si3N4 is
much higher than that of SiO2. Er-doped silicon-rich Si3N4 was used by a
Boston University group and is not within the scope of the current study.



Reduce the RMS surface roughness. One obvious way of achieving the
desired effect is by reducing the RMS surface roughness, which had been
the major approach since the early days of silicon photonics when
researchers attempted to produce a low-loss compact optical waveguide
[7]. In this paper, it had been theoretically and experimentally
demonstrated that propagation loss increases significantly as waveguide
width reduces, as predicted by the theory. More importantly, it was
determined that the major source of propagation loss is the scattering from
sidewall roughness of the waveguide. It is also predicted that 0.1 dB/cm
level of low propagation loss can be achieved for a sidewall roughness in
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the level of angstrom, which is achievable by crystallographic etching of
c-Si. Following this path, Lipson’s group had experimentally demonstrated
an ultralow-loss silicon waveguide by ultra-smooth sidewall waveguide
[8].


Play with the surface roughness autocorrelation function. The integral of
the surface roughness autocorrelation function for a certain spatial
frequency range contributes to the propagation loss as well. Research has
determined that for a certain surface roughness correlation length, there is
also a certain surface roughness that corresponds to a maximum
propagation loss [7]. However, if we study the integral in detail, we will
see that there is a “beat” term between the propagation constant and the
spatial frequency of the surface roughness autocorrelation function. If we
can move those two spatial frequencies further away from each other, it is
possible to reduce the “beat” effect and achieve low propagation loss. This
effect is discussed in detail in following sections.

4.1.1 Theoretical analysis for multislot waveguide scattering loss
The traditional belief regarding the multislot waveguide is that the
propagation loss could be so high that its benefits will be wiped out completely. The
rationale behind this belief is twofold. First, each interface will contribute to
propagation loss; because we have so many interfaces, the total propagation loss
could be extremely high. Second is the matter of TM polarization; there is a
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discontinuity in the electrical field at each interface, and the discontinuity could
contribute to extra propagation loss, as many have suspected.
The first rationale had merit. The multislot waveguide structure does have
many interfaces, and because the thickness of each layer is so thin (~ a few
nanometers), we expect a fairly high propagation loss. It is also worth noting that
there is a large mode tail extended into the SiO2 substrate for TM polarization; this
tail could mitigate the strong scattering loss because the large mode tail suffers little,
if any, scattering loss in the substrate. As for the second point, physical intuition
actually does not work well here. Although it is true that the electrical field is not
continuous across the interface for TM polarization, electrical displacement is indeed
continuous, so there is no extra current generated at the interface, according to
Maxwell’s equation. Because we have determined that the propagation loss is
attributed to the current generated from surface roughness, a more logical conclusion
is that the electrical discontinuity does not generate extra propagation loss.
As shown in Eq. 4, propagation loss is expressed by field strength at the
interface, waveguide structure, and the statistical characteristic of the surface
roughness. From our work in Chapter 4, we can determine the field strength at the
interface by TMM for any given multislot waveguide structure. The only assumption
we need to make is for the surface roughness. We assume that the surface roughness
at our multislot waveguide interfaces follows a Gaussian distribution; this assumption
is reasonable because our samples are deposited by a sputtering process. For the
theoretical study, we assume that the RMS surface roughness at the interface is 5 Å
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with correlation length of 10 nm; those numbers were confirmed in our AFM
measurement of the films.
Propagation loss and number of interfaces
We begin with the theoretical study on the propagation loss as a function of
the number of interfaces. The more interfaces we have in the waveguide structure, the
higher the propagation loss will be. Even with this general awareness, a rigorous
theoretical study is still needed to determine the exact relationship.
We start with a multilayer 2-D slab waveguide. Fixing the multilayer region
thickness at 450 nm, we changed the number of layers in the multilayer region，
assuming the same thickness for Si and SiO2 layers. This structure was chosen for
consistency of our study because our previous studies had suggested that this is the
optimum structure for an Er-doped nc-Si multilayer structure, so it is worthwhile to
study the scattering loss of this particular structure. The simulated results are shown
in Figure 31: the propagation loss increases with the number of interfaces, which is
expected. The superlinear increase of the propagation loss is explained by the slight
increase of propagation constant and change of mode profile, as the number of layer
increases in the multilayer region. Note, too, that the thickness of a single layer
decreases as the number of interfaces increases because we keep the total multilayer
region thickness as a constant. Apparently, a thinner layer also contributes to an extra
higher propagation loss.
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Figure 31 Propagation loss as a function of the number of interfaces.
Note that although, for TM polarization, the electrical field at the interface is
not continuous, the electrical displacement is continuous across the boundary, so no
extra current is generated at the interface and there is no extra scattering loss for TM
polarization. The observation that the propagation loss for TE is higher than that of
TM polarization can be explained the mode index for TE polarization being much
higher and the TE mode being more confined in the multilayer region. Therefore, the
relative field strength at each interface for TE polarization is higher than that of TM
polarization, which leads to the higher scattering loss for TE polarization. This effect
had also been observed experimentally in vertical multislot waveguides [9].
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Propagation loss and correlation length
We calculated the change of propagation loss for our multilayer waveguide
structure as a function of the correlation length of the surface roughness. The
simulated results are shown in Figure 32: the dependence of propagation loss on the
correlation length is different for TE and TM polarizations. Because the correlation
length for our deposited films is on the order of 10 nm, it is expected that propagation
loss for both TE and TM polarization can be reduced by decreasing correlation length.
It is known that by smoothing the surface roughness, it is possible to reduce
propagation loss significantly [8][10]. This approach needs post oxidation of the
device for surface roughness smoothing, so it is not applicable for our multislot
waveguide.

Figure 32 Propagation loss as a function of correlation length.
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4.1.2 Experimental measurements of propagation loss
There are many techniques available to measure the propagation loss of a
given waveguide structure experimentally, including the cutback method, top
scattering method, method based on end facet interference, and method based on
high-Q cavity [11][12][13]. Methods based on interference needs a 3-D waveguide
structure to achieve full 3-D confinement of the propagation mode. Although it is
feasible to etch the top SiO2 cladding layer and form a 3-D wedge waveguide, surface
roughness at the sidewall will introduce extra propagation loss and complicate our
study. It is therefore necessary to limit our choice of measurement plan to 2-D
structures only so that no extra loss will be introduced. That requirement eliminates
all but the cutback method and top scattering method. Using the cutback method, it is
difficult to accurately control how much of the waveguide is cut; it is even more
difficult to control the input/output coupling at a constant. Given these difficulties, we
chose top scattering method as our experimental approach for propagation loss
measurement. This method provides us the benefits of a simple setup, capability of
measuring 2-D structure, and relatively accurate result as long as we can keep the
waveguide top surface clean.
Sample fabrication
Multilayer samples are fabricated by an RF magnetron sputtering system,
using Si and SiO2 targets, on silicon wafers with 4 μm of SiO2 top layer to form a
waveguide. Reference samples of SiO2 and a-Si thin films are also deposited; AFM
measurements are performed on those reference samples to achieve the surface
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roughness, as shown in Figure 33. The correlation length can also be obtained from
the AFM image, using Fourier transform to get the autocorrelation function, as
described in [7].

Figure 33 AFM scan trace of our deposited thin film.
Experiments
A few multilayer samples with different numbers of interfaces were fabricated
to measure the propagation loss as a function of number of interfaces. To avoid
additional propagation loss due to sidewall roughness from the etching process,
propagation loss measurement is performed on a 2-D slab waveguide. For our
multilayer slab waveguides, we use the same layer thickness for each Si/SiO 2 layer
but increase the number of layers to keep surface roughness the same. The samples
were not annealed to avoid extra propagation loss due to polycrystalline boundaries.
It is worth noting that, in general, annealing does not degrade the interface roughness.
Propagation losses are measured by a surface scattering method. The
experimental setup is shown in Figure 38. A rutile prism was used to couple the beam
from a 1550 nm laser source into the waveguide. A 1-D fiber bundle of 3mm by 200
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μm provided by Metricon Corporation was used to collect the surface scattering from
the sample surface. An InGaAs PIN detector was used to collect the reflection from
the sample surface and the fiber bundle was coupled into a PMT detector for surface
scattering signal readout. All the optics devices were mounted on a motorized rotation
stage because the propagation mode could only be coupled in at certain incident
angles. When the light is coupled into a propagation mode of our multilayer 2-D
waveguide, we observed a dip at the reflection from the sample surface and a peak
from the surface scattering.

