HIGH-INTENSITY NANO-APERTURE LASERS FOR NEAR-FIELD OPTICS

A DISSERTATION
SUBMITTED TO THE DEPARTMENT OF PHYSICS
AND THE COMMITTEE ON GRADUATE STUDIES
OF STANFORD UNIVERSITY
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

Zhilong Rao
November 2007

© Copyright by Zhilong Rao 2008
All Rights Reserved

ii

I certify that I have read this dissertation and that, in my opinion, it is fully adequate in
scope and quality as a dissertation for the degree of Doctor of Philosophy.

_____________________________
(James S. Harris) Principal Adviser
I certify that I have read this dissertation and that, in my opinion, it is fully adequate in
scope and quality as a dissertation for the degree of Doctor of Philosophy.

_____________________________
(Lambertus Hesselink)
I certify that I have read this dissertation and that, in my opinion, it is fully adequate in
scope and quality as a dissertation for the degree of Doctor of Philosophy.

_____________________________
(Shoucheng Zhang)
I certify that I have read this dissertation and that, in my opinion, it is fully adequate in
scope and quality as a dissertation for the degree of Doctor of Philosophy.

_____________________________
(Mark Brongersma)
Approved for the Stanford University Committee on Graduate Studies.

iii

Abstract
A high-intensity coherent light source with a sub-100nm near-field spot is
desirable in many applications such as ultrahigh-density near-field optical data storage,
high-resolution near-field imaging, nanolithography, analysis and manipulation of
single-molecules etc. Vertical-cavity surface-emitting lasers (VCSEL), in which a
nano-aperture is opened in the metal-coated emission facet, are ideal candidates for
this purpose due to their low cost and easy 2D-array fabrication and characterization.
Previous work utilizes conventional circular or square apertures, which suffer from
extremely low power transmission efficiency when the aperture size becomes much
smaller than the wavelength. Here we demonstrate record-high-intensity nano-aperture
VCSELs with sub-100nm near-field spots using unconventional shapes of aperture,
such as bowtie-shaped, C-shaped, H-shaped and I-shaped apertures.
The mechanism for high transmission through these unconventional apertures are
explained via simulation and waveguide theory and attributed to the existence of a
propagation mode TE10 and the induced surface plasmons over the ridges of these
apertures. The high transmission through these apertures occurs only for a specific
polarization direction, which requires the control of polarization in VCSELs. We
developed a novel integrated method to control the polarization of VCSELs by
opening nano-slits in the metal-coated emission facets of VCSELs.
These unconventional apertures show significantly higher power transmission
efficiency than conventional square apertures of the same open area. In particular, we
measured a net far-field power of 188µW from VCSELs using an 180nm bowtie
aperture at a wavelength of 970nm, which is 16 times higher than that from a 130nm
square aperture with the same area as the bowtie aperture. From simulation, the
near-field intensity spot size 20nm away from the 180nm bowtie aperture is 64×66nm2,
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compared to the much larger spot size of 174×100nm2 from the 130nm square
aperture. Based on the measured far-field power and simulated near-field spot size, the
near-field intensity from the bowtie-aperture VCSEL is estimated to be as record-high
as 47mW/µm2. This intensity should be high enough to realize near-field optical
recording. And the small spot size from the bowtie aperture VCSEL can lead to
storage densities up to 150 Gbits/in2, which is 100 times higher than that in DVD.
In addition to VCSELs, a C-shaped aperture has also been applied to edge
emitting lasers. Resonant transmission through the C-aperture on edge emitting lasers
was observed by scaling the aperture dimensions for a fixed lasing wavelength. The
C-aperture shows twenty times higher power transmission efficiency than a square
aperture of the same area. Although not explored in this thesis, the other
unconventional apertures such as bowtie, H and I-shaped apertures can also be applied
onto edge emitting lasers to obtain high-intensity nano-aperture lasers.
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Chapter 1: Introduction
1.1 Beyond diffraction limit
Far-field optical systems suffer from diffraction limit, which limits the resolution
as given below,
R=

0.61!
NA

(1.1)

where λ is the wavelength of the light and NA is the numerical aperture of the lens
system, which is given below,
NA = n " sin! c

(1.2)

where n is the refractive index of the medium in which the focusing occurs, ! c is the
half angle of the collection cone of the objective lens.

The demand for higher resolution is ever increasing in many applications such as
optical lithography and optical data storage, etc. To meet the stringent resolution
requirements, there have been tremendous efforts to reduce the wavelength and to
increase the numerical aperture of the focusing system. However, further reduction of
the wavelength into deep ultraviolet (UV) regime incurs huge increase in cost since
many materials are absorbing in deep UV. For example, one single state-of-the-art
optical lithography tool costs several tens of millions dollars. Although it’s possible to
increase the numerical aperture above one using liquid or solid immersion lens, it
creates great challenge in implementing the system and incurs an additional huge cost.
While it’s approaching practical limits to repeatedly reduce the illumination
wavelength and increase the numerical aperture, it’s necessary to think of alternative
solutions to achieve further improved performances.
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To overcome this diffraction limit in far-field optical systems, near-field optics is
one solution to achieve resolution much smaller than the wavelength. A particularly
important example is near-field scanning optical microscope (NSOM) which is widely
used for the imaging of deep sub-wavelength features. One of the main problems in
such near-field optical tools is that the intensity in these systems is extremely low. For
example, conventional NSOM uses a fiber tapered probe or a cantilever type of probe
which suffer from very low power coupling efficiency. Figure 1.1 shows a schematic
structure of a fiber tapered probe. The low power coupling efficiency in these fiber
probes is due to two factors. First, the optical mode experiences a large loss when
propagating through the taper region because the wavelength of light is well beyond
the waveguide mode cutoff. Second, the conventional square or circular apertures used
at the tip of these probes have very low power transmission efficiency when the
aperture becomes much smaller than the wavelength of light.

Fig. 1.1: Schematic structure of a fiber tapered probe. (Figure is used with permission from Xiaolei
Shi’s dissertation [33])

Due to the low power coupling efficiency, the intensity from these near-field
optical systems is low and is not adequate for many near-field applications which
require the interaction of high-intensity light with samples.

1.2 Nano-aperture lasers
A high-intensity coherent light source with highly confined near-field spot size is
thus desirable in many near-field applications. Semiconductor lasers, in which a
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nano-aperture is opened in the metal-coated emission facet of the laser, are ideal
candidates for this application. The idea of nano-aperture laser was first proposed by
Partovi [1] and demonstrated on edge emitting lasers at a wavelength of 980nm.
Figure 1.2 shows the schematic structure of such a nano-aperture edge emitting laser.
The metal coating largely enhances the reflectivity of the mirror in the laser. Since
light not transmitted through the nano-aperture is reflected back by the metal coating
and recycled inside the laser cavity, the intensity circulating inside the laser is
significantly enhanced. Thus the intensity incident onto the nano-aperture is much
higher than that in conventional near-field optical systems such as NSOM. As a result,
the intensity from the nano-aperture laser can be orders of magnitude higher than that
from a NSOM [1, 53, 54]. However, for the conventional square aperture used in
Partovi’s work [1], the power transmission efficiency decreases rapidly when the
aperture size goes below 100nm.

Fig. 1.2: Schematic structure of a nano-aperture edge emitting laser

Vertical-Cavity Surface-Emitting Lasers (VCSELs), from which light is emitted
in a direction normal to the wafer surface, are better candidates than edge emitting
lasers in this application. VCSELs can be easily fabricated and tested on a wafer scale.
Thus the cost of each VCSEL is very low compared with the edge emitting laser. Also,
VCSELs can easily be fabricated and applied in parallel arrays, which can greatly
increase the data processing speed in many applications. VCSELs also have some
other inherent advantages, such as low threshold current, single longitudinal mode, a
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circular beam shape, etc.

1.3 Near-field optical applications
Due to their many advantages, nano-aperture lasers, especially nano-aperture
VCSELs, have many potential near-field optical applications and will be described as
the examples to illustrate these applications in this section.

1.3.1 Ultrahigh-density near-field optical data storage
Conventional optical data storage systems use far-field optics, which suffer from
the diffraction limit as discussed before. Figure 1.3 shows three generations of optical
data storage systems. Improvements in storage density are achieved by reducing the
laser wavelength and increasing the numerical aperture of the optical system. However,
if we want to keep following this path, further reduction of the wavelength into the
deep ultraviolet regime will create an enormous research challenges. For example,
many materials are absorbing in the deep UV, creating a great challenge for both the
optical components such as lenses and cover layers and the recording media (DVD
and CD disc’s) which are plastic and degrade from UV exposure. The cost of the
whole system will be very significantly increased. For example, the blue-ray laser
diodes already cost more than fifty dollars each while the red laser diodes in CD and
DVD systems cost only less than a dollar. And numerical aperture can not be
increased above one without incurring an additional huge cost. While there is a huge
incentive to follow this trend to continue reducing the spot size, we don't have to
continue using this far-field approach.
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Fig. 1.3: Three generations of far-field optical data storage systems (Source: Innovative Mass Storage
Technologies White Book, Feb. 2004)

One way to overcome this diffraction limit is to use near-field optics. Here is an
example of how a nano-aperture laser can be used to build a compact near-field optical
data storage system [55]. The idea is to coat the emission facet of a semiconductor
laser, for example, Vertical-Cavity Surface-Emitting Laser, with a metal coating and
then open a nano-aperture in the coating. By bringing the disk media to within several
tens of nanometers away from the nano-aperture laser, we can achieve a spot size
basically determined by the size of the nano-aperture, which can be much smaller than
the wavelength of the laser source. Figure 1.4 shows the schematic diagram of such a
near-field optical data storage head based on nano-aperture VCSELs. In principle, we
can achieve a storage density as high as 500Gbits/in2, where the spot size is limited by
the metal skin depth. And to read out data from the disc, we operate the VCSEL at
constant current and the reflection from the media will cause change in the threshold
condition of the laser and results in a change in the operating voltage [2]. This voltage
change can be read out as the signal. The nano-aperture laser can thus function as a
completely integrated compact head for both writing and reading data.
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Fig. 1.4: Schematic structure of a near-field optical data storage head based on nano-aperture VCSELs.

In addition to storage density, data transfer rate is another important concern for
data storage. A huge capacity is nearly useless if the data transfer rate is too low. Even
if we have a disk with one Terra bytes capacity, it would take more than one day to
read or write it with today’s state-of-the-art blue-ray disc technology (9 MB/sec).
Another big advantage of nano-aperture VCSELs is that they can easily be fabricated
in parallel arrays, as shown in Figure 1.5, which can greatly improve the data transfer
rates. For example, using a 10×10 array, can improve the data transfer rate by 100
times.

Fig. 1.5: Parallel near-field optical data storage using nano-aperture VCSEL array

1.3.2 Compact high-intensity near-field probe
In addition to data storage, another important application of nano-aperture
VCSELs is for near-field imaging. Conventional near-field scanning optical
microscopes for near-field imaging typically use a fiber tapered probe or a
silicon-based cantilever probe, which has very low power transmission efficiency.
6

Two factors limit the power transmission through these probes. One is the large loss in
the taper region due to the waveguide mode cutoff. The other is the very low
transmission efficiency through a conventional circular or square nano-aperture when
the aperture size becomes much smaller than the wavelength [18]. Typically, one can
only achieve about 1µW power out from 10mW input power. Also, such a
conventional NSOM system requires an external light source to excite the sample, a
number of optical elements to collect the scattered light and an external detector to
detect the signal. Thus the system is thus very bulky and costly because of the multiple
components and their precise alignment..

To overcome these problems, the nano-aperture VCSEL can be used as a
near-field probe instead [55], as shown in Figure 1.6. The way to do this is the same as
using the nano-aperture VCSEL to read out data from optical discs. That is to operate
the laser at a constant current and reflection from the sample surface causes a change
in the laser threshold condition, result in change in the operating voltage. Because
light blocked by the metal coating is recycled in the laser cavity, intensity from the
nano-aperture VCSEL can be much higher than that from the fiber probe. If these
probes are applied in parallel arrays, much higher imaging speed can also be achieved.
Finally, such a system doesn't require external optical elements to excite the sample
and collect the light and is thus very compact and much lower cost.

Fig. 1.6: Nano-aperture VCSEL as a near-field probe
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1.3.3 Single molecule analysis
The nano-aperture VCSEL can also be applied to bio-medical research, such as
analysis, trapping and manipulation of single-molecules. Levene et al. demonstrated
that nano-apertures can be used to isolate individual molecules for fluorescence study
[56]. They opened nano-apertures in metal film coated on fused silica substrate and
were able to study the dynamics of single-molecule trapped inside a nano-aperture
using a bulky setup. We can transfer the bulky system they used for this application
into a compact system based on nano-aperture VCSEL, as shown in Figure 1.7, and
utilize the much higher intensity. In addition, we could potentially use the large
intensity gradient in the nano-aperture VCSEL to trap and manipulate molecules [34].

Fig. 1.7: Nano-aperture VCSEL for single-molecule analysis

1.3.4 Light source for nanophotonic integrated circuits
Another potential application of the nano-aperture VCSEL is as a compact light
source for future nanophotonic integrated circuits. For example, the evanescent fields
from a nano-aperture VCSEL can be used to couple into photonic crystals, as shown in
Figure 1.8. Conventional coupling to photonic crystals uses side coupling from
single-mode fibers. Due to mode mismatch between the fiber and the photonic crystal
waveguides, the coupling efficiency is very low. Also, the alignment is very difficult.
However, evanescent coupling from nano-aperture VCSELs can have high coupling
efficiency because the mode size of the nano-aperture VCSELs and photonic crystal
8

waveguide are well matched. Since this coupling does not require external light source,
it is a very compact and integrated solution. Also, the alignment can be achieved with
lithography rather than mechanically, which makes it easier, more reliable and far less
costly.

Fig. 1.8: Evanescent coupling from nano-aperture VCSEL to photonic crystal waveguide

1.4 Previous work
As shown from the potential applications discussed above, nano-aperture lasers
provide a promising solution to overcome the diffraction limit in far-field optical
systems and realize many important near-field applications such as ultra-dense
near-field optical data storage, near-field imaging, single molecule analysis, as a
compact light source for future nanophotonic integrated circuits. Partovi et al. first
demonstrated the data recording and reading with a 250nm-square-aperture
nano-aperture laser based on a 980nm wavelength edge emitting laser (EEL) [1].
Vertical-Cavity Surface-Emitting Lasers (VCSELs) are better candidates than EEL in
these applications since they can be processed and tested on a wafer scale. Also, data
transfer rates can be greatly increased by producing VCSELs in parallel arrays [3].
Thornton and Hesselink proposed the idea of nano-aperture VCSELs [55]. Thornton et
al. also proposed the idea of reducing the number of top DBRs in VCSEL to enhance
the transmission through the nano-aperture [57]. Shinada et al. first demonstrated a
micro-aperture VCSEL with a 400nm square aperture, but only obtained a very weak
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output power density [4]. Improvements were made by using closely spaced double
circular apertures [5, 6] or a circular aperture with a metal particle [2]. However, the
optical near-field intensities from these nano-aperture VCSELs are still not high
enough for optical recording and the near-field spot sizes are relatively large.

The main problem with nano-aperture lasers in previous work is that the power
transmission through conventional square or circular apertures decreases extremely
rapidly when the aperture size becomes much smaller than the wavelength of the
optical source. This significantly limits the output intensity from these nano-aperture
lasers when the aperture size is decreased to achieve small spot size. It is believed that
intensity over 10mW/µm2 is required to realize optical recording at useful data rates
[4]. Previous work on nano-aperture VCSELs hasn’t been able to reach this
requirement due to the rapidly decreased transmission efficiency of circular aperture
with decreasing aperture size.

