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Abstract 
 
Metallic nano-structures provide for new and exciting domains to investigate light-

matter interactions. The coupling of these metallic nano-structures to semiconductor 

emitters allows for the observation of cavity QED effects including Purcell enhancement 

and Vacuum Rabi splitting. The focus of this dissertation will be to present an introduction 

and background to semiconductor optics, and metallic metamaterial systems. This will be 

followed by the presentation of the spectroscopy systems designed and constructed during 

my tenure as graduate student and the experimental data obtained with these systems. 

Some of the results have been published, while some of the presented material is still 

actively being pursued for publication. More specifically, the dissertation will cover the 

research at hand, experimental techniques, and results. 
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1 Introduction: Quantum Confined III-V Materials, Split Ring 

Resonators, and Metallic Nano-Antennaes 
 

1.1 Motivation for Use of III-V Materials 
	
III-V materials have many inherent qualities that make them suitable for quantum confined 

semi-conductor structures. One such property of III-V materials is the direct bandgap 

nature of many combinations of III-V’s, specifically GaAs, InAs, InGaAs, and GaAlInAs 

based “Zincblende” lattices. This direct bandgap structure allows for the efficient emission 

of light, a property that indirect bandgap materials such as Silicon do not exhibit. In 

addition, these III-V based material bandgap energies range from ~0.38eV to ~2eV. This 

allows the use of higher energy bandgap alloys to effectively confine charge carriers in 

lower energy bandgap alloys in potential wells for the cases of quasi-2,1, and 0 

dimensional semiconductors. Through various relative amounts of these materials in an 

alloy, the lattice constant and bandgap energy can be adjusted and exploited to shift 

wavelength response and material structure.  

 

An important feature of any material selected for use is the ability to manufacture or 

produce such material. Molecular Beam Epitaxy, or MBE, was developed to accurately 

growth ultrathin layers of these semiconductor materials on the mono-molecular layer scale 

[38]. This crystallographic growth technique is highly repeatable and highly adjustable, 

allowing for a large variety of structures and alloys to be grown with extremely high 

fidelity. The basic growth technique has been adapted to several other similar techniques, 
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Molecular Vapor Phase Epitaxy is one such example. These similar techniques allow for 

similar quality growths in high volume. One can begin to see the many applications of 

these materials with emission in the near Infrared Red spectrum. A chart listing the III-V’s 

bandgap energies and lattice constants is shown in Figure 1 for reference. 

	

Figure 1 
Bandgap Energy vs Lattice Constant for common III-V Semiconductor materials 

 

We will start with an explanation of the bandgap and absorption characteristics of bulk 

semiconductor materials. This approach will help to understand the types of quantum 

confined semiconductor structures, and to introduce the concepts necessary to understand 

the data presented in this dissertation. Following that, a discussion will be presented on 
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excitons and quantum confined semiconductor structures with confinement in one, two and 

three dimensions, often called quasi-two, one and zero dimensional structures.  

 

1.1.1 Direct Bandgap Bulk Semiconductor 
	
For a bulk semiconductor the Kronig-Penney model will provide the general band structure 

of a material determined in the 3D Brillouin Zone. Using the Schrodinger equation with a 

square well periodic potential: 

−!2∇2

2m
+VL (!r

#
$
%

)
&
'
(
ϕ
ν ,
!
k (!r ) = ε

ν ,
!
kϕν ,

!
k (!r )

 

Where εν ,
!
k  is the energy eigenvalue, 

!
k is the momentum vector in the 1st Brillouin Zone, 

VL (!r )  is the lattice potential in the crystal, and ν is the band index.  Using the Bloch 

Theorem 

ϕ
ν ,
!
k (!r +

!
R) = ei

!
k ⋅
!
Rϕv,

!
k  

near k = 0, for example the Γ -point in GaAs, we may approximate the Eigen energies with 

the Taylor expansion of  

εν ,k ≈ εc,0 +
1
2
∂2εc,k

∂k
k=0

k2
	

εν ,k = εc,0 +
!2k2

2mc
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Here, mc is the effective mass, which is determined by the curvature of the energy band. 

This gives the dispersion curves of εν ,k  in general to have the form as depicted in Figure 2.  

Also shown in Figure 2 is a schematic representation of an electron-hole pair excitation 

created by the absorption of a photon at frequency !ω in a direct bandgap transition. 

Momentum and energy conservation apply, however, often times in the case of direct 

bandgap transitions no momentum change occurs [1].  

	

	

	

Figure 2 
Direct bandgap semiconductor transition via absorption of a photon 

 

1.1.2 Indirect Bandgap Bulk Semiconductor 
	
Turning to the case of indirect bandgap materials, where the extrema of valence and 

conduction bands are at different points in the Brillouin zone, a transition cannot be made 

through absorption of a photon alone [1,2]. A phonon must be absorbed or emitted to 
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conserve energy εF = εi + !ω ± !Ω ,	and momentum conservation, 
!
kF =
!
ki ±
!
k ,	requires a 

change in momentum 
!
k as well. Figure 3 shows a general depiction of this band structure.			

               	

Figure 3 
Indirect bandgap semiconductor transition via absorption of a photon ℏω with either absorption or 
emission of a phonon, '

(
ℏ𝛺 + 𝑘 respectively 

 

It was previously stated that indirect bandgap materials are unsuitable emitters. This is due 

to the requirement of two quanta, a photon and phonon. Indirect bandgap transitions are 

second order and therefore much weaker than, often several orders of magnitude, 1st order 

dipole allowed transitions [1]. The significant efficiency loss and clear difference from 

direct bandgap semiconductors illuminates the choice to use III-V alloys for the following 

experiments. With their direct bandgap nature and red to infrared emission characteristics it 

becomes apparent that direct bandgap III-V materials are a unique set of semiconductor 

crystalline materials. 
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In the semi-classical treatment where the quantum nature of the material is taken into 

account but the field remains classical, very good results for the optical absorption in bulk 

material can be obtained [1]. This is considered the free carrier absorption in bulk semi-

conductor. For a direct band gap structure the absorption coefficient is 

α =
2e2

nbcm0
2ω

pcv (0) 2 2mr

!2

!

"
#

$

%
&

3/2

θ(!ω −EG )(!ω −EG )1/2

	

and is plotted in Figure 4 [1].
	

	

Figure 4 
Absorption of direct bandgap bulk semiconductor Eg is the bulk bandgap energy  

Note that no occupation of states exists below the bandgap energy	𝐸*, however, this will 

not be the case for real semiconductor materials since the columbic interaction between the 

electron and hole has not been taken into account in the equation above. The discussions in 

the following sections will describe the modifications to the absorption coefficient with 

such Columbic interactions included for the case of bulk and quantum confined structures. 
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1.1.3 Columbic Interactions Between Electron-Hole Pairs in Bulk Semiconductor  
	
As stated above, the Columbic interaction between the electron and hole in bulk material 

was not yet considered. However, the binding between these particles significantly affects 

the optical absorption in a semiconductor, especially in the cases of quantum confinement 

[1]. The Wannier Equation can describe the interaction between the electron and hole,  

−
!2

2mr

∇r
2 −

e2

ε0r
#

$
%

&

'
(φ(r) = εrφ(r)  

with energy Eigen values , 

εr = εn,l,m =
−mre

4

2!2e0
2

1
n2

"

#
$

%

&
'= −EB

1
n2

"

#
$

%

&
' , aB =

ε0!
2

mre
2  

𝐸+,	is the Rydberg energy and ab is the exciton Bohr radius. These are the same form as the 

solutions to the Hydrogen atom. The total energy of the exciton including the center of  

mass contribution εR =
!2Kc

2

2M
 is,  

εn = Eg −EB
1
n2

"

#
$

%

&
'+
!2Kc

2

2M  

This describes a series of hydrogenic energy bands in the forbidden region of the bandgap 

Figure	5.  
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Figure	5	
Exciton	energy	levels	including	band	dispersion	due	to	changes	in	momentum	𝑘.	

