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Abstract 
 

In order to construct ultra-high density photonic integrated circuits, innovative 
techniques are required to circumvent the fundamental restriction set by 
Heisenberg’s Uncertainty Principle and the resulting diffraction limit.  Traditionally, 
waveguides adhere to a lower bound in size roughly equal to the propagating 
wavelength to allow for energy confinement and minimal crosstalk.  However, 
progress in nanomaterial fabrication is enabling advances in energy transfer within 
nanoscale structures.  Specifically, the quantum dot (QD), which is a nanometer 
sized 3D confined quantum mechanical system made of semiconductor compounds, 
exhibits high efficiency near-field coupling as well as a gain mechanism and 
represents an appealing candidate for creation of devices defined and spaced with 
sub-diffraction limit dimensions.  Therefore, a nanophotonic waveguide constructed 
of self-assembled QDs is proposed.  To arrive at a viable structure, the quantum dot 
behavior under both pulsed and continuous wave optical pumping is first modeled to 
determine the absorption, emission and gain spectra.  A gain coefficient is then 
derived to find the region of optimal operation in terms of pump power.  
Subsequently, a quantum dot waveguide propagation model is provided.  Throughout 
the discussion, two material systems, CdSe core QDs and CdSe/ZnS core/shell QDs, 
are simulated to demonstrate expected values and provide a numerical basis for 
analysis.  The latter is particularly applicable as a fabrication process using 
CdSe/ZnS QDs is described and implemented to show feasibility.  Correspondingly, 
a progression of self-assembly steps to final patterned structures is confirmed.  
Ultimately, the design, modeling and fabrication of the QD nanophotonic waveguide 
is intended to act as a cornerstone for nanoscale photonic integrated circuits.  
Furthermore, the ability to optically or electrically excite the quantum dot widens its 
applicability and allows integration with VLSI based circuitry thus expanding the 
realm of possible uses from communications to sensing and computing. 

 
1 Introduction  
 
The trend towards miniaturization is converging upon atomic manipulation and single particle observation.  While 
current dimensions for commercial lithography are now under 100 nm, there has been an intensive exploration into 
alternative patterning methods for electronic, optical and biological purposes.  Indeed, techniques such as soft 
lithography and self-assembly are seeing rapid developments and being applied towards contemporary problems.  
Furthermore, coupled with fabrication processes is the creation of new materials that may be incorporated into devices 



and exploited for their unique properties.  As a result, there is a growing arsenal of solutions for constructing and 
supporting the requirements of nanoscale components. 
 
1.1   Motivation 
Specific to the realm of photonics, there has been considerable effort to create waveguiding structures capable of 
sustaining high-density photonic integrated circuits.  With demand for increased speed and bandwidth being the main 
impetus, innovative propagation mechanisms are necessary to supplant conventional techniques limited by Heisenberg’s 
Uncertainty Principle [Appendix A].  In addition, there is propagation loss to contend with during guiding through 
passive components as well as wave dispersion at transmission bit rates approaching 40 Gbps and higher.  Although 
many techniques have been proposed, a dominant and widely applicable device or fabrication process is yet to be found.   
 From another angle, the self-fulfilling prophecy of Moore’s Law is hitting barriers of increasing height in the 
electrical regime.  The finite power budget, selection of useful materials, and scalability are all closing the maneuvering 
space for improvement.  On the other hand, the use of light for data manipulation is growing in application as the high 
bandwidth, modulation speed and capacity inherent to optical devices are properties that may be exploited to advance 
technology.  However, for widespread integration of electrical and optical circuits, an interface component with fast 
response is desirable.  More importantly, to continue scaling down on all aspects, sub-diffraction limit structures that 
confine energy of a relevant wavelength must be realized.  Otherwise, nanometer scale guiding could only be achieved 
using UV and shorter wavelengths, which is impractical to integrate and utilize with existing components. 
 