Figure 34 Experimental setup for propagation loss measurement: top scattering
method.
The coupling angles for all our samples agree well with the theoretical
prediction by TMM. Figure 34 also shows a typical scan trace of the reflection and
scattering signals as a function of rotation angle. The peak of the scattering signal
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corresponds to the dip of the reflection signal, which suggests that the scattering
signal is from the surface scattering as the waveguide mode propagate through the
waveguide structure.
As the light is coupled into the propagation mode, we scanned the 1-D fiber
bundle across the propagation light streak to measure the scattering intensity as a
function of scanning distance. The distance between the fiber bundle and the sample
surface is monitored by a charge-coupled device camera on top, and the distance is
kept at a constant of 100 um. Figure 35 represents a typical scanning trace on a
semilog scale. The propagation loss is obtained by fitting the data with a linear
function.

Figure 35 Typical scan trace from a top-scattering measurement.
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Figure 36 shows the measured propagation loss and the calculated loss as a
function of the number of interfaces for our fabricated samples, listed in Table 3. First,
the experimental results agree well with our theoretical model. Second, the
propagation loss increases with the number of interfaces. This result is expected but
this study is the first experimental demonstration of this finding. Finally, the
propagation loss of the TM polarization is much lower than that of the TE
polarization mode. We already knew that the mode index of TE polarization is much
higher than that of TM polarization, indicating that TE mode is more confined in the
multilayer region where the refractive index is higher, as compared to TM mode. The
higher field intensity at the multilayer interface leads to a higher scattering loss of TE
mode, which is also observed in our experimental results.
Propagation loss v.s. number of interfaces
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Figure 36 Experimental and theoretical results of propagation loss for different number of interfaces.
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Table 3
Sample

Structure of Fabricated Samples for Propagation Loss Measurement
Structure

Sample 1

(Si 6.7 nm| SiO225 nm)*5 + SiO2 50 nm top layer

Sample 2

(Si 6.7 nm| SiO225 nm)*10 + SiO2 50 nm top layer

Sample 3

(Si 6.7 nm| SiO225 nm)*15 + SiO2 50 nm top layer

Sample 4

(Si 6.7 nm| SiO225 nm)*20 + SiO2 50 nm top layer

Sample 5

(Si 6.7 nm| SiO225 nm)*25 + SiO2 50 nm top layer

4.2 Demonstration of Free Carrier Absorption Suppression
There had been different reports on the free carrier absorption of nc-Si in the
1.55 µm wavelength range, which lead to different conclusions on the feasibility of
achieving optical gain from an Er-doped nc-Si material system. For those studies,
different measurement methods were used on different material systems, so the
results cannot be compared with ours. In this part of the study, we will not try to
measure the free carrier absorption coefficient of nc-Si directly. Instead, we will study
the mitigation plan of the free carrier absorption, which is the suppression of free
carrier absorption by our multislot waveguide structure.
As explained in Chapter 3, for TM polarization of our multislot waveguide
structure, photons are strongly confined in SiO2 layers where Er atoms are doped and
optical gain is provided. Because the major loss mechanism is free carrier absorption
from nc-Si, suppression of free carrier absorption can be achieved through the
physical separation of photons and the nc-Si layer. This result was already shown in
the modal gain study of our multislot waveguide in Chapter 3, where we found that
material gain could be only one quarter of the loss in silicon layer, and the structure
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still shows optical gain without consideration of scattering loss from interfaces. Note
that the modal gain study in Chapter 4 is only a theoretical analysis and experimental
demonstration is yet to be discussed.
4.2.1 CW measurement
Our first approach is to measure the difference in pump-induced loss for TE
and TM polarization using a CW laser as the pumping source. Our samples are
fabricated by our UHV RF magnetron sputtering system using Si and SiO 2 targets.
Deposition thickness of the Si layers is 5 nm and 5.5 nm for the SiO2 layers, as
measured by cross-sectional TEM. The samples are first RTP-annealed at 900 °C for
1 minute and then furnace-annealed at 1100 °C for 1 hour to form nc-Si in the 5 nm
thin silicon layers.
The experiment setup is shown in Figure 37. A prism coupler setup is used to
couple light from a 1.55 um CW laser source into our multislot waveguide. Our
multislot waveguide sample is pressed onto the prism by air pressure so that light can
evanescently couple into the waveguide. A fiber bundle is used at the output end of
the sample to pick up the output light. Special attention is needed to align the fiber
bundle with the sample output end to ensure good output coupling from the multislot
waveguide.
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Figure 37 Experimental setup for pump-induced loss measurement.
By rotating the rotation stage, light can be coupled into the waveguide at a
certain angle, and this angle is a function of the propagation constant of the
waveguide mode and the refractive index of the prism used in the experiment. Both
the reflection from the prism and the transmission from the end of our samples are
monitored as a function of rotation angle. The peak of the transmission corresponds to
the dip of reflection, suggesting that we do pick up the transmitted light from the
waveguide structure. At this point, a pumping laser beam from a CW Ar laser 488 nm
line is focused onto the top of the waveguide to form a 5 mm long and ~200 um wide
streak of light. This beam will excite the nc-Si layers to generate free carriers and we
can then measure the pump-induced loss for TE and TM polarizations. A typical scan
trace for the reflected and transmitted light intensity as a function of rotation angle is
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shown in Figure 38. The multilayer structure shows strong birefringence, which is
expected and agrees well with our simulation results.
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Figure 38 Typical scan trace from prism coupler.
With CW laser beam at 488 nm wavelength shined onto the sample surface,
nc-Si was excited and provided pump-induced loss. Now we can measure the output
power with a pumping laser turned on, and by comparing the picked-up power with
and without pumping power, we can estimate the pump-induced loss. Figure 39
shows the different results for TE and TM polarization, respectively. At the same
pumping power level, the induced loss for TM polarization is only one ninth of the
TE polarization. This result suggests that free carrier absorption from nc-Si could be
suppressed by 9 times for TM polarization, due to the unique photon confinement.
This is also in good agreement with our simulation results.
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Figure 39 Pump-induced loss for TE and TM polarization.
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4.2.2 Pulsed pumping
Although we have experimentally demonstrated that free carrier absorption
can be suppressed by our multislot waveguide structure, we still cannot rule out the
possibility that the change of signal comes from thermal effect due to incident laser
beam and not the pump-induced loss. To confirm the change of signal is attributable
to incident laser beam, we must perform a similar study using a pulsed laser as the
pumping source. This topic is covered in the next chapter, which is dedicated to
ultrafast pump-probe experimentation of our samples.
4.3 Impact on Er-doped Silicon Light Emission Device
With our current knowledge of scattering loss due to interface roughness and
the suppression of pump-induced loss from a multislot waveguide, it is now possible
to conduct a parametric study on Er-doped multislot light emission devices. Another
consideration is the Purcell effect; it had been reported that Er emission could be
further enhanced by the slot waveguide structure because of the strong photon
confinement in SiO2 layers [14]. A similar parametric study had been done by the
Priolo group [15], where the energy transfer from nc-Si to Er atoms, the emission of
Er, and loss due to free carrier absorption from nc-Si were all taken into
consideration. In this research, we conducted a parametric study on the possible
optical gain from the structure, with all effects mentioned above taken into
consideration.
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4.3.1 Theoretical calculation
The simulated structure has a total multilayer thickness of 400 nm, which
satisfies the single mode condition for TM polarization, and the thickness ratio
between Si and SiO2 is 1 because we have already shown that the best confinement in
SiO2 is achieved at thickness ratio of close to 1. In our simulation, the structure is
optically pumped at 488 nm wavelengths, and we used different confined carrier
absorption coefficients available from literature to calculate the high bound and low
bound of the modal gain/loss, respectively. Some parameters used in the rate equation
are listed in table 4, for details please refer to [15]. We calculated only the modal
gain/loss for TM polarization because TM polarization is the mode which we can
achieve suppression of free carrier absorption and enhancement of Er emission
through slot waveguide effect. The result is shown in Figure 40.
Table 4 Important parameters used in rate equation model based on Ref [15]
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Figure 40 Calculated modal gain for TM polarization under different pumping power
and free carrier absorption coefficient: (a) without FCA suppression; (b) with FCA
suppression but without Er emission enhancement; (c) with FCA suppression and Er
emission enhancement.
Figure 40 (a) shows the calculation results for material gain/loss where there
is neither suppression of free carrier absorption nor enhancement of Er emission due
to slot waveguide. Since FCA suppression is intrinsic to our multi-slot waveguide,
instead of the multilayer structure, we calculated a three-layer structure with a
“virtual” material as the core layer. The optical gain/loss of this “virtual” material is
the calculated optical gain from Er minus the optical loss from nc-Si; the thickness of
this core layer is set the same as the multilayer thickness; and the refractive index of
this “virtual” material is set such that the mode index of the three-layer structure is
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the same as the mode index of a TM mode for the multilayer structure. Note that the
actual layer thickness of the “virtual” material is twice as much as total Er doped SiO2
layer thickness in multilayer waveguide, we observed a slightly higher optical gain
from this structure at the lowest FCA cross-section comparing 40(a) to 40(b) –
although in 40 (b) we take into consideration of FCA suppression. The curve shown
in 40 (a) repeated the results from [15], indicating that the model we used is correct.
Figure 40 (b) shows the calculation results where there is suppression of free carrier
absorption but not Er emission enhancement. The graph clearly shows that free carrier
absorption is suppressed. However, for the highest absorption coefficient level and
the intrinsic silicon absorption coefficient, the structure is still quite lossy even under
high pumping power. At lower free carrier absorption coefficient levels, the structure
shows optical gain of ~30dB/cm. Figure 40(c) shows the result where there is both
free carrier absorption suppression and Er emission enhancement. The Er emission
enhancement factor is predicted by [14]. As indicated, with Er emission enhancement,
it is possible to achieve strong optical gain even at the highest free carrier absorption
coefficient level. Although the scattering loss due to multiple interfaces is not taken
into consideration during this simulation, we have shown that the scattering loss is
~10dB/cm for TM polarization, indicating that this structure could provide an optical
gain that is significantly higher than the intrinsic scattering loss from multiple
interfaces.
To further simulate the effect of different polarization and the multilayer
structure on the modal gain/loss, we also calculated the modal gain/loss for a
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multilayer structure with the same 400 nm multilayer total thickness at the pumping
power of 1000 W/cm2, but varying thickness ratio between Si and SiO2 as a parameter.
The result is shown in Figure 41(a). For the high bound of optical gain calculation,
both TE and TM mode show optical gain because the confined carrier absorption
from nc-Si is negligible compared to the optical gain from enhanced emission of Er.