 

  With the inclusion of the Excitonic effects into the joint density of states, the 

absorption coefficient in bulk semiconductors is considerably different than the free carrier 

bulk absorption presented earlier [1]. 	

α(ω) =
e2ω dcv

2

nbcε0

2mr

!2

!

"
#

$

%
&

2

Eb
4π
n3 δ(!ω −Eg + EB n2

n=1

∞

∑ +θ(!ω −Eg ) πe(π EB (!ω−Eg )

sinh(π EB (!ω −Eg )

*

+
,
,

-

.
/
/
	

 

The spacing of the energy Eigen values εn = Eg −EB
1
n2

"

#
$

%

&
'+
!2Kc

2

2M
 appears in the absorption 

profile as delta function with decreasing intensity at locations ∝  to 1 n2 at lower energies 

than the bandgap.  To emphasize this a bit more, there are absorption peaks in the 

forbidden zone of the free carrier analysis. The free carrier absorption profile is also 

affected by the Coulombic potential as seen in the last term of the absorption coefficient; 
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see Figure 6.   

	

Figure 6 
Excitonic absorption profiles 
 (a) Discrete absorption lines of the exciton in the forbidden region with Coulombic interaction 
included (b) absorption spectrum of a semiconductor with excitonic absorption 

 
1.1.4 Quantum Confinement in One Dimension, Quantum Wells 
	
Turning to the cases of quantum confinement in semiconductor materials and beginning 

first with the case of confinement in one dimension, quantum well structures. The problem 

of the infinite potential well is solved by inserting the function  

𝑉 𝑧 = 0, 0 ≤ 𝑥 ≤ 𝐿
∞, 𝑒𝑙𝑠𝑒  

 into the Schrodinger Equation. Often this is the first potential inserted into the Schrodinger 

equation in elementary texts [3,4]. Although the ideal case of the infinite potential well 

does not exist in practice, simple analytical solutions for this case exist and yield useful 

insight into the principal of quantum confinement. The Schrodinger Equation in three 

dimensions with an infinite well in the z-direction is as follows [1]. 
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−!2

2m
∇2 +V (z)

#

$
%

&

'
(ψ(x, y, z) = εψ(x, y, z)  

V (z) = 0
∞

"
#
$

−Lz 2 < z < Lz 2

z > Lz 2
 

This equation is separable into φ(x, y)ζ (z) .  The energy Eigen values of φ(x, y)  are that of 

a free particle with plane wave solutions ε⊥(k) =
!2

2m
(kx

2 + ky
2 )  [1,3,4]. In the confined z-

direction the energy Eigen values are [1,3,4]. 

εz =
!2

2m
j2π 2

Lz
2

!

"
#

$

%
& j =1,2,3,...  

The total energy is simply  

ε =
!2

2m
j2π 2

Lz
2 + kx

2 + ky
2

!

"
#

$

%
& j =1,2,3,...  

So, the energy of the particle has a quasi-continuum of states in the x and y unconfined 

directions and discrete states in the z-direction dependent on the length of the well [1].  

Graphically this can be depicted as sets of parabolic bands with spacing 1
2m
!jπ
Lz

!

"
#

$

%
&

2

		

Figure	7.	 
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Figure 7 
Subband Transitions in a Quantum Well. Left, subband energy levels of an electron-hole pair 
confined in one dimension of an infinite potential well. Right, parabolic bands representing the 
subband transitions with free propagation in the X and Y dimensions taken into account.  

  

In the more realistic case of finite potential well, the wave function does not equal zero at 

the boundaries. One consequence of this is that there does not exist an infinite number of 

bound states as in the infinite potential. However, the bound states still follow a spacing of 

ε ≈
!2

2m
j2π 2

Lzz
2 with a parabolic band structure until they are ionized into the continuum. The 

scaling of the energy with respect to well length of 1 Lz
2 is known as the Quantum Size 

Effect [1]. Consequently, the energy levels can be shifted or tuned simply by changing the 

thickness of the quantum well. In practice, the thickness of the well is easily controlled 

during MBE or MOCVD crystallographic growth techniques. In the following research 

presented many InGaAs (𝐸* ≈ 0.813𝑒𝑉) quantum wells were produced using InAlAs 
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(𝐸* ≈ 1.5𝑒𝑉) as the barrier material, with absorption centered on 1500nm (𝐸* ≈ 0.82𝑒𝑉); 

see a schematic representation in Figure 8 [5,6]. 

  	

Figure 8 
A simplified schematic diagram of energy levels and confinement potential of a quantum well, with 
AlInAs barriers and InGaAs quantum well material similar to that of HSG37. 

 

Due to the confinement in one dimension from the well, and including the excitonic 

effects, the Eigen energies become  

εn = Eg +
!2π 2 j2

2mrLz
2 −

EB

(nj −1 2)
nj =1,2,3,... 	

Each energy step due to the confinement of the electron hole pair now has an associated 

excitonic series.   

An important consequence of the quantum confinement is the change in the ground state 
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energy compared to the free exciton case. The ground state energy here is 4 times that of 

the free exciton, driving the exciton absorption lines further away from the bandgap 

energy. The physically intuitive explanation of this is that the confinement of the exciton 

reduces the distance between the electron-hole pair, therefore reducing the Bohr radius, 

which increases the oscillator strength and yields stronger resonances. The absorption 

coefficient for the quantum well is then (the Elliot Formula)   
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2πω dcv
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Figure 9 
Quantum well absorption compared to bulk semiconductor free carrier absorption. Peaks of the 
blue curve are the exciton lines.  

 

Interesting differences due to the confinement are easily seen in Figure 9.The continuum 

absorption is now twice that of the free carrier case. The exciton lines are much farther 

from the band edge and now are much more spectrally resolved. It is worth emphasizing 

that these effects are due to confinement in only one dimension. Physically, that is a thin 

layer of lower energy band gap material sandwiched by higher energy band gap material.   

 

1.1.5 Quantum Confinement in Two Dimensions, Quantum Dash 
	 	
With such striking effects due to confinement in one dimension, interest in higher orders of 

confinement is quite natural. The next logical step in further confining the exciton is the 

quantum wire or dash. The quantum wire would then confine the exciton in two 
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dimensions, allowing free particle movement in one dimension. These are often referred to 

in the literature as quasi-one-dimensional quantum structures [1,2].  The absorption 

coefficient for the case of the quantum wire includes Whittaker Functions and can be found 

in ref. [2]; the absorption profile is presented here in Figure 10.  