1.2   Prior Art  
On the sub-micrometer scale, quite a few waveguiding techniques have been proposed.  In particular, simulations of a 
high-index-contrast silicon waveguide demonstrate nanosecond switching operation and minimal power consumption 
through incorporation of a p-i-n diode underneath waveguides 250 nm tall by 450 nm wide [1]. The photonic crystal 
slab waveguide, which removes the radiative loss component associated with traditional dielectric structures through 
bandgap manipulation, enables another route for efficient guiding [2]. As a third option, nanoribbons sized 100 nm x 
400 nm and smaller have shown continuous waveguiding of light through hundreds of micrometers in length with a 
high degree of flexibility, where the radius of curvature can be as small as 1 µm [3]. 
 Each method possesses certain advantages such as ease of electro-optic modulation, monolithic fabrication, or 
material flexibility. Yet, all share the inherent disadvantage of a minimum size constraint due to guiding wavelength and 
aspect ratio requirements, not to mention complexity of integration with the high-index-contrast or photonic crystal slab 
waveguides and a reported 1 to 8 dB/mm loss for nanoribbons.  None of the three constructs may overcome the 
diffraction limit, where the dimensions of and spacing between waveguides are less than approximately the propagating 
wavelength.  Consequently, size reduction of the components would prevent entry and confinement of light at the 
wavelengths of interest, commonly in the visible to IR regime, due to cutoff. 
 Conversely, there are a handful of existing techniques designed to evade the constraints of the diffraction limit, 
which include metal nanoparticle [4-8] and negative dielectric waveguides [9, 10].  In the former, plasmonic energy 
transfer at a metal-dielectric interface provides the basis for electromagnetic wave propagation.  The device commonly 
consists of a chain of silver or gold particles created by thermal evaporation of a thin metal film onto a polymer pattern 
defined by e-beam lithography that undergoes lift-off [11].  By spacing the particles periodically, the localized 
plasmons, or oscillating dipoles, may be excited at a resonance frequency to reduce radiative loss and enable efficient 
absorption of light.   
 Modeling of single file silver particles positioned as corner, junction and straight-through devices show viable 
propagation with losses calculated at 3 dB/500 nm and 90o junction and corner coupling efficiencies ranging from 1 to 
0.25 depending on polarization of the input light [12].  Moreover, variable transmission can give rise to switching or 
inverting behaviors.  The inter-particle coupling and resonance frequency may also be adjusted by changing the 
refractive index of the substrate with use of different materials.  However, at resonance, the device suffers from 
increased thermal loss due to resistive heating.  Additionally, the ability to confine the propagation mode shrinks in 
correspondence with the waveguide cross section, which is directly related to the size of metal nanoparticles.   
 A proposed solution uses a 2D particle array to diminish the thermal component while maintaining small radiative 
loss, as a collection of metal nanoparticles has a resonance frequency below the individual counterpart.  By design, the 
2D structure also provides better mode confinement and a wider coupling area to tapered silica fiber for energy transfer.  
In theory, the power transfer efficiency over 180 lattice periods, which is equivalent to 90 µm, approaches 90% while 
the energy attenuation length exceeds that of continuous metal slab waveguides [13].  Still, the loss through resistive 
heating is not negligible and scattering by the particle surfaces becomes an important factor, which stresses the 
importance of consistent fabrication.  Furthermore, if a metal nanoparticle array must be 2D in order to reap the benefits 
of reduced loss, then the width dimension of the waveguide will be subjected to a larger minimum bound for sub-
diffraction guiding.  On a larger scale, the lack of convenient conversion techniques between optical, electronic and 
plasmon energy acts as another barrier.   