Figure 41 Calculated high/low bound for modal gain/loss at 1000 w/cm 2 pumping
level: (a) Modal gain/loss high/low bound as a function of Si/SiO2 thickness ratio,
with Er emission enhancement factor of 20; (b) Modal gain as a function of Er
emission enhancement factor, for total multilayer thickness of 400 nm, with Si/SiO2
thickness ratio of 1.
For the low bound of optical gain, TE mode is highly lossy while TM mode
shows some optical gain, which is explicable because TM polarization photons are
highly confined in SiO2 layers, thus the free carrier absorption due to carriers in Si
layers are suppressed. However, for TE polarization photons continuously distributed
in the multilayer region, free carrier absorption dominates. The peak gain of about
160dB/cm is achieved at Si/SiO2 thickness ratio of about 1, where we achieve the
highest photon confinement in SiO2 predicted by TM method. Because we predicted
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that the multilayer structure provides approximately 10dB/cm of extra scattering loss
for TM polarization, it is safe to claim that the extra loss is negligible compared to the
optical gain under certain conditions.
To determine how the enhancement factor of Er emission affects the
calculated result, we also calculated the propagation gain of TM polarization as a
function of the enhancement factor. The calculated structure has a total multilayer
thickness of 400 nm, an optical pumping power of 1 kW/cm^2, and the thickness
ratio between Si and SiO2 layers is 1 to maximize the free carrier absorption
suppression. The result is shown in Figure 41(b). At the low bound of optical gain,
even with free carrier absorption suppression, Er emission needs to be enhanced at
least 15 times before the structure shows any optical gain. This number should be
even higher when we take the extra scattering loss into consideration. Because
enhancement factor is a function of SiO2 slot thickness, this finding will be a useful
guideline to achieve optical gain in an Er-doped nc-si material system.
From figure 41(b) we can see that, the calculated optical gain strongly
depends on the enhancement factor of Er emission due to local electrical field
confined by slot waveguide effect. When we have an enhancement factor of 1 (no
enhancement at all), calculation shows optical gain of ~ 5 dB/cm even for TM with
FCA suppression – this is not even enough to outweigh the 10 dB/cm of scattering
loss due to multiple interfaces. Optical gain of 200 dB/cm is only possible when we
have an enhancement factor of 10. Please note here that although this Er emission
enhancement factor had been theoretically predicted [14] [16], there had not been any
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experimental verification of this enhancement yet. Unless this emission enhancement
is experimentally demonstrated, it will be premature to claim that strong optical gain
is for sure even in our multilayer structure.
4.3.2 Discussion
In the theoretical simulation of optical gain study we performed in this chapter,
a complete rate equation model including coupling between nc-Si and Er was used.
Modal gain is then calculated using our model of multi-slot waveguide for free carrier
absorption suppression and propagation loss, and the additional emission
enhancement of Er from local electrical field related to propagation mode.
However, it needs to be pointed out here that, there has not been a consensus
on the energy transfer model for Er doped SiO2/nc-Si material system. Although it
had been agreed on that energy transfer from excited nc-Si to Er is responsible for the
Er emission enhancement, a comprehensive theoretical model is still missing. There
is still discussion of the role of nc-Si in Er emission enhancement and the
optimization of crucial parameters such as: optimum nc-Si size, free carrier
absorption coefficient of nc-Si, energy transfer efficiency, and etc. Moreover, most of
the reports are for Er-doped SRO (silicon-rich oxide) which is significantly different
from our structure. Further taken into consideration of the enhancement factor, we
need to take caution on our simulation results which showed that a high optical gain
is possible.
The purpose of this study is the multi-slot waveguide and its impact on Er
doped SiO2/nc-Si multilayer as the device structure. We have shown that, by