Xiaolei Shi discovered a unique non-symmetrical C-shaped nano-aperture
(C-aperture) which can provide orders of magnitude higher transmission efficiency
than a square aperture producing the same near-field spot size [19, 20, 33]. This
discovery significantly relieves the difficulty of achieving high transmission through a
nano-aperture while maintaining strong near-field confinement. Robert Thornton and
Xiaolei Shi proposed the idea of applying the C-aperture onto VCSELs and reducing
the number of top distributed Bragg reflectors (DBR) in VCSELs to enhance
transmission through the C-aperture [57]. However, they didn’t realize the C-aperture
VCSEL experimentally because they didn’t address the problem of polarization
control of VCSEL, which must be resolved in order to apply the highly
polarization-sensitive C-aperture on VCSELs.
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1.5 My contributions
As shown in section 1.4, the problem with previous work on nano-aperture lasers
using conventional circular or square apertures is that the power throughput is
extremely low when the aperture sizes become much smaller than the wavelength. The
main motivation of this thesis work is to address this issue by implementing novel
shapes of nano-apertures on lasers. In this thesis, unconventional nano-aperture shapes
such as bowtie, C, H, and I-shaped apertures are studied extensively via simulations
and experiments. These unconventional nano-apertures all have highly polarization
dependent transmission properties, which requires the polarization of VCSELs
controlled along a fixed direction with respect to these apertures. This polarization
control is realized by a novel integrated method. With the polarization of VCSELs
controlled, these unconventional apertures are designed and applied onto VCSELs,
which greatly increases the output intensity while maintaining highly confined
near-field spots. High-intensity nano-aperture lasers utilizing these unconventional
apertures can realize a number of important near-field optical applications discussed
before. Below is a list of my main contributions in developing these high-intensity
nano-aperture lasers:
1. Developed nano-aperture edge emitting lasers using a C-shaped aperture and
demonstrated resonant transmission of the C-aperture on these lasers.
2. Designed an unconventional VCSEL epitaxial structure operating at a
wavelength around 970nm and consisting of 9.5 pairs of p-DBRs in the top
mirror, three InGaAs/GaAsP quantum wells, and 38.5 pairs of n-DBRs in the
bottom mirror. The number of p-DBR pairs is reduced to only about half of
that in conventional VCSELs to enhance light transmission through the
nano-aperture. The reflectivity of the top mirror is enhanced with a gold
coating.
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3. Developed the processing flow for nano-aperture VCSELs. Completed a wet
oxidation furnace with in-situ monitoring.
4. Developed a novel method to control VCSEL polarization. Nano-slits are
etched in the metal coating on the laser emission facet. These highly
polarization-dependent slits strongly pin the polarization of a VCSEL along the
desired

direction.

This

polarization

control

is

essential

since

the

unconventional aperture shapes used here, such as bowtie, C, H, and I-shaped
apertures, all have very strongly polarization-dependent transmission.
5. Proposed the application of unconventional apertures, such as bowtie, H and
I-shaped apertures onto VCSELs. Performed extensive simulation of these
unconventional nano-apertures to design these apertures for VCSELs and
understand the physics of high transmission through these apertures.
6. Demonstrated much higher transmission through the unconventional apertures
including bowtie, C, H and I-shaped aperture on VCSELs than that through
conventional square apertures. Obtained high-intensity VCSELs with
simulated

sub-100nm

near-field

spots

using

these

unconventional

nano-apertures.
7. Proposed and designed a quadruple-ridge aperture, which has a four-fold
rotational symmetry and may be useful in applications where the incident light
can have polarization along either of two orthogonal directions.

1.6 Thesis outline
In chapter 1, an introduction to the background of this work is given. The main
focus of this chapter is the motivation for this thesis work, namely the many important
applications as sub-wavelength light sources. Previous work in this area is also
reviewed and their limitations are pointed out. Chapter 2 provides a theoretical
background for the experimental work in this thesis, including a brief introduction to
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semiconductor lasers, finite difference time domain simulation, transfer matrix method
and surface plasmons. Chapter 3 presents my work on developing a C-shaped
nano-aperture edge emitting laser and the observed resonant transmission through the
C-aperture when tuning the dimensions of the apertures. Significantly higher power
transmission through the C-aperture than that through a square aperture of the same
area is demonstrated. Chapter 4 starts the discussion of my work on nano-aperture
VCSELs. The design and fabrication of the nano-aperture VCSELs is presented.
Electroluminescence spectra of the VCSELs are studied to verify whether the
processed VCSELs work as designed. Chapter 5 presents the study of different
unconventional apertures that were applied on the VCSELs. These apertures are
designed and optimized via extensive simulation. The mechanism for high
transmission through these apertures is also studied via simulation and waveguide
theory. The transmission through these unconventional apertures is highly polarization
dependent, which initiated a study of polarization control for VCSELs, described in
chapter 6. Various methods were investigated for polarization control and an
integrated approach by etching nano-slits in the metal coating was shown to be very
effective. With the polarization of the VCSELs controlled by these nano-slits, chapter
7 presents the results of high-intensity nano-aperture VCSELs using these different
unconventional apertures. A comparison between the performance of these different
apertures is also presented. Finally, in chapter 8, the key results of this thesis work are
summarized and potential extension of this work to future structures and applications
is proposed.
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Chapter 2: Theoretical background
This chapter provides a theoretical background for this thesis work. First a brief
introduction to the fundamentals of semiconductor lasers will be given. Then I
introduce the Finite Difference Time Domain method used extensively in the design
and simulation of nano-apertures in this thesis. Following that is an introduction to the
transfer matrix method used in designing the epitaxial structures of the nano-aperture
Vertical-Cavity Surface-Emitting Laser. Finally I give an introduction to surface
plasmons, which are important in understanding the high transmission through the
ridge nano-apertures discussed in Chapter 5.

2.1 Semiconductor Lasers
Semiconductor lasers were first realized in the early 1960’s. The original devices
could only operate at very low temperature with narrow pulses, and they had very
short lifetimes. Due to the rapid progress in semiconductor materials growth and
device fabrication techniques, semiconductor lasers have now become the most widely
used type of lasers. These devices now have wide use in telecommunications because
they are easily modulated and coupled into fibers and serve as the light sources for
fiber optical communications. They are also used extensively as the sources for all
laser printers, CD and DVD players. This section provides a brief overview of these
devices.

2.1.1 Introduction
A semiconductor laser is also called a laser diode. As the name suggests, a laser
diode includes a junction diode structure that is fabricated by epitaxial growth of
semiconducting material on lattice-matched substrates. The p-i-n diode structure
consists of a region with p-type doping, an intrinsic region, and a region with n-type
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doping. This p-i-n structure forms a p-n junction, which results in a depletion region,
primarily in the intrinsic region. When the p-n junction is forward-biased, electrons
and holes are injected from the n-region and p-region respectively into the depletion
region. These electron and hole pairs can then recombine and generate photons, which
provide gain for the optical signal. Like any other lasers, semiconductor lasers require
a resonant cavity and a saturation mechanism in addition to the gain medium, to
satisfy lasing condition. The cavity resonance is built by placing mirrors on either side
of the cavity in a Fabry-Perot interferometer architecture. The mirrors are typically
formed by cleaved semiconductor facets or through a distributed Bragg reflector.
In general, semiconductor lasers can be classified into two categories, depending
upon the structure of the mirrors in the lasers, namely edge emitting lasers (EEL) and
vertical-cavity surface-emitting lasers (VCSEL). For EELs, the mirrors are formed by
cleaved semiconductor surfaces, which typically have a reflectivity of about 30%
without any coating. Light is emitted through this cleaved interface, in a direction
parallel to the surface of the device. For VCSELs, the mirrors are formed by
distributed quarter wavelength Bragg reflectors, which typically have a reflectivity
over 99%. Light is emitted normal to the surface of the device. Details about these two
types of lasers will discussed further in Chapter 2 and Chapter 3.

2.1.2 Double-heterostructure lasers
Like other types of lasers, semiconductor lasers need to reach population
inversion for the stimulated emission and gain processes to dominate the mirror
transmission loss plus any other parasitic losses, including absorption loss, diffraction
and scattering loss, etc. In homojunction lasers, which consist of layers with the same
material but different doping, it is very difficult to reach population inversion, as the
carriers diffuse out of the depletion region and the doping level required to reach
degeneracy in the depletion region can become prohibitively large. Moreover, the
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material beyond the depletion region will greatly absorb the optical signal. This
largely increases the absorption loss and results in a high threshold current density for
the laser to reach the lasing condition, achieved only with very high, short current
pulses to prevent overheating and thermal destruction.
The performance of semiconductor lasers was dramatically improved with the
introduction of double-heterostructure lasers. In these devices, an intrinsic
narrow-bandgap material is sandwiched between n- and p-doped, wider-bandgap
materials lattice-matched to the intrinsic material. Each of the junctions between
different bandgap materials is called a heterostructure. Hence the laser is named
double-heterostructure laser. One commonly used pair of materials for such
heterostructures is GaAs and AlxGa(1-x)As. The energy band diagram of a
GaAs/AlGaAs

double-heterostructure

is

shown

in

Fig.

2.1

(a).

The

double-heterostructure has three benefits. First, it is easy to reach population inversion
in the small-bandgap material, as the potential barriers at the two hetero-interfaces trap
the carriers inside the smaller bandgap material and eliminate the diffusion of carriers
out of this region. Second, the wide-bandgap material is transparent at the emission
frequency of the laser, namely the frequency corresponding to the smaller bandgap
energy. This largely reduces the absorption loss and hence lowers the threshold current
density of the laser. Third, the wide-bandgap material also has a lower index of
refraction than that of the small-bandgap material, as shown by Fig. 2.1 (b). The three
layers form a waveguide and provide better confinement of the optical wave inside the
small-bandgap material, namely the gain material. As long as the small-bandgap
material is not too thin, the optical electrical field profile of the waveguide mode can
be substantially confined within it, which improves the achievable gain when the
optical wave passes through the gain region.
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(a)

(b)

Fig. 2.1: (a) Energy band diagram of GaAs/AlGaAs double heterostructure. (b) Refractive index of the
double heterostructure, showing higher index in the GaAs layer. (Figure is adapted from EE243 lecture
notes by Prof. David A. B. Miller at Stanford University)

2.1.3 Quantum well lasers
The addition of quantum wells into the double-heterostructure laser was another
breakthrough in realizing low-threshold-current and high-efficiency semiconductor
lasers. Quantum wells are active layers with thickness of about 10nm, much thinner
than the thickness of active layer in usual double-heterostructure lasers (typically 0.1-1
µm). This makes the threshold current density required for inversion in quantum wells
lasers significantly lower than that in double-heterostructure lasers.
Also, quantum wells have a stair-like density of states distribution, compared to
the smoothly-rising density of states in bulk materials. The lowest energy levels have
the largest probabilities of being occupied by carriers due to thermal distribution. In
quantum wells, the density of states at the lowest energies is larger than that in bulk
materials. As a result, the quantum wells are more efficient in using carriers to obtain
gain than bulk materials.
Moreover, the thickness of the quantum wells can be used to vary the energy
levels. The first energy level of a quantum well bound by infinite potential barriers is
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given by:

h2 " ! 2
E1 =
2m " d 2

(2.1)

where m is the carrier effective mass and d is the thickness of the quantum well. By
varying the quantum well thickness, the energy level in the quantum wells can be
tuned and hence the gain peak wavelength can be tuned without the need to change the
material composition of the quantum wells. This can be an important benefit in terms
of both material growth and fabrication.

2.2 Introduction to Finite Difference Time Domain
Simulation
2.2.1 Introduction
The Finite Difference Time Domain (FDTD) method is basically a numerical
solver of Maxwell’s equations on a finely sampled orthogonal mesh [7]. Due to its
simplicity, accuracy, and efficiency, FDTD has been used extensively for design and
analysis of antennas, photonic crystals, nanophotonics, wireless communication
systems, high-speed circuits, etc. The advantages of the FDTD method include:
1). It can handle complex materials, such as anisotropic, dispersive, non-linear,
conductive, and periodic media, and both passive and active media (such as
laser gain medium).
2). It can simulate complex geometries for the object of interest.
3). It provides information about each electrical and magnetic field component
at every spatial location and time point in the simulation space.
4). It is capable of simulating various incidence conditions: short pulses, steady
state sinusoidal wave, plane wave and waveguide modes. It is able to simulate
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the frequency response of a system in one single run, which is great for
investigating resonant behavior.
5) It is accurate and robust. The sources of numerical errors are well
understood and can be taken into account to achieve the required accuracy.
The main drawback of FDTD is the need for large amounts of computer memory
and computational speed. Although the FDTD method was proposed forty years ago,
its real applications were only recently achieved due to the rapid growth of computing
speed and capacity. In 1966, Kane Yee developed a set of finite-difference equations
for the time-dependent Maxwell’s equations. In this scheme, the total simulation space
is meshed with grid size Δx, Δy and Δz in the spatial domain and Δt in the time
domain. In the spatial domain, the Yee algorithm places the E and H fields on separate
grids that are offset by a half grid point in space, as illustrated in Fig. 2.2. Each E-field
component is surrounded by four circulating H-field components, and each H-field
component is surrounded by four circulating E-field components. The resultant basic
geometric cell is often referred to as a Yee Cell. In the time domain, the E-field and
H-field components are centered in time in a leapfrog arrangement [7].

Fig. 2.2. Schematic of the field locations within the Yee Cell (Figure courtesy of Joseph Matteo [34]).

2.2.2 Setup of simulation
The FDTD code used in the simulation in this thesis was originally developed by
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Dr. Joseph A. Matteo. Figure 2.3 shows a schematic setup of a typical FDTD
simulation space. It consists of three regions: 1) the total field region (Region III); 2)
the scattered field region (Region II); and 3) the absorbing boundary region (Region
I).

Fig. 2.3: Layout of a typical FDTD simulation space. It consists of an object (B), an illumination (A),
which interact in the Total Field Region (III). The scattered field is isolated in the Scattered Field
Region (II), and outgoing waves are absorbed in the PML Region (I). (Figure ourtesy of Joseph Matteo
[34])

In the total field region (III), fields contain both the incident wave (A) and waves
scattered by object (B). The scattered fields propagate to Region II. The entire space
is terminated with an absorbing boundary condition (ABC), region I. This is used to
allow outgoing waves to continue propagating with minimal non-physical backward
reflections. The most common type of ABC, and the one used in the simulations
within this thesis is known as a perfectly matched layer (PML). It has been shown to
be effective in suppressing noise power due to reflections to be as low as -80dB of the
incident power [8]. The size of a typical simulation space is determined by the
resolution required to accurately represent the scattering structure. In general, it is
suggested that, for large structures, a spatial step of at least λ/(10n) is required to
ensure stability and reasonable accuracy, where n is the refractive index of the highest
index medium in the simulation space. For sub-wavelength structures, it is generally
considered a rule of thumb to use a spatial increment of one tenth the smallest
dimension in the simulation space. The time step needed for numerical stability is a
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function of the spatial step size, and is known as the Courant condition, which is
defined in the 3D case as

!t "

1

(2.2)

1 2
!x

v p ( ) + ( !1y ) 2 + ( !1z ) 2

Where Δx, Δy and Δz are the grid sizes in x, y and z directions, Δt is the time step size,
and vp is the wave propagation speed.
For more details about the implementation of FDTD simulation, please refer to
Taflove’s book [9], a great book for self-learning and references.