 For the second method, a negative dielectric (ND) is placed adjacent to a material of a low positive dielectric value.  
If arranged in a layer formation, then the wave vector perpendicular to the interface attenuates leaving a 2D waveguide.  
On the other hand, if the structure is similar to that of an optical fiber with a core and cladding, the waves emanating in 
two of the three directions from the negative dielectric core become evanescent allowing one single propagation wave, 
thus creating a 1D waveguide [14].  Takahara et al have termed the particular device ND pin and several other forms 
such as the ND hole and ND coaxial waveguides have been suggested with inverted dielectric placement or added 
dielectric layers.   
 In the ND pin simulations, solutions to Maxwell’s equations result in modified Bessel functions for the zero order 
TM mode and indicate proportional reduction of propagating beam size with decreasing core radius.  Cutoff is avoided 
as the normalized phase constant is continuous over all radii, thus enabling sub-diffraction guiding.  However, 
transmission loss becomes a concern with realistic materials as a metal core contains an imaginary part in addition to the 
negative real value dielectric [15].  For a silver core of 20 nm diameter complex negative dielectric (εr core = -19 - 0.53i) 
surrounded with a real value dielectric cladding (εr core = -4), the transmission loss is determined to be 3 dB/410 nm.  
 While the 1D waveguide concept is promising, there are a number of acknowledged issues besides the high loss 
figure.  Primarily, fabrication of thin metal rods with cladding of appropriate characteristics requires processes and 
materials that have yet to be established.   Likewise, integration and coupling to and from the structure provide other 
key obstacles towards experimental analysis. 
 
1.3   Quantum Dot Waveguide 
To lessen propagation loss and allow for ease of fabrication and integration with existing electronics or optics, device 
properties that are potentially useful include acceptance of electrical or optical excitation, manufacture by self-assembly 
and possession of an inherent gain mechanism.  All three points may be achieved by quantum dots, which when 
conjugated to molecules with selective attachment chemistry, prove to be a ‘smart’ semiconducting material with 
enhanced versatility.  Accordingly, the QD utility may be harnessed to provide a solution to nanoscale waveguiding. 
 Formed by self-assembly into an array on a silicon-silicon dioxide substrate, a nano-photonic QD waveguide is 
depicted in Fig. 1-1.  To operate the device, a pump light is introduced and shines uniformly over the quantum dots 
enabling optical gain.  Then, a signal light is placed at the edge to trigger stimulated emission.  The pump energy is set 
to equal the separation between the second heavy hole state in the valence band to the second electron state in the 
conduction band.  In contrast, the signal energy is specified to be the difference between the first state heavy hole and 
first state electron to avoid mixing.  As a result, light will traverse through the waveguide given reasonable gain and 
inter-dot coupling among the particles.  Furthermore, the near-field energy transfer behavior of QDs allows sub-
diffraction limit propagation.  
 

 
Figure 1-1. DNA-directed self-assembled quantum dot waveguide design. 

 
 The fabrication and theory behind the quantum dot is elaborated upon in the ensuing chapter.  In particular, the 
quantum dot as a cube or a sphere is discussed with the cube model taking precedence for further derivations.  The 
principles behind energy confinement are discussed.  Subsequently,  individual QD behavior under optical pumping, 
which consists of pulsed or CW stimulation and the outcomes of either case, along with 1D quantum dot array 
waveguide characteristics are examined in Chapter 3.  The model is implemented with the material systems of CdSe 
core and CdSe/ZnS core/shell QDs.  Propagation and the application of the diffraction limit are considered as well.  For 
Chapter 4, we turn to device fabrication and investigate the reacting chemistries that enable self-assembly.  Moreover, a 
demonstration of results at each step along with overall sample observations and images are provided.  The thesis 
concludes in Chapter 5 with an overview of the model and fabrication process with remarks on following works. 
 