122

combining the rate equation model for energy transfer with our multi-slot waveguide
model, we are able to calculate the modal optical gain/loss. We have also
demonstrated that, we indeed benefited from the multi-slot waveguide structure for
absorption suppression. Eventually we should expect that, with future updated model
for energy transfer, this model and theoretical simulation can be updated as well, for
the prediction of optical gain/loss in multi-slot structure.
4.4 Conclusion
In this chapter, we discussed the two major loss mechanism for Er-doped
nc-Si multislot light emission devices, which are free carrier absorption from nc-Si
and scattering loss from multiple interfaces in the device structure. We theoretically
calculated and experimentally measured the scattering loss attributable to multiple
interfaces, and we achieved very good agreement between the two. Based on our
theoretical model, we also predicted that under certain conditions, scattering loss for
TM polarization could be quite low. For the free carrier absorption, we
experimentally demonstrated that it could be strongly suppressed by our multislot
waveguide structure.
We concluded our study with a parametric study based on a rate-equation
model, the Er emission enhancement due to Purcell effect. Free carrier absorption,
suppression of free carrier absorption, and the scattering loss due to multiple
interfaces are all taken into consideration for our multislot waveguide structure. The
study provided the range of free carrier absorption coefficients for which optical gain
can be achieved under different scenarios. With the right device design and with the
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help of Er emission enhancement, scattering loss could be negligible compared to the
available optical gain under most conditions. However, this study is limited by the
rate equation model for energy transfer, and we should expect to update our model
with future insight for the energy transfer process. The results of this study suggested
that only if Er emission enhancement due to “Purcell-like” effect is possible, we can
achieve overall optical gain in our multilayer structure.
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Chapter 5
Ultrafast Pump-Probe Study
We have discussed the fabrication process of our Er-doped nc-Si material
system, the Er emission enhancement due to energy transfer, as well as the
suppression of free carrier absorption and the scattering loss due to multiple interfaces
in the structure. Based on our theoretical and experimental experience, we have
reached the conclusion that overall optical gain might be possible under certain
conditions. It is time to put our previous work to the test in this ultrafast pump probe
study, from which we can determine whether or not optical gain is achievable.
As indicated in other reports, optical gain at 1.55 µm had been observed from
CW pumping [1]. However, as demonstrated in previous sessions, the energy transfer
from nc-Si to nearby Er atoms takes place very quickly in our material system.
Potential optical gain should take place within a few ps, while free carrier absorption
from excited nc-Si will last for a few µs because this is the typical lifetime of excited
nc-Si. Using the pump-probe experiment setup with CW pump and probe light source,
optical gain might be wiped out during the averaging-out process. The energy transfer
process, which is an important physical process in which we are interested, might not
be observable either, with the CW setup. So it is necessary to use an ultrafast
pump-probe setup to observe the energy transfer process and, potentially, the optical
gain.
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The major obstacle for the ultrafast pump-probe to overcome at this
wavelength is the probe light source. Because we have estimated that the Er emission
lifetime is in the order of a few ms, the pulse repetition rate for pump and probe pulse
must be less than 1 kHz, so that the excite Er atoms will return to ground state before
the next pump pulse excites the Er atoms. The problem is that most current
commercial available ultrafast laser sources that operate in the 1.55 µm wavelength
range rely on mode-lock using a fiber ring structure, so the repetition rate is limited to
~100 MHz range. That limitation forces us to consider other options for the light
source; because no commercial light sources that met our requirements is available to
us, we must build a homemade optical parametric amplifier (OPA).
5.1 Optical Parametric Amplifier
For our ultrafast pump-probe experiment, we built an OPA based on the
Newport OPA 800f. The original Newport OPA 800f takes the output from a Newport
Spitfire chirped pulse amplifier (CPA) and emits a coherent, ultrafast pulse with
tunable wavelength range from 1.2 um to 1.6 um for a signal beam output. The
repetition rate of the OPA output is limited by the repetition rate of the Spitfire CPA,
which can be set to 200, 250, 500, or 1000 Hz. The pulse width of the output beam is
approximately ~500 fs and the pulse energy for the signal beam is ~40-70 uJ,
depending on the status of CPA output and alignment quality.
As can be inferred from its name, the working principle of an OPA is that of a
nonlinear optical process; its energy diagram is shown in Figure 46 based on [2].
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Figure 42 Energy diagram for up-conversion and down-conversion process, based on
Ref [2].
The energy diagram shown in Figure 42 is that of a nonlinear optical process,
called an

ωpump

optical three-wave interaction process, with (a) known as the

down-conversion process and (b) known as the up-conversion process. In the
down-conversion process, an incident photon with a frequency of ωp interacts with
the nonlinear medium, and generates two photons: signal photon ωs and idle photon
ωi. The energy conservation law is represented by Eq. 5:
(5)
The momentum conservation law determines the conversion efficiency, as
described in Boyd’s Nonlinear Optics as the phase-matching condition [2]. In our
experiment using the OPA-800f, a Type II phase-matching condition is achieved
through use of a beta barium-borate (BBO) crystal. By rotating the BBO crystal, we
can change the phase-matching condition and tune the wavelength of the signal beam
(ωs). The details of OPA can be found in [2] and are not covered in this study.
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The optical schematic for the OPA we built is shown in the user manual of
Newport OPA 800-c; the same device as in [3]. The output beam from the Spitfire is
send into the OPA, and through two consecutive optical parametric amplification
process, we can get the output beam composed of signal, idle and rest pumping beam
of 810 nm wavelength. The relationship between the wavelength of signal, idle and
pumping beam can be described in equation (5); and the exact signal beam
wavelength is determined by the phase matching condition at the nonlinear crystal.
By rotating the BBO crystal, we can tune the output signal beam wavelength, a
process that eventually gives us a wavelength-tunable ultrafast laser source. By
fine-tuning the BBO crystal, we are able to obtain what is needed for the ultrafast
pump-probe experiment—an ultrafast pulse peaked at 1535 nm, exactly the
wavelength of interest for our study. A photo of our homemade OPA and its spectral
signal output measured by an Ando optical spectral analyzer is shown in Figure 43
and Figure 44, respectively, indicating to us the signal spectrum peaked at 1535 nm.
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Figure 43 Photo of our homemade OPA.
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Figure 44 Spectrum of the signal output from an OPA, centered at 1535 nm.
5.2 Experimental Setup
As described the previous chapters, our experiment is based on a prism
coupler setup. The prism coupler setup simplified our sample fabrication because it
allows us to use a 2-D multilayer waveguide structure for signal couple-in and
couple-out. The major challenge is to use an objective lens to couple the propagation
mode out of the waveguide. Coupling of the propagation mode out of the waveguide
is achieved by carefully polishing the exit facet of the waveguide and meticulously
aligning the objective lens for signal pickup. The alignment process of the objective
lens itself is quite complicated. To carefully align the objective lens and the end facet
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of the 2-D waveguide structure, we use a He-Ne laser and the alignment process
described below.
A He-Ne laser is first aligned so that the beam is parallel to the optical table.
The beam is then directly shined onto the waveguide exit facet; with the help of
reflected laser beam spot, the waveguide is finely tuned so that the exit facet is
perpendicular to the optical table, where the reflected beam spot should go right back
to the projecting laser. Next, the He-Ne laser beam is focused onto the waveguide end
facet, which we monitor along with the reflected beam spot. Ideally, when the
objective lens is perfectly aligned with the waveguide end facet, the laser beam will
be reflected back by the end facet, go back exactly along the same optical path, and
be focused to infinity. This path can be visually confirmed by a pinhole and the
reflected beam spot. By mounting the objective lens on a 5-D stage and doing
some-fine tuning, the perfect alignment between the objective lens and the waveguide
end facet can be achieved. The quality of the signal we picked up at the detector is of
ultimate importance to our experiment because it is critical to obtain as high signal as
possible to achieve a high signal-to-noise ratio (SNR).
Aside from the OPA and the prism coupler, we need a delay stage for the
experiment setup. A delay stage is basically a retroreflector. In a pump-probe
experiment, our sample is first excited by the pump pulse and then probed by an
ultrafast probe pulse at a certain time interval. The sample in its excited state will
change the probe beam output, and as the sample decays from its excited state, the
probe beam output also changes. By detecting the probe beam output as a function of
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the time interval between the pump beam pulse and the probe beam pulse, we can
obtain useful information about the excited state of the sample. It appears, based on
our experience, that accurate control of the time interval between the two short pulses
is of special importance for this study.
Accurate control of the time interval is achieved through use of the
retroreflector. As shown in Figure 46, the pump beam is reflected onto a retroreflector
before it is shined on the sample surface. As we move the retroreflector back and
forth, the optical alignment of the pump beam is maintained by careful alignment. In
principle, this process is physically equivalent to delaying probe pulse. Technically,
though, the delay of the pump pulse by the retroreflector could potentially change the
waveguide input/output coupling and lead to a change of reading in output intensity.
To prevent this occurrence, it is preferable to delay the pump beam and maintain the
probe pulse waveguide coupling because the alignment of pump pulse is much less
sensitive to the retroreflector.
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Figure 45 Experimental setup for an ultrafast pump probe experiment.
As shown in Figure 45 and explained in the previous section, the output of the
OPA in the experimental setup is composed of three wavelength components: the
signal, which centered around 1535 nm wavelength by our fine tuning; the idler,
which is generated through the optical parametric amplification process; and the rest
of the pumping beam at 810 nm wavelengths. In our ultrafast pump probe
experiments, the signal beam at 1535 nm serves as the probe beam because this is the
Er emission peak. The second harmonic at 810 nm wavelengths, which is 405 nm,
serves as the pumping beam because we have demonstrated that Er emission
enhancement can be observed at this pumping wavelength.
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In our experiment, the output from the OPA first went through a dichroic
mirror to split the signal/idle beam and the remaining pumping beam. The mirror
reflects highly at near-infrared so that the signal (1535 nm) and the idle (~2000 nm)
beam will be reflected. It also transmit highly at wavelengths shorter than 1000 nm so
that the remaining pumping beam (810 nm) will be transmitted. The reflected beam
then went through a bandpass filter centered at 1535 nm with a full-width
half-maximum measure of 10 nm, which filtered out the idle beam.
After passing through the bandpass filter, the filtered beam is shined onto the
prism and ready to be coupled into the multislot waveguide through the prism coupler.
The coupling process was described in detail in previous chapters, and the exact same
process was followed here, except that, in our alignment process, we aligned the
system with a CW 1.55 um laser beam first because its output is much more stable
and thus the mode coupling easier to observe. After alignment and prism coupling, we
fine-tuned the OPA signal output to make sure it co-parallelly propagates with the
CW 1.55 um laser beam. Because the CW beam is already aligned with the prism
coupler, this alignment guarantees that the 1535 nm signal from the OPA is also
aligned. It should be noted that the output stability of the OPA is ~5%, which is much
worse than that of the CW laser, so the “dip” we observed in the reflection signal scan
trace will not be as pronounced as it was in the CW laser results. The lower signal
quality, as shown in Figure 51, is explained by the signal stability and is not
attributable to any degradation of optical alignment quality.
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Figure 46 Schematic of a delay stage and the generation of optical delay.
After the mode coupling is observed, we move the rotation stage to the
coupling angle. At this point, we knew that the signal picked up by the PMT
corresponds to the light that propagated through the multislot waveguide because this
angle corresponds to both the reflection signal dip and the transmission signal peak.
Having completed the first phase of the experiment, we proceed to the second phase
of this experiment, which involves setting up the pump probe.
The pump probe part of the experimental setup is shown in Figure 45,
beginning at the dichotic mirror, which split the signal/idler beam and the remaining
810 nm pump beam. After passing through the dichotic mirror, the 810 nm beam went
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through a second harmonic generation crystal for frequency doubling and generation
of a 405 nm wavelength beam.

