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Abstract

Molecular beam epitaxy (MBE) grown metal has been a renewed area of interest

recently in order to achieve high quality metal films or nanostructures for plasmon-

ics. Recently MBE grown silver films have been shown to possess optical constants

closer to that of intrinsic silver leading to lower losses and thus allowing for higher

quality plasmonics. MBE has also been used to grow silver nanocrystals and in-

dium droplets, or islands, for plasmonics. These self-assembled nanostructures can

be grown in close proximity to quantum confined structures such as InAs/GaAs quan-

tum dots or InGaAs/GaAs quantum wells in a single process, without post-processing

and fabrication, allowing for increased plasmonic enhancement due to the improved

interface between the semiconductor and plasmonic structures.

In this dissertation, widely tunable plasmonic resonances of indium islands will be

discussed and plasmonic enhancement results will be presented and compared to those

of nanoantennas constructed from standard fabrication processes. The coupling be-

tween near-surface quantum confined structures, both fabricated and self-assembled,

will be compared to the coupling in typical dielectric cavities, such as photonic crystal

nanobeams. Beyond the plasmonic possibilities of indium islands, indium becomes

superconducting at 3.4 K. With the proximity e↵ect allowing for electrons in materi-

als in contact with a superconductor to occupy a superconducting like state, allowing

for the possibility for a hybrid superconductor/semiconductor optical source. The ob-

servation of superconductivity in indium islands will be presented and considerations

for a superconductor/semiconductor source will be discussed.
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Chapter 1

Introduction and Motivation

It has been recognized for decades that controlling the spontaneous emission rate of

quantum emitters/absorbers is important for many devices including light emitting

diodes, lasers, and photovoltaics [1]. III-V materials have become prominent in these

devices due to their direct band gap. With the increase in studies of nanoplasmonics

[2] and the promise for plasmonic devices [3, 4] the interest in III-V/nanoplasmonic

structures has increased. Throughout this introduction the necessary background

for understanding III-V/nanoplasmonic structures, specifically InAs/GaAs quantum

dots in close proximity to nanoplasmonic structures, will be presented.

1.1 Purcell enhancement

The Purcell e↵ect was first described by E. M. Purcell in 1946 in regards to nuclear

magnetic resonance [5]. Simply put, it describes that the spontaneous emission life-

time of a quantum emitter, �o, can be changed by its interaction with its environment,

� = Fp�o. Written formulaically the enhancement factor is given by

Fp =
3

4⇡2

⇣
�c

n

⌘
3

Q

V

, (1.1)

where �
n
is the wavelength of the light within the medium of the quantum emitter, V

is the mode volume the light is confined to, and Q is quality factor which represents

the rate of energy loss from the environment. Another way of defining the quality

factor is the ratio of ‘energy stored’ in a resonator to the ‘energy dissipated per cycle.’

This can be expressed as

Q =
⌧!o

2
=

!o

�!

=
�o

��

, (1.2)

where ⌧ is the decay rate of the oscillator (decay of the exponential envelope), !o

(�o) is the resonant angular frequency (wavelength), and �! (��) is the width of

the range of angular frequencies (wavelengths) for which the energy is at least half its
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peak value, i.e. bandwidth of the resonator. For the optical resonators that will be

discussed throughout this dissertation the wavelengths of concern are usually between

1000 nm and 1600 nm. Thus for a high Q, say 10,000, the linewidth for such a cavity

would be 0.1 nm at � = 1 µm. For a low Q, say 10, the linewidth is a very broad 100

nm. While one might expect that achieving a high Q would be the deciding factor

in the spontaneous emission enhancement that could be achieved, it is clear from

Eq. 1.1 that the other variable that can be controlled for a particular wavelength and

material is the mode volume. This means that confining the light to a smaller volume

allows for a decrease in Q which can be compensated for and high enhancement can

still be achieved. This will be of note later in this dissertation. One last note on the

quality factor, as it is related to the exponential decay of the energy stored in the

cavity the Q can be easily related to the 1/e decay time of the cavity. For a cavity

with Q = 10,000 the light in the cavity makes about 1592 cycles before energy in

the cavity drops to 1/e. For a cavity with Q = 10 it only takes about one and a

half cycles. Eq. 1.1 holds for a quantum emitter in the antinode of a resonant cavity

in the weak coupling regime. To account for a quantum emitter that isn’t perfectly

matched spectrally, spatially, and in regards to polarization then Eq. 1.1 becomes

Fp =
3

4⇡2

⇣
�c

n

⌘
3

Q

V

�!

2

o

4(! � !o)2 +�!

2

o

|E(r)|2

|E
max

|2
�� d · E(r)
|d| |E(r)|

��2
, (1.3)

where the additional terms following the terms from Eq. 1.1, in order, account for

the spectral overlap, strength of the electric field at the site of the quantum emitter,

and the dipole moment of the quantum emitter. The size of the nanoplasmonic

structure controls the spectral overlap with the quantum emitter. In the case of

InAs quantum dots below a nanoplasmonic structure, the case throughout most of

this dissertation, how far the quantum dots are below the nanoplasmonic structure

is the key factor. As the InAs quantum dots are randomly assembled the alignment

below the nanoplasmonic structure is all that can be controlled without utilizing site-

selective quantum dots which have a low yield [6]. As for the final term, the randomly

assembled nature of the work discussed in this dissertation limits the control over the

strength of this term. So the main ways of increasing the Purcell enhancement are
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the spectral overlap of the quantum emitter and the plasmonic resonance and the

distance between the quantum emitter and the nanoplasmonic structure.

Through the years since Purcell’s initial work the amount of research in the lit-

erature studying Purcell enhancement, or enhancement of spontaneous emission, has

been ever increasing once quantum emitters could begin to be addressed. One such

early work was the demonstration of a maser with a single Rydberg atom in the cav-

ity [7]. Further single atom cavity experiments continued in the field but typically

require atom trapping [8]. While atom trapping experiments can essentially be bought

o↵-the-shelf today [9], a trapped atom doesn’t o↵er the possibility of long-term study

or use for devices that an ‘artificial atom’ in solid-state systems can provide. Epi-

taxial InAs quantum dots provide such an ‘artificial atom’ [10–12] which nano- and

microcavities can be fabricated around. The self-assembly which takes place during

the quantum dot growth is less than ideal for many studies and possible devices.

Nonetheless, by fabricating cavities around InAs quantum dots many semiconductor

cavity quantum electrodynamics experiments have taken place in the strong coupling

regime [13–15] and weak coupling regime where direct changes in the spontaneous

emission rate are observered [16,17].

Despite fabrication advances the Q factors for III-V photonic crystals remain

in the 104 range [18, 19] while in silicon, they have exceeded one million [20] due

to the higher quality fabrication on silicon platforms. With the stall of the Q in

III-V photonic crystals and the emergence of nanoplasmonics [4] (also referred to

as nanoantennas, optical antennas, and metal nanocavitites) similar enhancement

factors were seen to be in reach due to the smaller mode volume despite the loss

associated with metals [21]. For comparison a typical GaAs photonic crystal cavity

has a mode volume around 80⇥10�3

µm3 [13] versus around three orders of magnitude

less for a plasmonic structure [22]. This has led to both the theoretical [23, 24] and

experimental studies [4] of the Purcell e↵ect due to nanoplasmonics.
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1.2 III-V quantum confined structures and molecular beam
epitaxy growth

To study the Purcell enhancement due to nanoplasmonics there must be a quan-

tum emitter placed in the antinode, high-electric field region, of the nanoplasmonic

structure. While many studies have used II-VI colloidal quantum dots [25, 26] to

study nanoplasmonic e↵ects, III-V quantum emitters o↵er some promising advan-

tages. One advantage is that the near-infrared emission of III-V quantum emitters

allows for larger nanoplasmonic structures since resonant wavelength is related to the

size of the structure [27]. Secondly, a III-V quantum well can be grown near the sur-

face providing significant emission as the quantum well is uniform over a wide area

where plasmonic structures are fabricated. This sort of structure has been studied in

thorough detail [28–31] and will be referred to throughout this dissertation. Another

advantage of III-V quantum emitters are higher quality single quantum dots, with

narrower linewidth and longer decay time, namely InAs/GaAs quantum dots. These

will be the quantum emitters used for much of the plasmonic enhancement discussion,

although, an InGaAs/GaAs quantum well will also be investigated. To utilize some

of these advantages cryogenic temperatures for optical experiments are required.

To grow the III-V quantum emitters which are of interest we turn to molecular

beam epitaxy (MBE) [32–35]. MBE takes place in ultra high vacuum,  10�10

torr, where elemental sources are combined to make binary, ternary, or quaternary

compounds at growth rates on the order of a single monolayer per second. A picture of

the Riber 32P MBE used for the research detailed below can be seen in Fig. 1.1. This

MBE contains gallium, aluminum, indium, and arsenic. The elemental sources for

gallium, aluminum, and indium are heated in pyrolytic boron nitride (PBN) crucibles

by Knudsen cells, controlled by PID temperature controllers typically within 0.1°C.

This controls the number of atoms impinging on the substrate, or the flux. The

arsenic source is a valved source where the reservoir is always kept at a constant

temperature and a second heater element at the exit of the reservoir can be set to

crack the arsenic, thermal decomposition from As
4

to As
2

. If the arsenic is not cracked

leaving the valved source, which is how the QNOS MBE is currently operated, the
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As
4

is decomposed to As
2

upon collision with the substrate. For the arsenic source

the valve can be closed to stop the arsenic flux while mechanical shutters are in front

of the remaining sources to control when the remaining materials are being deposited.

Figure 1.1: Image of the QNOS Riber 32P MBE chamber.

The growth rate of III-V materials is determined by the flux of the group III

material. However, if only the group III material were present then the group III metal

would be deposited, and under the appropriate growth conditions droplet epitaxy

would take place as in the case of the indium islands. To prevent this an excess

of arsenic is supplied. A typical V/III ratio for GaAs deposition is ⇡ 1.6 or higher

and up to 3 for AlGaAs with high concentrations of aluminum. To allow for one-to-

one combination of the group III and group V atoms the substrate temperature is

kept between the the temperature of the two sources, typically TV < Tsubstrate < TIII .

This prevents both arsenic deposition, which occurs below a substrate temperature of

300°C, and group V droplets. In addition, if not enough arsenic pressure is supplied to

a GaAs substrate at a temperature above 400°C then the arsenic will evaporate from

the surface of the substrate. This essentially needs to be any measurable amount of

arsenic flux as the flux just needs to be high enough to replace the evaporating arsenic

atoms. Similar considerations are necessary when growing on InP. Typical substrate

temperatures are ⇡ 580°C for GaAs and AlGaAs, ⇡ 480°C for InAs quantum dots

and subsequent GaAs capping layers, and ⇡ 485°C for InGaAs quantum wells and

subsequent capping layers. To measure the flux of the deposition materials a Bayard-



22

Alpert ion gauge is rotated in place of the substrate. This allows for a cell temperature

to be correlated to a flux and thus a growth rate. The cell temperature is related to

the flux by

ln(P ) = A� E

kT

= A� C

T

, (1.4)

where T is in Kelvin, P is the flux in units of pressure, E is the activation energy,

k is Boltzman’s constant, and A and C are simply constants. While the constants

drift slightly day to day this can be used to change the temperature to achieve the

desired flux after a single flux measurement fairly accurately. The measured flux

can be calibrated to a growth rate by various measurements of thickness of grown

layers including x-ray di↵raction and optical measurements. Historically the QNOS

group has grown distributed Bragg reflectors surrounding a cavity spacer on a GaAs

substrate to fit the thickness of the GaAs and AlAs layers from reflection spectra and

well known optical constants [36]. Since InAs has a significant lattice mismatch, over

7%, compared to GaAs, planar layers which are optically thick can not be grown.

Thus, the quantum dot transition at 1.59 monolayers (ML) [37] of deposited InAs

is used to calibrate the growth rate. This thickness is determined by the transition

from a 2D to 3D di↵raction pattern from reflection high-energy electron di↵raction

(RHEED). The InAs quantum dots formed are Stranski-Krastanov islands thus there

is a thin continuous InAs layer with InAs quantum dots throughout.

InAs quantum dots are typically ⇡ 25 nm in diameter and ⇡ 5 nm tall. Densities

vary with deposition rate and arsenic flux, with lower density for lower deposition

rate and arsenic flux, but are typically in the 100 - 400 µm�2 range for typical growth

conditions. An atomic force microscopy (AFM) image of typical InAs quantum dots

grown without a capping layer are shown in Fig. 1.2(a). A quantum dot is best

understood as the text book example of a particle in a box. The confinement in three

dimensions and an infinite barrier results in quantized energy levels given by

E(nx, ny, nz) =
⇡

2~2
2m⇤

⇣
n

2

x

d

2

x

+
n

2

y

d

2

y

+
n

2

z

d

2

z

⌘
, (1.5)

where m⇤ is the e↵ective mass, ni specify the quantized energy levels in each confined
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direction, and di represents the dimensions of the confinement. From this text book

example it is clear that decreasing the dimensions increases the emission energy.

While Eq. 1.5 is not an accurate description of a quantum dot it does show the

proper trends resulting from changes in size. To account for the the finite barrier

due to the materials of the quantum dot one must take into account the bandgap of

the quantum dot material (InAs in this work) and the barrier, or capping, material

(GaAs in this work). The shape of the actual quantum dot modifies the result as

well. Modeling the quantum dot as a sphere, still not the exact shape of InAs/GaAs

quantum dots, results in

Ee,nlm = Eg +
~2
2me

↵

2

nl

R

2

, (1.6)

Eh,nlm =
~2
2mh

↵

2

nl

R

2

, (1.7)

where the nl eigenstates are the common 1s, 1p, 2s etc. energy levels, Eg is the

band gap, R is the radius of the spherical quantum dot, me (mh) is the electron

(hole) e↵ective mass, and ↵nl result from the spherical Bessel function representing

the electron wave-function [38]. Fig. 1.3 schematically depicts the energy levels from

Eq. 1.6 and 1.7. This results in a single emission peak, from the lowest energy level

at low pump powers, with a Gaussian distribution related to the distribution of sizes

for an ensemble of quantum dots, depicted in Fig. 1.2(b).

Returning to Eq. 1.5, if the confinement is reduced to one dimension, dx and dy

go to 1, then the energy of emission is reduced to

E(nx, ny, nz) =
⇡

2~2n2

z

2m⇤
d

2

z

. (1.8)

This results in a description of an ideal quantum well where once again the band

gaps of the actual materials must be taken into account. While the main focus of this

dissertation is the study of the interaction of quantum dots and plasmonic structures,

a quantum well is used in place of quantum dots for the measurement of the reduction

in lifetime due to the plasmonic structures for an increase in optical signal. A typical

quantum well with emission in the 1 µm wavelength range (at cryogenic temperatures)

consists of GaAs barriers with a ⇡ 8 nm thick InxGa
1�xAs layer. Typical value for the
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(a) (b)

Figure 1.2: (a) Atomic force microscopy image of typical surface InAs quantum dots.
(b) Photoluminescence spectra of an ensemble of typical InAs quantum dots with a
50 nm GaAs capping layer.

indium concentration is x ⇡ 0.18 although this needs to be adjusted for the capping

layer thickness as the emission wavelength is redshifted with reduction of the capping

layer thickness. While the InGaAs quantum well layer is not lattice matched to the

GaAs that it is grown on, the strain is low enough that a planar layer is formed but

does lead to further corrections for the emission energy. One growth detail of note,

not discussed above, is that when the shutters first open on each cell the flux starts

high and relaxes to a steady state flux. In most growths this just leads to a correction

of a few seconds in the layer growth time to achieve the desired thickness. However,

for an InGaAs layer where both indium and gallium will be opening at the same time

the fluxes won’t necessarily be reaching steady state at the same time. This would

lead to a nonuniform concentration of indium and gallium throughout the beginning

of the quantum well layer. To overcome this the main shutter in the MBE, which

blocks all the elemental sources including arsenic from the substrate, is closed. As

mentioned earlier the substrate is typically at a temperature of ⇡ 485°C for InGaAs

quantum well growth. This is typically too high of a temperature to block the arsenic

flux from the substrate but the arsenic pressure within the chamber is high enough

that it is not an issue for a short period of time. During this time, about four minutes,

the individual shutters for indium and gallium are opened and the arsenic valve is
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Figure 1.3: Schematic of a bulk semiconductor band structure, with a bandgap Eg

separating the parabolic bands, and single particle energies of electrons and holes
overlaid in blue. Typical low pump power emission of InAs quantum dots with GaAs
barriers results in emission around a wavelength of 1000 nm from the 1s, 1s transition
as seen from an ensemble of quantum dots in Fig. 1.2.

left open. This allows for the initial change in flux, droop of the flux, to take place

when the shutters open but yet still being blocked from the substrate by the main

shutter preventing any deposition. Once both the indium and gallium fluxes reach

steady state, between three and four minutes, the main shutter can be opened and

uniform deposition of indium and gallium takes place.

The last MBE growth procedure that is relevant to this dissertation is the growth

of the self-assembled plasmonic and superconducting indium islands studied for this

dissertation. Prior to this, a quick discussion of the quality of indium as a plasmonic

material is due to understand why indium would be chosen as a plasmonic mate-

rial. Most commonly silver, gold, and aluminum are the metals chosen for plasmonic

nanostructures. Since indium has a conductivity ⇡ 5.27⇥ lower than silver this leads

to higher Ohmic losses in indium nanoplasmonic structures, an undesired feature. But

this is not the entire story. In nanoparticles there is a disproportionate contribution

of loss due to surface states [39]. The epitaxial process described below reduces the

loss due to surface states. SEM and AFM images of the indium islands throughout

this dissertation can be compared to commonly fabricated gold and silver plasmonic
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nanostructures in [29,30,40–42] to see the improved surface quality of the nanostruc-

tures. The surface between the substrate and the nanostructure is also drastically

improved due to the epitaxial process. While a direct comparison surface states of the

epitaxial and fabricated structures is di�cult further discussion of the properties of

indium as well as the achieved plamonic resonances will be discussed further in Chap-

ter 3 showing plasmonic resonances typical of the other common metals (for similar

densities of nanostructures) mentioned despite the low conductivity of indium.

As several di↵erent growth conditions are utilized throughout this dissertation the

description of the actual growth conditions for a particular sample will be discussed

with the relevant measurements and experiments. A quick general description will

be provided now. As mentioned already, if a high enough arsenic flux is not provided

then droplet epitaxy is a possibility. However, in the case of indium, which has

a high vapor pressure, the substrate temperature must be reduced. It has been

reported in literature that substrate temperatures between 100°C and 120°C result

in high quality indium nanostructures [43]. Over the course of the studies for this

dissertation it has been determined that below 130°C pyramidal shaped islands form

and above 130°C spherical capped shaped islands occur. This shape is seen in the

AFM image in Fig. 1.4. For the former, a resonant wavelength greater than 950

nm (the limit of the Fourier transform infrared spectrophotometer (FTIR) used for

resonance transmission measurements) has not been measured. Thus the substrate

temperature used for the growths was typically between 130°C and 135°C as measured

by a type-C thermocouple. Between the semiconductor growth and the indium island

growth the arsenic flux is shut o↵ at 300°C to prevent arsenic deposition and a time,

tAsclear , ranging from 1.5 hrs up to 12 hrs was used to remove the arsenic background

pressure before indium deposition. The indium beam equivalent pressures ranged

from 10�10 to 10�7 torr. Upon completion of the indium deposition the substrate was

removed from the heater immediately.
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Figure 1.4: AFM image of indium islands seen in Fig. 3.1(c). Inset shows a line profile
of a single indium island. Profile 1 is horizontal and Profile 2 is vertical. Ringing in
image and line profile is an artifact of the AFM.

1.3 Layout of Dissertation

This dissertation covers the main areas of focus during my time as a graduate student

in the Quantum Nano-Optics of Semiconductors group at the College of Optical Sci-

ences, University of Arizona. Most of these results are published in various journals,

which are included as appendices at the end of this dissertation (Appendix B - H),

and have been presented at various conferences. These results are expanded upon

and combined with other results achieved throughout my graduate studies in a co-

herent story. While most of the results presented are in the area of nanoplasmonics,

some of my early research was with silicon photonic crystals. This work is presented

where similar methodologies or materials are utilized and unrelated results are left in

the compilation of publications in the appendices. Chapter 1 o↵ers an introduction

to the physics and growth techniques that are necessary to understand the research
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presented in Chapter 2 and 3. Chapter 2 introduces considerations for studying the

interaction between nanoplasmonics and III-V quantum dots as well as other possible

materials to study the same e↵ects. Chapter 2 also presents early attempts at fab-

ricating such structures. Chapter 3 presents the results obtained using MBE grown

self-assembled indium islands as the nanoplasmonic structure as well as results from

studying a wide range of MBE growth parameters. Much of the data (in the form

of SEM and AFM images) from MBE growths is reserved for Appendix A as to o↵er

evidence for the results discussed but not overwhelm Chapter 3 with so many images.

This work is currently being finalized for publication. Chapter 4 o↵ers a conclusion

on the data presented throughout the dissertation as well as interesting future direc-

tions o↵ered by the indium islands and other materials to accomplish various research

goals discussed throughout this dissertation.
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Chapter 2

Considerations and Improvements for III-V
Quantum Dot-Nanoantenna Systems

2.1 Distance dependence

In order for light-matter interaction to take place between a III-V quantum confined

structure and a plasmonic structure on the surface of the III-V semiconductor, the

distance between the two must be small enough that the field from the plasmonic

structure still reaches the quantum confined structure, but large enough that the

quality of the quantum confined structure doesn’t degrade significantly. Quantum

wells degrade much less quickly as they approach the surface than quantum dots do.

Between a capping layer thickness of 20 to 15 nm a single quantum dot is no longer

distinguished amongst the ensemble of quantum dots with the broadening of single

emission lines [44]. In a previous study [28] it was shown that the 1/e point for the

coupling between a near-surface QW and an array of split ring resonators was ⇡ 8

nm, see Fig. 2.1. A near-surface quantum well with emission at 1500 nm is still high

enough quality emitter that the study of coupling between the near-surface quantum

well and split ring resonators, nanoantennas, and patch antennas [29, 30] has been a

well studied area of research.

Coupling plasmonic structures to near-surface quantum dots is another issue. Ul-

timately, beyond Purcell enhancement, one goal is to couple a single quantum dot to

a single plasmonic structure and observe quantum e↵ects such as strong coupling and

Rabi oscillations, as have been observed in dielectric nano- and micro-cavities [13,14].

In those cases the quantum dots are surrounded by barriers (or capping layers) greater

than 50 nm thick. From Fig. 2.2 it can clearly be seen that the decrease in capping

thickness degrades the quality of the quantum dots. These quantum dots were grown

by MBE where the only di↵erence in growth between 2.2 (a) and (b) is that the

capping layer was reduced from 50 nm in (a) to 20 nm in (b). Due to the growth
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(a) (b)

Figure 2.1: (a) Simulation of near-field enhancement (V = |E|2/|E
0

|2) 5.5 nm beneath
the split ring resonator. (b) Dependence of normalized experimental and numerical
coupling measures K and V̄ versus distance d. The dotted lines show exponential fits
to the data. Simulation and experimental data in (a) and (b) are from [28].

conditions being the same for the InAs quantum dot layer the density of quantum

dots should be nearly identical. Data was collected in reflection geometry utilizing

a 100x Mitutoyu NIR microscope objective, 50/50 beamsplitter, ⇡ 1.7 mW (before

objective) 633 nm pump laser, and a Princeton Instruments OMA V InGaAs array

attached to 1.25 m Spex spectrometer with a 1200 l/mm grating. The ensemble

photoluminescence red shifts (not shown) as the capping layer is reduced due to the

reduction of strain from the thinner capping layer. This can be overcome by changing

the growth conditions, however, the broadening of the single quantum dot lines can

not be overcome. For quantum dot samples grown for this study, single lines have

not been observed below a capping layer thickness of 20 nm, where the plasmonic

field is nearly zero for a fabricated nanoantenna on the surface. Other groups have

observed single quantum dot emission lines with a capping thickness of ⇡ 15 nm [44].

The study in [44] observed the same single quantum dot emission lines by utilizing a

binary capping layer of GaAs and Al
0.7Ga

0.3As, which can be removed one pair at a

time thus showing the red shift and broadening of a single quantum dot.
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(a) (b)

Figure 2.2: Single QD lines, at a temperature of 10 K, from an InAs QD sample with
(a) 50 nm GaAs capping layer and (b) with a 20 nm GaAs capping layer. Note the
broadening of the single lines with the reduction in the capping layer thickness.

2.2 Geometry of nanoantennas

In addition to the separation between the nanoantenna, or plamonic nanostructure,

and the quantum confined structure, the shape of the nanoantenna plays an important

role in coupling. This is due to the dipole-dipole coupling [45]. The dipole moment of

an individual nanoantenna changes with the shape of the nanoantenna [40,42]. This

is due to the change in the scattering cross-section of the nanoantenna, the amount

of the incident optical field which will be scattered by the nanoantenna into di↵erent

propagating modes. The field in the propagating modes is the field which interacts

with the dipole moment of the nanoantenna, in cases discussed later the propagating

modes would be from the near-surface quantum dots or quantum well, and then is

re-radiated into free-space.

The second key characteristic of the nanoantenna is the absorption cross-section.

This is related to the Ohmic losses of the nanoantenna, thus the amount of the light

that is absorbed and lost to heating of the nanoantennas. For typical nanoantenna

geometries this value is fairly constant since the amount of material is about the same

for the di↵erent geometries of nanoantennas [40, 42].

A comparision of the di↵erent cross-section spectra for various nanoantennas can

be seen in Fig. 2.3. While the results shown in Fig. 2.3 are concerned with square and
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Figure 2.3: Measured scattering cross-section spectra (white open dots) and mea-
sured extinction cross-section spectra (black full dots). The solid curves are Loren-
ztian least-square fits. The area underneath the scattering is filled with green, and
the area between scattering and extinction in red. The resulting di↵erence, red area,
corresponds to the absorption cross section. These data are shown for (a) an indi-
vidual simple thin-wire antenna, (b) a rectangular antenna, and (c) a square-shaped
antenna. SEM images of the individual antennas are shown as insets. From Ref. [40].

rectangular nanoantennas, the indium islands discussed later are circular (top down)

with more of semi-circle or broad-Gaussian height profile. Despite this change in shape

it is expected that the indium islands will have similar cross-section characteristics as

the square patch antennas shown in Fig. 2.3 (c), i.e. higher ratio of extinction cross-

section compared to absorption cross-section. It has been shown that the square patch

antennas would result in a higher coupling to a near-surface quantum well compared to

split-ring resonators and nanorods if the packing e�ciency of the patch antennas could

have been as high [30]. Unfortunately, the geometry of the nanoantennas prevents
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this, but this is promising for coupling indium islands to near-surface quantum dots

or quantum wells.

2.3 Etching and encapsulating nanoantennas

Beyond simply fabricating plasmonic structures on top of an active medium one could

encapsulate the plasmonic structure with the active medium or bury the plasmonic

structure in the active medium. The former is similar to what is done for studying

the interaction between colloidal QDs and plasmonic structures [46,47] and has been

used with erbium doped oxides and plasmonic structures [48, 49]. The latter option,

burying the plasmonic structures in the active medium, is what will be discussed

below for bringing plasmonic structures in closer proximity to high quality quantum

dots.

Several attempts were made attempting to bury plasmonic structures in the GaAs

capping layer of an InAs/GaAs QD sample. The thought behind this was that while

the quantum dots directly below the etched region would be lower quality, due to the

capping layer thickness being decreased and possible oxidation, there would still be

high quality QDs diagonal from the embedded, or buried, plasmonic structure. These

QDs would then be in closer proximity, within roughly the 1/e point discussed earlier,

than would be possible merely by fabricating on the surface of the capping layer.

The first attempt was to use citric acid (1 M concenctration) and H
2

O
2

as binary

etch where the H
2

O
2

oxidizes the GaAs and the citric acid etches away the oxidized

GaAs. According to [50] this results in an etch rate of 1.43 nm per cycle that can

be precisely controlled. To mask the sample, PMMA was spin coated on the sample

and developed by e-beam lithography as described in [30]. The result of 21 cycles is

shown in Fig. 2.4 where roughly 27 nm of GaAs was etched away. It is clear from

the SEM image in Fig. 2.4 (a) that the surface isn’t smooth in the etched region and

from Fig. 2.4 (b) that the etching didn’t result in a clean edge between the etched

and unetched area, which is necessary for a lift-o↵ procedure after metal deposition.

This is highlighted in the inset of Fig. 2.4 (b). This results in the di↵erent etch rates
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along di↵erent crystallographic faces [51].