2.3 Transfer matrix method
The transfer matrix method is a powerful 1D algorithm to calculate the reflection
and transmission when an optical wave is incident onto a stack of layers with different
material compositions. In this thesis, this method is used extensively in the design of
the nano-aperture VCSELs, which primarily consist of a number of layers with
different materials. The details of this design will be covered in Chapter 4.
The basic idea of the transfer-matrix formalism is to develop a matrix that relates
the fields at x =a to the fields at x = 0 through a matrix, where the schematic is shown
in Fig. 2.4.

Fig. 2.4: Schematic setup of the transfer matrix method
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Assume light is propagating along the direction normal to the layers, namely
along the X direction. Consider the TE mode, for which only (Ez , Hy) are non-zero
(TE and TM mode are degenerate in this case). It can be shown that the fields at x=a
can be related to the fields at x = 0 by the following matrix [58].
n!
"
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c
" Ez ( x = a1 ) #
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where Z0 is the impedance of vacuum, namely Z 0 =

(2.3)

µ0
, a1 is the thickness of
!0

medium 1, n1 is the refractive index of medium 1, ω is the angular frequency of the
incident light.
If there are n layers, the fields at x = an can be related to the fields at fields at x0 by
the following matrix:
! Ez ( x = an ) "
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! Ez ( x = 0) "
$
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where Mi is given by
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in which ni is the refractive index of the ith layer and ai is the thickness of the ith layer.
On the other hand, assume the incident wave has unit amplitude, then we have at
x =0,

Ez ( x = 0) = 1 + r

(2.6)

where r is the reflection coefficient.
And at x = an, we have

Ez ( x = an ) = t
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(2.7)

where t is the transmission coefficient.
Thus we have
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(2.8)

where nin is the refractive index of the medium from which light is incident onto
medium 1, and nout is the refractive index of the medium into which light exits from
medium n. From equation 2.7, the reflection and transmission coefficients can be
solved explicitly.
The transfer matrix method also gives the value of the electric field at each
interface, which can provide a good approximation of the standing wave profile.
Moreover, each layer can be divided into a number of layers with the same refractive
index to improve the resolution for this calculation.

2.4 Surface plasmons
Surface plasmons (SPs), also called surface plasmon polaritons, are coherent and
collective oscillation of electrons on the surface of a metal in resonant response to
light waves [10]. The oscillation of free electrons in the metal also excites
electromagnetic fields that are bound to the metal surface. The resonant interaction of
the surface charge oscillation and the electromagnetic field of light constitute SPs and
give rise to its unique properties. SPs play an important role in the transmission
enhancement through metal structures such as arrays of nano-apertures in metal film
[11], and also single nano-apertures such as bowtie-shaped apertures [12] to be
discussed in details in Chapter 5. This section provides a brief overview of this
interesting phenomenon.
Starting with a metal and a dielectric film as shown in Fig. 2.5, for the surface
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plasmon wave to propagate along the metal-dielectric interface, the dispersion
relationship is given by [13]:
! #!

1

K x = "c ( ! d+!m ) 2
d
m

(2.9)

where εm and εd is the dielectric constant of the metal and the dielectric respectively.

Fig. 2.5: Schematic of surface plasmons propagating along a metal-dielectric interface.

The dispersion relationship shown in Equation 2.8 lies to the right of the free
space light line on a ω vs. k diagram. It is difficult to excite surface plasmons with
light directly incident from free space. Fig. 2.6 shows a generic dispersion relation of
surface plasmon wave and the free space light line.

Fig. 2.6: Dispersion relationship of a generic surface plasmon (red curve) and free space light line
(black curve)

In order for the incident light to couple to a surface plasmon, several methods
have been used, including a prism or kretchmann coupling [14], and grating coupling
[15]. Fig. 2.7 shows the schematics of coupling to surface plasmons using a prism.
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Fig. 2.7: Schematics of coupling to surface plasmon using prism.

Recently, it was shown that surface plasmons can also be excited in periodic
arrays of sub-wavelength apertures in metal film and the coupling and re-radiation of
surface-plasmons lead to largely enhanced transmission through the aperture arrays
[11]. This work sparked a lot of research interest in exploiting surface plasmons to
enhance transmission through sub-wavelength metal structures. Later, it was shown
that periodic corrugations surrounding a hole can also result in enhanced transmission
through the hole due to excitation of surface plasmons [16].
In the above two approaches, the apertures arrays or the periodic corrugations
typically span over several wavelength scale, which requires a widely expanded
incident beam in order for this to work. Most recently, it was shown that for a single
sub-wavelength aperture, if the aperture geometry is specially designed to have a
shape like bowtie or letter C, H, I, surface plasmons can also be excited to largly
enhance the transmission through these apertures [12, 17, 59]. These special shapes of
nano-apertures are described as ridge nano-apertures, which will be discussed in more
detail in Chapter 5.
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Chapter 3: Nano-aperture edge emitting
laser
In this chapter, my work on developing a nano-aperture edge emitting laser using
a C-shaped aperture will be presented. First an introduction to edge emitting lasers is
given. Then a brief introduction to the C-shaped aperture is given. Then the device
structure and fabrication of the nano-aperture edge emitting laser will be discussed.
Resonant transmission through the C-aperture on edge emitting lasers is observed. The
C-aperture is also demonstrated to have over twenty times higher power transmission
efficiency than a square aperture of the same area.

3.1 Introduction to edge emitting lasers
For edge emitting lasers, as the name suggest, light is emitted from the edge of the
device. Fig. 3.1 shows a schematic structure of an edge emitting laser, where the
emitted light spot is elliptical due to the geometry of the gain region and waveguide.
The structure shown in Fig. 3.1 is called separate confinement heterostructure (SCH)
laser. Compared to the double-heterostructure laser discussed in Chapter 2, the SCH
laser has layers of two different materials rather than one layer on either side of the
active layer.

Fig. 3.1: Schematic structure of an edge emitting laser
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Due to the benefits of quantum well lasers, almost all commercial laser diodes
now use quantum wells as the active layer. If there is only one layer on either side of
the quantum well, the optical confinement factor Γ becomes very weak. The optical
confinement factor Γ is essentially the effective fraction of the optical mode that
overlaps with the gain region. It is formally defined as:
d /2

#=

$

!d / 2
"

$

2

E ( z ) dz

(3.1)
2

E ( z ) dz

!"

where d is the thickness of the active region and E(z) is the electric field at location z.
In a conventional double-heterostructure laser, if d becomes too small, e.g. down to
the thickness of a quantum well (about 10nm thick), then the optical mode spreads
well beyond the quantum well and the optical confinement factor Γ decreases
quadratically with d. A very small optical confinement factor leads to a higher
threshold current density.

In the SCH laser, we do not use the same material for both the quantum well
confining layer in the gain region and the entire waveguide. Instead, a second thicker
transparent layer (material B), which has a refractive index higher than the outer layer
(material A), is added as the waveguide core layer to confine the wave. The thin gain
region is sandwiched in the center of this layer (material B). In this case, the optical
confinement factor does not decrease quadratically with decreasing active layer
thickness. And the active layer thickness can be reduced to that of a quantum well to
further reduce the threshold current density.

The shape of the optical beam coming out of the edge emitting lasers is usually
asymmetric. In the vertical direction (perpendicular to the layers), the optical wave is
guided by the refractive index difference in the different layers. In the horizontal
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direction, the size of the optical mode is basically determined by the width of the ridge
etched from the top cladding. In general, the beam exiting the edge emitting laser has
an elliptical shape, with a larger size in horizontal direction and a smaller size in
vertical direction. As the beam leaves the laser, it diverges very quickly due to
diffraction, typically at about 30 degrees in the vertical direction and about 10 degrees
in the horizontal direction.

3.2 C-shaped nano-aperture
As discussed in chapter 1, the problem with conventional circular or square
aperture is that the power transmission efficiency decreases rapidly when the aperture
size becomes much smaller than the wavelength. As predicted by Bethe [18], the
power throughput of a circular aperture, which is defined as the ratio of the power
transmitted through the aperture over the power incident onto the aperture, scales as
the fourth power of the aperture size when the aperture size is much smaller than the
incident light wavlength. Figure 3.2 shows a schematic setup of this situation.
When w

! , the power throughput has the following relation,
Power throughput (PT) =

Powertransmitted
w
" ( )4
Powerincident
!

(3.2)

Fig. 3.2: Schematic of transmission through a nano-aperture

Xiaolei Shi discovered a novel C-shaped nano-aperture (C-aperture) [19, 20, 33]
through FDTD simulation, which can provide much higher transmission efficiency

28

than a square aperture while maintaining strong near-field confinement. As shown in
Figure 3.3, using an ideal conductor, the intensity from the C-aperture is over three
orders of magnitude higher than that from a square aperture while producing about the
same near-field spot size. In later work, experiment suggests that, in real metals, this
intensity enhancement can be as high as six orders of magnitude [21].

Fig. 3.3: Comparison of a C-aperture and a square aperture producing about the same near-field spot
size. PT stands for power throughput as defined in Equation 3.2. Wx and Wy are the full-width
half-maximum intensity spot size in x and y direction respectively. (Figure is used with permission
from Xiaolei Shi’s dissertation [33])

The high transmission through the C-aperture is attributed to two factors. The first
factor is the existence of a propagation mode if the C-aperture in the metal is treated as
a short waveguide. The second factor is the excitation of surface plasmons at the metal
protrusion of the C-aperture, which acts as a high field dipole that further enhances the
intensity transmitted through the C-aperture. The mechanism for high transmission
through the C-aperture will be discussed in more details later in chapter 5.

3.3 Design and fabrication of the device
We applied the C-aperture onto edge emitting lasers to experimentally study its
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transmission properties. Edge emitting lasers with a long wavelength of 1.49µm, grew
by Seth Bank in our group, were used for this study. A relatively long wavelength is
chosen because the dimensions of the C-aperture can be sufficiently large at a long
wavelength so that w

! can be achieved with apertures that can be reasonably

fabricated and their shape can be closer to the ideal structure.
The epitaxial structure of the edge emitting laser consists of a 1.8µm p-doped
Al0.3Ga0.7As bottom cladding layer, an 8nm thick GaInNAsSb quantum well
sandwiched in the center of a 440nm GaAs waveguide layer, and a 1.8µm n-doped
Al0.3Ga0.7As top cladding layer. This is a typical separate confinement heterostructure
laser. Electrons and holes are injected from the n-layer and p-layer, respectively, into
the intrinsic active region. The radiative recombination of the electrons and holes then
generate photons, which are emitted through the two facets of the laser. Figure 3.4
shows a SEM image of the epitaxial structure of the laser.

Fig. 3.4: Scanning electron microscope image of the epitaxy structure of the edge emitting laser

The Al0.3Ga0.7As cladding layer has a refractive index lower than that of the GaAs
waveguide layer. This structure thus provides a strong waveguide effect. The intensity
peak of the standing wave is at the center of the GaAs waveguide layer, namely in the
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quantum well active region. Figure 3.5 shows the |E|2 distribution along the vertical
direction, namely perpendicular to the epitaxial layers (vertical direction in Figure
3.4).

Fig. 3.5: Transverse mode profile of the edge emitting laser

To fabricate the nano-aperture edge emitting laser, the wafer with the above
expitaxial structure must first be processed to define the edge emitting lasers. This
processing flow starts with lithography and metal deposition to define the top contacts
for the lasers. These contacts were then used as an etching mask to define the ridge
waveguides. Ridges were etched to result in three different widths: 5µm, 10µm and
20µm. Then the wafer is thinned to about 100µm thick, and a backside contact is
deposited. Both the top and backside contacts then go through a Rapid Thermal
Anneal (RTA). This completes the wafer level processing. Finally to obtain usable
edge emitting lasers, the wafer is cleaved into small pieces with desirable cavity
lengths so that each die contains several tens of devices, all with the same cavity
length (typically 900~1500 microns) but with three different ridge width, namely 5µm,
10µm and 20µm. The cleaving of the edge emitting lasers is done by scribing the
backside of the semiconductor wafer along the <110> crystallographic directions at a
carefully controlled location. Then the wafer is flipped over and a small force is
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applied onto the scribed point using small tweezers to bend the wafer until it cleaves
along the scribe lines.

The cleaved emission facets of the edge emitting lasers are first coated with a
SiO2 layer and then with an Au film. A nano-aperture is then opened in the Au film on
one facet using a Ga+ beam from a Focused Ion Beam (FIB) system. Figure 3.6 shows
the typical coating structure. A 6nm titanium layer is used as the adhesion layer to
help Au stick to the SiO2 layer. The SiO2 serves two purposes here. One is to
electrically isolate the p-layer and n-layer of the laser. Without the SiO2 layer, the
p-layer and n-layer will be connected by the metal coating, which will results in
shorting of the p-i-n laser diode. The second purpose is to enhance the transmission
through the nano-aperture.

Fig. 3.6: Typical facet coatings for the nano-aperture edge emitting laser

Insertion of the SiO2 layer enhances the transmission through the nano-aperture
mainly by two mechanisms. First, insertion of the low-refractive-index SiO2 layer
reduces the reflection from the nano-aperture at the interface between the incident
medium and air, which is given by: Ereflected/Eincident = (nincident-nair)/ (nincident+nair).
Without the SiO2 layer, nincident is the high refractive index of GaAs, which results in a
high reflection. With the SiO2 layer, nincident becomes the low refractive index of SiO2,
which largely reduces this reflection. Second, a Fabry-Perot resonance can build up
inside the SiO2 layer, which increases the intensity incident onto the nano-aperture.
Figure 3.7 shows how the simulated transmission spectrum of a C-aperture varies with
the thickness of the SiO2 layer.
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Fig. 3.7: Simulated transmission spectrum of a C-aperture with the variation of SiO2 layer thickness.
(Simulation is done by Joseph. A. Matteo)

Several different thickness of SiO2 layer are tried via simulation and the peak
transmission through the C-aperture is plotted versus the SiO2 layer thickness in
Figure 3.8. It shows the trend of a Fabry-Perot resonance, which reaches a peak when
the SiO2 layer thickness is about half of the resonance wavelength divided by the
refractive index of SiO2. However, limited by the sputtering deposition available at
Stanford, we only tried a SiO2 thickness up to 100nm because the substrate can be
overheated when depositing a very thick SiO2 film.

Fig. 3.8: Peak transmission through the C-aperture versus the thickness of SiO2 layer. The red line
corresponds to the case where the thickness of SiO2 layer is infinite. (Simulation is done by Joseph A.
Matteo)
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The nano-aperture is then etched in the metal coating using a Ga+ Focused Ion
Beam (FIB), which is a FEI Strata 235DB dual-beam FIB/SEM system. Compared
with a SEM, the FIB uses Ga+ ions instead of electrons. In addition to imaging, FIB
can be used to locally modify the sample. Figure 3.9 shows a typical SEM image of a
C-aperture etched in a 200nm thick Au film using a FIB.

Fig. 3.9: SEM image of a C-aperture etched in a 200nm thick Au film

To place the C-aperture over the center of the active region in the edge emitting
laser for maximum power transmission, an alignment mark is etched in the emission
facet before putting on any coating. The alignment mark then helps locate the active
region after coating the facet with SiO2 and Au. Figure 3.10 shows a SEM image of
such an alignment mark and the C-aperture etched in the Au film.

Alignment mark

Fig. 3.10: SEM image of the alignment mark used to help locate the active region.
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3.4 Resonant transmission through the C-aperture
The edge emitting lasers fabricated in a batch have a ridge width of 5µm, 10µm or
20µm. For maximum power output from the nano-aperture lasers, devices with a ridge
width of 5µm were used, because the fraction of the C-aperture area over the total
emission area is larger for lasers with smaller ridge width. Figure 3.11 shows the SEM
image of a C-aperture etched on an edge emitting laser of 5µm ridge width.