Figure 47 Side view and top view of pumping and probing geometry.
The 405 nm beam is then directed by a few mirrors through a motorized
translation stage for optical delay and is finally focused by a cylindrical lens and
shined onto the sample top surface. Construction of the optical delay stage is quite
simple and is shown in Figure 46. The optical delay switch is basically an optical
retroreflector or two mirrors that are perfectly perpendicular to each other and are
mounted on a motorized translation stage. As the incoming (incident) beam makes
contact with the first mirror surface at a 45-degree angle, it is reflected back with the
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exact opposite direction—as any optical retroreflector does—with a small
displacement determined by the distance between the two mirrors.
As we move the translation stage on which the two mirrors are mounted, as
long as the stage is translated in a direction that is parallel to the incoming beam, the
exit beam will follow the exact same optical path no matter how near or far the
translation stage is moved. In previous practical experiments, we used a pinhole
before the translation stage and another far away after the translation stage, and made
sure the 405 nm beam center went through both pinholes. For a well-aligned optical
delay stage, no matter how far away we move the translation stage, the exit beam
from the retroreflector always passes through the pinhole. Following this principle,
we move the translation stage back and forth, and fine-tune the two mirrors and the
incident beam until we are sure that the delay stage is aligned.
After the 405 nm beam exits from the optical delay stage, it is further directed
by mirrors and focused onto the sample surface to form a light streak; the top view
and the side view of the sample surface is shown in Figure 52. Focusing of the pump
beam serves two purposes. First, focusing increases the light intensity on the sample
surface, which leads to a higher carrier density. Second, focusing increases the
temporal resolution of the pump probe because the temporal resolution is limited by
the width of the light streak itself. By choosing the cylindrical lens, we avoid the
possibility that the density of the light intensity on the sample surface exceeds the
material damage threshold and “burns” the sample surface directly. In practice, we
chose the cylindrical lens to obtain a light streak of ~2mm long and ~200 um wide; a
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light beam of these dimensions gave us temporal resolution on the order of 1 ps and a
signal of adequate strength.
After the 405 nm short pulse is shined onto the sample surface, it excites nc-Si
in the waveguide and generates carriers. The carriers decay through radiative or
nonradiative processes including but not limited to a defect state or energy transfer
process for Er-doped samples, as we described in Chapter 3. At some point,
depending on the optical path difference between the pump beam (405 nm) and the
probe beam (1535 nm) from the dichotic mirror where the beams split, to the point
where they overlap again, the probe beam encounters the carriers that were generated
by the pump beam and will experience loss. Because the loss is proportional to the
carrier density, thus by monitoring the pump-induced loss, we can obtain useful
information about the carrier density. By controlling the optical path difference,
which translates into the temporal difference between the probe pulse and pump pulse,
we can eventually observe how carrier densities evolve over time. Ultimately, we can
even determine if the intensity of the transmitted probe beam increased from its
original value and eventually gave us optical gain under excitation of the pump beam.
To further increase the SNR of the scan trace, a chopper is used to modulate
either the probe beam or the pump beam, and a lock-in amplifier is used to detect the
transmitted signal from the waveguide while triggered by the chopper signal. By
chopping the probe beam, the lock-in amplifier captures the entire probing signal,
which is the original value if the probe beam is placed “ahead” of the pump beam
thus encounters no carriers and no pump-induced loss, and the probe beam intensity
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that is modulated by the pump beam if the probe beam is exposed to the carriers
generated by the pump beam gets modulated. This modulation approach yields both
the baseline signal and the transmitted signal that is modulated by the pump beam, so
by comparing the baseline with the signal after the probe beam encounters the pump
beam, we can gauge the magnitude of the loss/gain generated by the pump beam. This
technique is a useful way of measuring the pump-induced loss and aids us in
determining whether we can achieve gain by pumping the sample hard enough.
Another modulation method is to use the chopper to modulate the pump beam.
In this approach, the lock-in amplifier is not locked onto the probe beam but is instead
locked onto the modulation frequency of the pump beam. If the probe beam is ahead
of the pump beam, it encounters no carrier and no loss, so the output from the lock-in
amplifier will be 0. However, at the right range of the optical delay stage, where the
pump beam is ahead of the probe beam, the probe beam will suffer from
pump-induced loss from the carriers excited by the pump beam. The lock-in amplifier
will lock onto the frequency of the pump beam, so the output from the amplifier will
be the change of probe signal attributable to the pump beam, but not to the probe
beam itself. This modulation approach enables us to remove the probe signal baseline.
Because the variation from the signal baseline is removed with the baseline signal
itself, this approach gives us better SNR. However, it is impossible to calculate the
pump-induced loss level without baseline signal information, so this approach is
mainly used to observe the temporal decay of the carrier density and carrier lifetime
information. It is generally not used for the observation of gain/loss.