(a) (b)

Figure 2.4: (a) SEM image of an InAs/GaAs QD sample chemically etched to bury
patch antennas. (b) AFM image of the same array with a height profile shown in the
inset, location indicated by the black line.

To combat the poor etch profile a dry etching technique was attempted next.

This required moving to ZEP520A which has a better resistance to dry etching than

PMMA. About 200 nm of ZEP520A was spin coated on the samples, roughly 7 mm

by 7 mm, using spin coater at 5000 rpm for 60 s. The desired pattern was written

with a 100 kV electron beam lithography (Elionix ELS-7000) with an nominal dose of

⇡ 70 µC/cm2. A range of doses around this nominal setting were chosen to achieve

the desired sizes. Similar patterns were chosen as in [30]. The ZEP520A is developed

in o-xylene for ⇡ 5 s before being dipped in an isopropanol bath. A Cl
2

reactive ion

etching process was chosen for etching into the GaAs (30 W, 10 sccm Cl
2

, 5 mtorr,

resulting in ⇡ 1:1 selectivity, and an GaAs etch rate of ⇡ 0.59 nm/s) before a stan-

dard silver e-beam deposition (deposition rate of ⇡ 0.5 Å/s) and a lift-o↵ procedure

with NMP solvent was performed. The results can be seen in Fig. 2.4 before metal

deposition (a) and after the lift-o↵ procedure (b). While the patterns are well devel-

oped, Fig. 2.4 (a), the silver deposited didn’t fill the etched holes fully, Fig. 2.4 (b).

Further optimization of this process is still needed, however, due to equipment fail-
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ures this line of research was abandoned for other promising techniques for studying

plasmonic/III-V QD light-matter interaction discussed below.

(a) (b)

Figure 2.5: (a) SEM image of an InAs/GaAs QD sample etched using reactive ion
etching. Electron beam resist still in place. (60,000⇥ magnification, 500 nm scale
bar) (b) SEM image of the same array with after e-beam deposition of silver and
removal of the electron beam resist. (40,000⇥ magnification, 500 nm scale bar)

One technique for improving this process is moving to larger nanoantenna sizes

where higher order resonances of the plasmonic structure are in resonance with the

QD emission [52]. This should allow for higher uniformity in the etching and metal

deposition. Oxidation of the samples and other fabrication issues will still exist

whereas in the indium island work below the sample is not allowed to oxidize before

the indium deposition and no post fabrication after the MBE growth is necessary.

2.4 ALD passivation of near-surface quantum dots

To improve the quality of near-surface quantum dots passivation was attempted.

AlN was chosen as the passivation material and atomic layer deposition (ALD) was

chosen as the deposition method due to promising results having been reported on



36

near-surface quantum wells [53, 54]. All ALD deposition took place at Aalto Uni-

versity in the Department of Micro- and Nanosciences (Alexander Pyymaki Perros,

alexander.pyymaki.perros@aalto.fi). Similar processes were attempted. Parameters

for these processes can be observed in Table 2.1. Both processes included oxide re-

moval step which consisted of 5 cycles of a 300 ms pulse of TMA (trimethylaluminum,

Al
2

(CH
3

)
6

) followed by a 2 s purge similar to the oxide removal described in [55]. The

main di↵erences are in the substrate temperature and the ammonia (NH
3

) pulses. For

Process 1, 10 (20) cycles results in ⇡ 1 nm (2 nm), and for Process 2, 5 (10) cycles

results in ⇡ 1 nm (2 nm). A flowchart of the process along with the relative lengths

of the duty cycles of each step is shown in Fig. 2.6.

Table 2.1: Summary of AlN ALD passivation processes.

Parameter Process 1 [53] Process 2 [54]
Substrate Temp. (°C) 150 200
TMA Pulse length (ms) ⇥2 with 1 s o↵ time 300 300
Purge (s) 2 2
NH

3

Pulse Length (s) 15 10
Plasma power (W) 60 60

AlN has a band gap of 6.09 eV [56] at cryogenic temperature compared to a band

gap of 1.52 eV for GaAs [57]. While ALD grown AlN is not as high quality as epitaxi-

ally grown material, high quality (even crystalline) ALD films are still achievable [58].

Beyond the removal of the native oxide layer, thus reducing surface states, the pas-

sivation layer introduces a thin layer with a very strong band gap thus altering the

wave function of the quantum dots. The results are seen in Fig. 2.7 where Process

1 provides stronger photoluminescence. Generally the stronger photoluminescence

comes from the samples coated with more material, aside from the 7.5 nm capped

sample with 2 nm passivation layer which is only 8.3% less than the same sample

with 1 nm passivation layer. Photoluminescence of these samples was measured at a

temperature of 10 K using a 120 fs titanium-sapphire laser tuned to 810 nm as the

pump source. A spot size of ⇡ 10 µm was obtained by a 5 cm focal length lens, and

all samples had quantum dot density of ⇡ 300 µm�2.
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Figure 2.6: Schematic of the ALD process for AlN. The system is purged before a
TMA pulse is allowed in the chamber. The molecules bond with the surface and the
excess molecules are purged before the NH

3

pulse is allowed into the chamber which
bonds with the TMA. Finally the excess NH

3

is purged. The duty cycle is shown at
the bottom.

The thickness of the capping layer and the passivation layer were chosen to be

within the range of the 1/e point for plasmonic coupling, ⇡ 8 nm, discussed above in

section 2.1, from [28]. The best sample meeting this requirement is the sample with

a 7.5 nm capping layer and a 1 nm passivation layer. Further photoluminescence

results are shown in Fig. 2.8 where it can be seen that a 1 nm AlN passivation layer

increased the peak photoluminescence of the InAs quantum dot ensemble by ⇡ 5⇥.

The passivated sample is only 1.8⇥ dimmer (peak photoluminescence) than a similarly

grown InAs quantum dot sample with a 20 nm GaAs cap (capping thickness near the

limit where single quantum dot emission lines are seen). However, despite attempts

to look with a micro-photoluminescence setup (⇡1 µm spot size) single quantum dot

lines could not be observed.
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Figure 2.7: Summary of the various AlN ALD processes and thicknesses with varied
GaAs capping layers and the resulting peak photoluminescence value.

Figure 2.8: Low power photoluminescence spectra of InAs/GaAs QD samples with a
7.5 nm cap (red), a 7.5 nm cap passivated with 1 nm of AlN (blue), and a 20 nm GaAs
cap sample. Diagrams to the right of the graph indicate the sample layer structures.
With just 1 nm of ALD grown AlN the increase in peak photoluminescence is 4.8⇥
and only ⇡ 1/2 the strength of the photoluminescence of the 20 nm cap sample.
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Figure 2.9: Power dependence for the peak photoluminescence of the samples in
Fig. 2.8.
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2.4.1 E↵ect of atomic layer deposition overcoationg of nanobeams

Another application for atomic layer deposition is to compensate for fabrication er-

rors and tune sizes of nanophotonic structures. This was done for silicon photonic

crystal nanobeams and the e↵ect of TiO
2

and Al
2

O
3

ALD coatings was studied. All

ALD deposition took place at Aalto University in the Department of Micro- and

Nanosciences (Tapani Alasaarela, tapani.alasaarela@tkk.fi).This resulted in the tun-

ing of the resonance and an improvement of the cavity Q. ALD coatings are conformal

coating where the thickness can be controlled at the atomic thickness level [58]. ALD

oxides have been used in various waveguides geometries to improve the quality of sili-

con waveguides and utilize the nonlinearities of the ALD film [59]. The improvement

comes from several processes including: filling in defects during fabrication, optimiz-

ing structure size, reducing surface states, and reducing scattering due to surface

roughness.

Photonic crystal nanobeams [60] are ridge waveguides, which confine light in two

directions, with photonic crystal holes fabricated along the length of the ridge waveg-

uide. The photonic crystal holes confine the light in the third direction and create a

cavity. One such design, which will be discussed further below, utilizes four holes of

the same radius r before tapering down, over seven holes, to the cavity region. This

structure [61,62] (the twelve holes described above, including a hole for the cavity re-

gion) repeats in the inverse order to construct the photonic crystal cavity. The lattice

constant also varies through the di↵erent regions starting with a lattice constant of

a in the mirror region and varying from 0.98a to 0.86a, by steps of 0.02a throughout

the taper region and finally 0.84a in the cavity region. The local hole radius, r, can

be described formulaically as r = 0.3a with a = 410 nm, nominally. This design can

be seen in Fig. 2.10 with an overlay of the normalized electric field energy density

through the mid-plane of the silicon ridge waveguide.

Utilizing such a design yields calculated Q values in the half million range for

silicon on SiO
2

with a mode volume of V = 0.27(�
n
)3 where n = 3.53 for silicon at a

wavelength of � ⇡ 1550 nm [61]. In practice, theQ values for such cavities are closer to
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Figure 2.10: Schematic of a silicon photonic crystal nanobeam with an overlay of the
normalized electric field energy density "|E|2 from the midplane of the silicon slab.

100,000 which is still high considering that the photonic crystal nanobeam structure

is not suspended such as most 2D photonic crystal slab cavities [62], for example

an L3 cavity where strong coupling has been observed [13]. This platform is CMOS

compatible and part of the increase in Q over III-V cavities is due to the higher quality

fabrication that can take place in a silicon platform, however, the silicon platform is

harder to construct active materials out of despite germanium/silicon QDs [63–65]

and III-V/silicon integration [66,67].

To study the e↵ect of ALD oxide coatings on silicon nanobeams 20 nm of TiO
2

and Al
2

O
3

were deposited using standard processes for the two materials [68, 69]. A

fiber taper technique, discussed in [61] or Appendix B, is used for the before and

after characterization. The before and after SEM images of the cavity region of the

nanobeam can be seen in Fig. 2.11. It is clear that the photonic crystal hole size is

reduced due the ALD coating thus changing the characteristics of the cavity. This

leads to a red shift of the cavity resonance of ⇡ 60 nm and ⇡ 30 nm on average for

TiO
2

and Al
2

O
3

, respectively. As expected the shift is larger for the higher index

material, nT iO2 = 2.27 @ � = 1550 nm, than for the lower index material, nAl2O3 =

1.62 @ � = 1550 nm. These results show that ALD coating is useful for tuning the

resonance of a nanobeam to the desired wavelength and compensating for fabrication

errors resulting in di↵erences between the designed resonance and the actual cavity

resonance.

The ALD coatings also had an e↵ect on the Q of the nanobeam cavitites. For

the TiO
2

coating the change in Q was negligible, -1.3 ± 16% on average. For the
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(a) (b)

Figure 2.11: (a) SEM images of the cavity region of a silicon nanobeam before (a)
and after (b) depositing 20 nm of Al

2

O
3

via ALD.

Al
2

O
3

coating, the change in Q was surprisingly high, 38 ± 31% on average, shown

in Fig. 2.12. The highest change in quality factor measured was for a cavity with

Q
before

= 107, 000 and Q
after

= 212, 000 utilizing Al
2

O
3

coating and the resonant

scattering measurement technique discussed in [61] or Appendix B. This is surprising

as typically any process, such as SEM imaging, done to photonic crystal cavities will

reduce the cavity Q. Due to the conformal nature of the ALD coating process this is

not the case. The high uncertainty in the average change of the quality factor is due

to the wide range of cavity dimensions studied. Cavities with smaller holes tend to

see a larger change. This fact along with the fact that both materials didn’t result

in an increase in quality factor leads to the conclusion that the increase in Q is not

just due to a change in the surface roughness or due to passivation of surface states,

but also due to a change in the cavity closer to the optimum design due to the ALD

coating. Finite-di↵erence time-domain (FDTD) simulations support this, however,

the simulations do not recreate the experimental results fully [70].
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Figure 2.12: Change measured in cavity Q before and after ALD deposition of Al
2

O
3

.
The black line represents no change in Q while the dashed red line represents the
average change of 38%

2.4.2 Erbium doped Al
2

O
3

as an active medium for silicon nanobeams

ALD overcoating of silicon nanobeams is a useful way of tuning the resonance as well

as increasing the cavity quality factor but it still leaves the nanobeams as passive

devices. While these passive devices can be used as filters [71] and have been studied

heavily as nano-mechanical oscillators [72, 73], silicon nanobeams o↵er a promising

platform for on-chip silicon sources. In addition, by incorporating active emitters,

studies utilizing the high Q can take place. Several groups have shown various tech-

niques of making III-V lasers out of photonic crystal nanobeam structures [74,75], and

it has also been demonstrated that wafer-bonding III-V material to a nanobeam can

construct a successful laser [66]. Only the wafer-bonding technique is silicon based

and it would be di�cult to construct these nano-lasers on a large scale. Several other

techniques of constructing a silicon source will be discussed below.

In the past people have doped Al
2

O
3

with erbium atoms through various processes

including ALD [76], pulsed laser deposition [77], and ion implantation [78]. It has
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been shown that ALD erbium doped Al
2

O
3

can compensate for some of the losses

associated with ridge waveguides [76]. The Al
2

O
3

ALD coating on silicon nanobeams

allows for the incorporation of erbium as an active medium. Utilizing area-selective

ALD processes [79], the active medium can be kept to the nanobeam and thus not

interact with other components that could be integrated on the same chip.

Erbium has a well known energy level structure which allows for emission in the

1530 nm region via optical pumping from 1460 nm and 980 nm light. This is the

scheme used in the ubiquitous erbium doped fiber amplifiers utilized in telecommu-

nications. Several other emissions and up-conversion exist in erbium doped glasses

and have been demonstrated in ALD erbium doped Al
2

O
3

[80]. To model nanobeams

coated with erbium doped Al
2

O
3

FDTD analysis is utilized. A standard four-level

model is incorporated into FDTD software [81, 82] and is utilized to model the in-

teraction between the erbium emission and the cavity mode. This is built into the

commercially available software Lumerical FDTD [83]. This analysis has been used

to show the possibility of lasing in a similarly fabricated 2D photonic crystal [84].

The input parameters necessary for such modeling are the lifetimes (⌧
30

, ⌧
32

, ⌧
21

,

and ⌧

10

), angular frequencies corresponding to the pump and emission frequencies

(!a and !b), damping coe�cients for the pump and emission channels (�a and �b),

pump rate (P
b

), and initial population levels (N
0

, N
1

, N
2

, and N
3

). Values for these

input parameters are given in Table 2.2. Since erbium has a lifetime on the order

of milliseconds and typical FDTD time steps are less than femtoseconds, the lifetime

of erbium must be scaled from milliseconds to picoseconds. This is done with a

total FDTD simulation time of ⇡ 70 ps. This maintains a reasonable timescale for

the relaxation process associated with the cavity and allows for the system to be

phenomenally investigated. Several other key parameters and settings within the

four-level model built-in Lumerical FDTD, such as ’CW Normalization’ (set to o↵),

are described in [85].

Unfortunately, the previous design, seen in Fig. 2.10, has the high field region

concentrated within the silicon. When adding the ALD layers the field doesn’t extend

much further into the ALD layer where the erbium would be. This is shown in
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Table 2.2: Summary of FDTD parameters for four-level two-electron model in Lumer-
ical FDTD to simulate erbium doped aluminum oxide.

N
0

9⇥ 1026 electrons/m3 [80]
N

1

0 electrons/m3

N
2

0 electrons/m3

N
3

0 electrons/m3

!a 195.9 THz
!b 305.9 THz
�a 6 THz
�b 6 THz
⌧

32

10�10 s
⌧

30

10�13 s
⌧

21

10�10 s
⌧

10

10�12 s

Figure 2.13: Schematic of a 4-level model used with appropriate parameters listed
for FDTD simulations in Lumerical where !a represents the emission from the tran-
sition between N

2

and N
1

and !b is the pump frequency resonant with the N
3

to N
0

transition.

Fig. 2.14 where the top is without the ALD Al
2

O
3

coating and the bottom is with the

coating. Without significant interaction of the field and the erbium atoms, despite the

high quality factor, i.e. many roundtrips within the cavity, there are no dynamics to

observe. Attention has been turned to other photonic crystal nanobeam designs where

the high field regions are in the open regions rather than within the silicon. Such

designs include photonic crystals consisting of silicon pillars [86] and some ladder-type

nanobeams [87]. Further optimization of these designs is necessary.
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Figure 2.14: FDTD simulation of the normalized electric field profile through the
midplane of a silicon photonic crystal nanobeam (top) and the same nanobeam with
a 20 ALD Al

2

O
3

coating simulated. Note the field does not extend significantly into
the ALD region. Simulation run using MEEP courtesy of Andrew Homyk. Similar
results obtained using Lumerical FDTD.

2.5 Quantum emitters in 2D materials

The 2D quantum emitters o↵er an alternative to II-VI and III-V quantum dots for

nanoplasmonic applications. Such quantum emitters have recently been measured

by multiple groups from material prepared under di↵erent conditions [88–91] with

strong antibunching characteristics and there is the possibility of controlling the lo-

cation of the emitters [91]. A spectra of such an emitter is shown in Fig. 2.15(a)

along with the location of the area on the WSe
2

flake (b). Other 2D materials, such

as black phosphorous with its widely tunable bandgap [92], show promise for hav-

ing single quantum emitters in the near-infrared compatible with telecommunication

wavelengths. These quantum emitters o↵er the ability to bring plasmonic structures

in direct contact with the quantum emitter since the quantum emitter is in a mono-

layer of material and does not need a capping layer. This both o↵ers and surpasses

the advantage of II-VI quantum dots, the close proximity, and III-V quantum dots,
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the high quality emitter. The drawback is the low yield of the 2D materials as they

are currently typically micron sized exfoliated flakes.

(a) (b)

Figure 2.15: (a) Photoluminescence spectra of single quantum emitters in WSe
2

along
with the saturation curve (inset) of the strongest emitter in (a). Data collected with
a 100⇥ objective internal to the cryostat (Montana Instruments), pumping with 633
nm HeNe (⇡ 1 µm spot size), and detecting with Princeton Instruments InGaAs
array and 750 mm spectrometer equipped with a 300 l/mm grating blazed at 750 nm.
(b) 100x microscope image of the WSe

2

flake under, hexagon boron nitride flakes,
showing approximate beam location.

2D quantum emitters also o↵er another option for constructing active silicon

nanobeams, similar to the wafer bonding technique [66], utilizing quantum emitters

from 2D materials such as WSe
2

. A laser utilizing the single monolayer emission [93]

has recently been demonstrated but no such device utilizing the single quantum emit-

ters has been constructed yet. Constructing such a device with a single emitter gives

a stronger, more narrow emission compared to the single monolayer emission. And

compared to the III-V wafer bonding of single [66] or multiple quantum wells [67],

which can be quite thick (⇡100 nm), the single monolayer of material keeps the mode

more closely confined in the nanobeam.
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Chapter 3

Self-Assembled Indium Islands

With the large interest in plasmonics and metamaterials, many di↵erent metallic

nanostructures, or optical nanoantennas, have been investigated for photovoltaics,

single-photon sources, optical switching, negative-refractive index materials, high-

resolution microscopy, etc. [4,94,95]. Most of the work in these areas in the literature

rely on fabrication and post-processing, resulting in varying results due to di↵erences

in fabrication and metal deposition. This has led to the investigation of epitaxially

deposited metals for some of these applications and areas of study. Recently, epitaxial

silver has been shown to have optical constants closer to the intrinsic value [96] and

a plasmonic nanolaser has been demonstrated using epitaxial silver [97]. Epitaxially

deposited silver [98,99] and indium [43,100] have been shown to form self-assembled

structures.

Due to the decrease in the imaginary part of the optical constants for epitaxially

deposited metals and the self-assembled nano- and microstructures that can be de-

posited using indium, it became a natural extension to investigate these nanoantennas

for coupling to near-surface quantum confined heterostructures. The improved sur-

face quality between the nanoantenna and capping layer of the near-surface quantum

confined heterostructures, i.e. the lack of oxidation of the semiconductor surface dur-

ing fabrication and post processing, allows for the possibility of increased coupling.

While indium does have a larger imaginary part of the optical constant compared to

gold, it is on par with silver, which has been used successfully in various plasmonic

and metamaterials studies. See Table 3.1 for commonly accepted optical constants

of various metals used for plasmonics. One last di↵erence in indium compared to

silver or gold is that due to the di↵erence in the plasma wavelength, 96.875 nm for

In [101] compared to 135 nm and 138 nm for silver and gold [27], respectively, is that

the length of a nanoantenna (30 nm diameter nanorod in this example) made from

indium would have to be ⇡ 150% (⇡ 215%) longer than a silver (gold) nanorod with
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the same resonant wavelength of 1 µm. This is determined using

�eff

2⇡R
= 13.74� 0.12["1 + 141.04"s]

"s

� 2

⇡

+ 0.12
�

�p

p
"1 + 141.04"s

"s

, (3.1)

where �eff is the e↵ective wavelength in the nanorod, R is the radius of the nanorod,

"1 is the infinite frequency limit of the dielectric function, "s is the dielectric constant

of the material surrounding the nanorod, � is the wavelength of the incident light,

and �p is the plasma wavelength [27]. The length of the nanorod is twice the e↵ective

wavelength since it is modeled as a an ideal half-wave dipole antenna. While the

indium islands discussed below do not fit this shape, a similar scaling is seen when

comparing the indium islands to the square patch antennas used for other plasmonic

studies [30, 40, 42].

Table 3.1: Optical constants of indium, silver, gold, and aluminum at � = 1 µm and
room temperature unless otherwise noted.

Material n k Reference
In 1.81 7.77 [102]
Ag 0.04 7.12 [103]
Au 0.23 6.47 [103]
Al 1.51 9.26 [104]
In (4.2 K) 1.49 7.25 [102]

3.1 MBE growth of indium islands

The samples discussed below have been grown by molecular beam epitaxy in a Riber

32P machine. Other samples grown during this study were grown by a collaborator,

Alexandre Arnoult at LAAS-CNRS in Toulouse, France, on a Riber 412. Di↵erences

in the growths from the two di↵erent machines are discussed in [105]. The discussion

below will be restricted to the growths in Tucson on the Riber 32P unless otherwise

specified.

The MBE growth process starts as described in Section 1.2 where a GaAs bu↵er is

grown followed by the desired quantum dots or quantum wells and the desired thick-

ness of the GaAs capping layer. Following this standard MBE growth the substrate
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temperature is dropped to ⇡ 130°C, as read on a type-C thermocouple. Initially the

substrate heater current is set to 0 A but at 300°C the arsenic flux is cut o↵ and

the current is set to 4.7 A. After the arsenic flux is cut o↵ the liquid nitrogen is left

flowing through the chamber cryo shields to remove excess arsenic from the chamber

while the substrate comes to a steady-state temperature. This time period, arsenic

clear time or tAsclear , is typically four hours but has been up to twelve hours and

as short as an hour and a half. In the typical four hours the pressure in the MBE

chamber has recovered to the starting pressure before the growth process has begun,

typically a pressure in the low 10�10 torr range.

Once the desired arsenic clear time has passed and the substrate is at the desired

growth temperature the indium islands, or droplets, are grown. The indium flux

ranges between ⇡ 3⇥10�7 torr (0.54 ML/s) and 1⇥10�10 torr (0.7 ML/hr ⇡ 0.0002

ML/s) as measured by a Bayerd-Alpert flux gauge, the latter being only 60°C above

the standby temperature of the indium source. It is convenient to report these fluxes

in terms of the growth rate, i.e. nm/s or ML/s. Since indium doesn’t grow into

smooth layers the growth rates and thickness (or amount of indium deposited) are

reported in terms of the growth rate and thickness of InAs as this is what the MBE is

calibrated for. The reason indium forms the islands observed is due to the di↵erence

in lattice constant between indium and GaAs, similar to the reason for InAs quantum

dot formation. Indium has a lattice constant of 4.59 Å [106] while GaAs has a lattice

constant of 5.65 Å [107]. Indium also has a tetragonal lattice structure compared

to the standard zinc-blende lattice structure of III-V compounds. This results in

what appears to be a Volmer-Weber (VW) island formation rather than a Stranski-

Krastanov (SK) island formation [108]. X-ray reflection (XRR) has been attempted

to confirm that there is no wetting layer, i.e. VW island formation, but the results are

inconclusive. A single monolayer of indium would not provide much signal in XRR.

There does appear to be some surface roughness forming near the onset of islands,

this will be discussed in Section 3.1.2 but this could also be due to a thin InAs layer

due to starting with an arsenic rich surface.

The islands formed range in size from 100 nm to 2.5 µm in diameter with densities
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ranging from 200 µm�2 to  0.001 µm�2. The size and density of the indium islands

are related to the deposition rate and the amount of material deposited similarly as

with InAs quantum dots [109–111]. This results in lower densities for lower deposition

rates and larger sizes for increased amount of material deposited. Each parameter is

not fully independent, as increasing the amount of material also increases the density.

Resonant wavelength increases with size and resonant strength decreases with density

which can be seen in Fig. 3.1.

Figure 3.1: Indium island transmission spectra measured by FTIR showing resonances
from 1 µm (a) to 8 µm. (c) through (f) show corresponding SEM images for the
samples measure in (a) and (b). Scale bars are 500 nm for (c) through (e) and 10 µm
in (f).

3.1.1 Composition of islands

Three di↵erent indium island samples grown with di↵erent parameters have been ex-

amined for their chemical composition by energy dispersive x-ray spectroscopy (EDS)

using facilities at the LeRoy Eyring Center for Solid State Science at Arizona State

University. Before the samples are prepared for transmission electron microscopy

(TEM) they are covered in a protective coating composed of 10 nm of electron beam-
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deposited carbon, 500 nm of electron beam-deposited platinum, and finally 2 µm of

ion beam platinum, with the electron beam-deposited layers serving to protect the

surface of the sample from damage during the deposition of the ion beam platinum

layer which then protects the sample during focused ion beam (FIB) etching (Ga+)

and processing of the TEM cross-section. The TEM cross-sections were thinned to

100 nm or less. Due to di↵erences in island density and size constraints on cross-

section preparation, a di↵erent number of islands were analyzed from each of the

three samples. These can be seen in Fig. 3.2.

The first sample, Fig. 3.2 (a, b, and c), has islands that are about 125 nm in

diameter. The indium islands are grown on top of an InGaAs quantum well with a 5

nm GaAs capping layer, there was an arsenic clear time of tAsclear = 1.3 hours, and

12 ML of indium were grown at 0.543 ML/s for the indium islands. This is the same

sample discussed in 3.2.2. The second and third sample, Fig. 3.2 (d and e) & (f),

respectively, were grown just on GaAs bu↵ers with tAsclear = 12 hours and an island

growth rate of ⇡ 1 ML/hr. Sample 2 had 12 ML of indium deposited while sample

3 had 36 ML of indium deposited. The latter is the sample that is discussed in 3.3.

All three samples had substrate temperatures of 133°C± ⇡ 3°C.

Figure 3.2: False-color elemental composition maps of three di↵erent samples of in-
dium islands; Sample 1 (a, b, c), Sample 2 (d, e), and Sample 3 (f). The 20nm scale
bar applies to a, b, and c, and the 200nm scale bar applies to d, e, and f. The lower
growth rate of indium for Sample 2 and 3 results in the larger island size. Red cor-
responds to In, blue to As, cyan to GaAs, purple to InGaAs, and yellow to oxygen.
Oxygen has been omitted from (f) to increase the visibility of As.

In each island analyzed it is clear the surface of the island has oxidized, oxygen

omitted from Fig. 3.2 (f) to increase the visibility of As, and there is unwanted arsenic
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at the base of each island. The excess arsenic is likely due to having an arsenic rich

surface when indium islands begin to be deposited. It is unclear why this excess

arsenic only forms in rings around the bottom of the islands but it is consistently

seen. Looking at the center region of the islands an indium concentration of 66.0%,

89.9%, 82.5%, 94.7%, and 96.1% was measured for islands in Fig. 3.2 (a), (b), (c),

(d), and (f), respectively. While the island in Fig. 3.2 (a) has more arsenic spread

through the island than the rest there isn’t a large di↵erence in the amount of arsenic

throughout the islands relative to the arsenic clear time. As discussed previously, the

surface of the sample is likely arsenic rich due to the growth conditions prior to the

indium islands. From an indium/arsenic phase diagram [112] it can be ascertained

that at a substrate temperature around 130°C both InAs and As will be present for an

arsenic percentage above 40%, as would be the case within the initial few monolayers

of the island growth. Thus, the further from the surface where the EDS measurements

are done, a higher indium percentage would be expected to be found.