Fig. 3.11: SEM image of a C-aperture edge emitting laser with ridge width of 5µm. The white arrow
indicates the ridge width.

A schematic structure of the C-aperture is shown in Figure 3.12, which can be
described with the following four dimension parameters: total height, Ht, arm length,
Wa, waist width, Wb, and waist height, Hb. One of the optimized structures of the
C-aperture proposed by Xiaolei Shi [19] has the following dimension parameters:
Ht=300nm, Wa=220nm, Wa=100nm, Wb=100nm. This particular C-aperture
dimension is referred to as the base C-aperture. The aperture can be scaled equally in
all dimensions for applications at different wavelength.

Fig. 3.12: Schematic structure of the base C-aperture (Figure courtesy of Xiaolei Shi [33])
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For a C-aperture with defined dimensions, the transmission spectrum has a
resonance peak wavelength. For example, for a C-aperture scaled by 1.25 times with
respect to the base C-aperture shown in Figure 3.12, the aperture has the following
dimensions: Ht=375nm, Hb=125nm, Wb=125nm, Wa=275nm. The simulated
transmission spectrum through this scaled C-aperture is shown in Figure 3.13. Under
plane wave incidence, the transmission spectrum has a peak wavelength at 1460nm, as
shown by the green curve. If the actual intensity modal profile of the edge emitting
laser is taken into account, the transmission spectrum has a peak wavelength at
1410nm, as indicated by the red curve.

Fig. 3.13: Simulated transmission spectrum of a C-aperture with waist width of 125nm for incident light
with different intensity distribution. (Simulation is done by Joseph A. Matteo)

For a fixed wavelength, this transmission peak suggests that there is a specific
aperture size at which resonant transmission occurs. This is observed in the
transmission of C-aperture edge emitting lasers. Here the dimensions of the C-aperture
are scaled and C-apertures of different scaled sizes are etched on edge emitting lasers
with the same ridge width for fair comparison. Figure 3.14 shows the power versus
current curve of edge emitting lasers with C-apertures of different dimensions. In the
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legend, the 1.2×C-aperture means a C-aperture scaled by 1.2 times with respect to the
base aperture shown in Figure 3.12. A 300nm square aperture, which has about the
same area as the 1.3×C-aperture, is also shown for comparison.

Fig. 3.14: Power versus current curves of edge emitting lasers with C-apertures of different dimensions
and a square aperture.

Interestingly, the edge emitting laser with the 1.2×C-aperture has a power output
even higher than that with a C-aperture of larger dimensions. Also, the C-aperture
edge emitting lasers show much higher power output than that of the square-aperture
laser. To more clearly understand the transmission properties of the different
nano-apertures, a model was developed to derive the power throughput of a
nano-aperture from the measured power-versus-current curve of the nano-aperture
edge emitting laser. The power throughput of a nano-aperture is defined before as the
ratio of the power transmitted through the aperture over the power incident onto the
aperture. The derivation of this model is shown in the following.
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Photon density inside an edge emitting laser is given by:
N ph = ! i # (

"p
q#d

) # ( J $ J th )

(3.3)

Here ηi is the internal quantum efficiency of the laser and represents the fraction of
injected carriers contributing to the emission process, q is electron charge, J is the
injection current density and Jth is the threshold current density, d is the effective width
the transverse mode profile as shown in Fig. 3.5, and photon lifetime τp is given by

"p

#1

=
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$ (! m + ! int )

(3.4)

Here vg is the group velocity of light in the medium, αint is the internal loss of the laser,
including absorption and scattering loss, and αm is the mirror loss as given by

! m = " ln( R1 R2 ) /(2 L )

(3.5)

where R1 and R2 are the intensity reflectivity of the front and back mirror respectively,
and L is the length of the laser cavity.

The output power from the nano-aperture laser is thus determined by
Pout =
=

1
$ h" $ N ph $ v g $ Teff $ Aaperture $ PT
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(3.6)

Here h! is the photon energy at the lasing frequency, vg is the group velocity of
photons inside the laser cavity, Teff is the effective intensity incident onto the
nano-aperture normalized to the intensity incident from the GaAs waveguide region, w
is the width of the ridge waveguide, L is the length of the laser cavity, Aaperture is the
area of the nano-aperture, and PT is the power throughput of the nano-aperture.
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Thus the power throughput of the nano-aperture is derived as the following:
Power throughput PT =
=

q $ 2L $ w $ d
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Here ηext is the external quantum efficiency of the laser and is given by

!ext =

q dP
#
h" dI

(3.8)

Where dP/dI is the slope of output power versus injection current curve.
Basically the power throughput of the nano-aperture is proportional to the
measured external quantum efficiency divided by the area of the nano-aperture. Table
3.1 shows the area of the different nano-apertures, external quantum efficiency of the
edge emitting lasers using different apertures, and derived power throughput of these
apertures. The measured power throughput of the C-apertures is less than unity, which
is different from the simulation results. This is due to the fact that the actual collected
far-power is only a fraction of the total power transmitted through the C-aperture.
Table 3.1: Comparison between C-apertures of different dimensions and square aperture

Aperture
Area (µm2)

External quantum
efficiency

Power
throughput

1.2×C

0.0768

0.39%

39%

1.3×C

0.0923

0.23%

19%

1.4×C

0.1064

0.20%

14%

1.5×C

0.1215

0.28%

18%

0.09

0.03%

3%

300nm square
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The power throughput of C-apertures versus their waist width is plotted in Figure
3.15. It is found that a C-aperture with smaller dimensions has even higher power
throughput than that of larger C-apertures. According to the small-aperture theory by
Bethe [18], the power throughput decreases rapidly when the aperture size decreases
to deep sub-wavelength. However, a maximum power throughput is observed for a
1.2×C-aperture, which is higher than that of a 1.4×C-aperture. This suggests a strong
resonance transmission occurs for a C-aperture around this particular dimension,
which agrees with our simulated resonant aperture size. Limited by the available
number of devices, we didn’t try C-apertures of even smaller dimensions. Also,
compared with a square aperture of the same area, the C-aperture has twenty times
higher power throughput. The comparison between the C-aperture and square aperture
producing the same near-field spot size is not achievable due to the extremely low and
immeasurable power output through such a square aperture.

Fig. 3.15: Experimental power throughput of C-apertures vs. waist width. The red dot corresponds to
the 300nm square aperture which has about the same area as the 1.3×C-aperture.
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Chapter 4: Nano-aperture Vertical-Cavity
Surface-Emitting Lasers (VCSELs)
This chapter discusess the initial work on nano-aperture Vertical-Cavity
Surface-Emitting Lasers (VCSELs). It starts with an introduction to conventional
VCSELs. Then the specific design of the nano-aperture VCSEL epitaxial structure
will be discussed. After that, the fabrication of the nano-aperture VCSELs will be
presented. During the processing flow of the devices, electroluminescence spectrum of
the VCSELs is measured before and after coating the VCSEL emission facet with
metal coating to verify that the devices work as designed.

4.1 Introduction to VCSELs
The development of Vertical-Cavity Surface-Emitting Lasers (VCSELs) has
experienced very rapid progress. Starting as only laboratory novelties at the beginning
of the 1990’s, these devices have attracted much interest in both academia and
industry due to their many advantages, such as low-cost wafer-scale fabrication and
testing, easy application in arrays, circular beam shape and easy coupling to other
optical elements etc. There are already a number of products using VCSELs in the
application of fiber-optical data communication, optical interconnects, optical
computer mouse, etc.
Conventional VCSELs typically consist of a top mirror, an active quantum well
region and a bottom mirror. The top and bottom mirrors are composed of many pairs
of quarter-wavelength thick semiconductor layers with alternating composition,
namely distributed Bragg reflectors. For example, for mirrors using AlGaAs layers,
each pair of alternating layers consist of one layer with low Al concentration and the
other layer with high Al concentration so that the contrast of refractive index between
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these two layers is as large as possible. Figure 4.1 shows a typical structure of
VCSELs. Due to the short cavity length and hence short gain length, VCSEL mirrors
must have a very high reflection coefficient. For top emitting VCSELs, the reflectivity
is typically over 99.9% for the bottom mirror and about 99.5% for the top mirror.

Fig. 4.1: Schematic structure of a conventional VCSEL with oxide aperture

To provide current and optical mode confinement, there is usually an aluminum
oxide layer buried inside VCSELs. This aluminum oxide layer is formed through the
wet oxidation of an AlGaAs layer with very high Al concentration, typically up to
98%. Exposing AlGaAs alloys to temperatures from 350 to 500oC in a steam
environment converts the semiconductor into a mechanically robust, chemically inert,
insulating and low refractive index oxide. The oxidation rate is highly dependent on
the Al concentration. For example, at 420oC, the oxidation rate for AlGaAs with 98%
Al is about an order of magnitude higher than that of AlGaAs with 92% Al [22]. Thus
this oxidation can be highly selective. A single layer of AlGaAs layer with high Al
concentration (e.g. 98%) can be used to form the oxide, while the other AlGaAs layers
with lower Al concentration in the structure won’t experience much oxidation. Precise
control of this oxidation process can leave a small active region surrounded by an
oxide aperture, as shown in Fig. 4.1. This insulating oxide aperture confines the
current injected into the active region and its low refractive index helps confine the
optical mode around the aperture region. Without the oxide aperture, the optical mode
directly experiences the roughness of the etched mesa, which results in large optical
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loss. Also, the oxide aperture can be much smaller than the top mesa diameter. This
makes the fabrication of a device with small active region easier, which is important
for the fabrication of single-mode devices.
For more details about the fundamentals of VCSELs, refer to the book by Larry
Coldren [22].

4.2 Design of the nano-aperture VCSEL structure
4.2.1 Modeling of nano-aperture VCSELs
To develop a nano-aperture VCSEL, the easiest way one can think of is to build
that on the basis of a conventional VCSEL. For example, one can deposit a SiO2 film
and then Au film on top of conventional VCSEL. By opening a nano-aperture in the
Au film, one can obtain a nano-aperture VCSEL. The necessity of using the SiO2 film
will be discussed in detail later. Fig. 4.2 shows the main part of the structure of such a
nano-aperture VCSEL based on conventional VCSEL coated with SiO2 and Au film.

Fig. 4.2: Schematic structure of nano-aperture VCSEL based on a conventional VCSEL. (DBR stands
for distributed Bragg reflector.)

The problem with the above nano-aperture VCSEL structure is that the reflectivity
of the top mirror in a conventional VCSEL is very high (typically about 99.5%). The
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intensity transmitted through the top mirror, namely the intensity incident onto the
nano-aperture, is very low compared to the intensity inside the laser cavity. So the
power coming out of the nano-aperture VCSEL will be very low. Simply using the
conventional VCSEL structure for the nano-aperture VCSEL is not a good choice.
Before starting to design a unique structure for the nano-aperture VCSEL, we
built a model to evaluate the quantum efficiency, η, of the nano-aperture VCSEL. η is
defined as ratio of the number of photons coming out of the laser over the number of
electrons injected into the laser per unit time. For the nano-aperture VCSEL, η can be
determined by
Taperture

ç =ç i !

Taperture + á

(4.1)

where ηi is the injection current efficiency which represents the fraction of injected
carriers contributing to the emission process (some of the carriers can recombine
non-radiatively). α is the total loss per round trip, which includes transmission through
the top and bottom mirror, absorption and scattering loss etc. Taperture is the fraction of
power transmitted through the nano-aperture per round-trip. Taperture is given by
Taperture =TSiO2 "

PT ! A aperture
A mode

(4.2)

where TSiO2 is the intensity incident onto nano-aperture from the SiO2 layer,
normalized to the intensity incident from the laser cavity. PT is the power throughput
of the nano-aperture, which is defined as the ratio of the power transmitted through the
nano-aperture over the power incident onto then nano-aperture. Aaperture is the area of
the nano-aperture. Amode is the effective area of the optical mode.
From equation 4.1, it can be seen that there are three approaches to improve the
quantum efficiency of the nano-aperture VCSEL. First, increase the intensity incident
onto the nano-aperture, namely TSiO2. Second, decrease the optical mode area Amode.
Third, reduce the total loss α. The first approach can be realized by reducing the
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number of DBR pairs in the top mirror, whose reflectivity can be enhanced by the Au
coating. This approach is first proposed by Robert Thornton et al. [55] to improve the
output power of nano-aperture VCSELs. The second approach can be realized by
using a smaller oxide aperture to confine the optical mode. The third approach can
also be realized by using the oxide aperture to reduce the scattering loss.
The output power from the nano-aperture VCSEL is then given by

Pout =

h!
" # ( I $ I th )
q

(4.3)

where ω is the angular lasing frequency, q is the electron charge, η is the quantum
efficiency, I is the injection current and Ith is the lasing threshold current.

4.2.2 Design of the nano-aperture VCSEL
Based on the principles discussed above, our top-emitting VCSELs are designed
to

operate

around

972nm

and

consist

of

38.5

pairs

of

n-type

Al0.08Ga0.92As/Al0.92Ga0.08As distributed Bragg reflectors (DBR), three InGaAs/GaAsP
quantum wells and 9.5 pairs of p-type Al0.08Ga0.92As/Al0.92Ga0.08As DBRs. The
number of p-type DBR pairs is only about half of that in conventional VCSELs, which
is designed to increase the intensity incident onto the nano-aperture. The reflectivity of
the top mirror is enhanced with a 150nm thick Au coating. A half-wavelength thick
SiO2 film is inserted between the Au coating and the top DBR mirror to enhance the
transmission through the nano-aperture. Here λ/(2×nSiO2) = 972nm/(2×1.5) = 324nm,
where nSiO2 is the refractive index of SiO2 at a wavelength of 972nm. So the thickness
of half-wavelength thick SiO2 film is 324nm. The nano-apertures are etched through
the Au coating using a Ga+ Focused Ion Beam (FIB). The nano-aperture needs to be
placed in the center of the top mesa, which can be easily located in the lithographically
defined circular mesa. This is far easier for the VCSEL compared to the edge emitting
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laser where the nano-aperture requires a precise alignment with the quantum well
region which is buried under the facet coatings and hard to locate. Figure 4.3 shows a
schematic structure of the nano-aperture VCSEL.

Fig. 4.3: Nano-aperture VCSEL structure

Wet oxidation of Al0.98Ga0.02As is used to obtain a 2.8µm-diameter oxide aperture
for current and mode confinement. This particular size of oxide aperture was chosen
as a tradeoff between the optical mode area and the roll-over current. As shown
before, a smaller oxide aperture leads to a smaller optical mode area and hence can
increase the quantum efficiency. However, if the oxide aperture is too small, the
rollover current, which is the current beyond which the power output from the laser
starts to decrease with increasing injection current due to excessive heating, decreases
significantly. This limits the maximum output power that can be achieved with the
nano-aperture VCSEL. Following equation 4.3, the maximum power is given by
max
Pout
=

h!
" # ( I rollover $ I th )
q

(4.4)

where η is the quantum efficiency, Irollover is the rollover current, Ith is the threshold
current. So although reducing the oxide aperture size can increase the quantum
efficiency η, it also reduces the Irollover. The oxide aperture size of 2.8µm-diameter is
chosen as a balance between these two factors.
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Although the number of DBR pairs in the top mirror of the nano-aperture VCSEL
structure is only half of that in conventional VCSELs, the reflectivity of the top mirror
enhanced with the Au coating is comparable to that in conventional VCSELs. The
bottom mirror consists of 38.5 pairs of DBRs and is similar to that in conventional
VCSEL. For the designed structure shown in Fig. 4.3, the reflectivity of the top and
bottom mirror is simulated using transfer matrix method. Fig. 4.4 shows the simulated
power reflectivity of the top and bottom mirror versus wavelength. At the designed
lasing wavelength of 972nm, the simulated power reflectivity is 99.49% for the top
mirror and 99.89% for the bottom mirror.