140

5.3 Experimental Results
5.3.1 Pump-induced loss studies
The first experiment we perform with this ultrafast pump probe setup is to
measure the pump-induced loss difference between TE and TM polarization for our
multislot waveguide structure. Although the same experiment had been performed
using a CW pump-probe setup, showing a FCA (free carrier absorption) suppression
ratio of close to 10, as described in Chapter 4. For the CW pump-probe version, a CW
pumping power of as high as 1 W is used to generate enough pump-induced loss to be
observed—thermal effect could contribute to the effect we observed in our
preliminary experiments. An ultrafast version of the experiment, which eliminates
thermal effect due to its low pumping energy, will provide a more convincing
experimental results.
Our multilayer samples were fabricated by a sputtering system with silicon
and SiO2 targets, using the recipes described in Chapter 2. The samples are deposited
on silicon wafers with a 5 um thick SiO2 top layer, which serves as the substrate for
the multislot waveguide. Alternating silicon and SiO2 thin layer of 60 pairs were
deposited, with layer thicknesses of 2.2 nm and 4.5 nm for silicon and SiO2,
respectively. On top of the multilayer, we deposited another SiO2 layer of 20 nm for
protection. The sample is then annealed at 1050 °C for 1 hour to allow for nc-Si
formation in the deposited silicon thin layer. The silicon layer thickness and the
annealing condition are close to the same fabrication parameters we optimized in
Chapter 2, from which the best enhancement of Er emission was observed. Although
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Er ions were not doped in this specific sample, it is very likely that this structure will
be doped in the future for optical gain study, so we decided to choose those
fabrication parameters for consistency.

Figure 48 TE mode profile for our multi-layer sample.
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Figure 49 TM mode profile for our multi-layer sample.
The total thickness of the multilayer region is chosen so that the structure will
provide a single TE and a single TM mode at the wavelength of 1535 nm. The range
of mode index that can be observed by our prism coupler set up is limited by the
rutile prism we used and the limitation on its rotation angle. Based on our simulation,
the mode index is calculated as 1.94 and 1.56 for TE and TM polarization,
respectively. The calculated mode profile for TE and TM polarization are shown in
Figure 48 and 49, respectively. For TE mode, the mode profile is a Gaussian-like
distribution; and for TM mode, the mode profile supported a strong photon
confinement in the SiO2 thin layer – in good agreement with our results in Chapter 3.
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Our simulation results also suggested that 30% of the photons are confined in the Si
layers for TE polarization; while 2.2% of the photons are confined in Si layers for TM
mode. Correspondingly, using the small perturbation method in Chapter 3, assuming
free carrier absorption only resides in Si layers and SiO2 layers are purely transparent,
we also calculated that the free carrier absorption loss is 9.7 times higher for TE mode
than TM mode.
For confirmation, mode coupling in and out were first performed with our CW
1535 nm laser, the scan trace of which is shown in Figure 51. TE and TM coupling
were observed in 1.95 and 1.49, respectively; these points agree well with our
simulation results. The transmission peak corresponds to the reflection dip,
suggesting that we indeed picked up the propagation mode transmitted out of the
waveguide.

Figure 50 Typical scan trace for our multilayer sample.

144

With the CW near-infrared laser coupled into the waveguide, we used the
1535 nm output from the OPA to achieve mode coupling. The output from the OPA is
first aligned so that it will propagate co-parallelly with the 1535 nm CW laser beam.
After ensuring alignment, we block the CW near-infrared beam and rotate the prism
coupler to determine whether the 1535 nm short pulse can be coupled into the
waveguide; the reflection and transmission are simultaneously monitored as standard
practice. Note that the output from the OPA is much more unstable than the CW laser
output, as high as 10% variation has been observed for the OPA output pulse. Because
of this increased instability, the reflection dip will not be as pronounced as it was in
the CW result, where we usually observe a 10% dip. The signal-to-noise ratio (SNR)
is still acceptable for the transmission peak because we are comparing a signal peak
with the background, which is close to 0. Figure 51 shows a scan trace for the same
sample, but with OPA output as the beam to be coupled in/out. A good transmission
peak is observed at about the same mode index as was observed in CW coupling
results, although the reflection dip is barely visible.
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Figure 51 Prism coupler scan trace using OPA output as the input.
To begin the ultrafast pump probe experiment, we first move the rotation stage
to the transmission peak, where we know that we picked up the propagation mode
transmitted out of the multislot waveguide. Next, the pump beam is shined onto the
sample surface for the pump probe experiment, as described in the previous section. A
typical scan trace, the transmitted probe signal as a function of time delay between
the pump and probe pulse, is shown in Figure 52. Scan trace for both the TE and TM
polarization is measured during the experimental process; we took great care so that a
pumping pulse of the same energy was shined onto the sample surface at the same
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normal angle and the same location, as well as forming the same beam focal spot, for
both the TE and TM measurements.

Figure 52 Probe beam intensity as a function of time delay between pump/probe
pulses. Pumping energy density is 0.18 mJ/cm2
Scan trace for both TE and TM are shown in Figure 57; the temporal
evolution of the pump-induced loss indicates both a fast and a slow decay component
with about the same footprint for TE and TM polarization. Although there is still
some debate on the mechanism of the pump-induced loss for nc-Si and different
models were used for fitting this decay curve [4] [5], it is apparent that the
pump-induced loss is significantly different for TE and TM polarization. Because the
pump-induced loss comes from the same physical mechanism, the same multilayer
structure, and the only difference between the TE and TM polarization is the photon
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distribution within the waveguide, as described in Chapter 3, the difference in
pump-induced loss between the two polarizations can only be explained by the
photon distribution difference.
Based on the TMM with small perturbation for simulation of loss mechanism,
as described in Chapter 3, we calculated the pump-induced loss difference between
the TE and TM polarization for the structure we fabricated, assuming the same loss
coefficient reside in the silicon layer. The calculation indicates that the pump-induced
loss for the TE polarization is approximately 9.7 times higher than that of the TM
polarization, a finding that agrees well with our experimental results, as shown in
Figure 52, where TE mode indicates a pump-induced loss that is approximately 9
times higher than the TM mode. In with the ultrafast version of the pump probe
experiment where the thermal effect is negligible, we are able to confirm that the
multislot waveguide structure can indeed strongly suppress pump-induced loss from
the nc-Si by as much as 9 times. To our knowledge, this is the first experimental
demonstration of free carrier absorption suppression, using a slot waveguide structure.
This suppression ratio can be even higher if we further optimize the multislot
waveguide design specifically for pump-induced loss suppression.
5.3.2 Pump-induced loss dependence on pumping power
In the previous section, we measured the difference between the
pump-induced loss for TE and TM polarization, and confirmed our hypothesis that
the pump-induced loss can be suppressed by our multilayer structure. Now that we
have described and practiced the experimental setup, we can perform the power
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dependence study of the pump-induced loss. The measurement is relatively simple;
we just move the rotation stage to the transmission peak and perform the same
pump-probe experiment at a different pumping power. We achieved the different
pumping power level by using a different ND filter to reduce the pulse energy of the
pumping beam. Figure 53 shows the pump probe scan trace at different pumping
pulse energy levels, while Figure 54 shows the maximum pump-induced loss as a
function of the pulse energy.