	 	

Figure 10 
Quantum wire absorption with 3D bulk free carrier absorption for reference. The exciton 
resonance is pushed out of the continuum due to the increased confinement and the oscillator 
strength is mostly accumulated in the ground state exciton [1].  

The higher confinement in the quantum wire increases the binding energy significantly and 

drives the excitonic lines even further from the band edge than the case of the quantum 

well [1,2]. The Exciton ground state accounts for the majority of the total oscillator 

strength and the second excited state dominates the absorption profile due to parity 

selection rules [2]. Higher order excited states have very low oscillator strengths and 

therefore vanish quickly as order is increased [2]. 
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1.1.6 Quantum Confinement in Three Dimensions, Quantum Dots 
	
It’s clear that the next step in increased confinement is confinement in three-dimensions, 

often called a quasi-zero-dimensional structure, or quantum dots in the literature [1,2]. 

Quite naturally for confinement in the third dimension of the infinite potential well the 

energy Eigen values become [1,3,4]  
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Many dots are semi-spherical in shape, including the pancake shaped dots grown for this 

research [10].  In an infinite spherical potential the Eigen energies become [1] 
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with αnl as the nth root to the lth Bessel Function. Note the characteristic blue shift based 

on confinement that shifts like 1 R2 with a series of eigenstates. The above is the single 

particle energy; the total energy is of the same form as the above for the electron and hole 

with the addition of band gap energy 
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The absorption coefficient of the quantum dot is as follows 

a(w) =
4πω
!c ε2

d0i
2 γ i

γ i
2 + (ωi −ω)2

i
∑  

Here, ε2  is the background dielectric constant, d0i  is the dipole matrix element of the 
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transition from 0 to I, and γ i is the homogenously broadened linewidth. The absorption 

lines are then a series of Lorentzians centered about the electron hole pair energies

!ωi = εi ∝1/ R2 . There is no bulk absorption band edge near these transitions due to the 

large blue shift. The Quantum dot is the semiconductor counterpart to the Hydrogen atom.		

 

1.2 Introduction to Metallic Split Ring Resonators 
 

It was Veselago who first presented the idea of negative index materials in his 1968 paper 

[11]. He realized that if both the dielectric constant ϵ and magnetic permeability µ were 

negative, the system would become what he termed a “Left Handed System”. It is easy to 

show that in an isotropic medium the dispersion relation is  

𝑘@ = AB

CB
𝑛@   with 		𝑛@ = 𝜀𝜇 

If both ε and µ are negative the equations above are still valid. Hence, there is no 

fundamental reason that a material with negative values of ε or µ would be forbidden by 

Electromagnetic Theory [11]. Maxwell’s equations give the following relations for a plane 

monochromatic wave 𝑒G HI(AJ  

𝑘×𝐸 = 	
𝜔
𝑐 𝜇𝐻, 𝑘×𝐻 = 	−

𝜔
𝑐 𝜖𝐸 

Directly from those equations the system becomes Left Handed if ϵ < 0 and µ < 0. 

Veselago pointed out several interesting results of this at the time for hypothetical 

materials, as no naturally occurring negative index materials exist in the optical frequencies 

[11]. Snell’s law written correctly for the case of material interfaces with different 
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handedness will be 

𝑠𝑖𝑛𝜙@
𝑠𝑖𝑛𝜙R

= 	
𝑝@
𝑝R

𝜖@𝜇@
𝜖R𝜇R

 

Here,  p1,2 are the “handedness of the materials”, p = 1 indicates a completely right handed 

material while p = -1 indicates a completely left handed material [11]. According to this 

rewritten Snell’s law, if the index of the mediums are different and one is negative, 

refraction will also be negative. This will reverse the roles of negative index materials with 

respect to a typical right-handed materials.  

 

Another interesting effect occurs for the special case when ϵ1 = -ϵ2  and µ1 = -µ2 . For those 

values there is no reflected ray. These results were striking, yet purely hypothetical at the 

time. No naturally occurring left-handed materials exist, so they must be engineered [12].  

 

Veselago’s paper went largely uncited until JB Pendry’s seminal paper on perfect lensing 

[12,13]. After Pendry’s paper, activity in the subject greatly increased. The work to design 

such materials by Smith et al. demonstrated the first LHM’s (Left Handed Materials) 

[12,13]. Since then, work on these so called “Meta-Materials” has continued to increase in 

volume and the development and investigations of these engineered materials has produced 

many fascinating results; see Ref. 12 for a comprehensive overview.  

 

This dissertation will focus predominately on those of the “Horseshoe” single split ring 

resonator type. To elaborate on Pendry’s theoretical findings, Pendry noticed an important 
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difference from a standard positive index optical element. A positive index optical element 

applies a phase correction factor to produce an image. The evanescent fields decay, thus 

limiting the resolution of such imaging systems to [14] 

𝛥 ≈
2𝜋𝑐
𝜔 = 𝜆 

However, a planar material with index n = -1 actually amplifies the evanescent waves and 

the information is not lost. These higher order Fourier components are amplified in the 

material and then decay upon exiting the material. The decay length works out such that 

the field intensity at the image plane is exactly the same as the intensity at the object plane. 

Since the high order Fourier components are not lost, the system can image in a sub-

diffraction limit or “Superlensing” capacity [14].  

 

A promising meta-material that exhibits both negative ϵ and µ at optical frequencies is the 

metallic single split ring resonator design first demonstrated by Liden et al. with 

resonances up to 100 THz [15]; see Figure 11. These structures were then fabricated later to 

frequencies of 200 THz, the very useful 1550nm wavelength band used in 

telecommunication [16].  
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Figure 11 
Scanning electron micrograph of a small section of an array of split ring resonators  

 

An intuitive way to think of these SRR’s is to imagine them as an array of magnetic atoms. 

While not on the size scale of an atom, they are an order of magnitude smaller than the 

wavelength of light and, therefore, are small enough to appear to the light field as a 

homogenous negative µ material. Elementary statics can give an intuitive look at the 

behavior of such structures. The SRR is roughly a split coil that forms part of an inductive 

loop and a capacitive gap. The resonance frequency ωLC can be determined by writing the 

capacitance of a large plate capacitor and a long inductor with windings equal to 1 [16]. 

𝐶 = 𝜖X𝜖Y
𝜔𝑡
𝑑 				𝑎𝑛𝑑				𝐿 = 𝜇X

𝑙@

𝑡 	 

The resonance frequency follows, with 𝑙 = length of the sides, 𝑑 = to the gap spacing, w 

equal to the width of the base, and 𝜖Y  equal to the dielectric constant of the material in the 

gap.  
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𝜔]Y =
1
𝐿𝐶

=
1
𝑙
𝑐X
𝜖Y
	
𝑑
𝑤 

 

	

Figure 12 
Simple RLC model for obtaining the resonance frequency of the split ring resonators [16]. 

	
This formula, while not the complete story, gives a good approximation of where the 

resonance frequency lies [17]. Figure 13 shows arrays of fabricated SRRs with their 

respective transmission spectra. 