(a)

(b)

Fig. 4.4: Simulated power reflectivity of (a) the top mirror; (b) the bottom mirror

One of the most important issues in designing this VCSEL structure is the phase
matching condition. For the VCSEL to laze at the designed wavelength, the round trip
phase for a photon has to be precisely equal to an integer number of 2π. In a
conventional VCSEL, this condition is satisfied by designing the optical thickness of
the laser cavity to be an integer number of half wavelengths. In our VCSEL structure,
an additional Au coating is used to enhance the reflectivity of the top mirror. The
reflection from the Au layer causes some additional phase shift. A special AlGaAs
layer is used as part of the last DBR layers to provide phase matching to compensate
for this phase shift. Under this phase matched condition, the peak of the standing wave
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pattern lies on the three quantum wells as shown in Figure 4.5, and thus satisfies the
lasing condition.

Fig. 4.5: E2 distribution of the standing wave inside the laser cavity. Real part of the refractive index of
each layer is shown by the black line. The distance in x-axis starts from the topmost layer of the VCSEL
epitaxial structure.

4.2.3 Role of the SiO2 layer
Insertion of the SiO2 layer into the nano-aperture VCSEL structure enhances the
transmission through the nano-aperture by three mechanisms. First, insertion of the
low-refractive-index SiO2 layer reduces the reflection from the nano-aperture at the
interface between the incident medium and air, which is given by: Ereflected/Eincident =
(nincident-nair)/ (nincident+nair). Without the SiO2 layer, nincident is the high refractive index
of AlGaAs, which results in a high reflection. With the SiO2 layer, nincident becomes the
low refractive index of SiO2, which largely reduces this reflection. Second, a
Fabry-Perot resonance can build up inside the SiO2 layer, which increases the intensity
incident onto the nano-aperture. Figure 4.6 shows the E2 distribution inside the top
DBR pairs and SiO2 layer, which shows that E2 of the forward-propagating wave is
over four times higher inside the SiO2 than that inside the AlGaAs layer directly below
the SiO2 layer due to the Fabry-Perot resonance built up in the SiO2 layer. Third,
insertion of the SiO2 layer significantly changes the spectral response for a given

48

nano-aperture, as shown in the spectral response of C-aperture in Fig. 4.7. With GaAs
directly as the incidence medium, the large refractive index mismatch between GaAs
and air red-shifts the resonance wavelength of the aperture well beyond the cutoff
wavelength of aperture. Light is thus not efficiently transmitted through the channel of
the nano-aperture, and the magnitude of the transmission resonance decreases
significantly. In the case GaAs substrate (n=3.45) in Fig. 4.7, the decrease is so strong
that the primary resonance peak is not distinguishable. With the insertion of SiO2
(n=1.5), this index mismatch is largely reduced and the magnitude of the resonance is
greatly enhanced.

Fig. 4.6: E2 distribution inside the top DBR pairs and SiO2 layer. The real part of the refractive index of
each layer is also shown. The distance in x-axis starts from around the oxidation layer and goes up to
the SiO2 layer.

Figure 4.7 shows simulated transmission spectrum for the base C- aperture shown
in Figure 3.12 with different materials as the incident medium, as shown on the left of
the figure. The green curve corresponds to the case of a GaAs substrate as the incident
medium. The large refractive index of GaAs results in a large reflection and
significantly decreased magnitude of resonance due to index mismatch. Hence the
transmission through the nano-aperture is very low. When the substrate is changed to
SiO2, the reflection is reduced and the index mismatch is reduced. Hence the
transmission efficiency is significantly increased, as shown by the red curve. The
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black curve corresponds to the case where a SiO2 layer is sandwiched between GaAs
and Au film. Compared with the red curve, the further enhancement in the black curve
comes from the Fabry-Perot resonance effect.

Fig. 4.7: Transmission spectrum through the base C-aperture with different materials as incident
medium. The incidence conditions for each curve are illustrated on the left, where PEC for the blue
curve stands for Perfect Electrical Conductor.

4.3 Fabrication of nano-aperture VCSELs
The fabrication process flow for the nano-aperture VCSELs is shown in Figure
4.8. First, a half-wavelength thick SiO2 layer is deposited onto the VCSEL wafer by
sputtering. A SiO2 mesa is then defined by a combination of dry and wet etching. Then
the top ring contact is deposited and the top mesa is defined by dry etching. Next a
bottom ring contact is deposited. Then wet oxidation of AlGaAs is done to form an
oxide aperture for current and optical mode confinement. After oxidation, the structure
is planarized with photoresist. Next a planar contact is deposited to connect to the top
and bottom ring contact. Finally a 150nm thick Au film is deposited and patterned on
top of the SiO2 layer. A nano-aperture can then be etched in the metal film using
focused ion beam to obtain a nano-aperture VCSEL.
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Fig. 4.8: Processing flow of the nano-aperture VCSELs

Figure 4.9 shows an optical microscope image of the top view of the
nano-aperture VCSEL after completed processing.

Fig. 4.9: Optical microscope image of the top view of the fabricated nano-aperture VCSEL
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Among all the processing steps for the nano-aperture VCSEls, the control of the
oxidation of AlGaAs to form an oxide aperture is especially important since we need
to start with a mesa of about 40µm diameter and obtain an oxide aperture of about
3µm diameter to ensure single-transverse-mode lasing. A wet oxidation system with
in-situ monitoring was developed in our group. I lead a summer student and completed
this system so that it is finally functional. As shown by Figure 4.10, water vapor is
brought into the furnace by N2 and the furnace is heated up to around 440oC by a
temperature controller. The progress of the oxidation is displayed on the monitor of a
computer connected to an Infra-red CCD camera, which is connected to the
microscope directly above the furnace. With this capability of in-situ monitoring, the
oxidation process can now be easily stopped when the desired oxide aperture size is
reached.

Fig. 4.10: Schematic diagram of the wet oxidation system with in-situ monitoring

4.4 Characterization of electroluminescence spectrum
Before finishing the process flow for the devices, we want to do some
characterization of the devices to make sure that they work in the way as designed.
Figure 4.11 shows the spontaneous electroluminescence spectrum of the VCSEL
before the Au film is applied on top of the SiO2 layer. Without the metal coating, the
reflectivity of top mirror is not high enough for the device to reach lasing condition.
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So this spectrum is basically the spontaneous emission spectrum of the active region
coupled with the Fabry-Perot resonance spectrum of the cavity. Two distinct peaks can
be identified in this spectrum. The one on the left corresponds to the
photoluminescence peak of the active region. And the peak on the right is the
transmission peak of the Fabry-Perot laser cavity, to be explained later. There is a
16nm offset between these two peaks. This is intentionally designed because the
photoluminescence peak red-shifts faster than the Fabry-Perot peak with increasing
temperature. Under lasing condition, the device temperature increases due to high
injection current. And the photoluminescence peak then shifts to overlap with the
Fabry-Perot peak and leads to optimal performance.

Fig. 4.11: Electroluminescence spectrum of the VCSEL before a metal film is coated on the emission
facet

The peak on the right in Fig. 4.11 arises from the transmission resonance built up
inside the laser cavity. As in any type of laser, a Fabry-Perot resonance will build up
inside the laser cavity. This resonance leads to a number of wavelengths at which peak
transmission through the laser output mirror occurs. These transmission peak
wavelengths should satisfy the condition such that the phase of a photon traveling a
round trip inside the laser cavity is an integer number of 2π , namely
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Where n is the refractive index of the material in the laser cavity, L is the length of the
cavity, m is a positive integer number. λm is the mth peak transmission wavelength. The
transmission peak wavelength which has the highest gain will dominate and become
the lasing mode.
In VCSELs, since the cavity length is very short (typically one λ/n), there is wide
spacing between these transmission peaks. Typically there only exists one Fabry-Perot
transmission peak that has significant overlap with the gain spectrum. Fig. 4.12 shows
the simulated power reflection of our designed VCSEL structure when light is incident
from the top of the epitaxial structure without metal and SiO2 coating. There is only
one dip in a wide range of wavelength from 940nm to 1010nm. This dip in power
reflection corresponds to the Fabry-Perot resonance transmission peak, which
accounts for the peak on the right observed in the electroluminescence spectrum
shown in Fig. 4.11. The other dips in Fig. 4.12 beyond the range of 940~1010nm arise
from reflection characteristics of the mirrors, as can be seen if compared to the power
reflection spectrum of the top and bottom mirror shown in Fig. 4.4.

Fig. 4.12: Simulated Fabry-Perot resonance spectrum of the VCSEL without metal coating
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When the Au film is applied to the device, the VCSEL can reach the lasing
condition. Figure 4.13 shows the lasing spectrum of a VCSEL with a 4um-diameter
oxide aperture under different injection currents. The lasing wavelength red-shifts with
increasing current as expected due to increased temperature. Single-longitudinal-mode
lasing is maintained throughout the whole current range.

Fig. 4.13: Lasing spectrum of a VCSEL with 4µm-diameter oxide aperture after an Au film is coated
onto the emission facet.

In summary, these spectral measurements confirm that the device is working
successfully up to this stage. First, there is no problem with the design of the structure.
Second, the growth of the epitaxial structure is satisfactory based on the design. Third,
the processing flow developed for the fabrication of nano-aperture VCSELs works
successfully. This is a significant step toward the development of high-intensity
nano-aperture VCSELs.
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Chapter 5: High transmission through ridge
nano-apertures
This chapter describes several unconventional shapes of nano-apertures, including
bowtie, C, H, and I-shaped apertures. These nano-apertures are analogous to the ridge
waveguide structures used in microwave engineering and hence named as ridge
nano-apertures. This chapter starts with an introduction to the ridge nano-apertures.
The details about how to design and optimize the ridge nano-apertures are presented
next. The design of a novel quadruple-ridge nano-aperture will also be discussed.
Finally, efforts to understand the physics of high transmission through these ridge
nano-apertures will be presented based upon FDTD simulations and waveguide
theory.

5.1 Introduction to ridge nano-apertures
Conventional circular or square nano-apertures suffer from extremely low power
transmission efficiency when the aperture sizes become much smaller than the
wavelength, as discussed in chapter 3, section 3.2. Unconventional shapes of
nano-apertures, such as bowtie, C, H and I-shaped apertures have attracted much
research interest due to their high transmission and strong near-field confinement of
these apertures. These unconventional apertures have orders of magnitude higher
power transmission efficiency compared with conventional circular or square
nano-apertures producing the same near-field spot sizes.

A bowtie-shaped aperture is the complement of a bowtie antenna consisting of
two triangular metal particles with tips facing each other. Bowtie antennas have been
widely studied and used extensively in microwave engineering. Scaling its size down
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to the order of hundreds of nanometers, researchers have demonstrated strong field
enhancement in optical frequency from a nano-antenna consisting of two nano-rods
facing each other [23, 24]. A bowtie-antenna can have further field enhancement due
to the lightening rod effect from its sharp tips. Grober et al. first demonstrated the
near-field confinement of a bowtie-antenna at microwave frequencies and suggested
scaling the antenna to the visible optical spectrum [25]. Subsequently, Schuck et al.
demonstrated the strong field enhancement of a bowtie antenna in optical frequencies
[26]. The bowtie nano-aperture has the advantage of blocking the background light
which appears in the case of the bowtie nano-antenna. High power transmission trough
a bowtie nano-aperture was first shown in simulation [27, 28]. Subsequently, the
optical field enhancement and near-field confinement of a bowtie aperture were
demonstrated experimentally [29].

From simulation, a C-shaped nano-aperture (C-aperture) in a perfect electric
conductor has three orders of magnitude higher transmission efficiency than a
conventional square or circular aperture producing the same near-field spot size [19]
or more than six orders of magnitude for real metals [21]. The ultrahigh transmission
of the C-aperture has been demonstrated from measurement of transmission spectrum
in the optical region [21]. Optical near-field confinement of the C-aperture has also
been observed experimentally [30].

High transmission through H-shaped [17] and I-shaped [31] apertures were also
shown in simulation. The H-aperture and I-aperture are similar to each other and can
be considered as different optimizations in the design of the same aperture shape.
Recently, the strong near-field confinement of an H-aperture was demonstrated
experimentally [32].
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5.2

Design of ridge apertures

5.2.1 Design of bowtie, C, H, and I-shaped apertures
To design the ridge apertures for resonant transmission at our lasing wavelength
of 970nm, Finite Difference Time Domain (FDTD) simulations were performed to
optimize the aperture structures. The setup of the simulation condition is shown in Fig.
5.1. Light is incident from a SiO2 substrate onto the nano-aperture, which is etched in
a 150nm thick Au film.

Fig. 5.1: Setup of simulation of transmission through the nano-aperture

For the bowtie-shaped aperture, the outline dimensions and the gap distance
between the two metal tips (see Fig. 5.3 (a)) are tuned. The following simulation is run
for each aperture design. A short pulse plane wave is sent from the SiO2 layer onto the
metal nano-aperture. Fourier transformations are performed for both the incident pulse
and the pulse transmitted through the nano-aperture to find both the incident and
transmitted pulse spectrum. By normalizing the transmitted pulse spectrum to the
incident pulse spectrum, a transmission spectrum of the aperture is obtained. The
resonance transmission peak wavelength is found to red shift with increasing outline
dimension of the bowtie aperture as an expected scaling effect, and blue-shift with
increasing gap length, which is an interesting phenomenon and will be discussed in
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more detail in section 5.3. The size of the near-field spot from the bowtie aperture is
mainly determined by the size of the gap between the two metal tips. To achieve best
near-field resolution and at the same time ensure reasonable fabrication quality of the
aperture by the Focused Ion Beam system, a gap size of 30nm was chosen. A bowtie
aperture with an outline of 180*180 nm2 and a gap of 30nm is designed so that the
resonance peak is near the lasing wavelength. The simulated resonance peak
wavelength is slightly larger than the lasing wavelength by about 7%, because
imperfection of fabrication of the nano-aperture using FIB, such as tapering and edge
rounding, can cause the resonant peak wavelength to blue shift by 5~10% [34]. Figure
5.3(a) shows the detailed structure of the bowtie aperture. A steady state simulation is
then performed using a monochromatic wave at the lasing wavelength. Figure 5.4(a)
shows the simulated near-field intensity distribution 20nm away from the bowtie
aperture. The intensity pattern is normalized to the incident intensity.

For the C-aperture, the design is based on the work by X. Shi [19, 33] and the
aperture dimension is scaled until resonant transmission is achieved around the lasing
wavelength. Fig. 5.2 shows the simulated transmission spectrum of C-aperture with
different dimensions scaled according to the basic structure shown in Fig. 3.12, where
d represents the waist width in the C-aperture. For an ideal structure, the C-aperture
dimension resonant at the lasing wavelength of 970nm has a waist width of 63nm.
However, during fabrication of the nano-apertures using the Focused Ion Beam,
fabrication artifacts including tapering and edge rounding cause the resonant peak
wavelength to blue shift by 5~10% from the ideal aperture resonant peak, as shown by
the simulation studies by Joseph Matteo [34]. This effect is taken into account and a
C-aperture with dimensions slightly larger than that determined by the resonance for
an ideal structure is chosen. In the case for our laser at 970nm wavelength, a
C-aperture with a 70nm waist width is used in the actual fabrication.
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Fig. 5.2: Simulated transmission spectrum through C-apertures with different scaled dimensions. d is
the width of the waist in the C-aperture.