3.1.2 Growth dynamics

To understand more fully how the indium islands form and develop, a systematic

series of samples were grown with all the same growth conditions except the amount

of indium deposited. These conditions are similar to those discussed earlier except

with no quantum dots or quantum wells grown beneath the islands. So a 400 nm

GaAs bu↵er layer, for a higher indium surface mobility, is grown at 0.4 ML/s and

with a substrate temperature of ⇡ 580°. The substrate heater is turned o↵ upon

completion of that layer and at 300°C the arsenic flux is turned o↵ and the substrate

heater is turned to 4.7 A. After 4 hours, tAsclear , the substrate temperature is 130°C

(type-C thermocouple) and indium is deposited at 0.7 ML/s. Over the deposition

time the substrate temperature is constant within a few degrees. After completing

deposition of the indium islands the substrate is removed from UHV within five

minutes to rapidly cool to room temperature (thermally quench) and prevent any

possible reorganization of indium that could occur while the sample slowly cooled

in ultra high vacuum conditions. AFM and SEM images are used to characterize
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the samples and standard image processing techniques are used to identify the island

heights and diameters and measure the density of the islands for each sample. These

standard image processing techniques for particle counting and size measurement can

be scripted in software such as Matlab and imageJ [113]. The results are summarized

in Fig. 3.3, Fig. 3.4, and Fig. 3.5 with representative images that formed this data in

Appendix A.

As the islands begin to form, the surface roughness of the sample is seen to change,

Fig. A.1. X-ray reflection measurements have been attempted to determine if there

is an indium or InAs wetting layer but the results are inconclusive due to there likely

only being a monolayer of material. The best reasoning as of yet is that the surface

roughness is coming from the formation of an InAs wetting layer as the thickness

approaches the critical thickness of InAs on GaAs [37]. At a temperature below

300°C arsenic is able to begin to form layers on the surface of the substrate [34].

Despite turning the arsenic flux o↵ at or before the substrate reaches a temperature

of 300°C there is still arsenic in the chamber due to the over arsenic pressure, hence

the tAscleartime period. In addition the substrate temperature is falling rapidly during

this time period so cutting the arsenic flux o↵ at a set temperature is not as accurate

as one might like. Thus it appears that the islands are forming under Volmer-Weber

growth conditions but with a thin, possibly incomplete, InAs layer. By bringing the

substrate back up just above the 300°C mark the arsenic could be evaporated from

the substrate. This can be accomplished by monitoring RHEED, however, the arsenic

rich surface was not an issue for this present study.

Between 1.4 ML and 2.1 ML of indium being deposited is when islands form. Only

three indium islands were formed on the 2.1 ML sample over an area of 2.17⇥106 µm2

being inspected from SEM images, while no islands were found on the 1.4 ML sample

while inspecting a similar sized area. As the amount of indium deposited increases

the size and density of islands increases as is expected aside from a jump towards the

last data point. This could be a sign of coalescence of the islands as islands merge

and thus increase in size rapidly. Further discussion of this will come later. The

trends in island size are seen in Fig. 3.3 where average heights (h) and diameters (d)
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of islands are plotted. Starting from ⇡ 5 ML of indium deposited the aspect ratio,

h/d, is fairly flat, also shown in Fig. 3.3. This is a sign that equilibrium growth has

been met [114]. Even when there is a jump in the diameter of the islands the aspect

ratio stays constant due to the jump in the height, possibly a more convincing sign

of coalescence of the islands.

Figure 3.3: Plot of the average diameter (black circles), average height (black tri-
angles), and resulting aspect ratio (blue squares) as a function of amount of indium
deposited. Signs show island formation early followed by equilibrium growth from
about 5 ML to about 20 ML. At about 20 ML signs of coalescence appear.

While the average height and average diameter are more practical to look at, the

distributions in diameter begin to show a di↵erent story. Fig. 3.4 shows that around

12 ML of deposited indium there is a split where two distinct island sizes are formed.

Below 12 ML the distribution is Gaussian shaped but above there are two clear peaks

in the distribution. Also above 12 ML the larger sized island diameter begins an

exponential increase in size, a behavior not seen in the smaller island size. Between

16.8 ML and 25.2 ML the size of the smaller diameter islands is fairly constant while
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there is a large increase in the larger diameter. This is another sign that the smaller

islands are coalescing with the large islands. While this behavior has not been fully

investigated in regards to the heights of the islands due to low number of statistics

provided by AFM images, signs of this same behavior are seen in individual AFM

images as expected.

Figure 3.4: Plot of island diameters showing peak island diameters rather than average
diameters as in Fig. 3.3. Two distinct island sizes appear around 12 ML of deposited
indium.

Turning to the relation between the amount of material deposited and the indium

island density, there are three distinct regions of the plot in Fig. 3.5. In the beginning,

island formation, there is a sharp increase in density relative to the amount of indium

deposited. Following this there is a region where the density is fairly constant. This

corresponds to the region where the aspect ratio begins to be fairly constant as well,

Fig. 3.4. In this equilibrium growth the density is constant, i.e. minimum number

of new islands forming, and the size of the islands is increasing but equally in height

and diameter. Lastly, there is a region where there is a steep increase in the density
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Figure 3.5: Plot of density of the indium islands versus the amount of indium de-
posited. During the initial growth the increase is very steep before flattening out
during the equilibrium growth time. Around where two distinct island sizes form
there is an increase in density but with a less steep slope. Note the data point circled
in red is from a sample that wasn’t thermally quenched (i.e. it was allowed to cool
in in UHV).

but not as steep as in the initial island formation. This corresponds to roughly

where two distinct island sizes are seen, Fig. 3.5. This behavior is rather peculiar

but reminiscent of time dependance of the mean size of particles under conditions of

simultaneous nucleation and growth processes in a supersaturated solid solution [115].

In that case, early in time there is a sharp increase in mean size before a time period

where the size is constant with a Gaussian distribution before competitive growth.

During the competitive growth region is where the size distribution follows the cubic

dependance of the Lifshitz-Slyozov law [116]. This behavior appears to present in

the average diameter, Fig. 3.3, but is much more clear in the density, Fig. 3.5. The

competitive growth period is a sign of coalescence but in the case of the deposition

of indium islands there is still a constant amount of indium being added to the
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substrate, which is not the case in supersatured solid solutions. For the circle data

point in Fig. 3.5, the sample was left to cool under ultra high vacuum conditions. This

meant it could cool slowly compared to a sample that cooled in atmosphere right after

deposition was finished. Thus, there was more coalescence which occurred resulting

in the drop in density. However, the island sizes are qualitatively the same. For the

upper data point at 25.2 ML in Fig. 3.5, from SEM images and high quality AFM

images (see Appendix A) the islands can be seen to have moved on the substrate. A

trail of material seems to be left on the substrate surface from top down SEM images

but from AFM images it is clear that material is being removed. This behavior is

reminiscent of di↵usion seen in 2D homoepitaxial islands, metal islands deposited on

the same metal substrate, [117].

From top-down SEM images and AFM images the diameter and peak height have

been attained, but the complete profile of the islands isn’t accurately attained. The

AFM images from the Nanosurf AFM in the QNOS lab tend to show ringing due to

the change in height from the island despite high resolution settings (2048 pixels/lines)

and slow scan speeds (4 s/line). From the TEM cross sections in Fig. 3.2 it can be

seen that the island profile varies for di↵erent sized islands. The islands shown in

Fig. 3.2 (d) and (e) are the 8.4 ML sample while (f) is the 25.2 ML sample from this

series. Fig. 3.2 (a), (b), and (c) are of the sample discussed in Section 3.2.2 where

the deposition rate of indium was 0.543 ML/s. To investigate further the evolution

of the island shape, SEM images at a 75° angle were taken. While not as ideal of a

technique as TEM cross sections, the SEM does not require lengthy sample prep and

still allows for high resolution images of single islands as well as a wide view. Several

representative images of single islands for the 2.8 ML (a), 16.8 ML (b) & (c), and

25.2 ML samples are shown in Fig. 3.6. The 2.8 ML sample shows significant amount

of material surrounding the island. This is just after the formation of the islands, i.e.

the growth is still in the nucleation stage [114,118]. The island profile of the 2.8 ML

island, Fig. 3.6 (a), and the smaller island of the 16.8 ML sample, Fig. 3.6 (c), have

nearly the same profile and size. This is expected as the latter island is in a similar

stage as the formation of the former island. The profile stays constant in shape for the
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larger island of the 16.8 ML sample, Fig. 3.6 (b). However, the profile of the 25.2 ML

sample clearly shows a flat top surface, Fig. 3.6 (d). This is also where the behavior

in the data Fig. 3.3, Fig. 3.4, and Fig. 3.5 changed as well. The combination of all

these di↵erent ways of looking at the 25.2 ML sample shows that the smaller islands

are coalescing with the larger islands leading to a larger diameter of islands with the

height remaining constant due to the shape change. It is expected that this change

in shape would remain if more material were deposited until significant coverage of

the substrate occurred or further coalescence occured.

(a) (b)

(c) (d)

Figure 3.6: SEM images at an angle of 75° for the (a) 4 ML growth, (b) 16.8 ML
growth large island size, (c) 16.8 ML growth small island size, and (d) the 25.2 ML
growth.

Much of the behavior discussed in this section is reminiscent of other material sys-

tems such as supersaturated solid solutions and submonolayer metal depositions [119].

However, the indium island depositions discussed here have been well above the sub-

or few monolayer regime. In addition, it is a metal on semiconductor rather than
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the typically studied metal on metal [114, 119] or metal on insulator [114]. Under-

standing the growth dynamics and limitations can help with the design of optimum

self-assembled plasmonic and superconducting structures such as those that are dis-

cussed below.

3.2 Plasmonic results

The main intrigue of the indium islands is being able to grow the indium islands

in the same continuous process, without any post MBE growth fabrication, as the

III-V quantum confined semiconductor preventing any surface oxidation between the

quantum confined structure and the plasmonic structure. While there has been work

done with III-V/indium structures before [120], the enhancement of single quantum

dot emission lines is not clear and the work was more qualitative than quantitative.

Thus the work below was embarked upon.

3.2.1 Quantum dot photoluminescence enhancement

To see the e↵ect of the indium islands on near-surface quantum dots two separate

samples were grown. Each growth was under the same growth conditions up until

the indium island growth took place. A 7 nm GaAs capping layer was grown on each

sample (to once again be around the 1/e coupling distance discussed in section 2.1

and [28]) and the resulting density of the quantum dots was ⇡ 80 µm�2. For the sam-

ple with indium islands, the resulting island density was ⇡1 µm�2 with dimensions of

120 nm in diameter and 50 nm tall, resulting in the plasmonic resonance overlapping

the ensemble quantum dot emission quite well as seen in Fig. 3.7. This resulted in

a 4.08⇥ enhancement in the peak photoluminescence intensity and a 6.66⇥ enhance-

ment in the integrated photoluminescence intensity due to the indium islands [105].

Considering the low density of both quantum dots and indium islands this is quite a

large enhancement. For comparison, using Eq. 1.3 and the electric field 7 nm below

an indium island, seen in Fig. 3.8, an enhancement of ⇡ 35 would be expected if

the islands and quantum dots were perfectly spectrally overlapped, spatially located,
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and aligned appropriately with a 7 nm GaAs cap separating the islands and the InAs

quantum dots. This is calculated from nGaAs ⇡ 3.5, Q ⇡ 10, V ⇡ 125 µm�3, and �c

= 1 mum.

Figure 3.7: Photoluminescence enhancement of quantum dots with a 7 nm capping
with (black) and without (red) indium islands. The indium island resonance is also
shown (blue).

Many groups have reported similar or higher enhancement factors for various

plasmonic/QD systems [46, 49, 121, 122]. To put this result in context one must

look closer at the densities of the plasmonic structures and in the quantum dots. On

average there is about one quantum dot within the area of an indium island, so roughly

one quantum dot within the 1/e coupling range [28]. If this were the case then the

increase in the photoluminescence would be coming from 1/80th of the quantum dots.

Clearly, this is not the case as some quantum dots beyond the 1/e distance will be

interacting with the indium islands. If we expand the interaction area to a diameter

4⇥ the diameter of the islands, 480 nm, which is well beyond the distance that the

tail of the field of the indium islands would extend, then 1/5th of the quantum dots

would be accounting for the increase in photoluminescence. Thorough simulations

would be required to account for the the random distribution of both the indium
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islands and the quantum dots, but the two cases given allow for some comprehension

of the number of quantum dots responsible for the increase in photoluminescence.

Figure 3.8: Normalized electric field intensity beneath the indium island ‘hot spot.’
Insets show a normalized electric field through the center of an indium island with
a rough outline of the island dimensions. Note z = 0 nm corresponds to the inter-
face between the indium island and the GaAs and that the normalized electric field
intensity at z = 0 is ⇡ 0.7.

Samples were also prepped with a 3 nm GaAs cap with and without indium islands.

A negligible change in photoluminescence was seen despite reports of enhancement

with similarly constructed samples in the literature [43,100]. No larger capping thick-

ness above 7 nm was attempted as that would be beyond the 1/e coupling distance

discussed previously. Fig. 3.8 shows how quickly the normalized electric field inten-

sity falls o↵ below an indium island. The indium island is simulated in Sim3D Max



63

FDTD Simulator as a spherical cap with a base diameter of 120 nm and a height of 50

nm using a Drude model, ✏ = ✏1+ !p

2i!��!2 , for the complex-valued frequency-domain

susceptibility where !p = 1.9444 ⇥ 1016 rad/s, � = 3.4939 ⇥ 1014, and ✏1 = 1. The

FDTD simulation segments the curvature of the spherical cap shape, thus the high

field areas above the substrate are likely an artifact of this but the field below the

island should be accurate. Resonance is at 1 µm as expected by the shape of the

island.

3.2.2 Reduction in quantum well lifetime

Purcell enhancement is not the only process that can play a role in increasing the

photoluminescence of a system such as described above in section 3.2.1. Scattering

[123] can also play a role and in the case of comparing two MBE grown quantum

dot samples there could be some slight variations in quantum dot density and size

despite setting the same growth parameters for the quantum dots. While each of

these factors should result in minimal di↵erences, a more accurate way of measuring

enhancement is measuring the lifetime or time-resolved photoluminescence (TRPL).

For this measurement a near-surface In⇡0.2Ga
0.8As quantum well with a 5 nm GaAs

capping layer was used for a stronger signal. A labeled TEM image of this sample can

be seen in Fig. 3.9. For the comparison between samples with and without indium

islands, a piece of the sample had the islands etched away using HCl acid immediately

upon removal from high vacuum to minimize oxidizing the GaAs which is also etched

by HCl. The island density for this sample was ⇡ 16.5 µm�2 and the diameter was

again about 120 nm.

The TRPL measurements were made using a Micro Photon Device InGaAs/InP

SPAD (<150 ps timing jitter) in conjunction with a PicoQuant Hydraharp 400 count-

ing module, Princeton Instruments 750 mm spectrometer equipped with a 300 l/mm

grating blazed at 750 nm, and the sample was pumped with a titanium-sapphire laser

tuned to 795 nm with <35 fs pulse length and a repetition rate of 1 kHz that was

synced to the detector. The photoluminescence spectra and the transmission spectra

of the indium islands can be seen in Fig. 3.10(a). From this the spectrometer in the
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Figure 3.9: TEM image of an indium island, with a diameter of about 120 nm, above
an InGaAs quantum well with a 5 nm capping layer, or barrier.

TRPL setup was centered on the peak of the quantum well emission and the TRPL

was measured. Results after deconvolution of the detector response can be seen in

Fig. 3.10(b). From the island density and island size there is roughly 1/5th of the

sample covered with indium islands. This has resulted in about a 33% reduction in

the quantum well lifetime. Again this is some mixture of the lifetime of the enhanced

region of the quantum well, with various regions experiencing di↵erent degrees of

enhancement, and unenhanced regions of the quantum well. The enhancement is

partially lower due to the very broad resonance seen in Fig. 3.10(a), which is broader

than that seen in Fig. 3.7 due to a wider range in sizes. This was a compromise from

attempting a high density of islands. While this measurement still provides insight on

the enhancement due to the indium islands, it still isn’t a definitive sign of coupling.
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(a) (b)

Figure 3.10: (a) Photoluminescence spectra (blue) of the InGaAs QW without indium
islands and FTIR transmission spectra (black) showing resonance of the indium is-
lands. (b) Photoluminescence lifetime of a near-surface InGaAs quantum well capped
with 5 nm of GaAs with (black) and without (red) indium islands.

3.2.3 Transient pump-probe spectroscopy

For a more definitive study of coupling between indium islands and III-V quantum

confined heterostructures a pump-probe spectroscopy setup was built that would

cover the wavelength range necessary for InAs/GaAs QDs and InGaAs/GaAs QWs.

The setup is similar to that used in [29, 30] but utilizes a 1565 nm fiber laser with

two amplified arms, the first frequency doubled to 783 nm and the other emitting

a super continuum after a piece of highly nonlinear photonic crystal fiber [124]. A

diagram of the laser can be seen in Fig. 3.11. The detection scheme varies from [29,30]

as rather than chopping the pump beam and using a single channel detector with a

lock-in amplifier to read out �T , a Princeton Instruments OMA V array with a 500

mm spectrometer and a 600 l/mm grating is used to read out the spectra of the

transmitted super continuum beam. Independent telescopes were used for each beam

path to control the beam sizes prior to being brought colinear by a dichroic beam

combiner. The telescope for the pump beam used parabolic mirrors, to be achromatic

over the wide range of wavelengths in the super continuum, with focal lengths of 101.6

mm and 152.4 mm to expand the beam size. The telescope in the pump arm utilized

anti-reflection coated lenses with focal lengths of 200 mm and 150 mm to contract the

pump beam size. Using a 5 cm focal length lens the spot sizes of the pump and probe
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beams were measured to be ⇡ 50 µm and ⇡ 15 µm, respectively. This was measured

using a disassembled webcam within the cryostat at the sample position. This ensures

that the area of the sample being probed is uniformly pumped. A LabVIEW program

acquires spectra (or many spectra to average) from the InGaAs array, controls the

delay stage (Thorlabs LTS300), and controls shutters for each beam to control which

beams are reaching the sample.

Figure 3.11: Schematic of the fiber laser with a frequency doubled 783 nm output
(pump) and a super continuum output (pulse). Slits between the compression prisms
in the super continuum arm allow for control of the spectral characteristics of the
super continuum. Additional free-space polarization optics in each arm allow for
power optimization of the nonlinear processes.

To initially setup the fiber laser pump-probe setup the nano-antenna samples

from [30] were used. With the slits between the compression prisms of the super

continuum arm, the probe was tuned such that the seed laser was cut out of the

super continuum spectra. The pump arm could provide 4.15 mW at 783 nm with

a 33 MHz repetition rate. With this configuration the pump-probe dynamics were

confirmed and the system was operating similarly to the setups in [29, 30], although

with more noise as seen in Fig. 3.12. From this proof of operation the slits were

tuned such that wavelengths above ⇡ 1250 nm were cut out in order to look at

indium islands in resonance with an InGaAs quantum well with emission at 1200

nm. The super continuum has less power in the region but the exposure time for
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the InGaAs array compensates for this while, averaging more spectra helps combat

the decrease in signal to noise ratio. The expected pump-probe characteristics of the

bare quantum well were observed, however, no change due to the indium islands was

observed. Several reasons account for this. First, the density of the indium islands

with a resonance at 1200 nm is a fairly low density, ⇡ 20 µm�2. This results in a weak

plasmonic resonance and a low number of islands for the coupling to the quantum well.

Secondly, the islands are quite round, circular from top down with a height profile

that is between spherical and Gaussian-like. This leads to lower field strengths and

less defined high field points (i.e. larger mode volume), see Fig. 3.13, than were looked

at previously where the high electric fields are seen to be well defined at the corners

of the structures. The larger mode volumes result in a lower local density of optical

states (LDOS). This leads to a lower coupling parameter. These first two points are

similar to what was observed when comparing patch antennas to split ring resonators

and staggered nanorods [30]. It was expected that the patch antennas would have

stronger coupling due to the larger dipole moment, but due to the decrease in mode

volume and packing e�ciency compared to the other two antenna structures this was

not the case. Lastly, for the InGaAs QW emitting at 1200 nm the In concentration

is 0.27 leading to a large strain and reduction in quality. This reduces parameters of

the quantum well responsible for e�cient coupling [45].

Figure 3.12: Pump probe data on an array of patch antennas on top of a near-surface
quantum well with a resonance at � = 1500 nm. Data matches that seen in [30] up
to small DC o↵sets and the ⇡ 0.2% noise in the signal. Pump power of 0.5 mW used.
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Figure 3.13: Near-field enhancement from FDTD simulations 5 nm below an indium
island with 120 nm diameter. The height profile is modeled as a spherical cap with a
peak height of 50 nm above the substrate.

Overcoming the mode volume of the self-assembled indium islands is di�cult,

although faceted pyramid shapes have been achieved at lower substrate temperatures

which would likely have a more favorable mode volume if these could be brought into

resonance with the III-V quantum emitters. Increasing the density of the indium

islands and moving the quantum well and island resonance to shorter wavelengths is

possible; however, the power in the super continuum below a wavelength of 1150 nm

is low. This can be compensated for by the exposure time of the InGaAs array but

the signal to noise ratio is detrimental.

3.3 Superconductivity in indium islands

Bulk indium has a superconducting transition at 3.4 K [57], and it has previously been

observed that the superconducting transition varies as a function of particle size in

indium powders for sizes less than 120 nm [125]. To investigate the superconductivity

of the indium islands, gold contacts were fabricated, illustrated in Fig. 3.14 (a),
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using electron beam lithography and a lift-o↵ technique. The islands were located

relative to gold fabricated markers using a previous lithography and lift-o↵ step. The

results of measurements on a 2.3 µm diameter island are shown in Fig. 3.14 (b). The

superconducting transition for this island is at 3.33 K [126]. The inset of Fig. 3.14

(b) shows a critical current at 0.4 K of 217 µA consistent with that measured for

bulk [57]. Fabricating gold contacts to smaller islands has proven to be more di�cult

as SEM images become necessary for locating islands relative to smaller fabricated

markers and thus there is a decrease in room for error in contacting the island near

the outside edge. This is still an area of ongoing work in the QNOS group.

(a) (b)

Figure 3.14: (a) SEM image of an indium island with gold contacts fabricated to the
island. (b) Zero-bias di↵erential resistance measurement showing drop in resistance
at 3.33K at the on set of the superconducting transition. Inset shows di↵erential
resistance vs. bias current at 10K (red) and 0.4K (blue).

With the indium islands being superconducting and grown directly on semicon-

ductor they o↵er an intriguing platform as a superconductor-semiconductor hybrid

source. Through the proximity e↵ect [127, 128] material in contact with a super-

conducting material gains some superconducting properties. It has been shown that

this e↵ect takes place over a distance of several microns in III-V materials [129–131].

Due to the proximity e↵ect the electronic density of states in both the semiconductor

and metal are altered near the interface. When the two materials are brought into

contact, the superconductor develops new states within the normal superconducting

energy gap and at the same time the non-superconducting material forms a gap in the
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density of states around the Fermi energy [132]. This gap is smaller than that of the

intrinsic superconductor and decreases as one moves away from the interface, but in

regions that contain this gap it is possible to pass a supercurrent, carried by correlated

Cooper pairs [133]. The figure of merit for the strength of the proximity e↵ect in a

particular material is the coherence length of the Cooper pairs in the ‘normal’ mate-

rial. It can be calculated as a distance in nanometers from 9.16⇥ 10�4(N
3D)1/3/T 1/2

where T is the temperature in Kelvin and N

3D is the electron concentration in the

‘normal’ material [134]. Typical III-V semiconductors have a coherence length greater

than several hundred nanometers.

While the superconducting proximity e↵ect leads to many unique electrical prop-

erties and new quasi-particles like the Majorana fermion [135], of interest here are

the optical properties of semiconductors under the influence of the proximity e↵ect.

While superconducting detectors have been used for quite some time as single pho-

ton detectors [136, 137], since a single photon can destroy the superconductivity in

nanowire-sized region due to the high energy of the photon compared to the Cooper

pair binding energy, the creation of photons and transfer of coherence from Cooper

pairs recombining with holes in a semiconductor is a recent area of interest. Utiliz-

ing Cooper pair recombination in hybrid semiconductor/superconductor structures

has been theoretically shown to lead to entangled photons [138]. Experimentally,

it has recently been shown that enhanced luminescence from quantum dots in close

proximity to superconductors [139, 140] and a modest enhancement in the radiative

recombination rate in such a structure has been achieved [141]. Similar experiments

have also been done with quantum wells in close proximity to superconductors [142].

However, it has yet to be shown that this leads to a transfer of coherence.

The indium islands, grown in one single process, allow for the highest quality

interface with the nearby semiconductor. It has been shown in 3.2.1 and 3.2.2 that

the e↵ect of the indium islands in a non-superconducting state on nearby quantum

confined heterostructures is significant. Utilizing the proximity e↵ect allows the in-

teraction distance between the superconducting indium islands and the quantum

confined heterostructures to be increased allowing for higher quality quantum dots
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and quantum wells. On the other hand, having such structures at closer distances

increases the probability of having Cooper pair recombination with the desired holes.

In either case, it is necessary to dope the structure to allow Cooper pairs to make

it into the semiconductor material. As such, silicon has recently been added to the

QNOS MBE and has been calibrated as a dopant to begin growing such samples.

Another experimental issue is addressing the appropriate sites on the sample

within an environment below the superconducting transition. For this a Janis Re-

search Company He-3 TLOS optical cryostat, capable of reaching ⇡ 400 mK, is used.

This is the same cryostat that the superconductivity measurements were made in.

The distance between the optical windows and the sample mount is roughly three

inches which prohibits the use of an external high numerical aperture objective. One

way around this is utilizing high numerical aperture aspherical lenses inside the sam-

ple area [143]. A schematic of such a mount can be seen in Fig. 3.15. This sort

of mount can utilize o↵-the-shelf aspherical lenses with numerical apertures up to

0.68 (Thorlabs 352330-B). While this addresses the issue of spot-size and e�cient

signal collection, allowing for the area around a single island to be probed, sample

positioning would still need to be addressed.
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(a) (b)

Figure 3.15: (a) Back side view of a schematic for a possible optics mount internal
to the Janis He3 cryostat. (b) Side view of same mount. Blue represents mounts,
gold represents precision dowels, grey represents set screws to adjust the focus of the
optic, white represents the optic, and red represent the cryostat cold finger. In (b)
the outside mounts hold optics while the center mount is the sample mount.
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Chapter 4

Conclusion and Future Directions

Throughout this dissertation it has been shown how plasmonic nanostructures, with

the low-Q but large mode volume, can o↵er some of the same benefits as high-Q

dielectric nanocavities. This has specifically been shown with self-assembled indium

islands which are grown in the same process and in close proximity to quantum

confined heterostructures. This a↵ords plasmonic enhancement without the need

for fabrication after the epitaxial growth. Beyond the plasmonic enhancement, the

growth dynamics of the epitaxially grown indium islands were investigated allowing

for tuning of the plamonic resonance from a wavelength of 1 µm to 8 µm. These

larger islands show promise for superconductor/semicondcutor hybrid sources. An

indium island sample with island diameters of ⇡ 2 µm has been shown to have

superconducting indium islands. Below I will discuss various projects where indium

islands o↵er a promising line of research as well as where other materials might

improve on the qualities of the indium islands for some of the research discussed

earlier.

One place where indium islands have a promising future are for the growth of

InAs quantum dots on silicon. It has previously been shown that indium islands can

be turned into low density InAs quantum dots on GaAs [144]. Combining the results

in this work with the recent growth of site-selective GaAs/InAs nanocrystals [145]

o↵ers a promising platform for direct growth of III-V quantum dots on silicon. While

the work in [145] does not provide optical emission of the GaAs/InAs nanocrystals

an alteration of the growth technique has been used, specifically growing metallic

indium and converting it to InAs, which should still allow for the site-selective growth

to take place and providing a more precise way of introducing InAs that can then

be capped by GaAs. This is important as the nanocrystals in [145] seem to more

closely resemble II-VI core-shell quantum dots. The GaAs ‘shell’ has been shown to

be limited in its thickness thus the InAs ‘core’ must be precisely controlled. Similar
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growths could provide a way to protect the indium islands with a thin InAs layer

over the islands before growing more GaAs. This would allow for a thicker GaAs

cap for InAs quantum dots grown beneath the indium islands and thus providing

higher quality InAs quantum dots that would then be coupled to the indium islands.

Similar work is being done with ErAs metal nanoparticles where the carrier transfer

has been seen between InAs quantum dots and the metal nanoparticles [146], but

no enhancement in luminescence has been observed yet for ErAs or ErAsSb metal

nanoparticles [147]. One last possibility for improving the near-surface quantum dots

to be coupled to indium islands is through delta-doping the very top layer of the

capping layer to passivate the surface. This has been shown to result in marginally

broadened single quantum dot lines with only a 15 nm capping layer [148]. With the

recent introduction and calibration of silicon as a dopant in the QNOS MBE this is

now a line of research that can be embarked upon. This scheme allows for improved

quantum dots through the passivation while still being in a single growth process.