2 Quantum Dot Background 
 
Since the early 1980s, the quantum dot has gained increasing notice and visibility.  Combined with modern material 
science techniques, the focus has shifted from modeling behavior to implementing and taking advantage of the QD’s 
unique properties for various applications.  Originally, the quantum dot was conceived as the next logical step in lasing 
devices after quantum well and quantum film structures [16-18].  Progressing from 1- to 2- and then to 3D confinement 
of electron and hole states narrows the gain spectrum and increases maximum gain, which reduces the threshold current 
to begin laser operation [19].  Furthermore, the quantization of energy states and the material specific absorption 
characteristics are responsible for enabling the high extinction ratios of QD optical labels in biomedical research [20, 
21] and provide a basis for several photonic devices, including transistors, switches and naturally, lasers [22-25]. 
 In general terms, the quantum dot is a form of nanocrystal (NC), or a monodisperse crystalline metal or 
semiconductor particle whose diameter is adjustable on the nanoscale.  NCs are of particular interest from a device 
standpoint as the electron and photon behavior differ greatly from that of bulk materials.  When deposited in an ordered 
manner and formed into a solid, collective traits may arise that are also distinctive.  As an individual particle, the 
performance of a nanocrystal may be tuned through variations in size and shape leading to changes in electron-hole 
generation and recombination dynamics, tunneling behavior and energy transfer.  For a semiconductor NC such as 
CdSe, the addition of a secondary shell layer and further activating chemistries that coat the whole construct alter the 
absorption and emission wavelengths as well as any reactions with surrounding media.  By design, a shell material with 
a larger bandgap is commonly selected to enable better electron-hole (e--h+) pair confinement, whereas the surface is 
treated with stabilizers and capped for specialized binding activity, which is dependent on the application. 
 
2.1  Synthesis 
The first specific fabrication process for quantum dots, which was spawned for lasing applications, used a slow growth 
method on a substrate of mismatched crystal lattice spacing [26].  Due to the built in strain of layer deposition on the 
sample, 3D nanoscale islands formed and could later be enclosed in a host material selected for confinement properties.  
However, discrete QDs of the kind necessary for the nanophotonic waveguide depicted in Fig. 1-1 are produced from a 
technique used to make colloids in a controlled manner [27].   
 To begin, a solvent containing stabilizing and reacting chemicals is poured into a vessel and typically heated to a 
temperature ideal for stimulating NC formation. Then, a rapid injection of metal-organic material supersaturates the 
solution and breaks above the nucleation threshold.  Subsequently, small particles form, or nucleate, to reduce the 
energy within the system.  Over time, if the rate of injection is below the consumption rate of reagents, then no new 
nuclei are created and the existing NCs incorporate more metal-organic precursors to become larger.   
 With regards to specific compounds, long alkane chains attached to phosphorous or phosphorous oxide provide the 
active ingredients in the solvent mixture.  For II-VI semiconductor NC fabrication, the precursors include metal alkyls 
consisting of the II metal group element and organophosphine chalcogenides or bistrimethylsilylchalcogenides 
incorporating the VI chalcogenide group element.  Taking the CdSe QD as an example, dimethylcadmium and 
organophosphine selenide are commonly used.   
 As for ensuring monodisperse nanocrystals, the size distribution will tend towards homogeneity given that the 
initial nucleation event produced particles whose eventual dimensions eclipse the original volume.  Moreover, a 
secondary growth phase known as Ostwald ripening may aid the process by dissolving smaller NCs with high surface 
energy in favor of material deposition on the larger ones.  Overall, the procedure may be calibrated and timed to 
synthesize particles of a desired size.  Additionally, reactants and NCs are removed from the solution as appropriate. 
 For creating core/shell QDs, the materials must have compatible deposition conditions and surface energies at the 
interface.  Another requirement is that the nucleation threshold of the shell material be lower than the core, and 
interdiffusion between the core and shell elements must not occur.  The production method of bi-layer quantum dots 
generally appends to the core synthesis procedure (in Fig. 2-1) by selecting out nanocrystals of the desired size and 
adding them to a new reaction solution.  Upon reaching the optimal temperature, precursors with the shell material are 
added at a rate which allows for gradual deposition onto the original particles but avoids a secondary nucleation.  To 
add the final capping layer, an exchange process is used whereby the stabilizing molecules attached to the NCs are 
interchanged through competition with an excess of another molecule, molecule group or ion.  Furthermore, clumping 
of particles is avoided if the repulsion strength of outermost layer is greater than the van der Waals attraction force.   



 
Figure 2-1. Colloid growth derived from precursor concentration as a function of time [28]. 