Figure 53 Pump/probe curve under different pumping pulse power levels.
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Figure 54 Maximum pump-induced loss as a function of pumping pulse energy.
Figure 54 shows the maximum pump-induced loss saturates as we continue to
increase the pumping power. The explanation of this saturation effect remains an
interesting topic for future studies, and we speculate that the a-Si phase that co-exists
with nc-Si could contribute to what we saw here [6].
5.3.3 Ultrafast pump-probe on Er-doped samples
The ultimate goal of our pump-probe experiment and this project in general is
to determine whether we can achieve optical gain at 1535 nm wavelength in our
Er-doped samples. We have demonstrated positive results from the ultrafast pump
probe experiment using non-Er-doped samples. We now repeat the same ultrafast
pump probe experiment, but on Er-doped samples.
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We fabricated almost the identical sample we used for the previous study,
except that the sample was doped with Er. We used the same the Er concentration
level as the one we used in Chapter 2, where we achieved Er emission enhancement
at this Er concentration. Because we have achieved free carrier absorption
suppression through the multilayer structure and Er emission enhancement at this Er
concentration, it is reasonable to expect interesting results from this Er-doped sample.
As usual, our samples are first tested using the prism coupler with CW
infrared laser to determine whether light can be successfully coupled into the
waveguide. Because the only difference is doped Er atoms in relatively low atomic
concentration (of the order of 1020 at/cm3), we expect to see similar coupling results.
Interestingly, this is not the case.
Figure 55 shows the mode couple results for the Er-doped sample. In contrast
to our original belief that we would see the same mode indices for TE and TM mode,
which shows strong birefringence, the measured TE and TM mode indices are
actually very close to each other, with 1.66 and 1.48 for TE and TM mode index,
respectively. This mystery remains unsolved; we still do not have a full explanation
for why Er doping significantly changed the mode index for TE mode while the TM
mode index remained relatively unchanged.
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Figure 55 Mode couple results for Er-doped sample.
Despite not achieving the expected results with our Er-doped samples with the
prism coupler and CW infrared laser, we still performed the ultrafast pump probe
experiment in TM mode, hoping to observe something different. The lifetime of Er in
our samples is expected to be 2.6 ms, as was measured in Chapter 2. We set the
repetition rate of the CPA to 200 Hz so that the time interval between pulses is 5 ms.
This timing is adequate for excited Er atoms to relax to the grounded state. Only if the
Er atoms return to grounded state after each pumping pulse can we achieve the
correct pump probe experimental results. However, the average power of the laser
beam is now only one fifth of the original experimental setup, where the repetition
rate is 1000Hz and the average power is 5 times higher. This difference leads to a
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worse SNR for the pump probe scan trace, the results of which are shown in Figure
61.

Figure 56 Pump probe trace for Er-doped and non-Er-doped samples.
Figure 56 shows the pump probe trace for two samples: one doped with Er
and the other one not doped, with exactly the same multilayer waveguide structure
and the same pumping pulse energy. It is apparent that there is significant difference
between the Er-doped and non-Er-doped samples. First, the temporal decay behavior
is significantly different; the Er-doped sample decayed much more slowly than did
the non-Er-doped sample. Second, the pump-induced loss for the Er-doped sample is
actually lower than for the non-Er-doped sample, which indicates that Er atoms doped
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in the multilayer structure indeed contribute to the light emission process and lead to
a lower loss. However, the benefits we obtain from Er emission are still significantly
lower from the loss due to free carrier absorption and we still observe overall loss
even from Er-doped sample. Although unexpected, this finding is still a promising
step towards optical gain from this structure because we demonstrated here that Er
atoms actually contribute to the optical process. Beyond doubts, we demonstrated
here that Er atoms actually contribute to the optical process and free carrier
absorption in the Er doped multilayer is limited comparing to reference non Er-doped
SiO2/nc-Si structure.
Another observation is that the energy transfer time from excited nc-Si to Er
atoms nearby is believed to range from a few nanonseconds to a few microseconds,
depending on which energy transfer mechanism dominates in the process. In our
pump probe experiment, though, we are limited to observe a time decay of less than 1
ns because of the realistic limitation of the length of the translation stage. It is actually
quite possible that the energy transfer from excited nc-Si to Er atoms nearby had not
fully been realized before the experiment had to stop at the translation stage limit. In
principle, if we can somehow extend the limit of the translation stage, it is possible
that we will see a stronger effect from Er emission and perhaps even cross the signal
baseline to claim optical gain.
To complete the pump probe study, we also study the power dependency of
the pump probe curve, as we did for the non-Er-doped sample. Figure 57 shows the
pump probe curve under different pumping pulse energy. The SNR for this series of
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pump probe scan traces is worse than the pump probe scan trace with the
non-Er-doped sample, because the laser power is one fifth of the original case where
the repetition rate was 5 times higher. Because of this extreme difference, it is
difficult to conclude that there is a clear trend for the pump-induced loss as a function
of pump pulse energy. However, from the limited noisy data we show here, we can
still claim with confidence that the pump-induced loss increased at first as we
increased the pumping pulse energy and then saturated when the pump pulse energy
was close to approximately 50 uJ.

Figure 57 Power-dependent pump probe study for Er-doped sample.
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5.4 Conclusion
In this chapter, we performed an ultrafast pump probe experiment on our
multilayer samples, with and without Er dopant, using our homemade OPA. The
results are very promising. First, for non-Er-doped samples, we observed strong free
carrier absorption suppression attributable to the slot-waveguide effect. The ratio
between the pump-induced loss for TE and TM polarization agrees well with our
theoretical model, which is based on TMM and small perturbation theory. Note that
the pumping pulse energy is actually relatively low, so we can eliminate any
possibility of thermal effect in our case. This is a strong indication that we indeed
achieved free carrier absorption suppression through our slot-waveguide structure,
and what we observed is not an experimental artifact due to thermal effect.
Second, we also performed a pump probe experiment on an Er-doped
multilayer sample, hoping to observe optical gain under strong optical pumping,
which was the ultimate goal of this study. Although we did not actually observe any
optical gain, based on the experimental results, we believe we are on the right track.
The first indication is that the pump-induced loss for Er-doped samples is actually
significantly lower than that of the non-Er-doped sample with exactly the same
multilayer structure and the same pump pulse energy. Second, because the energy
transfer time for excited nc-Si to transfer energy to Er atoms nearby could be a few ns,
our not having observed any optical gain can be simply explained by our having
watched for less than 1 ns. It is highly possible the energy transfer process had not
fully been realized before our experiment reached its realistic limit, established by the

156

translation stage we used. If we can extend the time delay between the pump pulse
and the probe pulse by a few nanoseconds, not only could we observe more important
physics, but also we might be able to see optical gain.
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Chapter 6
Future Work
In this work, we demonstrated that an Er-doped SiO2/nc-Si multilayer
structure could be an ideal structure for a silicon light emission device for a future
silicon photonic platform. From the standpoint of material science, we demonstrated
that Er emission could be greatly enhanced through the energy transfer process from
excited nc-Si to Er atoms doped in SiO2. From the standpoint of optical science, we
demonstrated that the nc-Si/SiO2 multilayer structure could serve as a multislot
waveguide structure, from which we realize the benefits of strong photon
confinement in SiO2 layers where the refractive index is lower. With this photon
distribution, the free carrier absorption resulting from excited nc-Si is suppressed and
the emission from excited Er atoms is further enhanced.
Our theoretical simulation shows that, for an optimum device structure, even
if the gain coefficient provided by excited Er is only one fourth of the loss coefficient
due to free carrier absorption from nc-Si, we can still achieve optical gain. At the
device level, our theoretical and experimental results both demonstrated that the
propagation loss of our multilayer structure could be quite low, although there are
many interfaces in our device structure. This low propagation loss is mainly due to
the extremely smooth interface that is achieved through our unique fabrication
process; surface roughness of angstrom level is observed through AFM. Finally, our
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ultrafast pump probe experiment was performed on multilayer samples with and
without Er dopant.
For the first time, suppression of free carrier absorption was experimentally
demonstrated. Because the pump pulse energy is quite low, experimental artifacts
resulting from thermal effect can be confidently ruled out and this suppression effect
is singularly attributed to slot-waveguide effect. For the Er-doped sample, pump
probe experimental results demonstrate that Er emission indeed contributed to probe
beam signal level—the sample with Er showed a higher 1535 nm signal transmission
compared to that of non-Er-doped samples. However, the pump pulse still leads to
optical loss, partly due to the strong free carrier absorption from the nc-Si, partly due
to the time span we can observe because the pump probe setup is limited by the
translation stage length, and because we simply does not have a translation stage that
is long enough for us to observe the complete energy transfer process.
Having achieved these many satisfactory results, we are confident we are
quite close to realizing a device that can demonstrate optical gain and the ultimate
goal of an on-chip silicon laser device. The following physical and technical
problems still need to be addressed before we can optimize our device design and
reach our ultimate goal.
6.1 Energy Transfer
Although it is widely believed that energy transfer from excited nc-Si to Er
atoms nearby is responsible for the strong Er emission enhancement that is observed
in Er-doped SiO2/nc-Si samples, there are still some unanswered questions regarding
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the physical mechanism [1]. For example, even Er doped with SiO2/amorphous
silicon nanocluster film can demonstrate Er emission enhancement [2]. Given this
observation alone, it is worthwhile to study the energy transfer physical mechanism in
detail.
One benefit we realized from our fabrication method is that we can accurately
control the depth profile of Er dopants in our multilayer material. We proved it is
possible to put a thin SiO2 layer as a spacer between the Er-doped SiO2 and the nc-Si
layer, as shown in Figure 58(b). It is well known that energy transfer time is
correlated to the distance between acceptor (Er) and donor (nc-Si). By controlling the
spacer layer thickness and measurement of energy transfer time, we can gain useful
information about the energy transfer physical mechanism itself.