The H-shaped and I-shaped apertures are similar to each other and can be
considered as different optimizations of the same aperture type. Similar to the bowtie
aperture, the H-aperture and I-aperture consist of two metal tips facing each other.
Hence, the transmission peak also red shifts with increasing outline dimensions and
blue-shifts with increasing gap length. In previous simulation studies [17, 31], the gap
size of the H-aperture and I-aperture was relatively large, which creates a relatively
large near-field spot size. Here we show through simulation that when the gap size
decreases, a smaller near-field spot size and higher intensity can be achieved by
optimizing the design of the apertures. An H-shaped aperture with an outline
dimension of 160×150nm2 and gap distance of 40nm and an I-shaped aperture with an
outline dimension of 110×190nm2 and gap distance of 30nm was designed for
resonant transmission at the lasing wavelength. The detailed structures of the
C-aperture, H-aperture and I-aperture are shown in Figure 5.3(b), (c) and (d)
respectively.
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Fig. 5.3: Schematic structure of the ridge apertures. a) Bowtie aperture; b) C-aperture; c) H-aperture; d)
I-aperture. The gray region is metal and the white region is air.

The simulated near-field intensity 20nm away from the C-aperture, H-aperture
and I-aperture are shown in Fig. 5.4 (b), (c) and (d) respectively. As we can see from
these intensity distributions, the intensity transmitted through these ridge apertures are
all significantly enhanced over the incident intensity. The near-field intensity spots are
confined by the ridges of these apertures and the sizes of the near-field spots are
mainly determined by the sizes of the gaps in these apertures.
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(a)

(b)

(c)

(d)

Fig. 5.4: Near-field intensity distribution 20nm away; a) from the bowtie aperture; b) from the
C-aperture; c) from the H-aperture; d) from the I-aperture. All the intensity patterns are
normalized to incident intensity. The white lines are the outlines of these apertures.

5.2.2 Design of quadruple-ridge apertures
The ridge apertures discussed above, including the bowtie, C, H, and I-shaped
apertures, have at most two-fold rotational symmetry. They all require the incident
light to be polarized along one specific direction to have high transmission efficiency
and small near-field spot size. Joseph Matteo et al. studied the fractal extension of
some near-field apertures, which may not require a single polarization direction [60].
Here we propose a new type of ridge aperture, namely, quadruple-ridge aperture,
which consists of four ridges sticking to the center of the aperture and has four-fold
rotational symmetry. Fig. 5.5 (a), (b) shows two different structures of such apertures
designed to have resonant transmission at our lasing wavelength of 970nm. Aperture
(a) has an outline dimension of 160×160nm2, a ridge width of 20nm, and a gap size of
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40×40nm2. Aperture (b) consists of two slits crossing each other, where each slit has a
width of 25nm and a length of 230nm.

The near-field intensity distributions 20nm

away from aperture (a) and (b) are shown in Fig. 5.5 (c), (d) respectively. For our
simulation condition, a monochromatic wave at 970nm wavelength is assumed to be
incident from a SiO2 substrate onto the apertures, which are etched in a 150nm thick
Au film. The FWHM intensity spot sizes from these two apertures are 98nm in
X-direction and 44nm in Y-direction for aperture (a), and 102nm in X-direction and
68nm in Y-direction for aperture (b). Incident light is polarized along X-direction for
both apertures.

As shown in Fig. 5.5 (c), (d), these quadruple ridge apertures also have very high
transmission efficiency and strong near-field confinement, with near-field intensity
and spot size comparable to the bowtie, C, H, and I-shaped ridge apertures. In
addition, since these quadruple-ridge apertures have four-fold rotational symmetry, the
incident light can be polarized along either one of the two orthogonal directions and
have the same high transmission efficiency and small near-field spot size. Hence, the
quadruple-ridge apertures can be useful in applications where the incident light is
polarized along either one of two orthogonal directions. When applied in
nano-aperture VCSELs, the quadruple-ridge aperture may release the need of
polarization control for the VCSELs.
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(a)

(b)

(c)

(d)

Fig. 5.5: (a), (b) Two different designs of quadruple-ridge aperture; (c), (d) Near-field
intensity distribution 20nm away from aperture (a) and (b) respectively. The intensity
pattern is normalized to incident intensity. The incident light is polarized along x-direction.

5.3

Physics of high transmission through ridge

apertures
The bowtie, C, H and I-apertures share some common features. First, these
apertures are analogous to the ridge waveguides used in microwave engineering [35,
36]. For the ridge waveguides, the cutoff wavelength for the fundamental propagation
mode TE10 can be much larger than 2 times their outline dimensions, while the cutoff
wavelength for a rectangular waveguide is only 2 times the length of its longer side.
Thus for the ridge apertures, there exists a TE10 propagation mode even when the
aperture sizes are much smaller than the wavelength. The ridges in these apertures
confine this TE10 propagation mode between the gaps, which leads to highly confined
near-field spots. Second, surface plasmons can be induced on the ridges of these
apertures, which leads to further enhanced near-field intensity transmitted through the
ridge apertures [20, 59].
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We take the H and I-apertures as an example to illustrate the effect of the long
cutoff wavelength. The H and I-aperture are analogous to the double-ridge
waveguides. For a double-ridge waveguide with the dimensions shown in Fig. 4.6, the
cut-off wavelength for the TE10 fundamental mode is approximately given by Eq. (1)
[37]:
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For a particular design of the double-ridge waveguide with the following
dimensions: a =190nm, b=110nm, s=50nm, d=20nm, the calculated cut-off
wavelength is 691nm (3.64×a) with air as both the incident and excident media. The
near-field spot size from this ridge waveguide aperture will be mainly determined by
its gap size of 20nm×50nm. For a rectangular waveguide to support a propagation
mode with the same cutoff wavelength of 691nm, the length of the longer side of the
rectangular waveguide has to be 346nm. The near-field spot size from such a
rectangular waveguide aperture is determined by the length of its longer side and is
much larger than that from the double-ridge waveguide apertures. Notice that the ridge
waveguide theory in microwave engineering assumes a perfect conductor, which is a
reasonable assumption at microwave frequencies. However, at optical frequencies, the
nonideal conductivity of real metals has a significant effect and can’t be ignored.
Fortunately, the ridge waveguide analogy is still helpful in understanding the high
transmission through the ridge apertures.
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Fig. 5.6: Schematic structure of a double-ridge waveguide

As mentioned before, the transmission resonant wavelength blue-shifts with
increasing gap distances d (see Fig. 5.3) of the ridge apertures. Similar gap-dependent
spectral shifts were also observed in bowtie nano-antennas consisting of two opposing
tip-to-tip triangular Au particles and explained with a two-dimensional coupled dipole
approximation [38]. Here we try to explain this spectral shift using the gap-dependent
cutoff wavelength of the ridge waveguides. As an example, for the above double-ridge
waveguide design, with fixed parameter a=190nm, b=110nm, s=50nm, the calculated
cutoff wavelength blue-shifts with increasing gap distance d, as shown in Fig. 5.7.
This blue-shifted cutoff wavelength of the ridge waveguides with increasing gap
distances may be responsible for the blue-shifted resonance wavelength with
increasing gap distances in the ridge apertures.

Fig. 5.7: Dependence of cutoff-wavelength of the double-ridge waveguide on gap distance.

To further understand the high transmission through the ridge apertures, we
performed detailed FDTD simulations to study fields transmitted through the
apertures. The 180nm bowtie-aperture shown in Fig. 5.3(a) is taken as an example to
illustrate this study. Figure 5.8 shows the Ex and Ez distribution at 5nm away from the
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bowtie-aperture in a 150nm thick Au film when the incident light is polarized along
the X-direction. The Ey component is much weaker than Ex and Ez, and so is not
shown here. The Ex distribution clearly shows the characteristics of the TE10
fundamental propagation mode. This mode has its peak in the center of the aperture
and gets strongly confined within the gap region by the two ridges of the
bowtie-aperture. The high field strength around the two ridges in the Ez distribution is
due to induced surface plasmons around the two metal ridges. These induced surface
charges form an electrical dipole, which radiates effectively and further enhances the
transmitted intensity through the bowtie-aperture.

Fig. 5.8: Ex and Ez distribution at 5nm away from the bowtie-aperture. The incident light is polarized
along X-direction. The field strength is normalized to incident field.

To further illustrate the existence of a mode propagating through the
bowtie-aperture, a XZ plane is cut along center of the two metal tips of the
bowtie-aperture and the field distribution in this plane is shown in Fig. 5.9 (a), (b).
Light is incident from the top of the figures and polarized along the X-direction.
Again, the Ex distribution along the channel through the bowtie aperture clearly
indicates the existence of a strong propagation mode. The Ez distribution shows the
existence of induced surface charges on both the incident and excident side of the
metal film. Again, the Ey component is much weaker than Ex and Ez component and so
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is not shown here. A 130nm square aperture which has the same area as the 180nm
bowtie aperture was also studied for comparison. The Ex and Ez field distributions in
XZ plane cut along center of the square aperture are shown in Fig. 5.9 (c), (d). The
magnitude of Ex decays rapidly when light travels deep into the square aperture. The
distribution of Ez shows that induced surface charges only exists on the incident side
of the metal film. This is because light transmitted through the square aperture is too
weak to induce noticeable charges on the excident side of the metal film.

(a)

(b)

(c)

(d)

Fig. 5.9: (a), (b) Ex and Ez distribution in XZ plane cut along center of two metals tips of the
bowtie-aperture; (c), (d) Ex and Ez distribution in XZ plane cut along center of a 130nm square
aperture. The Au film thickness for both the bowtie aperture and the square aperture is 150nm. The
white lines in the figures show the outline of the Au film. Light is incident from the top of the figures.
The magnitudes of all field components here are normalized to the incident light.
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Chapter 6: Polarization control for VCSELs
using ridge nano-apertures
This chapter describes the polarization-related issues of the ridge nano-aperture
VCSELs. It starts with a discussion of the polarization-dependent transmission
through the ridge nano-apertures, which makes it necessary to control the polarization
of the incident light to a fixed direction with respect to the nano-aperture. Then the
polarization-related properties of VCSELs without external polarization-selection
mechanism are discussed. A first unsuccessful attempt to control the polarization of
VCSELs using a rectangular oxide aperture will be presented. Finally, an effective
method to control the VCSEL polarization by opening nano-slits in the metal coating
will be shown.

6.1

Polarization-dependent

transmission

through

ridge apertures
The transmission of light through the ridge apertures is polarization-dependent.
For example, for the bowtie-aperture, when incident light is polarized along the two
metal tips, a well-confined near-field spot with high intensity is produced, as shown in
Fig. 6.1 (a). However, the orthogonal polarization results in a poorly confined
near-field spot and the intensity is three hundred times lower, as shown in Fig. 6.1 (b).

69

(a)

(b)

Fig. 6.1: Near-field E2 distribution at 20nm away from the bowtie-aperture. (a) The polarization is along
X-direction; (b) the polarization is along Y-direction.

The C-aperture, H-aperture and I-aperture all have similar polarization-dependent
transmission properties. For example, for the C-aperture, the intensity is over three
hundred times higher and the spot size is much smaller for the desired polarization
than that for the mismatched polarization, as shown in Fig. 6.2. In order to obtain
high power transmission and strong near-field confinement from these ridge
nano-apertures, the polarization of the incident light must be controlled to be along the
desired direction.

(a)

(b)

2

Fig. 6.2: Near-field E distribution at 30nm away from the C-aperture. (a) the polarization is along
X-direction and perpendicular to the height of the C-aperture above the figure; (b) the polarization is
along X-direction and parallel to the height of the C-aperture above the figure.
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6.2

Two degenerate polarization states in VCSELs

There are normally two degenerate polarization states in VCSELs. The optical
gain for transverse-electric (TE) mode in VCSELs is polarization-degenerate. It does
not depend on the direction of the electric field vector in the plane of the active layer.
If the VCSEL cavity design has a circular symmetry and there is no external
polarization selection mechanism, VCSEL cavities usually have two orthogonal
polarization eigenstates, with the electric field vector aligned primarily along <110>
and < 110 > crystallographic directions, which are denoted as <100> and <010>
direction for easier notation here. These two orthogonal states typically coexist and the
dominance of the polarization modes can switch between them with changing
injection current [39, 40].

Fig. 6.3 shows the two polarization states observed with our VCSELs with
circular cavities and no external polarization selection mechanism. The two
polarization states coexist for some devices and switch dominance between them with
changing injection current for some of the devices.
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(a)

(b)
Fig. 6.3: (a) Coexistence of two orthogonal polarization states. (b) Switching of dominance of
polarization modes between each other with changing injection current.

Thus, we have to find a mechanism to control the polarization of the VCSELs in
order to achieve high power output and small near-field spot sizes from ridge
nano-aperture VCSELs. A number of efforts have been tried to improve polarization
stability of VCSELs. Overall, these approaches can be classified into two categories.
The first is to introduce a difference in loss for the two polarization states, including
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utilizing an asymmetrical mesa structure [41], using external optical feedback from
polarization sensitive gratings [42], opening rectangular metal aperture arrays [43] or
integrating a subwavelength grating as the top mirror [44] etc. The second method is
to introduce a gain difference for the two polarization eigenstates, which includes
growing on <n11> (where n ≤ 3) oriented substrates [45], by means of asymmetric
current injection [46], or using external strain induced by a stressor [47]. In the ridge
nano-aperture VCSELs, the polarization selection mechanism must be strong enough
to dominate over the polarization selectivity of the ridge apertures.

6.3 Polarization control with rectangular oxide
apertures
We first tried to control the VCSEL polarziation with a retangular oxide aperture.
Some asymmetry has to be created to break the degeneracy of the polarization states.
It was reported that an asymmetric mesa structure can lead to polarization selectivity
[41]. In our VCSELs, we tried to create similar asymmetry by using a rectangular
oxide aperture instead of a circular or square oxide aperture. There is a slight
difference in loss from scattering through the oxide aperture for the two different
polarization states. VCSELs were fabricated using this kind of rectangular oxide
aperture. The rectangular shape is first defined in the mesa structure, as shown in the
optical microscopy image of a VCSEL with a rectangular mesa in Fig 6.4 (a). After
wet oxidation of AlGaAs to form the oxide aperture, this asymmetry due to the
rectangular mesa is transferred to the oxide aperture. Shown in Fig. 6.4(b) is the image
of one device with a 2.4 µm by 1.4µm oxide aperture.
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(a)

(b)

Fig. 6.4: (a) Optical microscope image of a VCSEL with rectangular mesa; (b) Infra-red optical
microscope image of an oxide aperture (the central small gray region).

Fig. 6.5 shows the polarization-resolved power emitted through the substrate from
a VCSEL with a rectangular oxide aperture, which shows the two polarization states
still coexist and can switch dominance between them with changing current. It is
reported that complete polarization stability in VCSELs requires a difference of at
least 10 cm-1 in the modal loss between the two polarization eigenstates [48]. Our
experimental results indicate that the small scattering loss by the rectangular oxide
aperture is not strong enough to control the VCSEL polarization.

Fig. 6.5: Polarization-resolved power emitted through the substrate of a VCSEL with a rectangular
oxide aperture
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A C-aperture is opened in the metal film of the VCSEL with a rectangular oxide
aperture, as shown in Fig. 6.6.

Fig. 6.6: SEM image of a C-aperture opened in metal coating of a VCSEL with a rectangular oxide
aperture. The red arrow indicates the <100> direction.

The C-aperture now provides some polarization selectivity for the VCSEL. But
the dominant polarization is pushed to the undesired direction. As shown in Fig. 6.7
(b), the dominant polarization is now along the vertical direction.