 
 On the whole, production of core and core/shell structures result in a size distribution of 5 to 10% standard 
deviation from the mean.  Further filtration and separation steps may be carried out to identify and collect nanocrystals 
of better uniformity.  Some standard structural characterization methods for NCs include high resolution transmission 
electron microscopy (TEM) and both small and wide angle X-ray scattering (SAXS, WAXS) while analysis of the 
chemical constitution may be accomplished through nuclear magnetic resonance (NMR), X-ray fluorescence and 
photoelectron spectroscopy. 
  
2.2   Quantum Box 
While observations of the quantum dot compare its shape to an ellipsoid [29], analytical treatments favor approximation 
of the structure as a sphere or box (see Fig. 2-2) [30, 31].  Since the binding orientation of atoms tends to form lattices 
assembling into polyhedral-like shapes, modeling the true NC form is subjective at best.  Consequently, analysis using 
an idealized framework provides an elegant basis for comparison with the results acting more as guidelines rather than 
absolute solutions.   
 

 
                  (a)               (b)             (c)             (d) 

Figure 2-2. Quantum dot approximations: (a) core sphere, (b) core/shell sphere, (c) core box, (d) core/shell box. 
 

 The difference between the sphere and box models arises in the solution to the time-independent Schrödinger 
equation for a potential well to derive the energy state information of a QD.  Instead of one definition in the sphere, 
namely the radius, there are three dimensions describing the width, height and depth for a box.  In the former model, 
one energy equation can be derived, while six energy equations emerge from the latter, representing the even and odd 
set of solutions for each dimension.  Taking the intersecting planar surfaces of the QD into account, the Asada, 
Miyamoto and Suematsu quantum box model [32] is henceforth adopted for further discussion. 
 

 
Figure 2-3. Potential well energy diagram of a core/shell QD system. 

 



 Due to the fact that the Asada et al model is meant for laser structures, the QDs are assumed to be embedded in a 
host semiconductor.  Alternatively, a more accurate description of the nanocrystals introduces boundary conditions for 
the outer shell dimensions while the surrounding environment is set to be free space with an infinite potential barrier, as 
in Fig. 2-3.  Thus, based upon the Schrödinger equation, the set of equations for the conduction band (CB) energies 
along the z direction becomes: 
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where mc1,2 is the effective electron mass in the core or shell, ∆Ec is the well depth defined by the offset of bandgaps in 
QD materials, Lz and Wz are the respective lengths of the core and shell along the z axis and the origin of the well is 
positioned at the bottom of the band.  By inspection, the wavefunction solutions, Φczl(z), can be formulated as two 
components: 
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with h/2 1 czlcz Emk =  and h/)(2 2 czlccz EEm −∆=α     (5) 
describing the wave number and attenuation in the core and shell portions, respectively.  The constants A and B may be 
found by matching boundary conditions.   
 At this point, the energy levels are still unknown.  However, the continuity conditions can be applied such that the 
wavefunction value and its derivative existing at both sides of the well boundaries must be equivalent.   Thus, for the 
symmetric case, we have: 
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Dividing (5) from (6), a transcendental equation falls out: 
0)2/cot()2/)(tanh( =−− zzzzzzz LkLWk αα ,    (8) 

where Eczl in kz and αz is the only unknown that may be solved graphically or by a root searching algorithm.  The 
asymmetric solution may be found in the same manner to produce: 

0)2/tan()2/)(tanh( =+− zzzzzzz LkLWk αα .    (9) 
To note, (Wz-Lz)/2 defines the thickness of the shell layer.  For the simplified system where (Wz-Lz)=0 ⇒ tanh(0)=0, 
the core/shell structure becomes a core QD.  The outcome is then identical to the traditional infinite potential well 
solution where: 