For superconductor/semiconductor hybrid sources indium islands o↵er the high

quality interface desired for the maximum transfer of coherence from the Cooper pairs

in the superconductor to the holes in the semiconductor. The recent introduction and

calibration of silicon as a dopant in the QNOS MBE also now allows for this study of

an n-doped semiconductor structure which greatly reduces the Schottky-barrier from

an otherwise undoped structure. While this is an ongoing area of research in the

QNOS lab, the 3.33 K critical temperature measured for the indium islands leads to

di�culty in measuring the optical emission and transfer of coherence below the critical

temperature. A suggestion for optics internal to the cryostat has been made already.

Other options are to move to other materials. Much of the work in this area has

been attempted with niobium or niobium nitride as these materials o↵er high critical

temperatures which are achievable, and surpassed by several degrees, by standard

optical helium cryostats. Common metallization chambers already connected to many

MBE chambers [32] could be used for deposition of these materials or these materials

could be grown by MBE [149, 150]. Both cases would prevent the oxidation of the

surface between the semiconductor and superconductor despite needing some post-
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growth etching. The latter requires some specific upgrades that aren’t necessarily

common on most MBE chambers but would open up the possibility for III-nitride

semiconductor/superconductor hybrid sources.

Single quantum emitters in 2D materials have been discussed in regards to incor-

poration with silicon photonic crystals but could also play a role in future plasmonics

as well as in superconductor/semiconductor hybrid sources. For plasmonics, the high

quality 2D emitter in a monolayer of material brings the quantum emitter in much

closer proximity than can be achieved with either III-V or II-VI quantum dots. While

fabrication could be a challenge, if a plasmonic structure was placed on top of a single

emitter in WSe
2

, or vis versa, then near theoretical plasmonic enhancement could be

achieved. In addition, single emitters in 2D materials could be brought into direct

contact with superconducting materials. The advantage 2D materials o↵er is due

to the monolayer nature of the materials the proximity e↵ect is only necessary in

that plane, i.e. the Cooper pairs travel in two dimensions. This should allow for

higher probability of Cooper pairs to recombine with holes in the single quantum

emitters as the separation between the superconductor and the quantum emitter can

be much less than the coherence length of the Cooper pairs in the 2D material. The

drawback is the typical exfoliation of the 2D material leads to low yield and small

areas of monolayer material. However, once the monolayer area is identified, the su-

perconducting material can then be formed on the surface of the 2D material with

a standard lift-o↵ procedure. Several other possibilities exist for the fabrication of

such a sample including exfoliation onto a superconducting film or exfoliation onto

an air gap in a superconducting film. Both cases would allow for optical pumping

while the latter case would allow for electrical pumping as well. The latter case would

also most resemble the semiconductor pillar structure used in recent studies [139,141]

with surrounding superconducting material as in the III-V structure discussed above.

An alternative structure could be constructed out of only 2D materials as several 2D

materials, namely NbSe
2

and FeSe, are superconducting. FeSe has demonstrated high

temperature superconductivity [151], T = 65 K, in single layers a↵ording the oppor-

tunity to see the influence of Cooper pairs on the optical properties of a quantum
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emitter far from the high e�ciency regime of the quantum emitters. NbSe
2

has been

shown to have a critical temperature that changes with the number of monolayers

of materials from 3.0 K for a monolayer of material to 6.9 K for bulk material [152].

Utilizing NbSe
2

would allow for the study of the same quantum emitters while chang-

ing the critical temperature of the surrounding superconducting material through

multiple exfoliation steps.
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Appendix A

Growth Dynamics Data

To support claims and discussion in Section 3.1.2 further SEM and AFM images as

well as size distributions are shown in this appendix. The growth parameters are the

same as discussed in Section 3.1.2 with only the amount of indium deposited changed

unless otherwise noted in the caption. Once again deposition amounts and rates are

given in terms of the calibrated values for InAs, i.e. if 5 ML of indium is deposited it

is really the amount of indium that would be deposited for 5 ML of InAs but in the

absence of arsenic.

(a) (b) 0.7 ML deposited

Figure A.1: AFM image (a) with 3D profile (inset) and 20,000⇥ magnification SEM
image (b) of an indium island sample with 0.7 ML of indium deposited.
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(a) (b) 1.4 ML deposited

Figure A.2: AFM image (a) with 3D profile (inset) and 30,000⇥ magnification SEM
image (b) of an indium island sample with 1.4 ML of indium deposited. Again no
islands are formed for this growth. Both SEM and AFM images show a rough surface
with the high spots elongated compared to the 0.7 ML growth.
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(a) (b) 2.1 ML deposited

Figure A.3: AFM image (a) with 3D profile (inset) and 50,000⇥ magnification SEM
image (b) of an indium island sample with 1.4 ML of indium deposited. Only three
clear islands found in 910 SEM images covering a total area of 2.17⇥106 µm2. Island
diameter is ⇡150nm. AFM image shows a rougher surface than the 0.7 ML and 1.4
ML growths.

(a) (b) 2.8 ML deposited

Figure A.4: SEM images with 50,000⇥ magnification (a) and 1,200⇥ magnification
(b) of an indium island sample with 2.8 ML of indium deposited. The surface rough-
ness of the sample can be seen in (a) and more clearly in the AFM image in the
inset.
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(a) (b) 2.8 ML deposited

Figure A.5: Distribution of island sizes for the 2.8 ML sample in Fig. A.4. 190 islands
analyzed for the distributions.

(a) (b) 4.2 ML deposited

Figure A.6: SEM images with 50,000⇥ magnification (a) and 1,600⇥ magnification
(b) of an indium island sample with 4.2 ML of indium deposited. The surface rough-
ness of the sample can once again be seen in the high magnification SEM image
(a) and more clearly in the AFM image in the inset where the valleys appear more
pronounced than compared to the 2.8 ML growth.
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(a) (b) 4.2 ML deposited

Figure A.7: Distribution of island sizes for the 4.2 ML sample in Fig. A.6. 302 islands
analyzed for the distributions.

(a) (b) 8.4 ML deposited

Figure A.8: SEM images with 2,500⇥ magnification (a) and 25,000⇥ magnification
(b) of an indium island sample with 8.4 ML of indium deposited. Inset shows and
AFM image still showing some roughness surrounding the island but decreasing from
samples with smaller amounts of indium deposited. *30min GaAs bu↵er (half as thick
as other samples) and 15 hr arsenic clear versus 4 hr. Neither of these changes in
growth conditions are expected to make a di↵erence in the size and distributions of
the islands.
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(a) (b) 8.4 ML deposited

Figure A.9: Distribution of island sizes for the a similar 8.4 ML sample in Fig. A.8
(Normal GaAs bu↵er, and 4 hour arsenic clear). 1365 islands analyzed for the distri-
butions.

(a)

(b)

12.6 ML deposited

Figure A.10: SEM images with 2,500⇥ magnification (a) and 6,000⇥ magnification
at an angle of 75°(b) of an indium island sample with 12.6 ML of indium deposited.
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(a) (b) 12.6 ML deposited

Figure A.11: Distribution of island sizes for the 12.6 ML sample in Fig. A.10. 5933
islands analyzed for the distributions.

(a) (b) 16.8 ML deposited

Figure A.12: 2,500⇥ magnification SEM image (a) and plane view and 3D view of
an AFM image (b) of an indium island sample with 16.8 ML of indium deposited.
Two distinct island sizes, ⇡1.7 µm and ⇡0.75 µm in diameter. Possible sign of
redistribution or coalescence on the SEM images from the ‘tracks’ seen around some
islands. This is seen on samples with larger amounts of indium deposited but not on
samples with lower amounts of indium deposited.
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(a) (b) 16.8 ML deposited

Figure A.13: Distribution of island sizes for the 16.8 ML sample in Fig. A.12. 6716
islands analyzed for the distributions.

(a) (b) 25.2 ML deposited

Figure A.14: SEM image with 3,000⇥ magnification (a) the same SEM image after
image processing (b). It is clear that the image processing begins to break down due
to the ‘tracks’ and islands being nearby each other but that the size distribution is
more continuous.
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(a) (b) 25.2 ML deposited

Figure A.15: Distribution of island sizes for the 25.2 ML sample in Fig. A.14, removed
to cool in atmosphere. 10504 islands analyzed for the distributions. The ‘tracks’ from
the indium islands movement inhibit accurate size distribution by the size distribution
is more continuous and resembles the Lifshitz-Slyozov law.

25.2 ML deposited

Figure A.16: AFM image of two indium islands coalescing. The large island appears
to have circled the small island leaving a thin film indentation in its path suggesting
the removal of the top surface.
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(a) (b) 25.2 ML deposited

Figure A.17: SEM images with 1,000⇥ magnification (a) and 20,000⇥ magnification
(b) of an indium island sample with 25.2 ML of indium deposited which was allowed
to cool in ultra high vacuum condition..

(a) (b) 25.2 ML deposited

Figure A.18: Distribution of island sizes for the 25.2 ML sample in Fig. A.17, which
was allowed to cool in ultra high vacuum condition. 104 islands analyzed for the
distributions.
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1. Introduction 

The use of photonic crystal nanocavities as a means of confining light has led to an active 
field of cavity quantum electrodynamics research in the solid state. Specifically, the 
interaction between such confined fields and matter has led to the observation of a number of 
fundamental quantum optics results in semiconductors [1-3]. The primary way of enhancing 
such interactions between light and matter is to increase the ratio of quality factor Q to 
effective mode volume V. Increasing Q provides longer photon storage times, which leads to a 
greater chance of interaction between the light and the matter. Decreasing V leads to higher 
field intensities in the cavity, and hence stronger interactions between the light and the matter. 
High Q and small V are pursued by the semiconductor cavity QED community because they 
are essential for large Purcell enhancement (Fp v Q/V) of spontaneous emission  and for a 
large vacuum Rabi splitting (VRS v Q/√V) [1, 2, 4-6]. 
 Cavity QED experiments with quantum dots (QDs) as the active emitters are usually 
performed at cryogenic temperatures. In this temperature regime, radiative recombination of 
excited carriers is the dominant decay mechanism, and hence the dots are easily studied by 
optical spectroscopic techniques. As a result, the standard technique of measuring cavity Qs 
using QD photoluminescence usually requires expensive helium cryostats. Since 
characterizing cavity Qs is a time consuming task for researchers in this field, techniques have 
been developed to enable measuring Qs independently of the active emitters, and hence at 
room temperatures. Measuring a probe signal in a cross-polarized resonant scattering 
configuration [7-8] and using a tapered microfiber probe [9-10] are two such techniques that 
have been developed and employed specifically for semiconductor cavity QED. 
 We report the results of our investigations of 1D photonic crystal nanobeam cavities by 
means of a microfiber tapered loop. Using this method to investigate silicon nanobeams on a 
silica substrate, we have measured the highest Q/V ratio reported for such devices. We present 
the results of these experiments, as well as a comparison between the two methods of cross-
polarized resonant scattering and tapered fiber transmission. We observe an asymmetric 
lineshape of the cavity modes using both approaches, and show that the asymmetry can be 
varied in the case of the tapered fiber by varying the input polarization of the probe field. 
 
2. Photonic crystal design and fabrication 
 
The cavity considered here is a nanobeam cavity, which is essentially a wavelength-scale 
Fabry-Perot etalon formed by sandwiching a 1D photonic crystal waveguide between 1D 
photonic crystal Bloch mirrors, as shown in Figure 1. In the transverse directions, the light is 
confined in the nanobeam by total internal reflection. By smoothly tapering the air hole radius 
and the corresponding lattice constants in the mirror sections, the scattering loss is minimized 
and a high Q is achieved [11-12]. 3D finite-difference time-domain (FDTD) simulations [13] 
reveal that the cavity exhibits a reasonably high Q in excess of 500,000 with very low mode 
volumes, even though it is placed on a low index substrate.  The region of tapered holes in the 
center of the nanobeam effectively confines the light, analogous to a Fabry-Perot spacer. 
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Figure 1. Schematic of cavity geometry with normalized electric field energy density ε|E|2 
through mid-plane of Si slab showing maximum concentration in cavity region. With the lattice 
constant in the mirror section as “a”, the tapered section lattice constant ranges from 0.98a to 
0.86a in 0.02a decrements, ending in the cavity section with 0.84a. Hole radius is 0.3 times the 
local lattice constant. For a 220 nm Si slab on bulk SiO2 with a = 410 nm, the computed Q is 
519,083 at λ = 1490 nm and mode volume V = 0.27(λ/n)3 with n = 3.53. 

 
 The nanobeams are fabricated using electronics grade silicon-on-insulator with a 220 nm 
silicon device layer and 2 μm buried oxide.  To prepare the samples for electron-beam 
lithography, the wafers are manually cleaved, cleaned with acetone and isopropanol, and the 
native oxide is removed by a short dip in 10:1 buffered hydrofluoric acid.  The samples are 
then baked at 180 ºC, spin-coated with 2 percent PMMA 950K in chlorobenzene, and baked 
again at 180 ºC for 5 minutes.  Electron-beam lithography is performed in a Leica EBPG 
5000+ at 100kV.  Following electron-beam exposure, the samples are developed in 1:3 
MIBK:IPA for 60 seconds, rinsed in IPA, and dried with nitrogen.  After development, the 
wafers are etched using an Oxford Instruments Plasmalab System100 ICP380 with a mixed-
mode gas chemistry consisting of SF6 and C4F8. Figure 2 shows SEM images of one of our 
nanobeam cavities. 
 

 
 

Figure 2. (a) SEM image of a nanobeam cavity. (b) SEM image of the center of a nanobeam, showing 
region of tapered holes. 

 
3. Fiber transmission measurement 
 
We investigate the spectral response of our nanobeam cavities by means of a curved, tapered 
optical fiber. The taper is fabricated in two stages. In the first stage, a Corning SMF-28 optical 
fiber is heated and stretched to a diameter of 1 μm, in which the tapered region operates in a 
single mode at 1.55 μm. In the second stage, mechanical translation stages are used to form 
the taper into a highly curved loop with typically 90 μm radius of curvature. The fiber taper 
loop is mounted onto a motorized xyz stage and brought into contact with the nanobeam 
cavity. The loop has proven very robust, as we have used the same loop for ten months so far 
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without any problems. An Agilent 8164A mainframe with an Agilent 81682A tunable laser 
with 0.2 pm wavelength resolution is input into the fiber equipped with an inline polarization 
compensator before propagating through the tapered region. The transmitted light is detected 
at the output end of the fiber by an InGaAs photodiode. The laser is tuned across the cavity 
resonance, and the interaction of the light with the cavity mode can be observed as a change in 
the transmitted intensity of the propagating field. The laser needs to have resolution better 
than the FWHM of the cavity mode and amplitude fluctuations must be slower than the time 
to scan across a mode. The Q is the transition energy of the mode divided by the FWHM 
energy width of the cavity mode. The nanobeam sample is mounted on a stage rotating about 
an axis normal to the sample, so that the angle between the tapered fiber and the axis of the 
nanobeam cavity can be varied. Figure 3 (a) shows a typical fiber loop transmission spectrum 
of a nanobeam cavity, with two cavity modes visible. 
 

 
Figure 3. (a) Fiber loop transmission spectrum of a typical nanobeam cavity at 45º, center contact (black) and 
spectrum directly from laser (red).  (b) Fiber loop transmission spectrum of a high-Q nanobeam cavity mode, at 45º, 
edge contact, with Q = 75,000. 
 
4. Fiber coupling to a nanobeam 
 
By nature of the physical interaction between the field in the fiber taper and the nanobeam, a 
degradation of the cavity Q is expected. This is due to an additional source of losses 
contributed by the fiber taper, as the measurement is now of the coupled fiber-cavity system. 
However, the losses introduced by the presence of the fiber taper can be mitigated by careful 
selection of the contact parameters. The first parameter we adjust is the contact length of the 
fiber loop on the nanobeam. The presence of the fiber on the nanobeam introduces a loss 
channel. Hence, longer contact length between the fiber loop and the nanobeam reduces the Q. 
The fiber taper loop is brought in toward the nanobeam using small steps on a motorized 
actuator. At some critical distance from the sample surface, Van der Waals and electrostatic 
forces pull the fiber taper in, causing it to stick to the surface. Once the loop is in contact with 
the nanobeam, the actuator can still be advanced, increasing pressure and the contact length 
between the fiber taper and the nanobeam. The actuator can also be pulled away slowly while 
the loop is still stuck to the surface, decreasing the contact length. After sufficient force is 
applied to pull the loop away by overcoming the sticking force, it pops off the surface of the 
sample. 
 The second parameter we adjust is the contact position along the length of the nanobeam. 
We have confirmed that the weakest coupling, and therefore the highest Q, is observed when 
contact is made as close as possible to the edge of the nanobeam, whereas contact in the 
center of the nanobeam produces the strongest coupling and hence the lowest Q. Contact in 
the center of the nanobeam also modifies the local index of refraction in the vicinity of the 
cavity, which changes the effective index of the cavity mode and leads to a shift in the 
resonance frequency. The extra loss due to the presence of the fiber taper in the center of the 
nanobeam and subsequent degradation of the Q is dramatic. Figure 4 shows a plot of cavity 
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mode resonant wavelength and Q as a function of position on a high-Q nanobeam. Clearly one 
wants to avoid contact with the center of the nanobeam for measuring high Qs. Because the 
coupling between fiber and nanobeam decreases away from the center of the nanobeam, we 
found that on very high Q nanocavities it is not possible to take Q measurements all the way 
to the edge of the nanobeam. This is the case with the nanobeam studied in Figure 4, where 
the measurements extend between ±4 μm, whereas the nanobeam extends to ±6 μm. 
Measurements more than 4 μm from the center of this nanobeam yielded no perceptible dip in 
transmission. On lower Q nanocavities the measurements can usually be taken up to the very 
edge of the nanobeam. This observation is consistent with the fact that on high Q nanocavities 
the electric field is more tightly confined toward the center of the nanobeam. 
 

 
Figure 4. Fiber loop transmission measurements as a function of position on a typical nanobeam 
cavity at 45º (center of nanobeam corresponds to 0 μm and the attached edges to ±6 μm), cavity 
mode resonant wavelength (black squares) and Q (red circles).  

 
 The third parameter we adjust is the angle between the fiber taper and the axis of the 
nanobeam cavity. Because the polarization of the input field is always perpendicular to the 
axis of the fiber, the angle between the fiber and the nanobeam will affect the coupling to the 
mode of the nanobeam, which is linearly polarized perpendicular to the axis of the nanobeam. 
One would expect that the best polarization matching would occur when the nanobeam is 
aligned parallel to fiber. However, this configuration also produces the strongest coupling 
between the field in the fiber and the nanocavity, as well as the largest index modification in 
the vicinity of the cavity. Even when the contact is made at the edge of the nanobeam, the 
length of the contact region between the fiber and the nanobeam extends over a large fraction 
of the nanobeam. Hence, this configuration produces a deep dip in the transmitted signal, but 
does not yield the highest measured Qs. One might think that the perpendicular configuration 
between the fiber and the nanobeam would yield the highest Qs because of minimized contact 
between them as well as minimal coupling into the nanobeam. However, because of the 
drastically reduced coupling in the perpendicular configuration due to orthogonal 
polarizations, we were not able to observe any cavity modes in that configuration at the edge 
of the nanobeam. The highest Qs result with an angle ranging from 20º to 60º between the 
fiber taper and the nanobeam, and contact made at the edge of the nanobeam. This 
configuration reduces the physical contact between the fiber and the nanobeam compared to 
the parallel configuration, but still supports a polarization component that is matched to the 
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nanobeam mode. The highest Q we measured was 75,000 with a computed mode volume of 
0.27(λ/n)3 in the 45º, edge configuration, yielding Q/V = 278,000. As far as we know, this 
yields the highest Q/V ratio that has been achieved on nanobeam cavities on substrate. The 
group of De La Rue [14] reported a Q of 147,000 with a computed mode volume of 
0.85(λ/n)3, yielding Q/V = 173,000. Figure 3 (b) shows the spectrum of the highest Q 
nanobeam cavity mode. 
 
5. Comparison to resonant scattering 
 
As mentioned earlier, the presence of a fiber taper in contact with a nanobeam cavity provides 
an additional loss mechanism for light in the cavity. While this allows us to probe the Q of the 
system by measuring the transmission through the fiber, it also reduces the Q compared to the 
inherent Q that the cavity would have by itself. In order to investigate this loss mechanism, we 
have compared the results of measurements with the fiber taper loop to measurements 
performed by cross-polarized resonant scattering, as shown in Figure 5. [7-8, 11]. 
 Cavity modes measured using resonant scattering are known to exhibit asymmetric 
lineshapes [15]. These lineshapes are attributed to a Fano interference between the resonantly 
scattered light and the coherent background. In order to extract a linewidth from such an 
asymmetric profile, we fit the signal to a Fano lineshape: 
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where ω0 is the frequency of the cavity mode transition, Γ is the resonance linewidth, A0 and 
F0 are offset and scaling factors, respectively, and q is the Fano parameter that quantifies the 
asymmetry of the lineshape. Adjusting these parameters to fit a curve to our resonant 
scattering data, we are able to extract the underlying linewidth, and hence Q of the cavity 
mode. Such a fit is shown in Figure 5 (b), using Equation (1) with fit parameters A0 = 0.658, 
F0 = 0.054, q = 0.6, ω0 = 30.9 THz and Γ = 0.7 GHz. Galli, et al have reported [15] that the 
asymmetry of the lineshape from resonant scattering data can be varied by changing the spot 
size of the laser beam on the sample. 
 

 
Figure 5. (a) Fiber loop transmission spectrum of a typical nanobeam cavity, Q = 29,000 (black) and spectrum 
directly from laser (red). (b) Cross-polarized resonant scattering signal of the same nanobeam cavity as (a), Q = 
44,100 (black); fitted Fano lineshape (blue); spectrum directly from laser (red). 

 
 Cavity modes measured using the fiber taper also displayed asymmetric lineshapes, which 
we attribute to interference between two pathways: light interacting with the cavity mode and 
emitted back into the fiber and light coupled into the 2D slab. However, unlike the case with 
the resonant scattering technique, the asymmetry of the lineshape with the fiber taper 
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technique is strongly dependent on polarization. Hence, it was always possible to tune the 
polarization such that the resulting lineshape was symmetric, and this allowed us to directly fit 
a Lorentzian lineshape in order to extract the Q, without resorting to the more complicated 
fitting associated with the Fano Equation (1). The Qs measured using the resonant scattering 
technique were higher than those measured for the same cavity using the 45º fiber 
configuration at the edge of the nanobeam, consistent with the idea that the presence of the 
fiber loop lowers the Q by introducing an additional loss mechanism. The loss induced by the 
presence of the fiber taper is typically substantial, as the difference in Qs that we observed 
using the two methods showed the fiber loop measurement to be 38% lower on average than 
the resonant scattering measurement. 
 How do the two systems compare in other ways? The fiber taper loop measurement is 
more difficult to set up than the resonant scattering measurement, primarily because of the 
equipment and experience needed to successfully taper and curve the microfibers. Once the 
measurement is set up, the fiber taper loop measurement is quite robust and does not suffer 
from the extreme sensitivity to variations in alignment of the resonant scattering technique. 
Both measurements can be performed at room temperature or at cryogenic temperatures; 
however, the fiber taper measurement would require extensive modifications to most cryostats 
in order to insert the fiber taper and control its motion. In contrast, the resonant scattering 
technique can be performed with all of the optics outside of the cryostat. The fiber taper 
measurement is performed in an all-fiber configuration, whereas the resonant scattering 
method is performed in free space. We found that absorption lines due to atmospheric 
nitrogen in the spectral region of our nanobeam cavity modes also appear as dips in the 
measured resonant scattering spectrum. In order to accurately measure the Q of a cavity mode 
coincident with an absorption dip, as was unfortunately the case for the Q = 75,000 cavity in 
Fig. 3 (b), the mode would need to be spectrally shifted away from the absorption dip by a 
technique such as heating or condensation of xenon or nitrogen gas [16]. 

 
6. Conclusion 

 
In conclusion, we have measured the Qs of 1D photonic crystal nanobeam cavities on 

substrate using the transmitted signal through a fiber taper loop. Using this technique, we have 
measured a Q as high as 75,000 with a computed mode volume of 0.27(λ/n)3, representing the 
highest Q/V ratio reported in this system. We have observed dependence of the measured Q 
on contact position and length between the nanobeam and the fiber taper, angle between the 
nanobeam and the fiber taper, and polarization of the light in the fiber. We have observed that 
higher Qs are measured when the fiber loop is contacted at the edge of the nanobeam and with 
a 20º to 60º angle between the fiber loop and the nanobeam. We have shown that the fiber 
taper loop technique is capable of measuring high Qs, and that by tuning the polarization in 
the fiber it is possible to eliminate the asymmetric lineshapes. 
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We present the results of recent investigations into the

fabrication and characterization of high-Q, small mode volume

one-dimensional photonic crystal nanobeam cavities in Si and

two-dimensional photonic crystal slab nanocavities in GaAs.

The nanobeamcavitymodes are investigated in transmission by

means of a microfiber taper loop apparatus. The spectral

transmission profile of the cavity modes is investigated as a

function of input polarization into the fiber. TheQ of the cavity

for different positions and orientations of the fiber taper is

investigated. The results are compared to measurements by

resonant scattering. The slab nanocavities are investigated by

means of quantum dot photoluminescence excitation spectro-

scopy. We present recent progress in growth and fabrication of

such slab nanocavities.

! 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Cavity QED experiments in semicon-
ductors require high quality-factor (Q) and lowmode volume
nanocavities for confining the electromagnetic field.
Photonic crystals have emerged in recent years as a popular
system for investigating fundamental light–matter inter-
actions in the QED regime, and have been employed in the
observation of several fundamental quantum optics results
[1–3]. An important figure ofmerit for such cavity systems is
the ratio Q/V, where V is the effective mode volume of the
cavity. Higher values of Q lead to longer photon lifetimes in
the cavity (improved chance of light–matter interaction), and
smaller values of V lead to higher field intensities (stronger
light–matter interaction). The importance of the ratio Q/V
can be seen in the expression for Purcell enhancement
(Fp/Q/V) of spontaneous emission and for vacuum Rabi
splitting (VRS/Q/HV) [1, 2, 5–7]. The pursuit of high Q,
small V nanocavities has thus been amajor focus of efforts in
the semiconductor cavity QED community.

Several experimental techniques have been developed
and utilized for the purpose of measuring the Qs of photonic
crystal nanocavities. The most common technique consists

of photoluminescence spectroscopy when the cavity con-
tains active emitters such as quantum dots. This technique
usually requires liquid helium temperatures, and also suffers
from broadening (narrowing) of the cavity linewidths at low
(high) powers due to absorption (gain) by the quantum dots
[4]. Two more recent techniques have been developed
specifically for the investigation of semiconductor cavity
QED systems: a cross-polarized resonant scattering method
[8, 9] and a tapered optical microfiber [10, 11]. These two
techniques allow the measurement of empty cavity Qs, and
hence can be performed at room temperature and without
active emitters.

We report the results of our investigations of 1D
photonic crystal nanobeam cavities by means of the fiber
taper method, and compare the results to those obtained by
the resonant scattering method. We observe that the cavity
Qs depend on polarization of the light in the fiber, of contact
position on the nanobeam, and of angle between the
nanobeam and the fiber [12].We also present recent progress
in the growth and fabrication of 2D photonic crystal slab
nanocavities in GaAs with InAs QDs [6, 7].
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2 Design and fabrication
2.1 Design The first cavity investigated in this study is

a photonic crystal nanobeam cavity, which is essentially a
wavelength-scale Fabry–Perot etalon formed by sandwich-
ing a 1D photonic crystal waveguide between 1D photonic
crystal Bloch mirrors, as shown in Fig. 1. In the transverse
directions, the light is confined in the nanobeam by total
internal reflection. By smoothly tapering the air hole radius
and the corresponding lattice constants in themirror sections,
the scattering loss isminimized and a highQ is achieved [13–
15]. 3D finite-difference time-domain (FDTD) simulations
[16] reveal that the cavity exhibits a reasonably high Q in
excess of 500 000 with very lowmode volumes, even though
it is placed on a low index substrate. The region of tapered
holes in the center of the nanobeam effectively confines the
light, analogous to a Fabry–Perot spacer.

2.2 Fabrication The nanobeams are fabricated using
electronics grade silicon-on-insulator with a 220 nm silicon
device layer and 2mm buried oxide. To prepare the samples
for electron-beam lithography, the wafers are manually
cleaved, cleaned with acetone and isopropanol, and the
native oxide is removed by a short dip in 10:1 buffered
hydrofluoric acid. The samples are then baked at 180 8C,
spin-coated with 2% PMMA 950K in chlorobenzene, and
baked again at 180 8C for 5min. Electron-beam lithography
is performed in a Leica EBPG 5000þ at 100 kV. Following
electron-beam exposure, the samples are developed in 1:3
MIBK/IPA for 60 s, rinsed in IPA, and dried with nitrogen.
After development, the wafers are etched using an Oxford
Instruments Plasmalab System100 ICP380 with a mixed-
mode gas chemistry consisting of SF6 and C4F8. Figure 2
shows an SEM of one of our nanobeam cavities.