 

	

Figure 13 
Left, FTIR microtransmission spectra of split ring resonator arrays and their respective SEM 
images on the right.  
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1.3 Purcell Enhancement 
 

Edwin Purcell first introduced the concept of modifying spontaneous emission rates 

through cavity interactions in his 1946 publication [18]. Purcell had determined that an 

oscillator at frequency ν, coupled to a resonant cavity with a quality factor Q = ν\δν, would 

experience an increased emission probability. That Purcell factor is  

𝑓 =
3𝑄𝜆a

4𝜋@𝑉 

This result went largely un-cited until Eli Yablonovic published his predictions of 

controlling spontaneous emission rates in the solid-state. Although his goal was to inhibit 

spontaneous emission in semiconductor lasers, its basis was in using the Purcell factor to 

do so [19]. An exponential growth of citations to Purcell’s publication ensued. To date, 

Purcell’s paper has been cited ~2293 times, and Yablonovich’s an astounding ~9800.  

 

An example of the Purcell enhancement of quantum dot emission in a photonic crystal slab 

non-cavity can be seen in Figure 14 as the much higher intensity peaks above the ensemble 

photoluminescence emission. 
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Figure 14 
Low temperature (4K) micro photoluminescence spectrum of Purcell enhanced InAs quantum dots 
in photonic slab nanocavity. The broad emission profile is the unenhanced ensemble QD emission.  

 

2 Characterization of III-V Material Growth 
 

The semiconductor structures presented in this dissertation are all III-V group materials 

grown by Molecular Beam Epitaxy. Molecular Beam Epitaxy, or MBE, is a highly 

controllable method of semiconductor crystal growth. It allows for ultrapure materials to be 

deposited in stoichiometric ratios with monoatomic layer precision. It has proven to be an 

extremely useful key technology in the development of semiconductor fundamental and 

device research [20].  

 

To characterize the samples grown for the experiments at hand, several imaging and 

spectroscopic techniques were used. These techniques allowed for the determination of 
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emission center wavelength, emission linewidth and relative emission efficiencies in the 

quantum confined structures, surface roughness, and dot density and size to sub-nanometer 

resolution. The primary method of determining the quantum well, dot, or dash excitonic 

spectroscopic information was by low temperature photoluminescence spectroscopy,while 

surface roughness  dot size, and dot density were quantified via Atomic Force Microscopy.  

2.1 Low Temperature Photoluminescence Emission Detection of 
Quantum Emitters 

 
Photoluminescence (PL) is the spontaneous emission profile of an emitter that has been 

excited above the bulk material band edge by an external laser source. The hot, energetic 

charge carriers cool through non-radiative means into the quantum well, dash or dots. Once 

the carriers are captured by the quantum structures the carriers can recombine and emit at 

the well, dash, or dots respective allowed frequencies. The low temperature PL used to 

characterize the samples grown by MBE was performed with the experimental apparatus 

shown in Figure 15.  



34	
	
	

	

Figure 15  
Photoluminescence Spectrocopy apparatus, above band pumping is achieved with the use of either 
the Ti:Sa laser tuned to 810nm or with a HeNe laser centered at 632.8nm  
 

Samples were cooled to cryogenic temperatures of 10K using an ARS closed cycle Helium 

cryostat. To determine the sample response with respect to temperature the cryostat’s 

internal heater had the ability to regulate the temperature of the sample mount to 

approximately one-tenth of a degree. The sample volume of the cryostat was evacuated 

with a Varian TPS-compact turbo molecular pump system to pressures of less than 

30µTorr prior to cooling the sample to eliminate condensation of water or other 

contaminants that would shift the resonance of the SRR’s. The samples were pumped 

above band using either a Spectra Physics Tsunami femtosecond Ti:Sapphire laser tuned to 

810-820nm or a He:Ne laser centered at 632nm. Excitation spots were measured to be 
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25µm in diameter.  Variable neutral density filters in the collimated space of the beam 

controlled incident laser excitation power.  

 

The photoluminescence from the sample is emitted into a 4π solid angle and was collected 

in a reflection type arrangement. Collection of emitted energy was accomplished using the 

front focusing lens. A partially reflective pellicle beam splitter was used to pick off the 

collected photoluminescence signal and direct it towards the spectrometer. Prior to entering 

the spectrometer, the signal was filtered to remove any residual pump using SEMROCK 

knife-edge filters. The filtered signal beam was then collected and coupled into the 

spectrometer. The spectrometer model was a Princeton Instruments Acton Spectrapro 

500mm focal length grating spectrometer. Light detection at the output of the spectrometer 

was achieved with a Princeton Instruments OMA V liquid nitrogen cooled 512 pixel linear 

InGaAs array. The spectroscopic system was calibrated and dispersion compensated using 

neon and krypton gas discharge calibration sources with a minimum of 4 spectral lines that 

spanned the useful range of the spectrometer ~700-1600nm. An example of PL collected 

from the quantum well sample HSG37 and the Quantum dash HSG44 sample is shown in 

Figure 16. The high frequency noise in the spectra of the quantum dash sample is an artifact 

generated by the experimental apparatus and is not a characteristic of the PL emission. 	
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Figure 16 
Low temperature (10K) photoluminescence spectra of (a) HSG37 near surface quantum well 
sample pumped at 822nm at various pump intensities, and (b) HSG44 near surface quantum dash 
sample at different at the center and edge of the wafer compared with HSG24 pumped at the same 
power for efficiency reference.  

	

2.2 Quantitative Surface Roughness and Nano-Structure Measurements 
via Atomic Force Microscopy 

 
Atomic Force Microscopy is a method of determining surface morphology with resolution 

far beyond the diffraction limit of optical imaging techniques. It consists of rastering an 

ultra-sharp tip in the x-y plane across the surface of a sample while measuring the 

deflection of the tip. This deflection data can then be used to generate surface images of the 

sample in question. 

 

For the HSG series used in this research, samples were examined with AFM imaging to 

determine surface roughness and to determine what type and density of quantum dots or 

dashes had been grown. Long wavelength quantum dot samples had not previously been 

grown by the group and growth parameters took many iterations to optimize both the dot 
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density and surface roughness. As the samples were being optimized often the dot portion 

of the growth was repeated on the barrier cap shown in Figure 17-a. While these dots are 

not optically active, due to the absence of the barrier cap, they provide dot density and 

dot/dash shape characteristics. In fact, the first long wavelength attempts at quantum dots 

yielded quantum dashes, which was quickly identified by the implementation of this 

technique.  

	

Figure 17 
Atomic Force Microscopy of (a) a quantum dot sample with dot growth repeated on the cap surface 
to determine dot size and density. (b) HSG44 long wavelength near surface quantum dash sample 
AFM image.  

  

As noted earlier, the surface roughness was of great importance for these samples, since the 

goal was to have 30nm tall split ring resonators fabricated on the surface. AFM played a 

crucial role in determining the surface roughness of the samples grown and eventually 

drove the group away from the Enzmann InGaAS/AlInAs matrix type long wavelength 

dots to long wavelength dot growth with the removal of the GaAlInAs matrix and the 

addition of GaAs wetting layer, similar to the wetting layer commonly used in shorter 
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wavelength dots. HSG44 long wavelength quantum dash sample AFM surface false color 

image is shown in Figure 17-b. 