Figure 58 (a) Sample 1 structure, homogeneous Er doping in SiO2 layers; (b) Sample
2 structure, Er doping with spacer layer between Er-doped SiO2 and nc-Si Layer; (c)
Sample 3 structure, inhomogeneous doping, Er is doped close to Nc-Si layer only.
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Another approach is to use the information obtained from this experiment to
obtain an optimized device design of our multilayer structure to achieve optical gain.
As observed in [3], only 16% of the Er is inverted with the Er/nc-Si-doped SiO2 thin
film. With this low percentage of Er inversion, it is unlikely that absolute optical gain
can be achieved. To overcome the unlikelihood of achieving absolute optical gain
with this low percentage of Er inversion, we proposed a device structure shown in
Figure 58(c), which we call inhomogeneous doping. In this structure, instead of
doping the whole SiO2 thin layer with Er, only SiO2 region that is in close contact
with nc-Si is doped with Er. If our hypothesis is true, that the closer the distance
between energy transfer acceptor (Er) and donor (nc-Si), the higher the energy
transfer efficiency, then we will prove for certain that a higher percentage of Er atoms
can be inverted with this approach because we can fine-tune this critical distance and
ensure that Er atoms are close to nc-Si by monitoring our fabrication process. If more
than 50% of Er can be inverted by our approach, then we know that optical gain can
be achieved.
Note that Er emission enhancement from Er-doped SiO2/nc-Si was observed
for the first time in this work. Fine control of the critical distance can only be
achieved by our fabrication method. Ours is the only lab capable of performing this
research.
6.2 Electrical pumping
All experiments covered in this work were performed under optical pumping,
including the PL study that confirmed strong Er emission enhancement, the free
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carrier absorption measurement in which free carriers are generated with a pump
pulse. The only exception to experimentation under optical pumping involved the
on-chip applications. For on-chip applications, the light source had to be driven by
electrical pumping to eliminate the requirement for an external light source.
Typically, electrical pumping of an Er-doped SiO2/nc-Si structure is achieved
through vertical electrical pumping, where charges must penetrate through SiO2
insulate layers by tunneling or other mechanisms [4][5][6][7]. This approach,
although effective, provides limited carrier flow and potential reliability issues. In our
work, instead of the traditional way of achieving electrical pumping, we can take
advantage of multiple nc-Si thin layers in our material structure. Each nc-Si thin layer,
after crystallization, could serve as a channel for horizontal carrier injection. With so
many channels available in our multilayer structure, it should be easier for us to
achieve electrical pumping through the horizontal injection.
Some initial work that was performed in our lab with electrical-luminescence
had already been demonstrated. Figure 59 shows the schematic of the horizontal
carrier injection device structure and the real image of a fabricated device.
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Figure 59 Schematic of device structure for horizontal carrier injection and the SEM
image of fabricated device top view.
Our horizontal carrier injection is achieved through a p-i-n structure, as shown
in Figure 59. Reactive ion etching was used to etch trenches for electrode deposition.
Sequential ion plantation of P and B was applied to form a p-i-n structure for carrier
injection. Subsequently, Ti film was deposited using electron beam evaporation to
form electrodes. The fabricated device then underwent a rapid thermal annealing
process to form titanium silicide and for dopant activation. After annealing, voltage
can be applied across the two electrodes and achieve carrier injection.
We began by measuring the I-V curve of our fabricated device to confirm that
lateral carrier injection is achieved in this structure. The detailed results and
discussion is covered in [8]. The conclusion we reached is that lateral carrier injection
is indeed achieved, the turn-on voltage is lower for smaller electrode spacing than
larger electrode spacing, and the carrier transport is more difficult for a thin
nanocrystalline silicon layer than for a thick nanocrystalline silicon layer. EL
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measurement has also been performed on one of the samples we fabricated, with
results shown in Figure 60. As shown in Figure 60, EL from Er atoms was observed,
demonstrating a signal identical to that obtained from the results for PL. As expected,
the EL intensity was found to strongly depend on applied voltage.

Figure 60 Electrical luminescence signal of the fabricated device under different
driving voltages.
We have achieved EL from the multilayer structure, indicating that it is
possible to achieve electrical pumping of Er atoms from a lateral carrier injection
scheme. However, as had been observed and expected, the difficulty of carrier
injection increases as the nanocrystalline silicon layer gets thinner. Because the
optimum thickness of nc-Si layers for Er emission enhancement had been determined
as ~ 2 nm, this thickness could pose a difficulty in carrier injection. Further
optimization of the device structure, including the silicon layer thickness, the
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electrode spacing, and the electrode width is needed to achieve efficient electrical
pumping of the Er atoms.
6.3 Ultimate Goal: A Laser Device
We have already demonstrated the optical properties of our multilayer device
under optical pumping, and laid out plans for further device optimization (energy
transfer) and electrical pumping. We have set the stage to discuss the possibility of
achieving the ultimate goal, which is an on-chip electrical-pumped laser device.
A laser is composed of three major components: the gain medium, which
provides optical gain; the pumping mechanism, which provide pumping; and a laser
cavity, which provide feedback into the gain medium to use the stimulated emission.
The gain medium had been extensively discussed in this work: an Er-doped
SiO2/nc-Si multilayer structure. We have tried all means to increase the light output
while decreasing any loss, whether that loss is caused by free carrier absorption or by
scattering loss from interfaces. By optimizing the energy transfer process and
possibly imhomogeneous doping to increase the percentage of inverted Er, as covered
in Section 6.1, we might be able to achieve optical gain, which would be realized in
the gain medium. The pumping mechanism is also covered, although we began our
work on optical pumping, either for Er emission enhancement or for free carrier
absorption suppression. In Section 6.2, we laid out the current status of our work on
achieving electrical pumping and the plan to optimize it.
The one missing component in the whole recipe is a laser cavity. To fit this
cavity on an on-chip device, it must be small. Because the optical gain provided by Er
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is so low, the cavity must provide a sufficiently high quality factor. Those
requirements lead to a very challenging design.
To achieve this goal, we propose to use a ring resonator structure as the laser
cavity with Er-doped SiO2/nc-Si as the gain medium with device schematic shown in
Figure 61. It had long been recognized that a ring resonator fabricated out of c-Si with
a waveguide coupler can provide a Q factor as high as 50,000, or even higher [9].
Because we have already demonstrated the propagation loss for our multilayer
waveguide is on the order of 2 dB/cm, a ring resonator based on a rib multilayer
waveguide could also show a high Q factor. To achieve electrical pumping, at the two
ends of the ring resonator, we doped the waveguide into the P/N region to provide
optical gain using electrical pumping. We also used a straight waveguide to couple
light out of the ring resonator, which essentially serves as an output coupler.

Figure 61 Proposed device structure for an electrically pumped on-chip laser.
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6.4 Summary
In this chapter, we laid out the plan for future research that could eventually
lead to the ultimate goal of an on-chip electrically pumped laser device. Our
experimented demonstrated that we are on the right track to achieve both an efficient
optical gain medium and an effective electrical pumping mechanism. However, there
is still a long way to go to find the right laser cavity design that is both small and has
a high quality factor. We propose a ring cavity approach that could eventually
combine the work we have done while fulfilling the requirement for the right cavity.
We believe that the approach we propose will achieve our ultimate goal of a
silicon-based laser device.
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