Fig. 6.7: Polarization-resolved power emitted through the substrate after opening the C-aperture in the
metal coating of the VCSEL with a rectangular oxide aperture.
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Under this undesired polarization, transmission through the C-aperture is very low,
as shown by the measured net power from the C-aperture VCSEL in Fig. 6.8. It will be
shown later that under the desired polarization, the power from the C-aperture VCSEL
can be over ten times larger than the power shown here. This indicates we need an
external polarization selection mechanism strong enough to dominate over the
polarization selectivity of the C-aperture.

Fig. 6.8: Net top emitting power from the C-aperture on the VCSEL with rectangular oxide aperture.

6.4 Polarization control with nano-slits
We developed a novel integrated solution to control the polarization by opening
narrow slits in the Au film surrounding the ridge nano-aperture using the FIB [49]. For
slits with width much smaller than one wavelength, only the mode with polarization
perpendicular to the slits can propagate through. Thus the slits have high transmission
selectivity over the two orthogonal polarizations. Fig. 6.9(a) and Fig. 6.9(b) show the
near-field E2 distribution of a 50×1500nm2 slit under light of 972nm wavelength
incident from a SiO2 substrate with polarization perpendicular and parallel to the slit
respectively. The E2 for the perpendicular polarization is five orders of magnitude
higher than that for the parallel polarization. Thus the perpendicular polarization state
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has higher loss due to higher transmission through the slits and the polarization of the
VCSELs should be pinned parallel to the slit.

Fig. 6.9: Near-field E2 distribution. (a) the polarization is perpendicular to the slit; (b) the polarization is
parallel to the slit.

To control the polarization, four 50×1500nm2 slits are opened in the Au film, as
shown in Fig. 6.10. The slits are separated into two groups with spacing of 1600nm to
leave enough modal area to add the ridge nano-aperture later. The two slits on each
side have a pitch of 250nm. This structure is chosen for a tradeoff between strong
polarization control and low loss from the slits.

Fig. 6.10: SEM image of the slits for polarization control
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After opening the slits, the measured top emitted power contains power emitted
through the nano-slits that have polarization-dependent power transmission efficiency.
This power is comparable to the small laser background power emitted through the Au
coating. It’s hard to interpret the intrinsic polarization properties of the laser from the
top emitting power. To show the effectiveness of our polarization control method, we
measured the polarization-resolved power emitted through the substrate, which does
not contain power transmitted through the polarization-dependent slits and thus can
clearly indicate the polarization extinction ratio inside the laser cavity. Fig. 6.11 shows
a picture of the experimental setup for this polarization-resolved bottom emitting
power measurement. The nano-aperture VCSEL wafer piece is placed on an aluminum
plate sample holder, in which a small circular hole is drilled to allow light emitted
through substrate to propagate to the polarizer and detector.

Fig. 6.11: Setup of the polarization-resolved bottom emitting power measurement

Fig. 6.12 shows the polarization-resolved bottom-emitting power vs. current for
devices with slits along <100> and <010> directions respectively. The VCSEL
polarization can be effectively controlled to be either along the <100> or <010>
direction by opening slits along <100> or <010> directions, respectively.
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Fig. 6.12: Polarization-resolved bottom-emitting power after opening slits. (a) The slits are along <100>
direction; (b) the slits are along <010> direction.

The ridge nano-apertures also have polarization selectivity. To successfully
control the VCSEL polarization after adding ridge nano-apertures, the polarization
selectivity of the slits has to dominate over that of the ridge apertures. To demonstrate
the effectiveness of polarization control with nano-slits for ridge nano-aperture
VCSELs, as an example, a 70nm C-aperture was added at the center in between the
two groups of slits, as shown in Fig. 6.13 and the polarization-resolved power
measurement was taken again.
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Fig. 6.13: SEM image of the slits and a 70nm C-aperture

Polarization-resolved bottom emission power measurements show that the
polarization extinction ratio, which is the ratio of power along the dominant
polarization over that along the other orthogonal polarization, decreases by about one
half after adding the C-aperture. But the dominant polarization is still controlled to be
along the slits. Fig. 6.14 (a) shows the bottom emitting polarization-resolved power vs.
current for the device with slits along <010> direction after the C-aperture was added.
One can see that the VCSEL polarization is still effectively controlled to be along the
slit direction. Fig. 6.14 (b) shows the polarization extinction ratio of the device after
opening the slits and after adding the C-aperture, respectively. The decrease of the
polarization extinction ratio after the C-aperture is added is not unexpected. The
C-aperture here transmits more light polarized parallel to the slits. The polarization
selectivity of the C-aperture is in opposition to that provided by the nano-slits.
Although the slits dominate over the C-aperture in polarization selectivity, the total
polarization selectivity for the VCSEL is reduced after adding the C-aperture. The
total bottom emission power also drops after adding the C-aperture. This is expected
since adding the C-aperture decreases the reflectivity of the top mirror and hence
reduces the circulating light intensity inside the laser cavity.
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(a)

(b)
Fig. 6.14: (a) polarization-resolved bottom emission power after adding the C-aperture; (b) ratio of
bottom emission power polarized along <010> over power polarized along <100>.

The structure of the slits is further optimized to improve their polarization
selectivity [50]. The slit width is fixed at 50nm and the slit length is tuned via FDTD
simulation until transmission resonance occurs at the lasing wavelength for light
polarized perpendicular to the slit. An optimized slit length of 280nm is chosen. Fig.
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6.15 (a) and Fig. 6.15 (b) show the near-field E2 distribution of a 50×280nm2 slit under
incident light of the lasing wavelength (i.e. around 972nm) with polarization
perpendicular and parallel to the slit respectively.
Perpendicular polarization
E-field: !

Parallel polarization
E-field: !

!105

Fig. 6.15: E2 distribution from a 50×280nm slit under different polarization. (a) The polarization is
perpendicular to the slit; (b) the polarization is parallel to the slit

Compared with Fig. 6.9 for the E2 distribution from a 50×1500nm2 slit under
different polarizations, we can see from Fig. 6.15, that the E2 from the 50×280nm2 slit
remains about the same low level for polarization parallel to the slit. But for the
perpendicular polarization, the E2 from the 50×280nm2 slit is two times higher than
that from the 50×1500nm2 slit. Thus the polarization selectivity of the 50×280nm2 slit
is even higher than that of the 50×1500nm2 slit.

Twenty 50×280nm2 slits are opened in the Au coating along the <100> direction
as shown in Fig. 6.16. The slits are separated in two groups spaced by 1500nm to
leave enough modal area to add the ridge aperture. The slits in each group have a pitch
of 250nm in both horizontal and vertical directions. This slit structure strongly pins the
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VCSEL polarization along <100> direction.

Figure 6.16: SEM image of twenty 50×280nm2 slits

Figure 6.17 shows the polarization-resolved bottom-emitting power from a
VCSEL with twenty 50×280nm2 slits. The slits are oriented along <100> direction. It
can be seen that the polarization of the VCSEL is effectively controlled to be along
<100> direction.

Fig. 6.17: Polarization-resolved power emitted through the substrate of a VCSEL with twenty
50×280nm2 slits oriented along <100> direction.
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Chapter 7: High-intensity ridge nanoaperture VCSELs
Now that the polarization of the VCSELs can be effectively controlled, the ridge
nano-apertures can now be applied to the VCSELs. In this chapter, the results from
these ridge nano-aperture VCSELs with controlled polarization are presented. First,
the far-field power measurements of the ridge aperture VCSELs will be shown. Then a
detailed comparison among the far-field power, near-field spot size and near-field
intensity from VCSELs using different ridge nano-apertures will be discussed.

7.1 Far-field power measurements of ridge nanoaperture VCSELs

Before opening either slits or ridge nano-aperture, the top emitting power of the
VCSEL is measured to identify the small laser background power emitted through the
Au film coating. Then twenty 50×280nm2 slits are opened using the Focused Ion
Beam to control the polarization of VCSELs. The top-emitting power of the laser is
measured again after opening the nano-slits to obtain the net power transmitted
through the nano-slits. The ridge nano-apertures are then opened in between the
nano-slits. The ridge nano-apertures are oriented so that their desired incident light
polarization for high transmission is the polarization direction controlled by the
nano-slits. Figure 7.1 shows a SEM image of a particular type of ridge aperture (i.e.
bowtie aperture) surrounded by twenty 50×280nm2 slits.
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Fig. 7.1: SEM image of the nano-slits and bowtie aperture

Fig. 7.2 shows the power output of a VCSEL before opening either slits or
nano-aperture, after only opening twenty 50×280nm2 slits and after adding the bowtie
aperture respectively.

Fig. 7.2: Far-field power from the VCSEL before opening slits or bowtie-aperture (blue-curve), after
opening slits (green curve) and after adding a bowtie-aperture (red curve) respectively.

In general, to identify the net power from the ridge aperture, we need to find out
how much power comes from the slits after opening the ridge aperture. The power
transmitted through the slits should be proportional to the intensity of light circulating
inside the laser cavity, which is proportional to the power emitted through the
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substrate. Since the power transmission efficiency for the polarization perpendicular to
the slits is orders of magnitude higher than that for the parallel polarization, we
assume the power transmitted through the slits primarily comes from the polarization
perpendicular to the slit. Thus the power transmitted through the slits is proportional to
the power emitted through the substrate with polarization perpendicular to the slits.
Fig. 7.3 (a) shows the polarization-resolved power emitted through the substrate after
opening only the slits along <100> direction, which indicates that the polarization of
the VCSEL is strongly pinned along the direction parallel to the slits.

(a)

(b)
Fig. 7.3: Polarization-resolved power emitted through the substrate (a) after opening only the nano-slits;
(b) after opening both the slits and the ridge nano-aperture.
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After opening the ridge nano-aperture between the slits, the power emitted
through the substrate with polarization perpendicular to the slits increases, leading to a
decrease in polarization extinction ratio in the VCSEL cavity. The decrease of the
polarization extinction ratio after the ridge nano-aperture is added is not unexpected.
The ridge aperture here transmits more light polarized parallel to the slits. The
polarization selectivity by the ridge aperture is opposed to that provided by the
nano-slits. Thus the total polarization selectivity for the VCSEL is reduced after
adding the ridge aperture. But the slits still dominate over the ridge aperture in
polarization selectivity and the dominant polarization of the VCSEL is still effectively
controlled to be parallel to the slits, as shown in Fig. 7.3 (b). After adding the ridge
aperture, the bottom emitting power polarized perpendicular to the slits increases by a
factor of about 40% ~ 60% depending on the magnitude of the injection current. The
top emitting power transmitted through the slits increases by the same factor.

This increase in power emitted through the slits is taken into account at every
measured injection current point. The net power transmitted through the ridge
nano-apertures is obtained by subtracting the small laser background power emitted
through the Au coating and the small amount of power transmitted through the
nano-slits from the measured top emitting power after opening the ridge apertures. The
power transmitted through each slit is negligible compared with the net power through
the ridge nano-aperture since it is over two orders of magnitude smaller.

The top emitting power from the nano-aperture VCSEL is collected with a 1cm2
circular silicon detector directly above the laser at a distance of 4mm. The power
collection efficiency is estimated to be 42% assuming that the far-field radiation from
a nano-aperture is uniform radiation from a point source. Figure 7.4 shows the total
far-field net power from VCSELs using different ridge nano-apertures where the
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power collection efficiency of 42% is taken into account. The dimensions of each of
these ridge apertures are shown in Chapter 5, Fig. 5.3. A 130nm square aperture with
about the same area as the ridge apertures is also studied for comparison.

Fig. 7.4: Total far-field power from VCSELs using different ridge apertures and a square aperture.

In particular, the total far-field maximum net power from the bowtie-aperture is
measured to be 188µW, which is 16 times higher than that from the 130nm square
aperture with the same area as the bowtie aperture. From our simulation, the near-field
FWHM intensity spot size at 20nm away from the bowtie aperture is 64nm in
X-direction and 66nm in Y-direction. The peak near-field intensity from the
bowtie-aperture VCSEL is estimated to be as high as 47mW/µm2. This intensity is
much higher than that from a conventional VCSEL and is record-high among
intensities achieved from nano-aperture VCSELs. At a closer distance to the aperture,
the spot size is even smaller and the near-field intensity is even higher. Fig. 7.5 shows
the E2 of a bowtie aperture with 180×180nm2 outline dimension a gap size of 30nm
(as shown in Fig. 5.3) at different distances away from the bowtie aperture. For
example, at 5nm away from the bowtie-aperture, the simulated spot size is 34×36nm2
and the estimated peak intensity is 172mW/µm2. However, a closer distance can add
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to the challenge for distance control in applications. At 5nm away, there exist two hot
spots which arise from the charges induced on the two metal tips of the bowtie
aperture. At a larger distance, these two spots diverge and overlap with each other and
lead to a single spot at 20nm away. It is believed that intensity over 10mW/µm2 is
required for optical recording [4]. For the first time, we achieved intensity well above
this requirement from nano-aperture VCSELs. The intensity from the bowtie-aperture
VCSEL is high enough to realize optical recording and the small spot size of
64nm×66nm corresponds to a storage density up to 150Gbits/in2, which is over two
orders of magnitude higher than that in Digital Versatile Disc (DVD).

(a)

(b)

(c)

(d)

Fig. 7.5: Near-field E2 distribution at different distances from a bowtie aperture with 180×180nm2
outline dimension and 30nm gap size. (a) 5nm away; FWHM intensity spot size is 34nm×36nm. (b)
10nm away; FWHM intensity spot size is 50nm×52nm. (c) 15nm away; FWHM intensity spot size is
54nm×56nm. (d) 20nm away; FWHM intensity spot size is 64nm×66nm.
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7.2 Comparison between VCSELs using different
ridge nano-apertures
The total far-field power, estimated near-field FWHM intensity spot size 20nm
away from the ridge apertures, and the corresponding near-field intensities from
VCSELs using different ridge apertures including bowtie-aperture, C-aperture,
H-aperture, I-aperture are summarized in table 7.1. A 130nm square aperture with
about the same area as the bowtie aperture is also listed for comparison. All the ridge
apertures show strong transmission enhancement over the 130nm square aperture. And
notice that the near-field spot size from the 130nm square aperture is much larger than
those from the ridge apertures. Experimental comparison with square apertures
producing the same spot size as the ridge apertures is unachievable due to the
extremely low and undetectable power output from a sub-100nm square aperture on
VCSELs.

In comparison among the different ridge apertures, the bowtie aperture VCSEL
shows the highest intensity and smallest spot size, which may be attributed to the
additional lightning rod effect from the sharp tips of the bowtie-aperture. The
C-aperture design may be further optimized to achieve smaller spot size and higher
intensity by shrinking the aperture size and tuning the structure [19, 33], although the
smaller aperture size may add to the challenge for fabrication. The relatively lower
power output from the H-aperture may be due to worse fabrication imperfection with
the Focused Ion Beam, such as rounding at the corners and tapering from the etching,
because of its smaller feature size.
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Table 7.1: Comparison of nano-aperture VCSELs using bowtie-aperture, C-aperture,
H-aperture, I-aperture and square aperture.a

a

Bowtie
aperture

C-aperture

H-aperture

I-aperture

Square
aperture

aperture area (nm2)

1.67×104

2.65×104

1.80×104

1.69×104

1.69×104

spot size 20nm away
(nm2)

64×66

72×104

82×68

64×68

174×100

far-field power (µW)

188

157

94

162

12

near-field intensity
(mW/µm2)

47

25

18

43

0.8

The controlled polarization direction of the incident light is shown above the SEM images of the

apertures.