	

 

2.3 Growth on Long Wavelength Quantum Dots Several Nanometers 
from the Surface 

 

Many samples have been grown in support of the experiments and results presented in this 

dissertation. The goal of the growth was to fabricate quantum wells and quantum dots very 

near to the surface. Metallic split ring resonators were then fabricated on the surface to 

investigate the temporal and spectral coupling characteristics between the two 

nanostructures. With that goal in mind, the motivating factor for surface to quantum 

confined nanostructure spacing was twofold. First, the coupling of the SRRs to quantum 

wells has been shown to occur through the evanescent field of the plasmonic nano-

structure and, therefore, decay exponentially with distance [21]. The 1/𝑒 point for single 

horseshoe SRR’s operating in the 1500nm range has been experimentally and numerically 

determined to be ~8nm [21]. Second, without a sufficient potential barrier, the exciton 

wavefunction overlap with surface states will quench the quantum well through decay to 

non-radiative modes. Another subtle yet important contribution to the overall distance 

between the quantum well and SRRs is the presence of an InGaAs cap layer. For the case 

of the quantum wells, the high aluminum content in the barrier materials of InAlAs used 

for these quantum wells will oxidize quickly when exposed to atmosphere. To combat this 
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oxidation, thin ~2.3nm InGaAs cap layers were grown. Long wavelength quantum dot or 

dash samples that are capped with InGaAs do not suffer from oxidation.  

 

Initial near surface growths exhibited unacceptable surface roughness and a large number 

of long wavelength quantum dot samples were grown with various parameter changes. 

Theses parameters included composition proportions of the III-V alloys in combination 

with growth and dwell temperature variations. The parameter changes were based on the 

belief that the roughness was induced by large lattice mismatches required for self-

assembled dots, with very short distances to grow lattice matched material to smooth the 

surface.  

 

These long wavelength dots had two basic variants. One variant, we’ll call Gibbs dots, was 

grown on InP wafers with lattice matched AlInAs buffer, InGaAs barriers, and InAs dots 

on GaAs wetting layers. The second variant followed Enzmann’s long wavelength dot/dash 

growth method, substituting the InGaAs barriers with InGaAs/AlInAs matrices [22].  

 

The Enzmann type dots demonstrated much higher efficiencies from absorption to 

radiative emission, when compared to the Gibbs dots, approximately 2x in 

photoluminescence under the same pumping conditions at 10K; see Figure 16-b. However, 

the Enzmann dots required a much larger barrier to achieve an acceptably smooth surface. 

A 15nm barrier cap yielded ~2-3nm rms surface roughness with the Enzmann style growth. 

While growing InAs dots on a GaAs wetting layer with InGaAs barriers yielded as low as 
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1.78nm RMS surface roughness with a barrier cap of only 4nm on HSG44. As will be 

shown in the pump probe results of this dissertation, coupling to HSG24, which was an 

Enzmann type growth, was very low. 

 

 

 

 

3  Metallic Split Ring Resonators 

3.1 Fabrication of Metallic Split Ring Resonators Using Electron Beam 
Lithography and Micro-FTIR Transmission Characterization  

 
The metallic split ring resonator and nano-antennae arrays for the research presented in this 

dissertation were fabricated by Nina Meinzer and Muriel Bechu, graduate students in the 

group of Martin Wegner at the Karlshue Institute of Technology. The arrays were 

fabricated onto quantum wells and quantum dash samples grown at the College of Optical 

Sciences in the group of Professors Galina Khitrova and Hyatt Gibbs. The metallic 

resonators were fabricated via electron beam lithographic techniques to be outlined here. 

 

Electron beam lithography was the chosen methodology of fabrication for its unmatched 

flexibility and resolution. The technology allows for direct patterning of structures to sub-

10nm resolution with the ability to tune parameters at will [24]. The E-beam consists of a 

modified scanning electron microscope with computer controlled field steering electron 

optics and a beam blanker [24,25]. In practice, the high-energy (10-100kV) electrons can 
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be focused to a spot of ~5nm [23]. To fabricate the desired nano-structures, in this case 

split ring resonators, the spot is focused onto the surface of the semiconductor samples that 

have been coated with the positive-tone photoresist PMMA 950k. PMMA is a long-chain 

polymer positive-tone photoresist, which under exposure to high-energy electrons breaks 

down. This so called softening of exposed material becomes more soluble than the 

surrounding unexposed resist. When developed in solvent the written material can be 

removed, leaving a negative mask of the written structure. Deposition of silver is achieved 

through electron beam evaporation under high vacuum. The remaining PMMA mask can 

be lifted off post-silver deposition. Figure 18 demonstrates the E-beam lithographic 

fabrication described here.  

 

For the split ring resonator fabrication outlined here, the quantum well and quantum dash 

samples are sectioned into 5 x 5 mm areas. The PMMA is spin coated to a thickness of 

200nm and heated to 165°C to drive off remaining solvents [25]. Samples were written on 

a Raith eLine scanning electron microscope (SEM) with dosing densities of 180𝜇𝐶/𝑐𝑚@ at 

acceleration voltages of 30kV [25]. Taking advantage of the variability of the E-beam 

technique, dosing parameters are varied by 25% from one array to the next, while holding 

other parameters constant. This increases the chance of yielding the proper dose on at least 

one array without the need for multiple fabrication runs. Once exposed, the samples are 

developed in the selective etch solution of 1:3 methly-isobutyl ketone/isopropanol for 8s, 

followed by pure isopropanol for 20s. At pressures of less than 2	𝑥	10(embar silver is E-

beam evaporated to a thickness of 30nm [25]. Acetone at 65°C completes the process lift 
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off to remove the remaining mask. See figure 18. 

	

Figure 18 
Standard E-beam lithographic fabrication with negative resist material. (a) PMMA is spin coated 
onto surface of sample. (b) The pattern is written by exposing PMMA with electron beam. (c) The 
exposed, softened negative resist is removed through selective wet etching. (d) Silver is electron 
beam evaporated onto the written pattern. (e) Remaining PMMA is removed by hot acetone bath, 
leaving fabricated SRR’s on surface.  

  

The quantum wells and quantum dashes center wavelength can only be tuned by tens of 

nanometers using temperature tuning from 10-30K; in this case temperature is maintained 

at 5-10K. Beyond 30K the influence of phonons in the semiconductor broadens excitonic 

resonances and decreases gain. However, it is desirable to have the ability to tune the 

resonances of the SRRs and gain structures through one another. Tuning of that nature 

allows for the experiment to probe how the coupling affects resonance linewidth and 

intensity. Additionally, one would expect to demonstrate the characteristic anti-crossing 

curves in the case of strong coupling of the two oscillators. To accomplish this tuning, 
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length and gap parameters are varied from one array to the next to tune the SRR resonances 

from ~1200nm to 1800nm. The arrays have a lattice constant a = 250nm, with each 

individual square array having dimensions 100 µm x 100 µm Figure 19. 