3 Fiber taper loop apparatus Our nanobeams were
investigated by means of a transmission measurement
through a tapered microfiber loop that was brought into
physical contact with the nanobeam. The tapered region of
the fiber is 1–1.5mm in diameter, and the taper loop has a
radius of curvature of 200mm. The taper loop is produced in
two stages, first by heating and pulling a standard single
mode optical fiber into a taper, and then by forming the
tapered region into a loop in a specially built curving
apparatus. The fiber is then glued to a microscope slide in
such away that the loop extends beyond the edge of the slide,
and the motion of this assembly is controlled by means of a
computer controlled, motorized xyz stage.

A beam from an Agilent 8164A mainframe with an
Agilent 81682A tunable laser with 0.2 nm wavelength
resolution propagates through the fiber and is detected at
the output end bymeans of an InGaAs photodiode. An in-line
polarization controller is installed between the laser and the
tapered region. The wavelength of the laser is swept across a
region of interest, and the output is recorded by a computer.
When the tapered loop is moved into physical contact with a
nanobeam, light that is propagating through the fiber can be
coupled into the mode of the nanocavity, and the resulting
interaction is observed as a change in the transmission
spectrum output. The laser for this measurement must have a
linewidth smaller than the FWHM of a cavity mode, and it
must have amplitude fluctuations which are slow compared
to the time necessary to scan across amode. TheQ is given by
the wavelength of the cavity mode divided by the FWHM
of the cavity mode. Figure 3a shows a schematic of the
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apparatus. Figure 4 shows a typical transmission spectrum of
a nanobeam taken with the fiber taper loop apparatus.

4 Coupling to a nanobeam
4.1 Polarization The nanobeams are designed to

support a mode which is linearly polarized in a direction
perpendicular to the axis of the nanobeam. In order to
effectively couple into the cavity mode, the field in the fiber
must have a polarization component parallel to the mode of
the cavity. Our in-line polarization controller allows us to
tune the polarization of the field, and hence control the
coupling into the cavity. There are several pathways that the
field can travel, each dependent upon the polarization: it can
be coupled into the substrate, or it can be scattered back into
the fiber in either the forward or the backward direction. As a
result of these multiple pathways, we expect to observe
interference effects which depend upon the polarization of
the incident field, and hence the strength of the coupling into
the available channels. We did observe such interference
effects, which caused the lineshape of the cavity mode
transmission to vary as a function of input polarization,
resulting in asymmetric lineshapes. However, by tuning the
polarization we were always able to achieve a symmetric
lineshape of the transmitted signal.

4.2 Contact pressure The fiber taper loop is brought
into contact with the nanobeam, and themotion of the loop is
controlled by a motorized xyz stage. As the loop comes near
to the surface of the sample, electrostatic and Van der Waals
forces pull the fiber into the sample, causing it to stick to the
nanobeam.

Once the taper loop is in contact with the nanobeam, it
can still be advanced or retracted by the actuators, allowing
us to adjust the pressure with which the fiber loop contacts
the nanobeam. Increased pressure increases the contact
length between the fiber taper and the nanobeam, and hence
affects the coupling between them, and decreased pressure
caused by pulling the taper away likewise decreases

the contact length. At some point as the loop is pulled away
it pops off the surface of the nanobeam.

Because the contact between the nanocavity and the fiber
taper introduces another loss mechanism for light to escape
from the cavity, we expect the strength of coupling between
the two to affect the measured Q of the cavity. Specifically,
if the coupling between the two systems is very strong, we
expect to observe lower Qs, and hence the optimal
configuration for observing the highest Qs will be the
configuration that minimizes the coupling between the fiber
taper and the nanobeam, while still allowing enough
interaction to observe a change in transmission through the
fiber. This expectation was confirmed by our observation of
the pressure and contact length affecting the measuredQs of
our cavities. To measure the highest Q, it is important to
minimize the contact length between the nanobeam and
the fiber taper.

4.3 Contact position As seen in Fig. 1, the field
profile of the cavity mode is concentrated near the center of
the nanobeam. As a result, we expect the coupling between
the fiber loop and the nanobeam to depend on the position
along the length of the nanobeam at which contact is made:
contact at the center should result in the strongest coupling,
and contact at the edge should result in the weakest coupling.
We confirmed that this is in fact the case, and that to measure
the highest Qs, the taper loop should be brought into contact
as close to the edge of the nanobeam as will still produce a
modification in the transmission. Contact near the center of
the nanobeam also produces a modification of the refractive
index in the environment of the cavity mode, resulting in a
shift of the wavelength of the observed resonance.

4.4 Contact angle Because the polarization of the
cavity mode is always linearly polarized in the same
direction, the coupling between the fiber taper and the cavity
mode can also be varied by changing the angle between
the fiber taper loop and the axis of the nanobeam. The sample
itself is mounted on a rotary stage that allows us to rotate the
sample about an axis normal to the sample surface. Whereas
the polarization controller only allows control over the
polarization along the axis of the fiber, rotating the sample
with respect to the fiber provides another degree of control
over the coupling.

When the fiber is oriented parallel to the nanobeam, we
expect that the field polarization can always be tuned such
that it has a component parallel to the mode of the cavity
where the coupling between them will be the strongest.
Alternatively, when the fiber taper is contacted in a
configuration perpendicular with respect to the nanobeam,
wewould expect that the field never has a component parallel
to the cavity mode, and hence coupling between the two will
be minimal.

We found that in the parallel configuration, the coupling
was indeed the strongest, and the Q the lowest. As we tuned
the angle between the nanobeam and the fiber away from
parallel, the Q improved, but at angles close to the
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perpendicular configuration, there was not enough coupling
to observe a change in the transmitted signal.

4.5 Results The highest Qs were observed with an
angle of the fiber taper between 20 and 608 with respect to
the nanobeam axis, and contact made at the edge of the
nanobeam. This configuration minimizes the contact
between the loop and the nanobeam, but still supports a
polarization component corresponding to the cavity mode.
The highest Q measured in our system was 85 000, which
with a computed mode volume of 0.27(l/n)3, yields Q/V of
315 000, which we believe to be the highest Q/V reported in
nanobeams on substrate. The group of De La Rue [17]
reported a Q of 147 000 with a computed mode volume of
0.85(l/n)3, yielding Q/V of 173 000. Figure 5 shows the
transmission spectrum of our highest Q cavity mode.

5 Comparison to resonant scattering Another
method commonly used for measuring the Qs of semicon-
ductor nanobeam cavities is a cross-polarized resonant
scattering technique [8, 9], shown in Fig. 3b. Whereas the
fiber taper measurement introduces an additional loss
mechanism to the cavity, and hence lowers the Q, the
resonant scattering technique does not affect the Q of the
cavity, and hence provides a more accurate measurement of
the intrinsic Q.We compared the two techniques and found
that theQs measured by resonant scattering were higher than
those measured on the same cavity by fiber taper loop.
However, the resonant scattering technique also suffers from
some drawbacks. First, in the spectral region of our cavity
modes and within the range of our tunable laser, 1460–
1580 nm, there is a number of absorption lines due to
atmospheric nitrogen, which also appear as dips in the
detected signal similar to the cavitymodes of the nanobeams.
If one of these lines is spectrally coincident with the mode of
a cavity, it is not possible to distinguish the dip of the cavity
mode from the dip due to nitrogen absorption. This was
unfortunately the case with our highest Q cavity of 85 000
that was measured with the fiber taper. In order to overcome

this difficulty, the cavity mode would have to be tuned away
from the nitrogen resonance, for instance by heating or by
condensation of xenon or nitrogen gas [18]. Second, the
resonant scattering method is known to exhibit asymmetric
lineshapes. This is attributed to a Fano interference between
the resonantly scattered light and the coherent background,
and requires that a Fano lineshape be fit to the data in order to
determine the cavityQ. Galli et al. have reported [19] that the
asymmetry of the lineshape can be changed by changing the
spot size of the incident laser beam.

In addition to these considerations, the two methods also
differ in ease of setup and use. The fiber taper loop is very
robust and easy to use once it is set up; however, the
fabrication of the fiber taper loop itself requires special
equipment and experience. The resonant scattering method
can be set up with standard optical laboratory components
and instruments, but it is extremely sensitive to alignment
and hence more difficult to use. Both methods are useful at
room temperature as well as at cryogenic temperatures,
but the fiber loop measurement would require substantial
modification to most cryostats for low temperature measure-
ments. The resonant scattering measurement does not
require components inside the cryostat.

6 2D GaAs slab nanocavities While nanocavities in
silicon achieve very high Qs, GaAs remains the system of
choice for quantumoptics experiments because of the ease of
incorporating active emitters, such as InAs QDs, which has
so far remained elusive for Si. The majority of our research
focuses on the GaAs/InAs 2D photonic crystal slab system
for the purpose of quantum optics experiments. However, in
spite of extensive efforts by the cavity QED community
aimed at reaching highQs at shorter wavelengths inGaAsPC
nanocavities, the results have been disappointing compared
to what has been achieved at longer wavelengths in GaAs
[20] and Si.

In the course of work toward optimizing the growth
and fabrication of such GaAs 2D nanocavities, AFM of
the sample surface was used extensively for characterizing
the quality of the growth. We found, that even on samples
whereAFM showed a smooth surface, TEM images revealed
that the top of the AlGaAs sacrificial layer could be very
rough, with the roughness larger along one crystal axis.
Changing certain MBE growth parameters reduced the
roughness, but this did not result in a noticeable increase inQ
[7], indicating that other loss mechanisms are still holding
down the Qs. With future improvements in fabrication, we
expect the smoothness of the AlGaAs layer to be significant.

Investigations of the sample surfaces by AFM and SEM
also revealed debris on the surface of the samples that we
believed to be an artifact of the HF acid wet etch. A 140 s dip
in a KOH solution removed the debris, confirming that it
was most likely a hydroxide of aluminum generated during
the wet etch. The measured Qs of the cavities did improve
noticeably following the removal of this debris, by an
average of 50% on 10 different nanocavities, and the
intensity of the photoluminescence also increased [7].
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Figure 5 Fiber loop transmission spectrumofhigh-Q cavitymode,
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Such improvements in growth and fabrication have
yieldedmodest improvements in theQs we have been able to
achieve. Nevertheless, we still consistently observe that even
our best samples show lower Qs as wavelength decreases.
Figure 6 shows Q versus wavelength data for several 100
nanocavities from four of our best samples covering a broad
wavelength range from 900 to 1300 nm. The data show a
decisive decrease inQ in the shorter wavelength region. The
highestQmeasured was 26 000, and the PL spectrum for this
nanocavity is shown in the inset to Fig. 6.

7 Conclusion Wehave succeeded inmeasuring theQs
of photonic crystal nanobeam cavities using a fiber taper
loop, and have observed Qs as high as 85 000, which yields
the highest Q/V ratio reported in these devices on substrate.
Wehave observed that the results of this technique depend on
strength of contact between the fiber and the nanobeam,
incident field polarization, contact position on the nano-
beam, and angle between the fiber loop and the nanobeam.
We compared our results to the cross polarized resonant
scattering method, and found that the fiber loop does lower
the Qs, but that the effect can be minimized and high Qs can
still be measured by choosing the above parameters
appropriately.
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Karvonen, A. Tervonen, S. Honkanen, S. Zandbergen, B. C. Richards, J. D. Olitzky,

A. Scherer, G. Khitrova, H. M. Gibbs, J.-Y. Kim, Y.-H. Lee

Journal of the Optical Society of America B, Vol. 29, No. 2, pp. A55-A59

(February, 2012)

Copyright (2012), Reprinted with permission from Optical Society of America



Effect of atomic layer deposition on the quality factor of
silicon nanobeam cavities

Michael Gehl,1,* Ricky Gibson,1 Joshua Hendrickson,2 Andrew Homyk,3 Antti Säynätjoki,4 Tapani
Alasaarela,4 Lasse Karvonen,4 Ari Tervonen,4 Seppo Honkanen,4 Sander Zandbergen,1

Benjamin C. Richards,5 J. D. Olitzky,1 Axel Scherer,3 Galina Khitrova,1

Hyatt M. Gibbs,1 Ju-Young Kim,6 and Yong-Hee Lee6

1College of Optical Sciences, University of Arizona, 1630 East University Boulevard, Tucson, Arizona 85721, USA
2Air Force Research Laboratory, Sensors Directorate, 2241 Avionics Circle, Building 600,

Wright Patterson Air Force Base, Ohio 45433, USA
3Electrical Engineering and Kavli Nanoscience Institute, California Institute of Technology,

MC 200-36, 1200 East California Boulevard, Pasadena, California 91125, USA
4Department of Micro- and Nanosciences, Aalto University School of Electrical Engineering,

P.O. Box 13500, 00076 Aalto, Finland
5Advanced Concepts Team, Emcore Corporation, 10420 Research Road, Albuquerque, New Mexico 87123, USA

6Department of Physics, Korea Advanced Institute of Science and Technology, Daejeon 305-701, Korea
*Corresponding author: mgehl@optics.arizona.edu

Received October 4, 2011; revised December 12, 2011; accepted December 12, 2011;
posted December 12, 2011 (Doc. ID 155915); published January 25, 2012

In this work we study the effect of thin-film deposition on the quality factor (Q) of silicon nanobeam cavities. We
observe an average increase in the Q of 38! 31% in one sample and investigate the dependence of this increase on
the initial nanobeam hole sizes. We note that this process can be used to modify cavities that have larger than
optimal hole sizes following fabrication. Additionally, the technique allows the tuning of the cavity mode wave-
length and the incorporation of new materials, without significantly degrading Q. © 2012 Optical Society of
America

OCIS codes: 350.4238, 310.1860, 310.6860.

1. MOTIVATION
Photonic crystal (PC) cavities provide exciting platforms for
photonics applications in addition to fundamental cavity
quantum electrodynamics (cQED) experiments. The ability to
fabricate cavities with small mode volumes (V) and large Qs
leads to large enhancements in light–matter interactions. By
placing active emitters such as quantum dots (QDs) into the
cavity, it is easy to observe Purcell enhancement of sponta-
neous emission with only modest Qs. Increasing the Q further
leads to the quantum regime of strong coupling, in which
energy is able to coherently transfer between the emitter
and cavity multiple times before decaying. This regime leads
to exciting new physics, such as the Jaynes–Cummings
ladder, deterministic single-photon sources, and photon
blockades [1–3].

In addition to a high Q and low V , it is important that the
cavity and emitter be near resonance with each other. Pre-
vious work has shown the ability to reversibly tune cavity
resonances by 5 nm using the condensation of gases at low
temperatures [4]. Additionally, tuning of 2D photonic crystal
systems has been shown using atomic layer deposition (ALD)
of hafnium oxide [5] and titanium oxide [6] and plasma-
enhanced chemical vapor deposition of silicon nitride [7].
In this work, we observe a shift in cavity resonance of 20 to
29 nm, with a high tuning precision as a result of the multiple-
cycle deposition process.

Finally, it is important that one can incorporate an active
medium with the cavity. While this can be achieved with

QDs and quantum wells in III–V systems, it presents more
of a challenge for silicon photonics. In this work, we show
the ability to deposit newmaterial on top of a silicon PC cavity
with a minimal effect on the Q. This opens up the possibility of
incorporating active materials through similar methods. For
example, one can dope Al2O3 with layers of erbium during
the deposition process [8].

2. NANOBEAM CAVITIES
One PC cavity geometry that is becoming popular is the 1D
nanobeam, shown in Fig. 1. This design consists of a strip
waveguide with an array of etched holes. The holes begin with
uniform radius and spacing, creating a Bragg mirror region.
The hole radius and spacing are then tapered down to a cavity
region where the mode is confined, before tapering back up to
another mirror region. The holes confine the light along one
dimension, while it is confined by index guiding along the
other two. The substrate can be etched from underneath
the cavity, leaving it suspended, or in the case of this work,
the cavity can remain on the substrate for increased durabil-
ity. Simulations of unsuspended cavities predict Qs as high as
366,000 with a mode volume of 0.552"λ∕n#3. Experimentally,
unsuspended silicon nanobeam cavities have already been
measured with Qs of 360,000 [9].

In this work, nanobeams are fabricated on silicon-on-
insulator wafers, consisting of a 220 nm silicon layer on
top of a 2 μm SiO2 layer. The structure is defined using elec-
tron beam lithography and formed using inductively coupled
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plasma etching. Each nanobeam is characterized by a lattice
constant “a,” which is the distance between the center of the
holes in the mirror region. The value of a varies from 390 to
455 nm in 5 nm steps, shifting the cavity mode through the
range of our measurement ability. In the taper region, the
lattice constant varies from 0.98a to 0.86a, while in the cavity
region, the lattice constant is 0.84a. The nominal hole radius is
0.3 times the local lattice constant.

3. CHARACTERIZATION BY
MEASUREMENT OF THE CAVITY QUALITY
FACTOR Q
In order to characterize theQ of silicon nanobeam cavities, we
use the tapered microfiber probe technique [10,11]. In this
technique, an optical fiber is heated and stretched, such that
it adiabatically tapers to a region with a diameter on the order
of 1 μm. This region of the fiber is then carefully positioned
across the nanobeam cavity. A tunable narrowband laser
source is coupled into one end of the fiber, and the trans-
mitted power is detected at the other end. As the laser source
is tuned into resonance with the cavity, some of the power is
coupled into the cavity mode, resulting in a measurable dip in
transmission through the fiber.

As a result of the tapered microfiber probe, the cavity
experiences an additional amount of loss. This causes an
increase in the measured resonance linewidth and thus a de-
crease in the measured Q compared to the intrinsic Q of the
cavity. This effect was studied in [10], which found that by
positioning the probe near the edge of the nanobeam, cou-
pling to the cavity is minimized, leading to a measured Q
closer to the intrinsic Q. For this study, all Qs are measured
at the edge of the nanobeam cavity. Because of the positioning
uncertainty of the probe, which leads to slight changes in the
coupling and hence the measured Q, five measurements
are taken of each cavity; the maximum value is used for all
comparisons.

To determine the intrinsic Q of a cavity, we use the crossed
polarizer resonant scattering technique [10,12]. This is a free
space method in which a tunable laser source is focused onto
the cavity with a microscope objective. The incident light is
polarized at 45° with respect to the polarization of the cavity
mode. The reflected light is passed through a polarizer at 90°
relative to the incident light. Light that simply reflects from the
substrate will be blocked by the crossed polarizer. Light that
couples into the cavity will scatter out with the polarization of
the cavity mode, a portion of which will be able to pass
through the final polarizer and be detected. Because of the
increased difficulty and low signal-to-noise ratio of this mea-
surement, this technique is used only to determine the intrin-
sic Q of the best cavities.

4. ATOMIC LAYER DEPOSITION
Atomic layer deposition is a thin-film deposition process that
works through the sequential application of two or more gas
phase chemicals. The growth takes place as a chemical reac-
tion at the sample surfaces. The reaction is self-limiting, allow-
ing accurate control of film thickness simply by counting the
number of cycles.

Because of the nature of this deposition technique, the re-
sulting film is conformal and grows along the surface normal
[13]. This effect has already been utilized to grow microlens
arrays [14] and planarized optical gratings [15] and to tune
photonic crystal waveguides [7,16]. The conformal film also
reduces surface roughness, and ALD-grown Al2O3 and TiO2
films have been found to significantly reduce propagation
losses in silicon strip and slot waveguides [13,17]. Because
the geometry of the silicon nanobeam cavity is a modified si-
licon strip waveguide, we believe that this process could lead
to decreased losses and higher Qs in these structures.

For this work, we investigated the thin-film growth of both
TiO2 and Al2O3 on nanobeam cavities by ALD. TiO2 is depos-
ited at 120 °C using a process with titanium tetrachloride
(TiCl4) and water as precursors [18]. Al2O3 is deposited at
200 °C using a process with trimethylaluminum (Al2"CH3#6)
and water as precursors [19]. Figure 2 shows scanning elec-
tron micrograph (SEM) images of a cavity before and after the
deposition of 20 nm of Al2O3, showing a clear reduction in
hole size due to the thin film.

5. EXPERIMENTAL RESULTS
For initial tests, two nanobeam samples were fabricated using
the same design parameters. They were first characterized
using the tapered microfiber technique. While imaging the

Fig. 1. (Color online) Schematic of the 1D nanobeam cavity with
overlay of normalized electric field energy density.

Fig. 2. SEM images of the cavity region of a silicon nanobeam (a) before and (b) after deposition of 20 nm Al2O3 by ALD.
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cavities, it was noticed that there was residual mask material
remaining from fabrication. This material was removed using
a 10 min O2 plasma etch. The cavities were recharacterized,
and it was noted that the cavity wavelength decreased by
6.5 nm on average, but there was no significant change in cav-
ity Q. One sample was then coated with 20 nm of TiO2 (index
2.27 at λ $ 1.55 μm), while the other was coated with 20 nm of
Al2O3 (index 1.62 at λ $ 1.55 μm). The samples were charac-
terized again, following the same procedure. The TiO2 (Al2O3)
coated sample showed a shift in cavity mode of 59.2!
0.7"30.3! 0.8# nm on average. The results of the Q measure-
ments are plotted in Fig. 3. While one TiO2 coated cavity
showed an increase in Q of 29%, the average change in Q over
all cavities was −1.3! 16%. Every Al2O3 coated cavity
showed an increase in Q, with an average increase of 38!
31% and a maximum increase of 124%. The large standard de-
viation for this sample mostly results from 2 of the 19 cavities,
which showed an increase of more than 100%. Figure 4 shows
a measurement of a cavity from the Al2O3-coated sample be-
fore and after deposition. This measurement was performed
using the crossed polarizer resonant scattering technique, so
the measuredQ is that of the intrinsicQ. This shows the cavity
Q to have increased from 107,000 to 212,000.

While the deposition of 20 nm of Al2O2 on that particular
sample resulted in a clear increase in the cavity Q, from these
initial tests it is not clear what factors contributed to this
increase. The fact that the sample coated with TiO2 did not
show the same increases suggests that the effect is not ex-
clusively due to a decrease in surface roughness. Finite-
difference time-domain (FDTD) simulations of the silicon

nanobeam Q [Fig. 5(a)] indicate that the Q is highly dependent
on the hole radius, with a peak Q near a radius of 0.3 times the
lattice constant. To account for the decrease in hole radius as
a result of the ALD coating, a third sample was fabricated with
an added offset to the hole radius. For each lattice constant,
13 cavities were defined with offsets ranging from −30 to
%30 nm in 5 nm steps. Four arrays of these cavities were fab-
ricated with varying electron beam dosage, but only two
arrays provided useful cavities.

This sample was characterized, coated with 20 nm of Al2O2,
and then recharacterized. Fifty-three of the 60 cavities that
were characterized on this third sample showed increases in
the Q, with the average increase being 20! 19%. Figure 5(b)
shows a plot of the measuredQ prior to ALD coating as a func-
tion of hole radius offset. There is a trend toward higherQs for
cavities with smaller holes. Unlike the simulation, there is not
a clear peak in theQ. This suggests that our range of hole sizes
did not cover the designed range. Looking at the percent in-
crease in the Q as a function of the hole radius offset (Fig. 6),
there is also a clear trend toward a greater increase for cav-
ities with larger holes. Following ALD, these cavities have
hole sizes closer to those of the cavities that showed the high-
est Qs prior to ALD. This is consistent with the idea that
the increase in Q is due to the shift of hole size closer to
the optimal (highest Q) design.

Figure 7 shows a plot of the shift in the cavity mode wave-
length as a result of the deposition of 20 nm of Al2O3, along
with FDTD simulation results. While the wavelength shift
showed very little dependence on the lattice constant, it
showed a strong dependence on the initial hole radius offset.

Fig. 3. (Color online)Q of several cavities after ALD plotted against theQmeasured before ALD, for 20 nm of (a) Al2O3 and (b) TiO2. The solid line
has a slope of 1 and represents no change in the Q, while the dotted line represents the average change of 38% for Al2O3 and −1.3% for TiO2.

Fig. 4. (Color online) Crossed polarizer resonant scattering measurement of a cavity (a) before and (b) after being coated with 20 nm of Al2O3,
yielding a measured Q of 107,000 before and 212,000 after. The before data were collected prior to the O2 plasma etch, which removed the mask
residue and shifted the cavity peak to shorter wavelength by 6.5 nm.
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The shift also showed some dependence on the dosage used
during electron beam lithography. This is likely due to the
dependence of the hole size and beamwidth on electron beam
dose. The higher dose array, which should have larger holes
due to the increased exposure of the mask, showed wave-
length shifts in the range of 21.6! 0.2 nm for the smallest
holes to 28.0! 0.1 nm for the largest holes. The lower dose
array showed wavelength shifts in the range of 20.2!
0.2 nm for the smallest holes to 27.1! 0.4 nm for the largest.
The FDTD simulations predict a similar range of wave-
length shift. The tuning precision is very high because it is

determined by the growth rate of the thin film, which can
be very slow. For the ALD technique used in this work, the
growth rate was around 0.1 nm∕cycle, with a cycle time of
3.45 s. This results in a wavelength shift on the order of
0.1–0.15 nm∕cycle.

In order to investigate the effect of the Al2O3 coating on the
mode volume, we use numerical methods. FDTD simulations
reveal a nearly linear relationship between the mode volume
and hole radius offset. The mode volume increases from
0.410"λ∕n#3 for a %30 nm offset, to 0.658"λ∕n#3 for a −30 nm
offset. At the same time, the increase in mode volume as a
result of depositing 20 nm of Al2O3 shows little dependence
on the hole radius offset, fluctuating in the range of a 2.06% to
6.45% increase.

6. CONCLUSIONS
We have shown that ALD can be a valuable tool for tuning the
resonant wavelength and Q of 1D silicon nanobeam cavities
postfabrication. The low index and low deposition rate of
Al2O3 allows for very precise control of the wavelength shift.
The initial size of the cavity holes also plays an important role
in the resonance shift. Cavities with smaller holes to begin
with will have modes that are more confined to the silicon
and therefore will see less of an effect from the additional
dielectric material.

Initial results show that a 20 nm coating of Al2O3 can in-
crease the Q of 1D silicon nanobeam cavities by 38! 31%.
While the exact nature of this change in the Q is not fully un-
derstood, both simulation and experiment show that the Q is
significantly affected by the size of the cavity holes. Therefore,
it is likely that the changing hole size resulting from the Al2O3

deposition is responsible for much of the change in the Q ob-
served in this work. There still remains much to be done to
determine the contribution of other effects to the change in
the Q. The conformal nature of the ALD film will lead to de-
creased surface roughness and decreased scattering losses at
the Al2O3–air interface; however, the large index mismatch of
Al2O3 and silicon means that scattering at this interface will
still be significant. Additionally, the thin film could be causing
surface passivation, leading to decreased absorption by sur-
face states. Finally, the film may be affecting the mode profile,
pulling the field away from the oxide layer and decreasing
losses into the substrate. Repeating these experiments with

Fig. 5. (Color online) (a) FDTD simulation of the Q prior to ALD coating, showing the expected peak around 0 nm offset. The 0 nm offset cor-
responds to a hole radius of 0.3 times the lattice constant. (b) Plot of the average measuredQ of several cavities prior to ALD coating versus the hole
radius offset, showing a trend of higher Q for cavities with smaller holes (more negative offset). Dose refers to the dosage used during electron
beam lithography.

Fig. 6. (Color online) Plot of the average percent change in the Q of
the cavities from Fig. 4 versus the initial hole radius offset, showing a
trend of greater increase for cavities that began with larger holes
(more positive offset). The FDTD results are plotted for comparison.

Fig. 7. (Color online) Plot of the average shift in wavelength of the
cavity mode following ALD versus the hole radius offset, along with
the FDTD simulation results.
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various materials and film thicknesses will reveal more detail
on these separate effects.

In summary, the ability to deposit Al2O3 onto silicon nano-
beams without significantly degrading the Q or increasing V is
important for the field of silicon photonics and cQED. In ad-
dition to being able to tune the cavity resonance, the ability
to incorporate new materials, such as erbium, will allow the
fabrication of active devices from silicon PC cavities.