Although we haven't been able to directly measure the near-field spot size from
the ridge apertures on VCSELs. The strong near-field confinement of the ridge
apertures has been demonstrated experimentally. Eric X. Jin et al. studied the
transmission of nano-apertures in metal films deposited on a quartz substrate [29].
They measured the near-field spots from a bowtie aperture and compared that to
rectangular and square apertures of the same area. The measured spot size from the
bowtie aperture, i.e., 65×34 nm2, is much smaller than that from the rectangular and
square aperture. For the square aperture supposed to produce similar spot size as the
bowtie aperture, no observable spot is obtained due to the extremely low transmission
efficiency through this square aperture. The strong near-field confinement from a
C-aperture and an H-aperture has also been experimentally demonstrated. Fang Chen
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et al. measured a near-field spot size of 90×70 nm2 from a C-aperture on an edge
emitting laser [30]. Eric X. Jin et al. measured a near-field spot size of 106×80 nm2
from an H-aperture [32]. The bowtie-aperture [51] and C-aperture [52] have also been
applied in contact optical lithography, in which the high resolution of these apertures
was demonstrated. These near-field experiments indicate that the measured near-field
confinement of the ridge apertures agrees with simulation results.

7.3 Threshold current and quantum efficiency of
ridge nano-aperture VCSELs
The threshold current of the ridge nano-aperture VCSELs is as low as 0.2mA. The
diameter of the oxide aperture for current confinement in the ridge nano-aperture
VCSELs is 2.8 µm. Hence the corresponding threshold current density is about
3.25kA/cm2, which is comparable to that of state-of-the-art single-transverse-mode
conventional VCSELs. The very low threshold current of the ridge nano-aperture
VCSELs can enable very low power operation.

As discussed in Chapter 4, section 4.2.1, the quantum efficiency η of
semiconductor lasers is defined as ratio of the number of photons coming out of the
laser over the number of electrons injected into the laser per unit time. It can be
determined by the slope of the measure output power versus injection current curve,
namely,

q dPout
(7.1)
#
h" dI
Where η is the quantum efficiency, ω is the angular lasing frequency, q is the electron

!=

charge, I is the injection current and Pout is the laser output power. dPout/dI represents
the slope of the output power versus injection current curve.
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The quantum efficiency of the ridge nano-aperture VCSELs can be calculated
using the slopes of the power versus current curves shown in Fig. 7.4. For example,
for the bowtie-aperture VCSEL, the slope of its power versus curve is 40µW/mA. The
lasing wavelength is around 970nm and hence hù = 1.28 ev . The quantum
efficiency of the bowtie-aperture VCSEL calculated from equation 7.1 is 3.1%.
Compared with conventional VCSEL, this quantum efficiency is relatively low. This
is because in the bowtie-aperture VCSEL, the area of the bowtie-aperture is only a
very small fraction (less than one percent) of the total optical mode area. Even though
the quantum efficiency from the bowtie aperture VCSEL is lower than that of
conventional VCSEL, the near-field intensity from the bowtie-aperture VCSEL is
orders of magnitude higher than that from a conventional VCSEL, since the output
power from the bowtie-aperture VCSEL is concentrated around the small bowtie
nano-aperture in the near-field.

All the power measurements for the nano-aperture VCSELs were done at room
temperature without any temperature cooling. The performance of the ridge
nano-aperture VCSELs, e.g. maximum output power, can be further improved with
better heat dissipation such as controlled cooling.
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Chapter 8: Summary and future work
8.1 Summary
This thesis work represents a comprehensive study of the application of ridge
nano-apertures onto semiconductor lasers to build a coherent and high-intensity light
source with sub-100nm spot sizes for near-field applications.
We demonstrated high transmission of C-apertures on edge emitting lasers.
Resonant transmission through the C-aperture was observed when tuning the
dimensions of the C-aperture for a fixed lasing wavelength. Compared with a square
aperture of the same area, the C-aperture shows twenty times higher power throughput.
Although only C-aperture is studied for the application on edge emitting lasers in this
thesis, the other ridge nano-apertures, such as bowtie, H, or I-shaped aperture, can also
be applied to edge emitting lasers to achieve high-intensity nano-aperture lasers.
In order to apply ridge nano-apertures on VCSELs, we developed a novel method
to control the polarization of VCSELs. The transmission through the ridge
nano-apertures is polarization dependent. However, VCSELs normally have two
orthogonal degenerate polarization states without external polarization selection
mechanism. This makes it necessary to control the polarization of the VCSELs in
order to achieve high output power and small near-field spot size from ridge
nano-aperture VCSELs. We demonstrated effective control of VCSEL polarization
by opening nanoslits in the metal coating. This polarization control is indispensable
in order to apply the polarization dependent ridge nano-apertures on VCSELs.
We achieved high intensity from nano-aperture VCSELs using ridge apertures
including bowtie, C, H, and I-shaped apertures. Based on the measured far-field
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power of 188µW and simulated near-field spot size of 64×66nm2, the near-field
intensity from the bowtie-aperture VCSEL is estimated to be as high as 47mW/um2.
This intensity should be high enough to realize near-field optical recording and the
small spot size from the bowtie aperture can enable a storage density up to 150
Gbits/in2. And of course the spot size can be even smaller when we use a laser of
shorter wavelength and scale down the bowtie aperture size. The ridge apertures
show much higher transmission efficiency than the square aperture. In particular, the
bowtie aperture shows 60 times near-field intensity enhancement over a square
aperture with the same open area while producing a smaller near-field spot than that
of the square aperture. The mechanism for high transmission through these ridge
apertures is attributed to the existence of a TE10 fundamental propagation mode and
the excitation of surface plasmons at the metal ridges of these apertures. Also, we
proposed and designed a quadruple-ridge aperture which supports two orthogonal
polarizations.
The high-intensity ridge nano-aperture VCSELs are very promising to realize
ultrahigh-density near-field optical data storage and also enable new near-field
applications such as ultrahigh-resolution near-field imaging, single molecule
fluorescence and spectroscopy, trapping and manipulation of single molecules etc.

8.2 Future work
As shown in section 7.2, many experiments demonstrated that the ridge apertures
produce strong near-field confinement that agrees with simulation [29, 30, 32]. It is
shown in Joseph Matteo et al’s work in the measurement of the near-field spot size of
the C-aperture [34], that the fabrication imperfection from Focused Ion Beam, such
as tapering and edge rounding, may result in degrading of the near-field confinement
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of the C-aperture. Part of the future work for this project will be to measure the
near-field confinement of the ridge nano-apertures on VCSELs. If there is any similar
degradation of near-field confinement due to fabrication imperfection, the fabrication
technique should then be improved. One possible way to reduce the tapering and
edge rounding from etching with Focused Ion Beam is to reduce the metal film
thickness. In addition to Focused Ion Beam, other fabrication techniques such as
nano-imprinting and Electron-Beam lithography may also be tried for the fabrication
of ridge nano-apertures, especially in the application of nano-aperture VCSEL in
arrays.
The main future work will be to use these high-intensity ridge nano-aperture
VCSELs for many important applications, such as ultrahigh-density near-field optical
data storage, ultrahigh-resolution near-field imaging, single-molecule fluorescence
and spectroscopy, trapping and manipulation of single-molecules etc.
To realize these applications, one of the first things to do is to demonstrate the
detection mechanism using the ridge nano-aperture VCSELs. It is demonstrated in
Hashizume’s work [2] that a nano-aperture VCSEL using a circular aperture can
detect the voltage change due to change of the threshold condition from reflection of
the sample surface while operating the VCSEL at constant current. The maximum
voltage change in the nano-aperture VCSEL probe observed by Hashizume et al. [2]
is about 2.8mV. Due to the much higher transmission efficiency of the ridge
nano-aperture than the circular aperture, it is reasonable to expect the voltage change
from the ridge nano-aperture VCSEL should be higher than that from the circular
nano-aperture VCSEL.
In the future, if a new epitaxial structure for the nano-aperture VCSEL were to be
designed, it is suggested that the number of DBRs in the top mirror be further
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reduced. The current VCSEL structure has 9.5 pairs of top DBRs. The threshold
current of the ridge nano-aperture VCSEL is as low as 0.2mA, which means the
reflectivity of the top mirror is very high and there is still room for allowing reducing
the number of top DBR pairs. The number of top DBRs may be reduced to 8.5 or 7.5
to further increase the intensity incident onto the nano-aperture and thus enhance the
output power from the nano-aperture VCSEL. Also, in doing so, the sensitivity of
using the nano-aperture VCSEL for readout should also be increased.
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Appendix:
Processing
VCSEL

Recipe

for

Nano-aperture

Chapter 4 described the general procedures for the fabrication of nano-aperture
VCSELs. This appendix lists the detailed recipe for each procedure developed at
Stanford Nanofabrication Facility (SNF). The appendix is organized by the sequence
of procedures, and the detailed recipe is listed under each procedure.

A. 1

Deposit half-wavelength thick SiO2 film

Deposition is done by sputtering at IBM Almaden Research Center. The refractive
index of the deposited SiO2 film is 1.50.
For lasing wavelength around 972nm, the thickness of SiO2 film should be 324nm.

A. 2

Lithography for defining SiO2 mesa

Pour SPR 220-3.0um at 200rpm.
Ramp up to 3500rpm in 15secs.
Hold at 3500rpm for 45 secs.
Prebake at 110oC hot plate for 2mins 30secs.
Edge bead exposure for 60secs and develop for 60secs.
Mask Exposure for 6secs and develop for 60secs.

A. 3

Etch to define SiO2 mesa

Dry etching with Drytek4:
Recipe: 150mTorr, 100sccm CHF3, 10sccm (50%) O2, 100W RF power.

98

Etch time: 40mins.
Wet etching with 20:1 BOE for 1min.

A. 4

Lithography for top contact

Bake and apply HMDS in YES oven. ( –not listed again in following litho recipe, but
it is necessary.)
Pour LOL2000 at 200rpm. Ramp to 1500rpm in 10secs. Hold at 1500rpm for 65secs.
Hard bake at 170oC hot plate for 5mins 30secs.
Pour SPR3612 at 300rpm. Ramp to 3000rpm and hold for 40secs.
Prebake at 90oC hot plate for 90secs.
Edge bead exposure for 60secs and develop for 60secs.
Mask exposure for 2secs and develop for 40secs. ( keep stirring during development)

A. 5

Deposition of top contact

Oxygen descum with Drytek4: condition chamber for 15mins. 20sccm O2.
170mTorr.

Power: 100mW . Time: 30secs.

GaAs Oxide removal with 1:10 HCl:H2O for 30 secs.
Place in Innotec immediately:

A. 6

25nm Ti + 40nm Pt +215nm Au

Lithography for top mesa of VCSELs

Pour SPR 220-3.0um at 200rpm.
Ramp up to 3500rpm in 15secs.
Hold at 3500rpm for 45 secs.
Prebake at 110oC hot plate for 2mins 30secs.
Edge bead exposure for 60secs and develop for 60secs.
Mask Exposure for 6secs and develop for 60secs.
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Pressure:

A. 7

Dry etching for top mesa

Hard-bake the sample at 110oC oven for 30mins.
Pquest recipe:
15sccm Ar.

10sccm BCl3.

Pressure: 3mTorr.

1.5sccm Cl2.

ECR: 200W.

RF: 40W.

Chuck temperature set: 10oC (set manually with the chuck temperature
controller—watlow/process).

Use maximum cooling and set lowest temperature on

the refrigerator tank.

A. 8

Photoresist removal after dry etching

Put in acetone overnight. 1min ultrasonic in acetone (be careful, might damage
devices).
Spray with acetone and wash with methanol and isopropanol.
Oxygen de-scum for 2mins with Drytek4 @100w, 100mTorr and 20sccm O2.

A. 9

Lithography for bottom contact

Pour SPR 220-3.0um at 200rpm.
Ramp up to 3000rpm in 10secs.
Hold at 3000rpm for 50 secs.
Prebake at 110oC hot plate for 2mins 30secs.
Edge bead exposure for 75secs and develop for 60secs.
Mask Exposure for 6.6secs and develop for 60secs.

A. 10

Deposition of bottom contact

Oxygen de-scum with Drytek4: condition chamber for 15mins. 20sccm O2.
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Pressure:

170mTorr.

Power: 100mW . Time: 30secs.

AlGaAs Oxide removal with 1:10 HCl:H2O for 30 secs.
Place in Innotec immediately: 40nm Au +12nm Ge +12nm Ni +200nm Au

A. 11

Wet oxidation for oxide aperture

Oxidation furnace inside SNF:
Fill up the bath tank fully and fill the bubbler bottle to proper level. (Avoid the tank
water level being too low during the whole operation.)
Turn on the bubbler heater. It takes about 2hrs to heat from room temperature to 95oC.
Set the furnace temp. Increase N2 flux from 20 to 100sccm. Turn on water bubbler.
Condition the furnace for 1hr.
Leave the glass stick and boat inside the tube when conditioning the furnace. Quickly
put the sample into the furnace. Leave two blocks of the stick outside in final position.
Notes: Temperature set at 322.2 oC gives actual temperature reading at 400 oC when
stabilized. At 400 oC, 100 sccm N2 and 95 oC water bubbler, oxidation rate is about
350nm/min.

A. 12

Lithography for Planarization

Pour SPR 220-3.0um at 200rpm.
Ramp up to 2500rpm in 10secs.
Hold at 2500rpm for 45 secs.
Prebake at 110oC hot plate for 3mins.
Edge bead exposure for 75secs and develop for 60secs.
Mask Exposure for 6.6secs and develop for 60secs.
Example of processed #1085-1 wafer big piece: mesa etching stopped at the 5th
peak beyond cavity; before BlueM oven baking, the resist thickness is higher than the
mesa by 610nm; after BlueM oven baking, the resist thickness is lower than the mesa

101

(GaAs region) by ~280nm. Resist spin speed may need to be adjusted according to the
mesa thickness.

A. 13

BlueM oven baking for Planarization

Program 7 on BlueM oven:
Ramp from 25 oC to 140 oC in 1.5hrs. Hold at 140 oC for 2hrs.
Ramp from 140 oC to 325 oC in 4.5hrs. Hold at 325 oC for 2hrs.
Ramp from 325 oC down to 20 oC in 1hr. Hold at 20 oC for 10mins.

A. 14

Lithography for planar contact

Pour LOL2000 at 200rpm. Ramp to 1500rpm in 10secs. Hold at 1500rpm for 65secs.
Hard bake at 170 oC hot plate for 5mins 30secs.
Pour SPR 220-3.0um at 200rpm.
Ramp up to 3500rpm in 15secs.
Hold at 3500rpm for 45 secs.
Prebake at 110oC hot plate for 2mins 30secs.
Edge bead exposure for 60secs and develop for 60secs.
Mask Exposure for 6secs and develop for 60secs.

A. 15

Deposition of planar contact

Deposit 30nm Ti + 240nm Au with Innotec.

A. 16

Lithography for metal coating

Pour LOL2000 at 200rpm. Ramp to 1500rpm in 10secs. Hold at 1500rpm for 65secs.
Hard bake at 170 oC hot plate for 5mins 30secs.
Pour SPR 220-3.0um at 200rpm.
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Ramp up to 3500rpm in 15secs.
Hold at 3500rpm for 45 secs.
Prebake at 110oC hot plate for 2mins 30secs.
Edge bead exposure for 60secs and develop for 60secs.
Mask Exposure for 6secs and develop for 60secs.

A. 17

Deposit metal coating

Deposit 100nm Au with Innotec.

A. 18

Open nano-aperture

Open a nano-aperture using Focused Ion Beam (FIB). If ridge apertures are used,
nanoslits also need to be etched with FIB to control the polarization of VCSELs.
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