	

Figure 19 
SEM images of HSG24_P array sets and individual SRR 

 

Once fabricated, the individual SRR arrays mode center wavelength and strength were then 

characterized at room temperature using an FTIR microscope in transmission mode, Figure 

25.  

 

4 Femtosecond Temporally and Spectrally Resolved Pump 
Probe Spectroscopy of Split Ring Resonator and III-V Gain 
Coupled Systems 
 

4.1 Experimental Design and Apparatus 
	
To investigate the time dynamics of the coupled SRR quantum confined gain structure a 
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pump probe spectroscopy apparatus was built and implemented. By above band pumping 

the quantum well at 820nm the excited state can be populated, allowing for gain to occur at 

the resonance frequency of the well; for example, in the case of HSG37 the gain resonance 

is centered at 1512nm.  

 

The changes in the gain profile will be detailed later, but for now it should be noted that the 

gain profile is modified by the coupling of the two oscillators. After the strong pump pulse 

excites the gain media, a weak probe pulse is then propagated through the sample. If a 

weak probe pulse is incident on the bare well immediately after the pump pulse, one can 

imagine that intensity of the probe pulse should increase due to the propagation through the 

inverted gain media following Lambert’s Law 𝐼 ∝ 𝐼X𝑒*h, where I is the intensity, g is the 

gain coefficient which depends on frequency, and x is the propagation length [26].  

 

Conversely, if the probe pulse is incident on the sample without any inversion the intensity 

should decrease exponentially with length following Lamberts Law again as	𝐼 ∝ 𝐼X𝑒(ih, 

with α the absorption coefficient. By experimentally measuring the transmitted pulse ΔT 

with the strong pump incident on the sample and dividing it by the transmitted pulse T 

without pumping, we can determine the differential change in transmittance, thereby 

directly measuring the change in the gain and absorption of the excited sample. By 

delaying the probe pulse in time with respect to the pump pulse, time dynamic information 

can be collected. The tuning of the pump pulse also allows the wavelength dependence of 

the time dynamic information to be collected. An example of one such measurement can be 
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seen in Figure 26. The system has been characterized to achieve a spectral resolution of 

20nm, a temporal resolution of ~140fs, and a ΔT/T resolution of 0.1%.  

 

The following section is the description of the experimental apparatus design and setup. A 

diagram of the system can be seen in Figure 20. The laser sources used in the pump probe 

apparatus were a spectra physics Tsunami Ti:Sa laser coupled to a Spectra Physics OPAL 

OPO. The Tsunami output was tuned to 820nm with a bandwidth of ~8nm for efficient 

pumping of the OPO at wavelengths of 1420 nm -1600 nm. The Tsunami and OPO were  

	

Figure 20 
Femtosecond pump probe spectroscopy apparatus. Pump wavelength is tuned to 820nm. Probe 
pulse can be tuned from 1400nm-1600nm.  

electronically frequency locked to 80.000000MHz repetition rates with 130fs pulse lengths. 

Residual Tsunami pump signal, up to 200mW, was out coupled from the OPO for use as 
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the pump pulse in these experiments. However, due to losses in the optics of the system, 

only ~130mW were available for pump pulses at the sample. The OPAL OPO probe pulse 

width was also ~140fs with a bandwidth of ~20nm. Both the wavelength of the Tsunami 

and OPAL were directly measured with a calibrated Princeton Instruments SpectraPro500 

calibrated spectrometer. The OPO’s temperature and wavelength tuning map was tuned at 

increments of 20nm to ensure stable, reliable probe pulses at all wavelengths across the 

1400nm-1600nm range. The excess pump power exiting the OPO was directed into a two-

lens collimator with focal lengths L1 = 150mm and L2 = 50mm to control collimation and 

spot size on the sample while also reducing the collimated diameter by ~3X. After passing 

through the collimating optics the beam was precision aligned into a double pass motorized 

delay line. This delay line consisted of a computer controlled stepper motor screw driven 

stage (Daedal 1m) with two corner cubes mounted to the shuttle. The pump pulse was 

directed from the delay line through an optical chopper SRS model 540 set to 400Hz. The 

pump beam was combined with the probe beam with the use of a dichroic pickup mirror 

from Semrock LP02-980RE-25. The probe pulse also passed through a two lens collimator, 

in this case to expand the beam, L3 = 35mm and L4 = 10mm. To rotate the polarization of 

the probe beam, a Newport Model 5540 Berek waveplate was used. In order to produce a 

highly polarized beam a Thorlabs Glan-Thomson Model GT15 with an extinction ratio of 

100,000:1 was added after the waveplate. The focusing and collection optics at the sample 

were both identical lenses with focal lengths of 5cm. Collected signal was filtered with 

Schott RG1000 filter glass to remove any unabsorbed pump light with attenuations of 7 

orders of magnitude at 820nm. The filtered, collected signal could then be directed into a 
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near infrared (NIR) camera or a single channel Thorlabs InGaAs detector with a 2.5cm 

focusing optic. The NIR camera in the transmission arrangement was a crucial imaging 

step to ensure that pump, probe, and collection optics were focused onto the SRR arrays. 

The imaging Si CCD in the reflection arrangement assisted in finding proper arrays and 

rough alignment of the pump and probe beam due to its superior resolution to the NIR 

camera and viewing the sample front fabricated surface. The image was reflected towards 

the Si CCD with a Pellicle beam splitter on a flip mount so that it could be removed from 

the beam path during pump probe measurements.  

Rough co-linearity alignments were achieved using a pinhole in two positions, one very 

near the pickup mirror (PM) and one very near the sample cryostat. Once rough alignment 

was completed the co-linear beams are reflected to a secondary leg with the exact same 

path length as the experimental path via a flip mirror. This path was identical to the 

experimental path with a small pinhole substituted for the sample. This scheme was used to 

precision align the beams co-linearity and for alignment of the delay line. The relative 

intensity on the detector was tracked and the delay line was translated to maximum travel 

limits, more than 3X the needed travel for the time periods measured here. A pinhole was 

also attached to motorized stages such that knife edge beam waist measurement techniques 

could be used to measure the spot size of both pump and probe pulses, ensuring that the 

probe was incident on a uniformly pumped area.  

The samples were mounted in an ARS closed cycle Helium Cryostat and cooled to 10K. 

The cryostat sample compartment was pulled to vacuum pressures of ~30µTorr using a 
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Varian TPS turbo pump system. The samples were mounted at angle of ~13°degrees to 

eliminate pump pulses reflected off the back surface of the sample. It was found that the 

reflected pump introduced a secondary pump delayed in time to the probe location. Spot 

sizes of the probe and pump beams were 10µm and 20µm, respectively.  

4.2 Two Level Coupled Oscillator Model for Plasmonic Metamaterial 
Resonance and Two-Level Gain System 

	
A simple coupled oscillator model is used to fit the dT/T data presented in this dissertation. 