ACKNOWLEDGMENTS
M. Gehl acknowledges support by the Department of Defense
(DoD) through the National Defense Science & Engineering
Graduate Fellowship (NDSEG) program. S. Zandbergen ac-
knowledges partial support from Arizona Technology &
Research Initiative Funding (TRIF). J. Hendrickson acknowl-
edges support from the Air Force Office of Scientific Research
(AFOSR)—LRIR 10RY04COR (Gernot Pomrenke, program
manager). A. Homyk appreciates the generous support of
the ARCS Foundation. A. Säynätjoki was supported by Acad-
emy of Finland grant 134087 and a travel grant by the Finnish
Foundation for Technology Promotion. The Caltech and UofA
groups thank NSF ERC CIAN (EEC-0812072) for support. The
UofA group acknowledges support from the AFOSR (FA9550-
10-1-0003) and NSF EPMD (ECCS-1101341).

REFERENCES
1. P. R. Berman, Cavity Quantum Electrodynamics (Academic,

1994).
2. K. Vahala, Optical Microcavities (World Scientific, 2004).
3. G. Khitrova, H. M. Gibbs, M. Kira, S. W. Koch, and A. Scherer,

“Vacuum Rabi splitting in semiconductors,” Nat. Phys. 2, 81–90
(2006).

4. S. Moser, J. Hendrickson, B. C. Richards, J. Sweet, G. Khitrova,
H. M. Gibbs, T. Yoshie, A. Scherer, O. B. Shchekin, and D. G.
Deppe, “Scanning a photonic crystal slab nanocavity by conden-
sation of xenon,” Appl. Phys. Lett. 87, 052101 (2005).

5. X. Yang, C. J. Chen, C. A. Husko, and C. W. Wong, “Digital re-
sonance tuning of high-Q∕Vm silicon photonic crystal nanocav-
ities by atomic layer deposition,” Appl. Phys. Lett. 91, 161114
(2007).

6. S. Schartner, S. Kalchmair, A. M. Andrews, P. Klang, W. Schrenk,
and G. Strasser, “Post-fabrication fine-tuning of photonic crystal
quantum well infrared photodetectors,” Appl. Phys. Lett. 94,
231117 (2009).

7. E. Graugnard, D. P. Gaillot, S. N. Dunham, C. W. Neff, T.
Yamashita, and C. J. Summers, “Photonic band tuning in two-

dimensional photonic crystal slab waveguides by atomic layer
deposition,” Appl. Phys. Lett. 89, 181108 (2006).

8. K. Solehmainen, M. Kapulainen, P. Heimala, and K. Polamo, “Er-
bium-doped waveguides fabricated with atomic layer deposition
method,” IEEE Photon. Technol. Lett. 16, 194–196 (2004).

9. E. Kuramochi, H. Taniyama, T. Tanabe, K. Kawasaki, Y.-G. Roh,
and M. Notomi, “Ultrahigh-Q one-dimensional photonic crystal
nanocavities with modulated mode-gap barriers on SiO2 clad-
dings and on air claddings,” Opt. Express 18, 15859–15869
(2010).

10. B. C. Richards, J. Hendrickson, J. D. Olitzky, R. Gibson, M. Gehl,
K. Kieu, U. K. Khankhoje, A. Homyk, A. Scherer, J.-Y. Kim, Y.-H.
Lee, G. Khitrova, and H. M. Gibbs, “Characterization of 1D
photonic crystal nanobeam cavities using curved microfiber,”
Opt. Express 18, 20558–20564 (2010).

11. I.-K. Hwang, S.-K. Kim, J.-K. Yang, S.-H. Kim, S.-H. Lee, and Y.-H.
Lee, “Curved-microfiber photon coupling for photonic crystal
light emitter,” Appl. Phys. Lett. 87, 131107 (2005).

12. M. W. McCutcheon, G. W. Rieger, I. W. Cheung, J. F. Young, D.
Dalacu, S. Frédérick, P. J. Poole, G. C. Aers, and R. L. Williams,
“Resonant scattering and second-harmonic spectroscopy of pla-
nar photonic crystal microcavities,” Appl. Phys. Lett. 87, 221110
(2005).

13. T. Alasaarela, D. Korn, L. Alloatti, A. Säynätjoki, A. Tervonen, R.
Palmer, J. Leuthold, W. Freude, and S. Honkanen, “Reduced pro-
pagation loss in silicon strip and slot waveguides coated
by atomic layer deposition,” Opt. Express 19, 11529–11538
(2011).

14. J. J. Wang, A. Nikolov, and Q. Wu, “Nano- and microlens arrays
grown using atomic-layer deposition,” IEEE Photon. Technol.
Lett. 18, 2650–2652 (2006).

15. J. J. Wang, X. Deng, R. Varghese, and A. Nikolov, “Filling high
aspect-ratio nano-structures by atomic layer deposition and its
applications in nano-optic devices and integrations,” J. Vac. Sci.
23, 3209–3213 (2005).

16. D. Gaillot, E. Graugnard, J. Blair, and C. Summers, “Dispersion
control in two-dimensional superlattice photonic crystal slab
waveguides by atomic layer deposition,” Appl. Phys. Lett. 91,
181123 (2007).

17. A. Säynätjoki, L. Karvonen, T. Alasaarela, X. Tu, T. Y. Liow, M.
Hiltunen, A. Tervonen, G. Q. Lo, and S. Honkanen, “Low-loss
silicon slot waveguides and couplers fabricated with optical
lithography and atomic layer deposition,” Opt. Express 19,
26275–26282 (2011).

18. T. Alasaarela, T. Saastamoinen, J. Hiltunen, A. Säynätjoki,
A. Tervonen, P. Stenberg, M. Kuittinen, and S. Honkanen,
“Atomic layer deposited titanium dioxide and its application
in resonant waveguide grating,” Appl. Opt. 49, 4321–4325
(2010).

19. R. L. Puurunen, “Surface chemistry of atomic layer deposition: A
case study for the trimethylaluminum/water process,” J. Appl.
Phys. 97, 121301 (2005).

Gehl et al. Vol. 29, No. 2 / February 2012 / J. Opt. Soc. Am. B A59

106



107

Appendix E

Linear systems approach to describing and
classifying Fano resonances

I. Avrutsky, R. Gibson, J. Sears, G. Khitrova, H. M. Gibbs, and J. Hendrickson

Physical Review B, Vol. 87, No. 12, 125118 (March, 2013)

Copyright (2013), Reprinted with permission from American Physical Society



PHYSICAL REVIEW B 87, 125118 (2013)

Linear systems approach to describing and classifying Fano resonances

I. Avrutsky,1,2 R. Gibson,1,3 J. Sears,3 G. Khitrova,3 H. M. Gibbs,3 and J. Hendrickson1

1Sensors Directorate, Air Force Research Laboratory, Wright-Patterson Air Force Base, Ohio 45433, USA
2Department of Electrical and Computer Engineering, Wayne State University, 5050 Anthony Wayne Drive,

Detroit, Michigan 48202, USA
3College of Optical Sciences, University of Arizona, 1630 E University Blvd., Tucson, Arizona 85721, USA

(Received 24 July 2012; revised manuscript received 23 January 2013; published 13 March 2013)

We show that a generalized asymmetric resonant line shape derived elsewhere from rigorous electromagnetic
calculations [Gallinet and Martin, Phys. Rev. B 83, 235427 (2011)] and from the two-oscillators model [Joe et al.,
Phys. Scr. 74. 259 (2006)] can also be obtained using a very general assumption that the spectral dependence
of the scattering amplitudes is given by the transfer function of a linear system. We reformulate the line shape
equation and show that in the case of a first-order transfer function all possible line shapes can be presented by
a weighted sum of the original Fano and Lorentzian line shapes. We propose a new two-parameter classification
scheme for asymmetric resonances with one parameter δ being the asymmetry factor of the Fano component
and the other parameter η quantifying the relative weight of the Fano and Lorentzian components of the line
shape. The proposed formula is used to fit experimental spectra of a silicon photonic crystal cavity nanobeam
interrogated using a fiber taper probe.

DOI: 10.1103/PhysRevB.87.125118 PACS number(s): 42.25.Bs, 78.67.Pt

I. INTRODUCTION

Asymmetric spectral line shapes were first explained by
Fano in studies of the absorption spectra of Rydberg atoms of
noble gases1 and in inelastic scattering of electrons by helium
atoms.2 It has been pointed out that in a system described by a
Hamiltonian Ĥ , coupling VE′ = ⟨ψE′ |Ĥ |ϕ⟩ of a discrete state
|ϕ⟩ with energy Eϕ = ⟨ϕ||Ĥ |ϕ⟩ to a continuum of states |ψE′ ⟩
with energies E′ in the range that includes Eϕ , leads to the
formation of a perturbed state

|φ⟩ = |ϕ⟩ + p.v.

!
VE

′ |ψE
′ ⟩

Eϕ − E′ dE′, (1)

where p.v. indicates the principal value of the integral.
Probability of transitions involving such states, normalized by
the probability of transitions for nonperturbed states, is then
given by the Fano formula

F (ε) = (q + ε)2

1 + ε2
, (2)

where q is the asymmetry factor and ε represents the scale of
reduced energies such that the resonant transitions appear at
ε = 0 and nonperturbed transitions have unit half-width.

The asymmetric Fano-like line shape appears in various
physical systems described in terms of oscillations and waves,3

including scattering of particles in quantum mechanics,4

quantum transport phenomena,5 and electron-phonon coupling
in superconductors.6 In photonics, the asymmetric line shape
emerges when scattering (transmission, reflection, etc.) of a
lightwave involves two channels, one of which is nonresonant
broadband and the other mediated by a narrowband resonant
excitation. Even if the Fano line shape may not be referred
to explicitly, the scattering spectra reveals distinctive asym-
metric features. Examples include waveguide gratings,7–10

photonic crystals,11–15 (nano)cavities,16,17 quantum confined
structures,18,19 and resonant plasmonic structures.20–24

These systems are usually complex enough that simula-
tion of the scattering spectra must rely upon sophisticated

numerical calculations. The Fano resonances then appear as
a result of heavy computations. Various analytical theories
would then be developed to interpret the numerical simulations
by identifying and quantifying the resonant and nonresonant
scattering channels whose interference produces asymmetric
spectral features.

Rigorous calculations such as in Ref. 23 revealed that the
asymmetric resonant line shape may be given by a more
general formula than the original Fano equation (2):

F (ε) = (q + ε)2 + γ 2

1 + ε2
, (3)

with an additional line shape parameter γ . Likewise, the
exactly solvable two-oscillators model in Ref. 25, when
considering only a narrow spectral interval around the resonant
frequency and with some additional assumptions, can be
reduced to (3).

In this paper we show that the line shape (3) can be
obtained using a very general assumption that the scattering
amplitudes are given by the transfer function of a first-order
linear system. Despite all the differences between the studied
structures, the asymmetric photonic resonances are strikingly
similar in shape. As long as the derivation proposed here is
general enough, it opens up the possibility for classification of
asymmetric resonances that would be applicable to various
physical systems. To accomplish this, we reformulate (3)
into a weighted sum of the original Fano (2) and Lorentzian
line shapes. The asymmetry parameter in the original Fano
equation and the relative weight of Fano and Lorentzian com-
ponents becomes the basis for a two-parameter classification
scheme of asymmetric resonances.

II. RESONANT RESPONSE OF A FIRST-ORDER
LINEAR SYSTEM

Leaving aside the specifics of a particular system, in the
case of a narrow, isolated single resonance, all feasible line
shapes can be easily found by considering light scattering as a
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first-order linear process. In a narrow vicinity of the resonance,
the distributed nature of the photonic system becomes less
important and its response—the scattering amplitudes—is then
given by a transfer function of a linear system. It is generally
assumed (see, e.g., Ref. 26) that in the time domain (t) the
response f (t) of a linear system of order n to the input signal
g(t) is defined by a linear differential equation Q(n)(D̂)f (t) =
P (n)(D̂)g(t), where D̂ = d/dt is the differential operator and
P (n)(D̂) and Q(n)(D̂) are formal polynomials representing
linear differential operators of order n. Then, in the frequency
domain ω, the transfer function of the linear system is given by
the ratio of polynomials P (n)(ω)/Q(n)(ω). In particular, in the
case of a single resonance (n = 1), the transfer function must
be well approximated by a ratio of first-order polynomials
P (1)(ω) and Q(1)(ω), so that

t(ω) = P (1)(ω)
Q(1)(ω)

= P
ω − ωz

ω − ωp

. (4)

Here t(ω) is the scattering amplitude (say, amplitude trans-
mission coefficient), ω is the radian frequency, P = p exp(iφ)
is the scattering amplitude far from the resonance, with p
and φ being the magnitude and phase of P , ωp = ωR

p − iγp

and ωz = ωR
z − iγz are the complex-valued pole and zero

of the transfer function, with ωR
p and γp referred to as the

resonant frequency and damping rate. Choice of the negative
sign in the expressions for ωp and ωz is due to the convention
that a wave propagating along a wave vector k oscillates as
∼ exp[i(kr − ωt)]. The pole ωp of the transfer function (4)
with negative imaginary part − γp then corresponds to a de-
caying eigenmode ∼exp(−iωpt) = exp(−iωR

p t) exp(−γpt).
In the most general case, we should assume no limitation on
how large or small the real and imaginary parts of ωp and ωz

may be.
As an illustration, consider a classical analogy to Fano

resonances in Ref. 25. This exactly solvable model is based
upon coupled harmonic oscillators driven by an external
force. To mimic the resonant and nonresonant channels of
Fano scattering, one of the oscillators is set to have a large
damping rate (wide “nonresonant” channel), while the other
one is nearly lossless (resonant channel). With each oscillator
described by a second-order linear differential equation, the
system response is given by a rational function with, generally
speaking, fourth-order polynomials. However, in a narrow
vicinity of the resonant frequency, one can present the transfer
function in the form of (4) and trace how the system parameters
define ωp and ωz.

Equation (4) can further be modified by placing the
beginning of the frequency scale at ωR

p and normalizing the
frequency shift by γp, that is, by introducing the normalized
frequency scale ε = (ω − ωR

p )/γp. The scattering intensity
spectrum is then found as the absolute value squared of the
scattering amplitude T (ε) = |t(ε)|2:

T (ε) = p2 (δ + ε)2 + γ 2

1 + ε2
, (5)

where δ = (ωR
p − ωR

z )/γp is the Fano asymmetry factor
and γ = γz/γp is another line shape factor. Equation (5) is
essentially equivalent to (3) derived elsewhere,23,25 however,
the analysis based on the linear systems approach clearly shows

the connection between the line shape parameters δ and γ on
one hand and zeros and poles of the transfer function on the
other hand.

Equation (5) turns into the original Fano formula (2) when
γ = 0. The second line shape factor γ did not appear in the
original Fano analysis due to the specifics of the considered
problem. An expression equivalent to (5) may be obtained by
extending the Fano formula (2) to include complex values of
q: T (ε) = p2|q + ε|2/(1 + ε2). A complex asymmetry factor
was linked to decoherence in quantum systems.27 Also, the
coupled oscillators model25 yields complex q parameter in
case of an oscillator with nonzero losses. It is worth noting that
expression (5) here is derived from a very general assumption
(4), and thus line shape (5) must be a property of all linear
systems whose transfer function in the frequency range of
interest could be reduced to a first-order expression with a
single pole and single zero.

Significance of the second line shape factor γ , or, equiva-
lently, complex values of q, is emphasized by the following:
The ratio of scattering intensity at the resonance to that well
beyond the resonance Tε=0/Tε≫1 = δ2 + γ 2 depends on both
δ and γ . In the original Fano treatment, the absolute value
of the symmetry parameter δ (denoted as real quantity q) is
a measure of the relative strength of the resonant scattering
amplitude compared to the nonresonant [to be exact, the ratio
of transition probabilities in Ref. 2 is (π/2)q2]. With γ ̸=
0, one should use

"
δ2 + γ 2 instead. This might be quite an

essential correction, especially when γ 2 ≫ δ2.
Another important observation is that with γ ̸= 0, the

scattering intensity (5) never turns into zero, as noted in
Ref. 23. The asymmetric resonances in photonics are often
seen to be like that, which justifies using the two-parameter
(δ and γ ) formula (5) instead of the original Fano formula (2)
with real q, which yields zero intensity at ε = − q.

In many technical papers, to fit a line shape that does not
go through zero, the original Fano formula (2) is modified.
Besides a scaling factor F0, a constant shift A0 is added (see,
e.g., Ref. 11):

F (ε) = A0 + F0
(q + ε)2

1 + ε2
. (6)

A simple mathematical transformation such as vertical
shift and scaling appears to have a significant effect upon
the physical meaning of the fitting parameters. The model
function (6) can be converted into a form equivalent to (5)
with p2 = A0 + F0, δ = qF0/p

2, γ 2 = (q − δ)(1 + δq)/q,
and thus it is equally suitable for fitting the experimental
or numerically simulated data. However, physical sense of
the constants becomes quite convoluted which may lead to
some misinterpretation of fitting results. In particular, the q
parameter in (6) can no longer be used as a measure of relative
contribution of the resonant and nonresonant channels to the
total scattering amplitude. Indeed, the nonresonant (|ε| ≫ 1)
intensity according to (6) is A0 + F0, and it can be changed
independently of q. Because of no immediate physical sense,
the factors A0 and F0 practically never appear in the analysis
of data fitting and the fitting parameter q in (6), instead of
the proper quantity

"
δ2 + γ 2 =

√
(A0 + F0q

2)/(A0 + F0),
might be misleadingly assumed to be a measure of how strong
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the resonant component of the scattering is compared to the
nonresonant.

III. TWO-PARAMETER CLASSIFICATION OF
FIRST-ORDER ASYMMETRIC RESONANCES

For the sake of convenience of classifying the asymmetric
line shapes, it is useful to introduce another unitless parameter
η = 1/(1 + γ 2) mapping the entire range of γ 2 values 0 6
γ 2 < ∞ into 0 6 η 6 1 with the value of η = 0 corresponding
to the limit γ 2 → ∞ and η = 1 corresponding to γ 2 = 0. The
line shape equation (5) then takes a convenient form of the
weighted sum of Fano and Lorentz line shapes with weight
factors η and (1 − η), respectively,

T (ε) = A

#
η (δ + ε)2

1 + ε2
+ 1 − η

1 + ε2

$
, (7)

and the overall magnitude factor A = p2/η = p2(1 + γ 2).
This generalized asymmetric line shape will be referred to as
a weighted Fano-Lorentz line shape. To be specific, the term
Fano line shape will be attributed to spectral features that are
described by the original Fano formula (2), or, equivalently,
(7) with η = 1, or (5) with γ = 0. Equation (7) allows for a
convenient description of a line shape in terms such as pure
(100%) Fano, pure (100%) Lorentz, or Fano-Lorentz mixed in
a proportion of η to (1 − η).

When fitting the experimental data, besides A, δ, and η, one
still needs an explicit reference to the resonant frequency ωR

p

and damping rate γp:

T (ω) = A

%
η

&
ω − ωR

p + δγp

'2

&
ω − ωR

p

'2 + γ 2
p

+
(1 − η) γ 2

p
&
ω − ωR

p

'2 + γ 2
p

(

. (8)

The asymmetry factor δ and the second line shape factor
η quantitatively define the shape of the spectral features. The
parameter η indicates relative weight of Fano and Lorentzian
components in the first-order asymmetric line shape. The
numerical fit with (8) is also an instrument to locate the
resonant frequency ωR

p , which, generally speaking, no longer
coincides with spectral locations of either maximum or
minimum of T (ω), and damping rate γp of the resonant
excitation channel. The corresponding resonance quality factor
then is Q = ωR

p /2γp.
In (7), the case of η = 0 corresponds to a pure Lorentzian

peak and the case of η = 1 to a pure original Fano line shape.
Note that the Fano line shape (2) is not normalized and may
take on values (much) larger than unity. Instead, it is scaled
in such a way that out-of-resonance values asymptotically
approach unity. At sufficiently large values of |δ|, the case
of η = 1 allows for the highest possible asymmetry with T (ε)
vanishing at some frequency ε = − δ and reaching values as
large as (1 + δ2) at ε = 1/δ. With δ = 0, the Fano line shape
degenerates into a symmetric dip. By adding the two terms in
(7) one then gets T (ε)|δ=0 = A[η + (1 − 2η)/(1 + ε2)], which
may turn out to be a constant [T (ε) = A/2 when η = 1/2]
with no resonant features visible at all, or it could look like
a Lorentzian peak (η< 1/2) or a symmetric dip (η > 1/2)
with a nonzero background. Note that with δ = 0 and η ≈
1/2, when resonant features are barely visible (e.g., excitation
of a low-loss ring resonator), the relative contribution of the

R TGain g 

F-P T
= 0 

R
> ½
= 0 

R (g > 0) 
< ½
= 0 

Ring

T

T (  0) 

> ½
= 0 

T (  = 0)
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R

T

R

Rb

= 1 

FIG. 1. Examples of photonic systems showing first-order reso-
nances. From top to bottom: Fabry-Perot cavity (F-P), ring resonator
(Ring), and waveguide grating (WG).

resonant channel compared to the nonresonant one is not
close to zero as one might conclude using the fit (6) with
q = 0. Instead, the right conclusion is that these channels
provide about equal contribution:

"
δ2 + γ 2 =

√
(1 − η)/η ≈

1. And indeed, sharp variation of the phase of the scattered
(transmitted) wave at frequencies close to the resonance is an
indication that the resonant channel certainly has a significant
nonzero amplitude.

Some trivial examples of first-order line shapes are follow-
ing (Fig. 1).

An isolated peak in the transmission spectrum of a Fabry-
Perot resonator has close to zero background and, thus, its
first-order approximation (7) becomes a Lorentzian peak (η =
0). The out-of-resonance reflection by a Fabry-Perot cavity is
close to 100%, leaving no room for higher values; using the
first-order linear systems approximation then requires δ = 0.
Though symmetric, this is one of the Fano line shapes (2). A
reflection dip appears in (7) when η > 1/2, and it may reach
zero if η = 1. It may also turn into a resonant reflection peak
with some nonzero background (η < 1/2) if the medium inside
the Fabry-Perot cavity provides optical amplification (but not
lasing yet).

Flat intensity transmission response (δ = 0, η = 1/2) is
observed in a system with a channel waveguide coupled to a
lossless ring cavity. Excitation of the cavity mode in this case
leads to a pure phase response with transmission always kept
at 100%. If the cavity has losses, a resonant dip appears (δ =
0, η > 1/2).

Resonant reflection by a lossless waveguide grating reaches
Rmax = 100% (anomalous reflection), while the out-of reso-
nance reflection is rather low (say, close to Rb ∼ 4% for
a glass-based waveguide). The line shape is not necessarily
pure Fano (reflection does not necessarily go through zero
in the vicinity of the resonance), but if it does, then η = 1
and δ is found from 1 + δ2 = Rmax/Rb = 1/Rb, with positive
(negative) δ corresponding to the reflection peak appearing
at frequencies higher (lower) than the frequency of the
reflection dip.
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FIG. 2. (Color online) First-order resonant line shapes. Horizontal axis in all graphs shows normalized frequency ε. Vertical axis shows
scattering intensity T (ε) calculated according to (6) without normalization (A = 1). The graphs are arranged as follows: from left to right, η =
0 (Lorentz), 1/4, 1/2, 3/4, 1 (Fano); from top to bottom, δ = 0, 1/2, 1, 2. Line shapes for negative values of δ can be obtained by flipping the
axis of normalized frequency: T (ε,η, − δ) = T ( − ε,η,δ).

Representative line shapes calculated using (7) are shown
in Fig. 2.

With η = 0 the line shape is Lorentzian regardless of δ.
All the graphs in the first column are essentially identical.
With η = 1 various Fano line shapes appear, starting from a
symmetric dip at δ = 0 at the top to highly asymmetric shapes
with increasing δ. Note that the Fano line shapes always touch
zero at some frequency (ε = − δ). When the asymmetry factor
is further increased so that |δ| ≫ 1 (not shown in Fig. 2),
the asymmetry is preserved, but the zero-intensity frequency
ε = − δ becomes shifted away from the resonance, while at
frequencies close to the resonance the line shape resembles
a Lorentzian. Generalized asymmetric line shape (7), except
when η = 1, never goes to zero. Deviation of the scattering
intensity from its out-of-resonance value may be quite small
if η ≈ 1/2 and |δ| ≪ 1.

Experimental observations and numerical simulations may
lead to some other resonant line shapes substantially deviating
from (7), such as in the case of the reflection spectrum
of a Bragg grating. This essentially means that the single
resonance (single zero, single pole) approximation neglecting
the distributed nature of the photonic system is no longer
valid. Other cases when (7) may not be quite accurate include
systems with multiple overlapping resonances such that the
rational function (4) with one zero and one pole no longer
provides a good approximation for the transfer function.

However, the vast majority of practically important cases
are perfectly described by the weighted Fano-Lorentz line
shape (7) derived from a very general form of the rational
function (4).

A particular nanocavity system that exhibits the resonance
described by (7) is a 1D silicon photonic crystal cavity
nanobeam, shown in the inset of Fig. 3, coupled to a fiber taper
probe. Experimental details of such a system can be found in
Refs. 28 and 29. Tuning the polarization of the light coupled
to the nanobeam from the fiber taper changes the resonant line
shape from a Fano-Lorentz line shape to pure Lorentzian line
shape. Further work is in development that will describe this
experimental system in more detail, show that it displays a
variety of the line shapes shown in Fig. 1 with different input
polarizations, and equate it to a simple solvable model. In Fig. 3
a Fano-Lorentz line shape (7) with η = 0.506 and δ = 0.055,
showing a nearly 50/50 contribution of a Fano line shape and
a Lorentzian line shape, is fitted to the fiber transmission data
for a particular polarization state. For the fit, A in (7) was
taken to be a linear function of ω to take into account the
slope of the data. As proposed above, these values would
lead to a ratio between resonant and nonresonant scattering"

δ2 + γ 2 of 0.99. Fitting with (6) the conventional scattering
ratio parameter q is 0.84, leading to ∼18% difference.

Work done in Ref. 30 shows simulations of plasmonic
structures and their resonant modes. It is shown that the
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FIG. 3. (Color) Fiber taper transmission spectra of a 1D silicon
photonic crystal nanobeam coupled to a fiber taper displaying a typical
asymmetric line shape spectra (black) and a Fano-Lorentz fit (red).
Inset: SEM of the photonic crystal cavity nanobeam. Length of the
nanobeam is 10 µm.

resonant modes fit well to an equation from Ref. 22 which
is equivalent to (7). If the standard Fano equation is used
[Eq. (6)] the asymmetry terms in Table 1 of Ref. 30 would
be significantly different. Another example of a system
where the difference in asymmetry term is important comes
about in Ref. 31 where a resonant mode of a plasmonic
metamaterial is tuned to the vibrational mode of a biomolecule.
Knowing the characteristics of the metamaterial and how
those characteristics affect the asymmetry of the resonance
can allow for better overlap between the resonant mode of

the plasmonic metamaterial and the vibrational mode of a
biomolecule, leading to a stronger field enhancement. These
two cases are examples where analyzing data with (7) instead
of (6) proves to be beneficial.

IV. CONCLUSIONS

We have shown that asymmetric resonant line shapes de-
rived elsewhere from rigorous electromagnetic calculations23

and from the two-oscillators model25 can also be obtained by
treating the photonic resonance as a response of a first-order
linear system. We have reformulated the line shape equation
into a weighted sum of the Fano and Lorentzian line shapes
and proposed a two-parameter classification scheme with one
parameter being the asymmetry factor in the original Fano
formula and the other one being the relative weight of the
Fano and Lorentzian line shapes. The proposed line shape
equation has been applied to the experimental spectra of
one particular nanocavity system where the scattering ratios
between resonant and nonresonant contributions are shown
to be significantly different between the conventional Fano
formula (6) and the Fano-Lorentz formula (7).
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Abstract
The coupling of radiation emitted on semiconductor inter-band transitions to resonant optical-
antenna arrays allows for enhanced light–matter interaction via the Purcell effect. Semiconductor
optical gain also potentially allows for loss reduction in metamaterials. Here we extend our
previous work on optically pumped individual near-surface InGaAs quantum wells coupled to
silver split-ring-resonator arrays to wire and square-antenna arrays. By comparing the transient
pump-probe experimental results with the predictions of a simple model, we find that the
effective coupling is strongest for the split rings, even though the split rings have the weakest
dipole moment. The effect of the latter must thus be overcompensated by a smaller effective
mode volume of the split rings. Furthermore, we also present a systematic variation of the pump-
pulse energy, which was fixed in our previous experiments.

Keywords: metamaterials, semiconductor/metal coupling, transient pump-probe

(Some figures may appear in colour only in the online journal)

1. Introduction

Optical antennas, similar to radiowave antennas, allow for the
coupling of freely propagating electro-magnetic waves to sub-
wavelength localized modes. While radiowave antennas have
been around since the late 1800’s, the first mention of
something resembling an optical antenna didn’t appear until
1928, in letters between Edward Synge and Albert Einstein
[1]. Optical antennas didn’t become experimentally feasible
until the mid 1980’s [2]. Over the past decade research based
on optical antennas has grown quickly, with applications
covering high resolution microscopy, single-photon sources,
photo-voltaics, optical switching, metamaterials and more

[3–10]. This research has also led to many interesting theo-
retical questions on the nature of electro-magnetic fields
confined by metallic nano-structures [11–13].