The model outlined here is that of reference [39]. This model while not a comprehensive 

physical model of the system, still provides useful insight into the behavior of the coupled 

system. Despite its simplistic approach the model provides for very good fits to 

experimental data. The simplistic model is also in good agreement with full FDTD three 

dimensional Maxwell Equation solutions [39]. Beginning with the external electric field 

written as  

𝐸 𝑡 = 	𝐸j cos 𝜔𝑡 =
𝐸j
2 (exp −𝑖𝜔𝑡 + 𝑐. 𝑐. ) 

and noting the local electric field of the two level system is 𝐸 = 𝐸 + 𝐿𝑃st and the local 

electric field of the plasmonic system is 𝐸 = 𝐸 + 𝐿𝑃@]u. Here, L is phenomenological 

constant related to the coupling and P is the polarization of the of the plasmonic system 

and 2 level system respectively [39]. The Bloch equations for the 2 level system are 

arranged as follows.  

𝑝@]u + 𝑖𝛺@]u + 𝛾@]u 𝑝@]u = 𝑖ℏ(R𝑑@]u𝐸(1 − 2𝑓) 

𝑓 + 𝛤@]u𝑓 = 𝑖ℏ(R(𝑝@]u∗ 𝑑@]u𝐸 − 𝑝@]u𝑑@]u∗ 𝐸∗ 
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Above, 𝑝@]u is the complex transition amplitude, 𝑓 is the occupation probability of the 

upper level, 𝑑@]u is the dipole matrix element,	𝛺@]u is the transition frequency and 𝛾@]uis 

the damping rate, all referring to the 2 level system [39]. The corresponding Bloch 

equations of the plasmonic system are 

𝑝st + 𝑖𝛺st + 𝛾st 𝑝st = 𝑖ℏ(R𝑑st𝐸 

𝑓 + 𝛤st𝑓 = 𝑖ℏ(R(𝑝st∗ 𝑑st𝐸 − 𝑝st𝑑st∗ 𝐸∗ 

The transition amplitudes 𝑝 = 	𝑝exp	(−𝑖𝜔𝑡) can be derived and found to be 

𝑝@]u =

1 − 2𝑓 ℏ(R𝑑@]u
𝐸j
2 +

𝑉@]uℏ(R𝑑st
𝐸j
2

𝛺st − 𝜔 − 𝑖𝛾st)	

𝛺@]u − 𝜔 − 𝑖𝛾@]u − (1 − 2𝑓)
𝑉st𝑉@]u

𝛺st − 𝜔 − 𝑖𝛾st

 

𝑝st = 	
ℏ(R𝑑st

𝐸j
2 + 𝑉st𝑝@]u

𝛺st − 𝜔 − 𝑖𝛾st
 

with 

𝑉@]u = 	ℏ(R𝑑@]u𝐿𝑁st𝑑st 

𝑉st = ℏ(R𝑑st𝐿𝑁@]u𝑑@]u 

Here, 𝑁 is the volume density of the 2 level system and plasmonic mode respectively [39]. 

Using the Maxwell Garnett approach as an approximation of the system, the Linear 

susceptibility, 𝜒 can be found from the following equation (𝑙@]u	𝑎𝑛𝑑	𝐿st are the film 

thicknesses of the 2 level and plasmonic systems respectively) 

𝑃 =
𝑙@]u

𝑙@]u + 𝑙st
𝑃@]u +	

𝑙st
𝑙@]u + 𝑙st

𝑃st = 𝜀j𝜒
𝐸j
2 exp −𝑖𝜔𝑡 + 𝑐. 𝑐.	 
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in combination with the macroscopic polarization 𝑃@]u = 𝑁@]u𝑑@]u𝑝@]u + 𝑐. 𝑐., for the 2 

level system. The macroscopic polarization for the plasmonic system identical in form 

[39]. Electromagnetic theory gives the transmission coefficient as 

𝑡 𝑤 = 	
2

1 + 𝑧{ cos 𝜙 − 𝑖 𝑧{𝑧 + 𝑧(R sin	(𝜙)
 

with 𝑧{ = 𝑛~/𝑛G, the substrate and incident indexes respectively, 𝑍 = 𝑛G/𝑛(𝜔), and 

𝜙 𝜔 = 𝜔𝑛 𝜔 𝑑/𝑐j	[40]. The transmission is then found from 

𝑇 =
𝑛~
𝑛G

𝑡 𝜔 @ 

For a given system the parameters used in the above equations 𝜔@]u, 𝜔st, 𝛾@]u, 𝛾st,

𝑁@]u. 𝑁st, 𝐿@]u, 𝐿st, 𝑑@]u, 𝑑st, 𝑓, 𝑛~, 𝑎𝑛𝑑	𝑛G are properties of the materials in the system and 

are therefore essentially constants. The only parameter left to adjust for fitting of data is the 

phenomenological parameter L. The dT/T data for the coupled system is generated by 

calculating the transmission on the SRR array with the gain material in the ground state 

(un-pumped) with 𝑓 = 0, repeating the same calculation with 𝑓 = 1, subtracting the two 

curves and then dividing by the curve with 𝑓 = 0. To calculate the system response with 

no coupling the parameter L is set to zero.  

 

4.3 Temporally and Spectrally Resolved Results of Ag SRR Arrays and 
Quantum Wells 

 
Nina Meinzer in the German group at KIT took the first data on SRRs coupled to quantum 

wells on the HSG37 sample. Their results showed ΔT/T of up to -8% on some arrays 
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fabricated at 1480nm Figure 21.  

	
Figure 21 
Differential transmittance of NA1 sample fabricated on HSG37 with probe tuned to 1480nm. These 
samples were later reexamined in the Tucson apparatus and, while similar results were 
found, it appeared that some aging had occurred. No longer could the differential 
transmittance of -8% be seen, it had been reduced to -2.0% maximum ΔT/T. However, the 
wavelength peak negative ΔT/T had shifted from 1480nm to 1540nm indicating that the 
SRRs had changed in some way. We attribute this to oxide layers forming over time on the 
Ag SRRs, causing a shift in SRR resonance, while the QW remained resonant at 1500nm.  
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Figure 22 
Differential transmittance of SRR sample 
NA1 array E6 fabricated on HSG37, 
measured on Tucson apparatus 

Figure 23 
Differential transmittance of SRR sample NA1 
array E5 fabricated on HSG37, measured on 
Tucson apparatus. 
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Figure 24 
Maximum Differential transmittance measured at t = 20ps for 3 arrays, E5, E6, E8 and off array vs 
wavelength.  

4.4 Temporally and Spectrally Resolved Results of Ag SRR Arrays and 
Long Wavelength Quantum Wires 

  
Our research group has a large amount of past experience with Purcell enhancement and 

coupled oscillators [27,28,29]. The first demonstrations of coupled quantum well SRR 

were shown to demonstrate Purcell enhanced emission [6]. With those results it was a 

natural decision then to pursue coupling of SRRs to ever more confined semiconductor 

nanostructures. The next step after quantum well coupling was to attempt to demonstrate 

coupling between long wavelength quantum wire or dash samples. HSG24 was grown with 

the quantum dash first excited state PL peak at 1447nm. SRR arrays were fabricated with 

tunings from 1350nm to 1600nm on the surface of that sample. The SRRs resonances were 

characterized and mapped using micro-FTIR and pump probe spectroscopy was performed 
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on many arrays. Some examples of arrays on HSG24_P are shown below in Figure 25.  