In the field of meta-materials one is interested in arrays of
individual antennas, arranged on a sub-wavelength scale in
order to produce macroscopic properties different than those
of the bulk materials from which they are fabricated. Progress
in this field has reached the point where individual metal
nano-structures resonate at optical frequencies [3]. The reso-
nant coupling of arrays of metallic nano-structures to a
semiconductor quantum well represents a very curious pro-
blem involving the fundamental physics of a rather complex
metal/semiconductor hybrid system. In the past the coupling
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of arrays of split-ring shaped antennas to a semiconductor
quantum well was demonstrated [14]. If one wants to shift to
shorter wavelength, fabrication is less of a problem with
simpler shapes such as wires and squares. It also is already
known that a larger dipole moment (cross section) is achieved
from individual wire and square shaped antennas, as com-
pared to the split-ring shape [15]. It is therefore natural to
study arrays of wire and square antennas coupled to a quan-
tum well in to order see if this would lead to a larger coupling
effect. Clearly interactions between individual antennas
within the array can severely alter the behavior of the array
from that of the individual antenna itself [16].

In this work we study the properties of silver optical
antennas fabricated in arrays displaced by approximately
5.4 nm from a semiconductor quantum well, as pictured in
figure 1 for an array of wire shaped antennas. We are con-
cerned primarily with the effective coupling of the antenna
array to the quantum well and use a simple toy-model [17]
based on near-field coupling to explain the experimental
observations. Using a transient frequency resolved pump-
probe experiment we measure the differential transmission of
the system, revealing the expected signs of coupling [14]. We
explore several areas of interest, including the effects of high
pump power which causes the quantum well to act as a
continuum of states rather than a single resonance. In this
regime our simple toy model is no longer valid and new
features of the coupling are observed. Finally, we compare the
optical properties and effective coupling of three distinct
optical antenna shapes: wire, square and split-ring.

2. Methods

2.1. Quantum well

The semiconductor quantum well structure used in this work
is grown using molecular beam epitaxy (MBE). The semi-
conductor structure is pictured in the inset of figure 1, and is
grown lattice matched to an indium phosphide substrate. The
quantum well is a 13.8 nm layer of In0.532Ga0.468As sur-
rounded by In0.534Al0.466As barriers. The top barrier of the
quantum well is approximately 2.9 nm thick, and a layer of
In0.532Ga0.468As approximately 2.5 nm thick is deposited to

act as a protective cap layer to prevent oxidation of the
In0.534Al0.466As barrier. This results in a distance of only
5.4 nm between the quantum well and the surface of the
sample. It has been reported that surface states of a semi-
conductor can be extremely detrimental to quantum wells and
dots [18]. As the quantum well gets closer to the surface non-
radiative recombination increases quickly, leading to
decreased photoluminescence (PL) and spectral broadening
and shifting. At the same time, it has been shown that the
coupling between a quantum well and a plasmonic system
occurs through near-field interactions, which fall off quickly
as a function of separation [19]. It is therefore necessary to
make a compromise between the coupling strength and the
quality of the quantum well. The distance of 5.4 nm has
proven to be a very good compromise, maintaining a bright
quantum well resonance with a FWHM of about 15 nm, while
still coupling to the plasmonic structure. Two quantum well
samples were used for this work; HSG64 was used for the
pump power dependence measurements while A107 was used
for comparison of antenna shapes.

The quantum well is designed to have a resonance
wavelength near 1500 nm, which is verified using low tem-
perature PL measurements. The quantum well is held at 10 K
and pumped using 120 fs pulses at a wavelength of 810 nm
from a Ti : Sapphire laser, with an 80MHz repetition rate.
Figure 2 shows the observed PL of this quantum well for
various average pump powers. For low pump power we
clearly see the lowest level of the quantum well at a wave-
length 1500 nm. As the power is increased the PL broadens
asymmetrically to higher energies (shorter wavelengths) and
we begin to see signs of transitions from higher energy levels
at wavelengths of 1360 nm and 1200 nm.

2.2. Optical antennas

Fabrication of the silver antenna array structures is accom-
plished using a standard lift-off procedure. Beginning with
the quantum well structure, the sample is coated with a thin
layer (∼200 nm) of poly(methyl methacrylate) (PMMA). The
antenna pattern is written into this layer using an electron
beam lithography system, and developed. The sample is then
coated with 30 nm of high purity silver using electron beam
deposition. Finally the PMMA is dissolved, resulting in the
lift-off of the excess silver, leaving behind arrays of silver

Figure 1. Diagram of an array of silver wire antennas fabricated on
top of a near-surface quantum well. (Inset) Close up of the quantum
well structure.

Figure 2. Power dependent low temperature photoluminescence
spectra of the near-surface quantum well. Each curve corresponds to
a pump power of approximately twice that of the curve below it.
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antennas. For this work the antennas are patterned into square
arrays with a size of 100 μm× 100 μm. In order to maximize
the measured signal the density of antennas was made rela-
tively high. Wire antennas were spaced on a rectangular grid
with 250 nm spacing along the direction perpendicular to the
wire, and 250 nm plus the length of the wire antenna
(190–220 nm) spacing along the direction parallel to the wire.
An example of this is shown in figure 3. To increase the
density further, wire antennas were also fabricated with
250 nm spacing along both directions and alternating rows
were shifted by 125 nm in order to avoid contact between the
antennas. The dimensions of split-ring shaped antennas are
such that a spacing of 250 nm on a square lattice was easily
achievable. The dimensions of square antennas, however,
required that the spacing be increased. For the array used in
this study the spacing was 410 nm in order to avoid contact
between antennas.

Completed antenna arrays are initially characterized
using scanning electron microscopy (SEM) and room tem-
perature Fourier transform infrared (FTIR) spectroscopy. We
observe that the resonance shifts slightly when the samples
are cooled to 10 K, however, room temperature measurements
allow us to quickly find arrays which are suitable for study at
low temperatures. For theoretical fits shown later in the paper
we use low temperature transmission measurements. Figure 3
shows several SEM images of completed wire antenna arrays
and the corresponding FTIR transmission spectrum showing
the deep transmission dip of the plasmonic resonances. The
resonance of the antenna array is strongly related to the size
and spacing of the individual antennas. Since we are inter-
ested in high density antennas we tuned the antenna reso-
nances by changing the dimensions of individual antennas
during fabrication. This is illustrated in figure 3 which shows
SEM images of four arrays with increasing antenna length
and the corresponding shift in resonance. It is important to
note that the transmission is measured with the electric field
polarized linearly parallel to the long axis of the wire anten-
nas. The orthogonal polarization does not couple to the dipole
moment of the wire antenna, and shows nearly 100% trans-
mission. This also applies to split-ring shaped antennas,
shown later in this paper. For this shape the electric field is

polarized along the opening of the ‘U’ of the split-ring in
order to excite the fundamental mode. For perfectly square
antennas the polarization would not make a difference,
however, due to imperfections in fabrication these antennas
are never perfectly square and tend to have a small shift of the
resonance when the polarization is rotated.

2.3. Toy model

The system of a silver optical antenna array coupled to a
quantum well can be understood to some extent by employing
a simple model [17], in which the quantum well is modeled
by a fermionic two-level system, and the antenna array is
modeled as a bosonic two-level system. This model has been
shown to provide good qualitative agreement for arrays of
split-ring shaped antennas coupled to a quantum well [14].
The general physics behind this model assumes that the
coupling between the two systems takes place via the near-
field generated by the dipole moment of each. To account for
the near-field the driving electric field for the quantum well is
modified by the macroscopic polarization of the antenna array
multiplied by a phenomenological coupling constant, L, and
similarly the driving field for the antenna array is modified by
the macroscopic polarization of the quantum well multiplied
by the same constant. The transition amplitudes are calculated
using steady state solutions of the optical Bloch equations.
From this the linear optical spectra of the coupled system can
be calculated. The final model includes ten parameters: den-
sity (N), dipole moment (d), resonance frequency (Ω) and
damping constant (γ) for both the quantum well and the
antenna array, along with the coupling constant (L) and the
quantum well inversion which we control with a filling factor
(f), which ranges from 0 to 1. Using independent measure-
ments of the quantum well and the antenna array, we can fix
all of the parameters except for f and L. For comparison to our
pump-probe measurements we assume that the quantum well
is inverted (f= 1) with the pump present and relaxed (f= 0)
when the pump is blocked. This leaves only the coupling
constant L as a free parameter which we can vary to fit our
measurements of the coupled antenna/quantum well system.

Figure 3. (a–d) SEM images of four silver wire antenna arrays with increasing lengths and (e) the FTIR transmission spectra corresponding to
the four SEM images showing the shift in resonance wavelength.
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2.4. Pump-probe spectroscopy

In order to experimentally investigate the unique properties of
the coupled antenna/quantum well system we use a transient
pump-probe spectroscopy technique. The sample is held at
10 K in a continuous flow helium cryostat and pumped using
a 120 fs pulse at a wavelength of 810 nm from a mode-locked
Ti : Sapphire laser. A portion of the Ti : Sapphire laser is also
used to pump an optical parametric oscillator which produces
a second pulse tunable in the wavelength range of
1360 nm–1580 nm and serves as a probe. Both pulses are
combined collinearly and focused onto the sample. Using a
telescope for each beam, the relative beam width, and hence
the relative spot size on the sample is controlled. The pump
spot size is about 20 μm while the probe spot size is on the
order of 10 μm, ensuring that the area of the sample being
probed is uniformly pumped. The power of the probe beam is
held at 15 μW, while the pump power is tunable from very
low powers (<100 μW) up to 120 mW average power.
The pump beam is chopped at 400 Hz before the sample, and
any residual pump is filtered out behind the sample by an
interference filter. The transmitted probe is incident on an
amplified InGaAs detector and the signal is measured using a
lock-in amplifier referenced to the 400 Hz chopper. By nor-
malizing this signal to the absolute transmission of the probe
with no pump present we retrieve the differential transmission
signal (ΔT/T). Using a delay line to vary the time between the
pump and probe pulses we can see the decay characteristics of
the sample. This technique is very sensitive to small changes
(down to 0.01%) in the transmission of the sample resulting
from the incident pump beam.

3. Results

3.1. High pump power differential transmission

Initial investigations were done using wire shaped antennas
and the full 120 mW of available pump power. Figure 4
shows the transient response observed from an array resonant
with the quantum well. An SEM image of this array and the
low temperature transmission spectrum are shown in figure 5.
In figure 4 the solid blue curves show the response of the
quantum well alone measured approximately 100 μm away
from the antenna array. The dashed red curves show the
response measured on the array. Each set of curves corre-
sponds to a different probe wavelength, as the probe was
tuned from 1380 nm to 1580 nm in 20 nm step sizes. These
initial results revealed several exciting features, including a
very large negative signal of −13.9% at a wavelength of
1480 nm. While this negative signal has been observed before
and can be explained in terms of the toy model, the magnitude
of this signal is larger than previously observed in this type of
system [14]. Additionally, the data reveal unique decay
characteristics which cannot be described by a single expo-
nential decay. This was observed not only on array but also
from the quantum well by itself. Another interesting feature is
the change of signs of the signal. For several wavelengths

(1380 nm–1440 nm) the on array signal is initially negative,
but becomes positive at longer delay times before returning
back to zero. A final notable feature is observed at a probe
wavelength of 1540 nm. While all other probe wavelengths
show very fast rise (fall) times on the order of 2–3 ps, for the

Figure 4. Transient pump-probe data collected from both the
quantum well alone (solid blue) and from a resonant silver wire
antenna array coupled to the quantum well (dashed red), for a pump
power of 120 mW and probe wavelength ranging from 1380 nm to
1580 nm.

Figure 5. (a) SEM image of the silver wire antenna array measured in
figures 4, 6, 8 and 9 and (b) low temperature transmission spectrum
of this array.
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wavelength of 1540 nm, the data show a rather slow fall,
which reaches a minimum value after 60 ps.

Another way to view this data is to look at a specific
delay time and plot the data as a function of wavelength as
shown in figure 6. In this case the delay time is chosen to be
+3 ps where we see the largest response for most wave-
lengths. This reveals another unique feature. Similar to pre-
viously reported data, the signal shows a strong negative
response near resonance; however, we also see a second
narrower and smaller dip in the data near 1560 nm which
cannot be qualitatively explained by the toy model.

3.2. Bare quantum well

While the response of the coupled antenna/quantum well
system shows many unique features, it was also noted that the
response of the quantum well alone was rather unique. Not
only did it show a complex decay characteristic, but it also
had a rather large magnitude of nearly 5%. For a typical
quantum well in this material system one would expect
around 2% change resulting from bleaching of the absorption
and from gain. This suggests that the additional signal is due
to a change in reflection, most likely resulting from a change
in refractive index due to the high carrier concentration
generated by the large pump power. To verify this result we
did several tests, the first being to measure a similar semi-
conductor structure, without the quantum well. This was
measured and did in fact reveal a signal with a magnitude of
approximately 3% and a nearly exponential decay on the time
scale of 260 ps. We also investigated the dependence of the
quantum well response on the pump power. Figure 7 shows
the results of this measurement, where each curve is measured
with a pump power of about one half of the pump power of
the curve above it, starting from 100 mW at top and ending
with 50 μW at bottom, and the probe wavelength is held
constant at 1480 nm, corresponding to the peak of the quan-
tum well resonance. The data are plotted on a logarithmic
scale and the final portion of each decay is fit to a single
exponential, with decay constants ranging from 82 ps at
100 μW pump power to 212 ps at 100 mW pump power. For
low pump powers we see that a single exponential is suffi-
cient to fit the data. This continues as the pump power

increased to about 3.12 mW, where we see a shoulder begin
to appear before the exponential decay, and likely signals the
saturation of the lowest level of the quantum well. Indeed, if
we look back at figure 2, showing the PL of the same
quantum well, we see the second level of the quantum well
begins to appear for powers above 3.12 mW. Also, consistent
with this idea is the fact that this shoulder appears near a
signal magnitude of about 2%, the value we expect to get
from the quantum well alone. As the pump power is increased
further, this shoulder lengthens in time, until a power of about
25 mW, at which point a second component appears, causing
the signal to increase to nearly 5%. We attribute this addi-
tional component to the changing refractive index of the bulk
material resulting from the high carrier concentration, which
was also observed in the sample without a quantum well as
mentioned above.

3.3. Low power differential transmission

With this in mind we decided to revisit the array we had
previously measured and look at the response when the
quantum well is pumped with only 4 mW, which should be
just enough power to invert the lowest energy resonance of
the quantum well. In figure 8 we see this data plotted similar
to the data in figure 4, where the solid blue curves show the
response of the quantum well by itself and the dashed red
curves show the response of the quantum well coupled to the
wire antenna array. From this data we see a smaller magnitude
of the negative signal of about −3.8%. Also for most wave-
lengths we see a nearly exponential decay and the initial rise
(fall) time is consistent, reaching a maximum or minimum
signal at +20 ps delay. For the wavelengths of 1440 nm and
1460 nm we still see a flip in the sign of the signal. In order to
compare this to previous work, we can use the toy model
explained previously. To do this we first look at a single delay
time corresponding to the maximum signal, when hot carriers
have relaxed to the lowest energy level of the quantum well
and the system can be approximated as steady state, which
occurs around +20 ps. When we plot this time slice as a
function of probe wavelength we get the plot seen in figure 9.

Figure 6. Pump-probe differential transmission spectrum for a pump
power of 120 mW and a delay time of +3 ps.

Figure 7. Transient pump-probe measurement of the quantum well
without silver wire antennas for pump powers ranging from 50 μW
to 100 mW. The data are plotted on a logarithmic scale along with
exponential fits (dashed lines). Each curve corresponds to a pump
power of approximately twice that of the curve below it.
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Here again the blue data are the response of the quantum well
and the red data are the response of the coupled system. The
open circles are the experimental data, while the curves are
the best fit to the toy model. All but one parameter in this
model can be set from independent measurements of the
quantum well and wire antenna array, leaving one free
parameter, representing the strength of the coupling (L),
which is varied to obtain this fit. The parameters for the
quantum well were: resonance frequency of 2π× 203 THz,
damping frequency of 2π× 4.0 THz, dipole moment of
5.8× 10−29 Cm and density of 2.1× 1024 m−3. The parameters
for the wire antenna array were: resonance frequency of
2π × 191 THz, damping frequency of 2π× 10 THz, dipole
moment of 9.9× 10−26 Cm and density of 3.7× 1020 m−3. The

best fit of the coupled data was found for a coupling constant
of 0.51× 1010 m F−1. From this fit we see there is extremely
good qualitative agreement with this model, confirming that
for low excitation power the quantum well does indeed
behave like a two-level system.

It is also important to check the polarization dependence
of the pump-probe measurement. Since the wire antennas can
only be excited by light polarized parallel to the long axis, we
would expect that if we rotate the polarization of the probe
light to be perpendicular to the long axis we would probe only
the quantum well. An example of this can be seen in
figure 10, where a wire antenna array is measured with a
pump power of 4 mW and a probe wavelength of 1480 nm. In
figure 10(a) we probe both the quantum well by itself (solid
blue) and the quantum well coupled to the wire antenna array
(dashed red), however, the polarization of the probe is such
that it does not interact with the wire antennas. We see a
similar magnitude and decay of the transient response for both
measurements in this case. In figure 10(b), when the polar-
ization is rotated 90° such that it will interact with the wire
antennas, we see the same response from the quantum well
(solid blue), but now we see a much different behavior from
the quantum well coupled to the wire antenna array (dashed
red) as we expected.

3.4. PL

It’s also very interesting to look at the low temperature PL,
providing complimentary information to the differential
transmission measurements. To measure the PL we use the
same experimental setup that is used for transient pump-probe
measurements in order to maintain the same pumping con-
ditions (power, spot size, etc). The probe beam is blocked and
a flip mirror is used to divert the PL to a 0.5 m spectrometer
with a 600 line mm−1 grating. The spectra are captured with a
liquid nitrogen cooled 512× 1 pixel InGaAs array.

Using this method we can study the resonant changes in
PL associated with the antenna arrays. Figure 11 shows an
example of the resonant enhancement in PL that we observe
from a wire antenna array (solid blue), when the quantum
well is pumped with 100 mW average power. Also plotted for
reference is the extinction cross section of the wire antenna
array as measured by room temperature FTIR (dashed red).
To measure the enhancement of the PL an analyzing polarizer
is placed before the spectrometer such that we can separate
PL emitted with polarization both parallel and perpendicular
to the long axis of the wire antennas. The solid blue curve in
figure 11 is the ratio of parallel polarized PL to perpendicular
polarized PL. Additionally, it is normalized by the same ratio
of PL collected from the quantum well alone in order to
remove any polarization sensitivity of the measurement
optics. From this we can see a clear peak associated with the
plasmonic resonance, with a maximum enhancement of 2.3.

3.5. Antenna comparison

As a result of the skin depth of metal being on the same scale
as the dimensions of optical antennas, the exact shape of the

Figure 8. Transient pump-probe data collected from both the
quantum well alone (solid blue) and from a resonant silver wire
antenna array coupled to the quantum well (dashed red), for a pump
power of 4 mW and probe wavelength ranging from 1380 nm to
1580 nm.

Figure 9. Pump-probe differential transmission spectra collected for
a pump power of 4 mW and a delay of +20 ps. The blue circles show
the measured signal from the quantum well alone, while the red
circles show the measured signal on the silver wire antenna array.
The solid blue and dashed red curves show the best fit to the simple
model.
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antenna has a strong influence on its properties such as
resonant frequency, dipole moment and damping. One would
also expect the strength of the coupling to depend on the
antenna shape. To study this aspect we fabricated arrays of
silver optical antennas with three different shapes on the same
quantum well. This quantum well (A107) had the same
structure as the previously discussed quantum well, however,
was grown in a different MBE chamber and had approxi-
mately twice the PL intensity of the first quantum well. The
size of the antennas was adjusted such that all three had
resonance wavelengths near 1500 nm. Wire shaped antennas
were fabricated in a staggered pattern in order to increase
density (N = 5.3× 1024 m−3) which leads to a stronger differ-
ential transmission signal. Split-ring shaped antennas were
fabricated with the same density; however, due to the size,
square shaped antennas were limited to a lower density
(N = 2.0× 1024 m−3). Figure 12 shows SEM images of these
three antenna shapes along with measured transmission data.
These transmission data were measured at 10 K using the

probe of the pump-probe experiment, and the toy model has
been fit to it in order to retrieve the properties of the antennas,
summarized in table 1. From this we find that the split-ring
shaped antennas have the smallest dipole moment, while the
square antennas have a dipole moment more than twice that
of the wire or split-ring shapes. From previous measurements
on individual antennas [15] we expected the cross section
(and therefore the dipole moment) of square antennas to be
larger than that of wire and split-ring antennas. Surprisingly,
we find all three to have similar damping terms, with the split-
ring shape having the largest damping and the squares having
the smallest. This was not expected from measurements of
individual antennas; however, at such a high density of
antennas, the interaction of individual antennas likely has a
larger effect on the damping than the shape of the anten-
nas [16].

For each array differential transmission data were col-
lected on the array and also from a region directly next to it
with no antennas with an average pump power of 4 mW.
These data are plotted in figure 13. In this figure the data
collected from the quantum well alone are once again shown
in blue while the data from the coupled system are shown in
red. Since all three arrays were fabricated during the same
process on the same quantum well, the behavior of the
quantum well (solid blue) was very similar for all three and
the average parameters for the quantum well are summarized
in table 1. Finally, with these parameters fixed we can vary
the coupling parameter (L) in order to best match the differ-
ential transmission signal of the coupled system. These fits are
shown by the dashed red curves in figure 13, and the effective
coupling parameter (L) is summarized in table 1. We also
include in table 1 an effective coupling frequency [17] which
accounts for the dipole moment and density of the two sys-
tems.

= ��V d d L N Neff
1

array QW array QW

From these fits we find that the split-ring antennas show
the greatest coupling, both in terms of the coupling parameter
(L) and the effective coupling frequency (Veff). Surprisingly,

Figure 10. Polarization dependence of the pump-probe measurement. When probed with horizontal polarization (a) the response is very
similar both on (dashed red curve) and off (solid blue curve) of the silver wire antenna array since the antennas do not couple to this
polarization. When probed with vertical polarization (b) the response on array (dashed red curve) is quite different than the response from the
quantum well alone (solid blue curve), showing the clear signs of coupling between the quantum well and wire antennas.

Figure 11. Resonant photoluminescence enhancement (solid blue),
measured by taking the ratio of PL emitted with polarization parallel
to the axis of the wire antennas to the PL emitted with polarization
perpendicular to the axis of the wire antennas. The dashed red curve
shows the extinction cross section of the same array measured by
room temperature FTIR.
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the square antennas which had the largest dipole moment
show the smallest coupling. Looking at the data in figure 13
we see that the coupled system fit for this antenna was the
poorest, with the magnitude of the measured signal reaching
−4.3% at a wavelength of 1460 nm, while the fit only reaches

a value of −2.2%. However, if we manually vary the coupling
parameter in our fit to match the magnitude of the measured
differential signal we find only a slight increase of the cou-
pling parameter to 0.24× 1010 m F−1, still much smaller than
that of the split-ring or wire antenna.

Figure 12. SEM images of wire (a), square (b), and split-ring (c) shaped silver antennas, along with the corresponding transmission data (d–f)
as measured by the probe beam of the pump-probe experiment.

Table 1. Summary of toy model parameters from fit to experimental data.

Quantum well Wire antennas Square antennas Split-ring antennas

ω 2π× 204 THz 2π× 197 THz 2π × 198 THz 2π× 198 THz
γ 2π× 8.6 THz 2π× 9.4 THz 2π × 7.7 THz 2π× 9.7 THz
d 8.7× 10−29 Cm 7.8× 10−26 Cm 17 × 10−26 Cm 5.8× 10−26 Cm
N 2.1× 1024 m−3 5.33× 1020 m−3 1.98× 1020 m−3 5.33× 1020 m−3

L — 0.38× 1010 m F−1 0.18× 1010 m F−1 0.56× 1010 m F−1

Veff — 8.4 THz 5.0 THz 9.1 THz
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4. Discussion and conclusion

In conclusion, we have experimentally studied the coupling of
silver optical antennas to a semiconductor quantum well
5.4 nm below the surface. We study the properties of the near-
surface quantum well alone, finding a saturation of the first
energy level at an average pump power of 4 mW. With this
information we study the coupled antenna/quantum well
above and below saturation. Below saturation we find that the
observed data can be fit by a toy model which reveals the
effective coupling of the system. Above saturation we

observe large differential transmission signals, but the data
analysis is complicated by the changing refractive index of
the substrate. At high pump powers we observed two decay
time constants, one which we attribute to the decay of the
lowest energy level and one which likely corresponds to the
decay of carriers in the bulk.

Low temperature PL measurements reveal resonant
enhancement from the antenna arrays. This enhancement is
observed in the PL emitted with light polarized along the long
axis of wire antennas relative to PL emitted with polarization
in the orthogonal direction. This measure shows a clear peak

Figure 13.Normalized electric field distribution in the plane of the quantum well as simulated by FDTD overlaid on SEM images of (a) wire,
(b) square and (c) split-ring antenna arrays along with differential transmission measurements both on (red) and off (blue) of the (d) wire, (e)
square and (f) split-ring antenna arrays. Measured data are plotted with circles while the best toy model fit is plotted as solid blue and dashed
red lines.
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enhancement of 2.3 centered near the measured transmission
resonance of the antenna.

Finally, we investigate the effect of the antenna shape
on the effective coupling parameter. We fabricate arrays of
wire, square and split-ring shaped antennas on the same
semiconductor quantum well. We measure the low tem-
perature transmission of each array and find that the dipole
moment of the square antenna is more than twice as large as
that of the wire or split-ring shape. We also note that the
damping of the arrays is similar for all antenna shapes. We
attribute this to increased damping due to the interaction of
the densely packed antennas which is greater than the effect
of the antenna shape alone. Pumping with an average power
of 4 mW in order to stay below saturation, we measure the
differential transmission of arrays of each shape. Although
the magnitude of the differential transmission signal is
similar for all three antennas, we find that the effective
coupling is smallest for the square shape. At first this
observation seems surprising given that the quantum well
and antennas interact through their dipole moments and the
square antenna clearly has a larger dipole moment. How-
ever, a closer look at the toy model reveals an explanation
for this. The effect of the coupling on each system is
included through a term which is the product of the cou-
pling parameter (L) and the macroscopic polarization of the
other system. In these terms the dipole moment factors only
into the macroscopic polarization. The coupling parameter
(L) depends only on the geometry of the system, i.e. the
local density of optical states (LDOS) at the location of the
two-level system. This will depend not only on the
separation of the two-level system from the antenna, as
shown in [19], but also on the mode distribution. Assuming
only one antenna mode at the frequency of interest, we
would expect the LDOS to decrease as the mode volume
increases. Based on the size of the antennas alone we can
see that the mode of the square antenna will be much larger
than that of the split-ring or wire antennas. From this rea-
soning, we can expect there to be a lower LDOS at the
quantum well and a lower coupling parameter (L). This
trend is also seen in FDTD simulations like those shown in
figure 13. Looking in the plane of the quantum well, the
ratio of the peak electric field to the average electric field
over a unit cell is on the order of four for dipole and split-
ring antennas, but only about two for square antennas
showing that the field of the square antenna is less localized.
In order to account for the dipole moment and density we
must consider the effective coupling frequency (Veff). Even
by this comparison the split-ring shaped antenna has a
higher effective coupling frequency than the wire or square
shapes. The larger dipole moment of the square antenna is
not enough to compensate for the smaller coupling para-
meter (L) and the lower density (Narray).
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a b s t r a c t

We describe molecular beam epitaxy (MBE) growth conditions for self-assembled indium nanostruc-
tures, or islands, which allow for the tuning of the density and size of the indium nanostructures. How
the plasmonic resonance of indium nanostructures is affected by the island density, size, distribution in
sizes, and indium purity of the nanostructures is explored. These self-assembled nanostructures provide
a platform for integration of resonant and non-resonant plasmonic structures within a few nm of
quantum wells (QWs) or quantum dots (QDs) in a single process. A 4! increase in peak photolumines-
cence intensity is demonstrated for near-surface QDs resonantly coupled to indium nanostructures.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

The field of plasmonic nanostructures, where small volume
structures can enhance electromagnetic fields that can be coupled
to semiconductor quantum confined gain medium, is an expanding
area of research. It has been shown that MBE grown silver films
have improved optical constants, i.e. closer to intrinsic values, over
e-beam or physical vapor deposited silver films [1]. This gives a
possibility for improvements in the quality of plasmonic nanos-
tructures or nano-antennas. It has also been shown that MBE can be
used to grow site-controlled structures out of silver [2] and self-
assembled structures with silver [3] and indium [4]. MBE growth
allows for higher quality metallic nanostructures due to the
improved optical constants and the self-assembly creates a clean
interface between the metallic nanostructure and semiconductor
underneath. In the self-assembled case there is also no need for
fabrication or post-processing for optical experiments, eliminating
possible sources of impurities and contamination. By tuning the
sizes of these nanostructures the resonant wavelength can be tuned
[5] to be in resonance with QWs [6,7] or QDs [8] just a few
nanometers beneath the metallic structures. Growing these reso-
nant indium islands in the same process as the semiconductor
growth with MBE now opens up the possibility of encapsulating [9]

the islands with more semiconductor material, including gain
material. This would allow for larger coupling effects and possibly
compensating metamaterial losses.