Two conditions are of interest in selecting an array for pump probe investigations. The first 

is simple, it requires that a strong resonance exists. In this case we look for arrays with 

~50% or greater absorption in micro-FTIR spectra. The second condition is that the center 

wavelength of the array resonance is close to the center of the quantum gain material 

resonance. For HSG24 that resonance is ~1450nm and is shown as the black normalized 

curve on the bottom of Figure 25. Per those requirements arrays C12 and C13 should prove 

good candidates for the observation of coupling effects.  

	

Figure 25 
FTIR micro transmission of several arrays from HSG24_P SRR sample. The black spectrum plotted 
on the bottom of the chart is the normalized photoluminescence spectrum of the HSG24 quantum 
dash emission and is presented to demonstrate the spectral location relative to the various SRR 
array resonances.  

C12 was selected for pump probe ΔT/T measurements and the results are presented in 
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Figure 26. The differential transmittance shows the same characteristics as that of the 

quantum well SRR sample NA1 fabricated on HSG37. The red curve in each spectra is 

again when the polarization is horizontal and the SRR resonance is active, while the blue 

curve is taken with the probe polarization rotated 90 degrees in the vertical orientation such 

that the resonance is essentially turned off. Each curve in Figure 26 consists of a constant 

wavelength while the probe is delayed in small steps of 100fs relative to the pump. As the 

probe wavelength is scanned across the SRR resonance the differential transmittance 

changes sign. 
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Figure 26 
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Differential transmittance ΔT/T of HSG24_P array C12. Red curves were recorded with the probe 
horizontally polarized on array and therefore resonant with the SRR modes. Blue curves were 
recorded with the probe vertically polarized on array and not resonant with the SRR. Also recorded 
was off array ΔT/T which is not presented in the plots but would overlap the blue curves presented 
here.  

 

These curves can be fit with a simple two-coupled oscillator toy model following section 

4.2, Figure 27. The parameters used in the model were as follows; Ω@]u =

2𝜋	𝑥	206.75	𝑇𝐻𝑧, 𝛾@]u = 50	𝑇𝐻𝑧,	𝑑@]u = 9.59	𝑥	10(@�𝑚(a, 𝑁@]u = 4.79	𝑥	10@@𝑚(a, 

𝐿@]u = 	3	𝑥	10(�𝑚, Ω�] = 2𝜋	𝑥	208	𝑇𝐻𝑧, 𝛾�] = 90	𝑇𝐻𝑧, 𝑑�] = 4.2	𝑥	10(@e, 𝑁�] =

5.3	𝑥	10@X, 𝐿�] = 30	𝑥	10(�𝑚. 
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Figure 27 
Toy Model two-coupled oscillator fit of the maximum ΔT/T of HSG24_P array C12. Dashed curves 
are the experimentally measured results where red and blue are horizontally and vertically 
polarized probes respectively. The solid curves are the two-coupled oscillator calculated results.  	

5  Future Directions and State of the Art 
 

This is the first demonstration of quantum dash structures coupled to a split ring resonator 

array and leaves much to be explored. One can see that significant enhancement of the 

differential transmittance occurs in both the negative and positive regions of ΔT/T. In the 

case of coupling to the quantum well positive enhancement was minimal, which suggests 

that interesting physics might be found upon further investigations. However, it should be 

noted that this difference in enhancement characteristics is fairly well described by the 

simple two-coupled oscillator model.  

The research group at the College of Optical Sciences has a great deal of experimental 

familiarity with Purcell enhancement of semiconductor nanostructures, specifically single 

quantum dots coupled to optically resonant nano-cavities. With the demonstration of 

Purcell enhancement of quantum well oscillator through the coupling interactions with split 

ring resonator arrays, and now the demonstration of coupling between split ring resonator 

and quantum dash samples, it is very natural to pursue investigations to achieve nano-

antennae or SRR Purcell enhanced single quantum dots for a number of reasons.  

The Arizona group in 2004 demonstrated Vacuum Rabi Splitting with a single quantum 

dots coupled to a semiconductor photonic crystal slab nano-cavity [28]. The interesting 

physics here could likely be demonstrated again in a new material system by demonstrating 
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strong coupling between a single quantum dot and a plasmonic split ring resonator cavity. 

Several advantages to this arrangement from an experimental and application standpoint 

make this an exciting proposal. 

In the case of the quantum dot photonic crystal system a quantum dot must be spectrally 

resonant with the nano-cavity, while also spatially aligned with an antinode of the cavity. 

This turns out to be a low probability process due to the requirement of narrow linewidth 

cavities and the random distribution of quantum dots. The requirement for strong coupling 

is that the Rabi splitting 2Ω must exceed the decay rates of the cavity κ and of the dot γ, 

withΩ = 𝜇𝐸��C/ℎ, and the vacuum field satisfying 𝑛@𝜖j 𝐸��C @𝑉 = ℎ𝜈/2  [28,30]. κ 

generally exceeds γ and Ω/𝜅 ∝ 𝑄/√𝑉.  

The strong coupling that was demonstrated by the Arizona group was done so with mode 

volume of ≈ 0.04µm3 ≈ (λ0/n) 3 [28]. The challenge then was to fabricate cavities with Q’s 

of > 6000. Progress in growth and fabrication, later yielded higher Q cavities on a more 

regular basis, but never achieved the computational results that Si cavities were able to 

achieve [31,32,33].This requirement and effort towards ever higher Q’s yields extremely 

narrow cavity linewidths. The quantum dots used in those experiments and also the 

quantum dot and dash samples presented in the research here are all of the self-assembled 

strain induced type. An average self-assembled InAs quantum dot has a linewidth of ~1nm 

and a center wavelength dependent on size. The size of these dots is a random distribution 

and for an average sample with a density of ~200-300 µm-2 has an ensemble bandwidth of 

~100nm Figure 14. These factors create a condition of high probability that the QD and the 
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cavity spectral resonance will have large detunings. In addition, the QD must physically be 

located at the antinode of the cavity; see Figure 28 which demonstrates a false color FDTD 

electric field calculation to illustrate the anti-node locations.  

	

Figure 28 
(a) Structure diagram of a photonic crystal slab nano-cavity with a quantum dot layer (b) FDTD 
simulation of the electric field profile of a photonic crystal slab nano-cavity.  

While one can search thousands of cavities to find a QD and cavity that satisfy the 

necessary conditions for a purely science based investigation, this arrangement would yield 

poor results for useful devices. Work has been done in the Arizona group towards selective 

site growth of InAs quantum dots. However, QD coupling and photonic crystal slab nano-

cavity fabrication has not been successful using this selective site approach [35].   

To the contrary, the SRR resonances are very broad with Q’s of ~10. However, due to the 

extremely small mode volumes of some of the single SRR modes the important Q/V factor 

can be equal to or possible exceed that of the L3 cavity [36]. This ability to easily couple 

spectrally with similar Purcell enhancement factors means that any Quantum confined 

nanostructure that lies in the antinode of the plasmonic structure’s E-field will be coupled 
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and the emission characteristics modified. This opens the door to a variety of interesting 

devices and device physics experimentation, such as nanoscale microscopy, quantum 

optics for single photon sources, photovoltaics with higher efficiencies, and other exciting 

directions as well [37].   
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