Here we present MBE growth conditions for indium islands,
which allow for the tuning of the density, to well below 1 μm"2,
and size, from #100 nm up to #1.5 μm, of the indium islands. The
larger island diameters are a result of a slow indium growth in the
1 ML/hr range, allowing for migration of the indium atoms
throughout the growth.

2. Materials and methods

All samples have been grown on (100) GaAs wafers. The indium
island samples have been grown in two different machines. The first
is a Riber 32P where the sources are mounted on the rear vertical
wall of the MBE growth chamber and aimed at the substrate which
is mounted 251 from vertical, and 131 away from the most uniform
growth position. In this chamber we have utilized 500 μm thick,
double-side polished, two inch wafers cleaved into quarters for
sample growth. These quarter wafers are held in three inch
molybdenum substrate mounts (molyblocks) for quarter wafers
with two tabs along the perpendicular sides. The other chamber
used is a Riber 412 where the sources are mounted on the bottom of
the MBE growth chamber and aimed at the substrate which is
mounted horizontally in a five inch platen and the substrate is
centered in the platen. In this chamber the growth is done on
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350 μm thick, single-side polished, full two inch wafers which are n-
doped with silicon (10"18 cm"3). This chamber was used for all
samples discussed below that have been grown with doped semi-
conductor layers. Both chambers utilize effusion cells with 7 N (7N5)
purity indium in the Riber 32P (Riber 412).

After de-oxidizing the substrate, 4400 nm of GaAs is grown at a
substrate temperature of #580 1C. For samples grown with InGaAs
QWs or InAs QDs the substrate temperature is dropped to #485 1C
for the growth of these structures. The QW or QDs are then capped
with between 3 and 10 nm of GaAs grown at the same substrate
temperature. For the indium island growth the substrate tempera-
ture is lowered by cutting off the current to the substrate heater. At
a substrate temperature of #300 1C the arsenic flux is cut off. Once
the arsenic flux is off, the substrate heater is set at a constant
current and the substrate is allowed to come to an equilibrium
temperature, #130 1C as measured with a type C thermocouple,
while arsenic continues to be pumped out of the chamber. This time
has been varied between 1 and 12 h. The indium island deposition
then takes place with growth rates (beam equivalent pressure)
between 0.27 ML/s (3.02!10"7 Torr) and 1 ML/hr or 0.00028 ML/s
(3.97!10"10 Torr). In the latter case the indium cell temperature is

only 60 1C above the standby temperature of the cell. The indium
growth rate is given as the growth rate of InAs as calibrated from
InAs QD growths.

Samples are characterized using atomic force microscopy (AFM),
scanning electron microscopy (SEM), tunneling electron microscopy
(TEM), energy dispersive x-ray spectroscopy (EDS), Fourier trans-
form infrared (FTIR) transmission measurements, and photolumi-
nescence (PL). By utilizing standard image processing techniques
the sizes of the islands are extracted from AFM and SEM images.

3. Results

An interesting aspect of the indium island sample growths is
the different distribution in island sizes achieved by the two
different machines used. While there is expected to be small
variations in substrate temperature and flux uniformity it is not
expected that the indium islands grown in one chamber would
have a Gaussian-like distribution in size while the other chamber
would produce size distributions with a clear tail on the short side
of the distribution. This is seen in Fig. 1(a) and (b) for the diameter

Fig. 1. Distribution of the diameter of the indium islands along the (011) crystal axis for a sample grown in the Riber 32 (a) and a sample grown in the Riber 412 (b). The
distributions are scaled to their average diameter, which are 385 nm with a standard deviation of 34 nm and 834 nm with a standard deviation of 94 nm for samples shown
in (a) and (b), respectively. (c) and (d) SEM images corresponding to the distributions in (a) and (b), respectively.
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of the indium islands along the (011) crystal axis and can be seen
along the (0–11) crystal axis as well as in the height of the indium
islands, although this is not shown here. The indium island
samples with the tail in the distribution are grown on silicon
doped GaAs but this is not expected to affect the formation of the
indium islands in such a manner. In either case the standard
deviation of the distribution is #10% of the average size for both
samples. Both distributions in Fig. 1 are developed by analyzing
the diameter of over 850 islands for each sample. The distribution
with the tail looks similar to the asymptotic distribution of the
Lifshitz–Slyozov t1/3 growth law [10] which is familiar to the
growth of II–VI QDs in a glass matrix [11]. The tailed distribution
shown in Fig. 1(b) has a much narrower peak than the t1/3

distribution but still suggests diffusion of the indium islands is
taking place and the larger islands are growing at the expense
of the smaller islands. From the corresponding SEM images in

Fig. 1(c) and (d) it can be seen that the indium islands tend to
cluster for the Gaussian-like distribution of sizes and the samples
showing the tail in the distribution seem to have some degree of
order where they prefer to align together perpendicular to the
(011) crystal axis (major flat) shown in upper right hand corner of
Fig. 1(c). This direction is also parallel to the surface roughness of
the sample seen on SEM images.

As discussed in the previous section, a wide range in growth
rates or beam equivalent pressures are used, roughly a factor of
1000 between the highest and the lowest. By varying the growth
rate and the amount of indium deposited the indium islands
size can be varied between a diameter of 120 nm and a diameter
of 1.5 μm, corresponding to heights of 50 nm and 445 nm.
The densities achieved have been between 10 μm"2 and
0.007 μm"2. Fig. 2 shows plasmonic resonances, measured using
FTIR, of several indium island samples along with corresponding

Fig. 2. (a) and (b) FTIR transmission measurements showing the plasmonic resonances of samples shown in the SEM images of (c), (d), (e), and (f). The scale bar in (c), (d),
and (e) are 500 nm and in (f) is 10 mm.

Fig. 3. (a) An EDS map of an island showing that it is predominantly indium (red) but also contains arsenic (violet), gallium (green), and oxygen (yellow). The white dashed
box represents a 20 nm by 10 nm region where an indium concentration of 89.9% was measured. (b) A TEM image of the same island with the different regions of the
structure outlined and labeled. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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SEM images for each sample. It is clear, that the larger islands have
longer wavelength resonances and that a decrease in density of
the indium islands decreases the collective transmission as mea-
sured by FTIR.

Using EDS measurements the chemical composition of several
indium islands on a single sample have been determined. Before the
sample is prepared for TEM and EDS measurements the sample is
coated with carbon and platinum to protect the sample during
processing of the TEM slice. As shown in Fig. 3(a), a color map
showing the indium (red), gallium (green), arsenic (violet), and oxygen
(yellow) mapping of a single island, the indium islands are predomi-
nantly indium. A TEM of the island with the sample structure outlined
is shown in Fig. 3(b). In the dashed outline in the central area of the
indium island in Fig. 3(a), representing a 20 nm by 10 nm section of
the island, the indium concentration was measured to be 89.9% with
only 5.6% gallium and 4.5% arsenic. Despite the presence of gallium
and arsenic in the islands and an oxide layer covering the island the
samples show a strong plasmonic resonance as shown in Fig. 2.

As described above, the indium islands can be grown in close
proximity to InAs QDs where the separation between the indium
islands and the QDs can be precisely controlled by the thickness of the
GaAs capping layer. In Fig. 4 we show a 4! increase in the peak
intensity of the ensemble PL of InAs QDs when indium islands are
present. The red data in Fig. 4 is from an InAs QD with a 7 nm GaAs
cap but no indium islands. The black data is from a sample with
similar InAs QDs and indium islands, at an island density of
#1 μm"2, with a 7 nm GaAs cap separating the InAs QDs from the
indium islands. For both samples the density of the QDs is #80 μm"2

and the QD size is #25 nm in diameter and #3.5 nm tall. The shift in
the PL peak to a shorter wavelength enhanced QDs is from the indium
island resonance being centered at a shorter wavelength and enhan-
cing the shorter wavelength QDs more. The PL measurements are
done at a temperature of 10.8 K with above band pumping from a
632.8 nm continuous wave HeNe laser. About 1.6 mWof pump power
is focused to a #3 μm diameter spot, using a high NA 100!
microscope objective. Also shown in Fig. 4 is the room temperature
resonance of the indium islands, with dimension of 120 nm in
diameter and 50 nm tall, as measured using an FTIR spectrometer.
The resonance of the indium islands has been checked to not change
between room temperature and 10 K but is not shown here.

4. Conclusion

Self-assembled plasmonic nanostructures that can be grown in
the same process as III–V quantum emitters have been explored and
a wide range in sizes and densities has been demonstrated. A 4!
increase in the peak PL of InAs QDs separated by 7 nm from the
indium islands has been observed, demonstrating that the islands
improve the luminescence of QDs and can in fact interact with them.
This distance is less than the observed 1/e point, #8 nm, of the
coupling distance previously observed between a plasmonic struc-
ture and a QW [12] suggesting this is a useful platform to study
coupling effects to III–V near-surface QDs. The increase in PL can be
improved further by increasing the percentage of QD emission that is
coupled to the plasmon mode [13] of on an indium island by
controlling the position of the QDs relative to the plasmonic
nanostructures or by using metals with lower losses as the plasmonic
nanostructure [2]. An added interest of this platform is the ability to
integrate superconducting structures, the indium islands, with III–V
quantum emitters. The high indium concentration, up to #90%, will
be beneficial for any superconducting experiments or applications.
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1. INTRODUCTION

Some of the most promising candidates for qubits in quantum
information science and computing schemes are currently
based on superconducting circuits [1]. The robustness of super-
conductivity, along with the Josephson effect, has allowed for a
wealth of qubit systems, including the Cooper pair box, the flux
qubit, and the phase qubit. Over the past decade, the perfor-
mance and coherence time of these qubits has continuously
increased. Just recently, researchers at IBM announced the
demonstration of qubits with coherence times on the order
of 0.1 ms, a milestone that will soon allow the implementation
of quantum error-correcting schemes [2].

At the same time, a vast majority of quantum communica-
tion proposals center on the photon as the fundamental qubit,
with information encoded in properties such as the polariza-
tion, phase, or frequency [3]. The gap between stationary
superconducting qubits, useful for processing and storage, and
traveling photonic qubits has been a looming concern in the
field of quantum information science, with very few proposed
solutions to date. This is largely due to the huge energy mis-
match between optical photons (∼1 eV) and superconducting

Cooper pairs (∼1 meV). Finding a suitable system to interface
between these two qubit systems will be an essential task for
the realization of quantum networks that rely on both the
transmission of quantum information over long distances and
the processing of such information at intermediate nodes such
as quantum repeaters [3].

Another limitation to the deployment of quantum networks
is the ability to deterministically generate and efficiently detect
both single photons and entangled photon pairs. Many
schemes exist for accomplishing these tasks, but most suffer
from restrictions that make them impractical. Improving on
and surpassing the current methods of novel photon state
generation and detection will be another pressing task in the
coming years.

One promising approach to achieving both of these goals is
that of the superconducting LED [4,5]. This idea is based on
the proximity effect, which allows for electrons in the conduc-
tion band of a semiconductor in contact with a superconductor
to occupy a superconductor-like state. This would allow for
entangled electron pairs (Cooper pairs) from the superconduc-
tor to radiatively recombine with holes in the semiconductor,
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producing entangled photons containing quantum state infor-
mation from the original electrons. This idea is still in its
early stages, but observations of enhanced luminescence and
shortened radiative lifetimes already support the theory behind
this novel hybrid system. Improved fabrication and careful
measurements will be necessary to fully realize the transfer of
quantum information from superconducting electrons to pho-
tonic qubits. In this work, we describe some of the theory as
well as the initial results of epitaxially grown superconducting
structures, which will be essential to realizing these devices.

2. HYBRID SEMICONDUCTOR/
SUPERCONDUCTORS
A. Superconductivity and Cooper Pairs

While superconductivity was first observed in 1911, it was only
understood empirically until 1957, when Bardeen, Cooper, and
Schrieffer proposed the first microscopic theory (BCS theory)
[6]. The main idea of this theory is that at low enough temper-
atures, any attractive potential between electrons will lead to an
instability of the traditional Fermi sea, resulting in a ground
state where electrons of opposite momentum pair up into
Cooper pairs. This ground state is predicted to be lower in en-
ergy than the Fermi level, creating a small energy gap, making it
more stable and preventing the scattering of electrons into nor-
mal conducting states when the thermal energy (kbT ) is much

less than that of the gap. The attractive potential between elec-
trons is attributed to phonons or vibrations of the atomic lattice
underlying the sea of electrons. Intuitively, one can imagine an
electron attracting the positively charged atomic lattice, leading
to a slight deformation (a phonon). This deformation will be
slightly more positive than the surrounding lattice, which in
turn attracts more electrons, leading to an effective interaction.

B. Proximity Effect

The field of hybrid superconductor/semiconductor systems
has been extremely active and rewarding in the past decade,
primarily in the study of the electrical properties of these struc-
tures [7–13]. This field of study is possible only because of the
superconducting proximity effect, a phenomenon in which a
nonsuperconducting material placed in contact with a super-
conductor inherits superconducting properties over a short dis-
tance from the interface [14–18]. This effect is very strong and
has been observed over distances of many microns in metals
and hundreds of nanometers in graphene [19,20] and semicon-
ductors [21,22]. The interesting part of the proximity effect is
that the electronic density of the states in both the semiconduc-
tor and metal are altered near the interface. Figure 1(a) illus-
trates the density of states of a nonsuperconducting material
with its Fermi level (or in the case of a photo-excited semicon-
ductor, the quasi-Fermi level) in the conduction band. In
Fig. 1(b), we see the density of states for a superconductor with

Fig. 1. Illustration of the density of states in several situations: (a) a nonsuperconducting material, (b) a superconductor with an exaggerated
energy gap around the Fermi energy, (c) the nonsuperconducting material under the influence of the proximity effect, where there is now an energy
gap around the Fermi level that is smaller than that of the superconductor, and (d) the superconductor under the influence of the proximity effect.
Here, new states have formed that “soften” the superconducting gap.
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a gap around the Fermi level (exaggerated for illustrative pur-
poses). When the two materials are brought into contact, the
superconductor develops new states within the normal super-
conducting energy gap, seen in Fig. 1(d), essentially “softening”
the superconducting state. At the same time, the nonsuper-
conducting material suddenly forms a gap [Fig. 1(c)] in the
density of states around the Fermi energy [23–26]. This
gap is smaller than that of the intrinsic superconductor and
decreases as one moves away from the interface, but in regions
that contain this gap, it is possible to pass a supercurrent car-
ried by correlated Cooper pairs [27–31]. This fact has enabled
many of the recent works concerning Majorana Fermions,
which occur at the ends of semiconductor nano-wires that
have formed a superconducting energy gap due to the prox-
imity effect [7,11].

C. Cooper Pair Recombination

While the superconducting proximity effect leads to many
unique electrical properties and new quasi-particles like the
Majorana Fermion, very few works have looked into the optical
properties of semiconductors under the influence of the prox-
imity effect [32–34]. Typically, superconductivity and optics
are thought to be incompatible due to the large mismatch
between the energy of the superconducting gap (a few meV)
and the energy of optical photons (∼1 eV). In fact, this mis-
match is the principle behind superconducting single-photon
detectors, as it takes only a single photon to destroy a huge
number of Cooper pairs, thereby destroying superconductivity
over a relatively large region, which can be measured electrically
[35]. While this complicates things, it does not entirely rule out
the integration of superconductivity and optics, and carefully
designed experiments will allow the investigation of these
systems.

Several theoretical papers have attempted to describe the
properties of the radiative recombination of Cooper pair elec-
trons with normal holes [36–38]. An important aspect of the
recombination is that the two electrons of the Cooper pair are
in a state lower than the Fermi energy, in a region where single
electron states do not exist. Because of this, it is not possible for
a single electron from the Cooper pair to radiatively recombine,
as this would leave behind the other electron in a forbidden
state. Therefore, both electrons must recombine with holes
at the same time in a single second-order process like that illus-
trated in Fig. 2. In theory, this process will emit two photons
with opposite momentum and a total energy equal to twice the
bandgap minus the superconducting energy gap. As it is a single
second-order photon emission event rather than two first-order
photon emission events, there is no which-path information.
This means the two photons should not only be correlated,
but should also be polarization entangled [36]. Additionally,
it is expected [37], and some preliminary results have shown
[32], that Cooper pair recombination leads to enhanced radi-
ative recombination due to the macroscopic coherence of the
many-body BCS ground state. It is important to note that only
the sum of the energy of the two photons must be constant.
While there will still be single-photon emission at the exciton
energy (E0), this can be spectrally removed and one can look for
correlated/entangled photon pairs at E0 ! δE [36].

3. SUPERCONDUCTIVITY IN SELF-ASSEMBLED
INDIUM ISLANDS

We have previously reported on the observation of self-
assembled metallic indium island formation on the surface of
semiconductor heterstructures, accomplished using molecular
beam epitaxy methods [39]. While it is well known that below
3.4 K, indium transitions to a superconducting state in which
the many conduction electrons behave as a single coherent
quantum state, it is not immediately clear what effect the
micron-scale dimensions of the metal will have on this state.
In one case, it was shown that superconductivity is actually
enhanced in indium nano-particles with dimensions on the
order of 100 nm [40–42]. It is also important to show that
superconductivity survives in small particles that are deposited
on the surface of a semiconductor (the proximity effect works
in both directions, weakening superconductivity in the metal).
Here, we demonstrate superconductivity in a single indium
island on the surface of a gallium arsenide (GaAs) substrate,
using electron beam lithography to fabricate gold contacts
for the direct measurement of differential resistance.

A. Epitaxial Growth

The formation of self-assembled indium islands is the result of a
novel growth technique [43]. The growth process begins in our
Riber 32 MBE system with the traditional growth of an III-V
semiconductor material. For this, the substrate is held at a tem-
perature in the range of 480°C–600°C, depending on the spe-
cific structure being grown. Additionally, a large flux of arsenic
is incident on the substrate at all times (1.5 × 10−5 torr beam
equivalent pressure). These conditions are not suitable for the
deposition of metallic indium. Indium becomes liquid at
157°C, allowing the indium atoms to easily diffuse on the sub-
strate surface, but for substrate temperatures above 400°C, the
indium begins to evaporate, causing the deposition rate to
quickly drop. Therefore, following semiconductor growth, the
substrate temperature is lowered to a temperature near the
melting point of indium (in the range of 120°C–180°C, as read

Fig. 2. Schematic of the second-order process involving the recom-
bination of a Cooper pair with two holes resulting in the emission of
two polarization entangled photons.
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by our thermocoupler, which is not well calibrated for these low
temperatures). As4 flux is turned off when the substrate reaches
a temperature of 300°C, preventing the deposition of metallic
As. A high background pressure of As4 remains in the vacuum
chamber, which could combine with the deposited indium to
form InAs, an undesired result. To avoid this, we must let the
chamber recover for several hours, during which the ion pump
along with the liquid nitrogen shrouds in the chamber capture
most of the As4, reducing the background pressure to the
10−10 torr range. Finally, the indium metal is deposited. Our
deposition rates are calibrated for the planar growth of InAs;
the atomic fluxes used for metallic indium correspond to
InAs deposition rates ranging from very high, 0.76 Å/s (0.27
atomic monolayer/second), to extremely low, 0.00079 Å/s
(1 atomic monolayer/hour). Such a low deposition rate is very
unusual for most MBE growers. As the indium atoms diffuse
along the surface of the substrate, they tend to group together
into small droplets or islands. The deposition rate, substrate
temperature, and total amount of indium deposited determine
the size and density of the indium islands that form, as seen in
Fig. 3. In order to demonstrate superconductivity, a sample was
grown that had rather large-diameter and low-density indium
islands. These islands were formed on a GaAs buffer layer, with
a substrate temperature of 180°C (as read by our type K ther-
mocoupler) during indium deposition. Approximately 36 ML
of indium was deposited at a rate of 1 ML/h, with the total
growth process taking more than 48 h. The resulting islands
were found to have a diameter on the order of 2.3 μm and
heights on the order of 550 nm.

While the formation of these islands is a completely random
process, the diameter of the islands was found to be extremely
uniform, with a standard deviation on the order of 10%.
An interesting result of this narrow distribution is the fact that
one can measure a collective plasmonic resonance of the ensem-
ble of indium islands. This plasmonic resonance is tunable in
the wavelength range of 1 to 8 μm and could potentially be
exploited to enhance the photon emission of the underlying
semiconductor [39].

B. Electrical Contact Fabrication

After removing the sample from the ultra-high vacuum MBE
chamber, gold electrical contacts were fabricated by electron
beam lithography. The fabrication steps were accomplished

quite rapidly, in a span of a few days to prevent the significant
oxidation of the sample, which would interfere with not only
the fabrication process, but also the electrical contact between
the gold and indium. It is impossible to completely avoid ox-
idation, and a thin oxide layer on the surface of the indium
island acts as a tunnel barrier between the gold and indium.

The sample was cleaved into ∼6 mm × 6 mm square pieces
and then coated with a bilayer PMMA resist. Electron beam
lithography was used to pattern bonding pads along the edge
of the sample. Additionally, a grid of “+”-shaped alignment
marks was patterned in the center of the sample. Electron beam
deposition was used to coat the sample with a 50 nm Ti ad-
hesion layer followed by a 150 nm Au layer. The PMMA resist
was dissolved in acetone, which lifts off the excess metal, leaving
behind the desired pattern. The sample was then imaged by an
optical microscope, and image processing was used in order
to localize individual islands with respect to the grid of align-
ment marks. The sample was once again coated with a bilayer
PMMA resist, and electron beam lithography was used to create
a pattern for the electrical contacts from the bonding pads along
the edge of the sample to single indium islands. A 5 nm/20 nm
Ti/Au layer was deposited, and a final lift-off step completes the
sample. Figure 4 shows a diagram of the final sample, with four
electrical bonding pads along the edge, along with a scanning
electron microscope image of the indium island with gold
contacts.

C. Electrical Characterization

Following fabrication, the sample was placed on the cold finger
of a Janis Research Company He-3 TLOSL optical cryostat,
allowing it to be cooled to a base temperature of ∼400 mK.
The sample was electrically connected through a twisted pair
of Manganin wires. The gold contacts on the sample were pat-
terned for a four-point measurement, with the current passed
through one pair of bond pads and voltage measured across a
second set of bond pads, as illustrated in Fig. 4. This eliminates
the resistance of the Manganin wires from the measurement;
however, a small resistance from the gold contacts remains.

Differential resistance was measured by passing an alternat-
ing current through the island and using a lock-in amplifier to
measure the resulting voltage. The differential resistance is
then the ratio δV

δI . A simple operational amplifier circuit was
employed to provide a constant 1 nA RMS alternating current

Fig. 3. Scanning electron microscope images of several indium island samples demonstrating the ability to vary the sizes and densities through the
choice of growth parameters.
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on top of a variable bias current. The temperature measure-
ments were collected by a LakeShore Model 340 cryogenic
temperature controller connected to an RO600 ruthenium
oxide temperature sensor.

Initially, the differential resistance with zero DC bias was
measured as the temperature was lowered. Figure 5 shows this
measurement, where we see a clear sign of superconductivity
with a drop in the differential resistance at a temperature of
3.33 K. The drop in resistance is only on the order of 1 Ω,
while the residual resistance of the gold contacts is on the order
of 200 Ω. The onset of superconductivity can be further veri-
fied by sweeping the bias current. A normal metal will have a
constant differential resistance, independent of the bias current.

This behavior is seen in the indium island above 3.33 K, as
shown by the red curve in Fig. 6. When the temperature drops
below the critical temperature, the differential resistance
changes drastically, as shown by the blue curve in Fig. 6. This
curve was collected at 400 mK, well below the critical temper-
ature. We see that near the zero-bias current, there is actually a
peak in the differential resistance. This is a result of the tunnel
barrier formed by the oxide layer on the indium island. The
tunnel barrier essentially allows us to probe the density of elec-
trical states inside of the indium island as the Fermi level of the
gold contacts is varied by the bias current. When the indium
island becomes a superconductor, an energy gap forms between
the ground-state Cooper pair condensate and the excited quasi-
particle states. This gap, where there are no electrical states,
shows up as a Coulomb blockade (i.e., increased resistance)
at zero bias. As the bias is increased, electrons are able to tunnel
into quasi-particle states and the differential resistance is seen to
drop (around !50 μA) [6]. As the bias current is increased
further, the critical current is eventually reached. This is seen
by the large spikes in the differential resistance at approximately
!217 μA. At this point, the current is too large and destroys
the superconducting state of the indium island. As the current
is increased further, the differential resistance is seen to return
to the value of the normal conducting state.

4. CONCLUSION

In conclusion, we have reported the observation of superconduc-
tivity in a self-assembled metallic indium island grown epitax-
ially on the surface of a semiconductor structure. The ability
to grow both the semiconductor and the superconductor in
the same ultra-high vacuum process allows for extremely precise
control over the interface between the two materials. This is
extremely important in order to optimize the proximity effect,
which is necessary to alter the density of states inside of the semi-
conductor [44]. With direct evidence of superconductivity in

Fig. 4. Diagram of the sample (not to scale) showing four gold
bonding pads for electrical measurement. The current is passed
through two pads while the voltage is measured across the other
two. The scanning electron microscope image shows the single indium
island with gold contacts.

Fig. 5. Differential resistance measurement at zero-bias current,
showing a drop in resistance at 3.33 K.

Fig. 6. Differential resistance measurement as a function of the bias
current. At 10 K (red curve), the island acts as a simple resistor. At
0.4 K, signs of a superconductivity gap around 0 μA and a critical
current at !217 μA appear.
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these epitaxially grown structures, there is now motivation
to optimize the semiconductor structure in order to bring
optically active materials close to the superconductor so that
one can observe novel photon emission. We have previously re-
ported on the coupling of plasmonic structures to near-surface
quantum wells [45], and similar structures containing either
quantum wells or quantum dots can now be investigated with
the interesting addition of the superconducting proximity effect.
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M. J. Beck, T. Fromherz, F. Schä✏er, L. Miglio et al., “Key role of the wetting
layer in revealing the hidden path of Ge/Si (001) stranski-krastanow growth
onset,” Physical Review B, vol. 80, no. 20, p. 205321, 2009.

[64] M. Grydlik, G. Langer, T. Fromherz, F. Schä✏er, and M. Brehm, “Recipes
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[144] A. Urbańczyk and R. Nötzel, “Low-density InAs QDs with subcritical coverage
obtained by conversion of In nanocrystals,” Journal of Crystal Growth, vol. 341,
no. 1, pp. 24–26, 2012.

[145] S. Hussain, A. Pozzato, M. Tormen, V. Zannier, and G. Biasiol, “III–V site-
controlled quantum dots on Si patterned by nanoimprint lithography,” Journal
of Crystal Growth, vol. 437, pp. 59–62, 2016.

[146] C. Haughn, E. Steenbergen, L. Bissell, E. Chen, K. Eyink, J. Zide, and M. Doty,
“Carrier transfer from InAs quantum dots to ErAs metal nanoparticles,” Ap-
plied Physics Letters, vol. 105, no. 10, p. 103108, 2014.

[147] Y. Zhang, K. G. Eyink, J. Peoples, K. Mahalingam, M. Hill, and L. Grazulis,
“ErAsSb nanoparticle growth on GaAs surface by molecular beam epitaxy,”
Journal of Crystal Growth, vol. 435, pp. 62–67, 2016.



152

[148] H. Zhang, Y. Huo, K. Lindfors, Y. Chen, O. G. Schmidt, A. Rastelli, and
M. Lippitz, “Narrow-line self-assembled GaAs quantum dots for plasmonics,”
Applied Physics Letters, vol. 106, no. 10, p. 101110, 2015.

[149] A. Wildes, J. Mayer, and K. Theis-Bröhl, “The growth and structure of epitaxial
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