0)2/cos(0)2/cot( =⇒=− zzzzz LkLkα and 0)2/sin(0)2/tan( =⇒= zzzzz LkLkα .  (10) 
 Together, (7) and (8) provide the even and odd energy states available in the quantum dot from which a set of 
trends may be predicted.  Specifically, as kz and Lz are inversely proportional, reducing the width will raise the energy 
levels requiring higher frequency excitation to generate electron-hole pairs.  The opposite is true in the case of increased 
core dimensions.  Secondly, the height of ∆Ec sets the number of possible confined states and helps determine energy 
confinement levels in addition to their positions.  Thirdly, the thickness of the shell also has a role in further separating 
the energy states.  Decreasing the width will effectively bring the QD into the operating regime as defined by (9).  Thus, 
there is a high degree of flexibility in shaping electron absorption and emission characteristics as well as changing 
confinement and tunneling behavior through purely physical manipulation. 
 Concerning the energies for the other two directions, the solution process is the same with the exception of slight 
modification to (2), where the potential for the y and x dimensions must account for the energy step taken in the 
proceeding energy solution(s) and are thus expressed as: 
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The quantized CB energy level is then the sum from all three dimension components while a similar although inverted 
construction may be formulated for the valence band (VB) energies with the origin located at the top to yield: 
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Equation (15) shows that the total separation between electron and hole states includes the fixed bandgap energy and the 
resulting photon emission arises from recombination of electrons and holes from the corresponding energy levels.  
Moreover, though the wavelengths of the photons emitted from the quantum dot can be no larger than that defined by 
the bandgap, the ability to tailor the positions of conduction and valence band states has enabled tuning over the range 
of infrared to ultraviolet using a number of material systems [33, 34].  Indeed, with the fine ability to tailor QD 
behaviors, the doors are open for a wide variety of implementations.  
 
 
3 Quantum Dot Modeling and Results 
 
For the nanophotonic waveguide structure proposed in Fig. 1-1, the relevant figure of merit on the quantum dot level is 
gain generated by the pump light, and may be thought of as the capacity for enhancing the transmitted light intensity.  
The maximum amount of gain depends on the nanocrystal material and the pump parameters.  From the system point of 
view, the other key variable is the intra-dot coupling strength.  As the energy transfer from QD to QD is enabled by a 
near field mechanism, crosstalk is suppressed to permit sub-diffraction limit propagation.  Together, gain and coupling 
efficiency determine the final output signal. 
 In the first two parts of the chapter, we model the quantum dot gain characteristic under pulsed and steady-state 
optical pumping conditions using the electrical pump analysis as a baseline.  Since the QD roots stem from laser 
applications, the latter is well explored and provides some results that are portable across models as well as a basis for 
comparison.  The gain coefficient is also investigated to highlight the difference between the pulsed and steady state 
optimal operating regimes.  The third and last part considers the energy transfer over a 1D array of quantum dots 
composing a waveguide.  Here, a range of intra-dot coupling efficiencies are paired with derived gain figures and 
applied to an optical propagation model.  Accordingly, the overall view is one that demonstrates concept viability with 
significant system response.   
 
3.1   Electrical Pumping Baseline 
Under electrical pumping, the quantum dot behavior is altered through doping concentration and injection current [35].  
Otherwise, the electrons and holes densities are fixed, defining a pair of quasi-Fermi levels, fc and fv, which arise from 
the energy values, Efc and Efv.  The positions of Efc and Efv, provide indication as to the available number of e--h+ pairs 
available within the QD.  Increasing the separation between the energies corresponds to a higher probability of electrons 
in the conduction band and holes in the valence band, which, as we saw in Chapter 2, occupy discrete levels due to the 
potential well confinement structure.  Furthermore, augmenting the number of excited electrons leads to the dominance 
of photon emission over absorption, creating gain. 
 To ultimately determine gain, the quasi-Fermi level energies must first be evaluated, which is possible through the 
carrier concentration relations.  Per unit volume, the number of electrons, n, and holes, p (~n), is: 
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where Lx, Ly and Lz are the QD size dimensions identified in Fig. 2-2(c), Ecnml and Evnml are the allowed quantized 
electron and hole energies from (13) and (14), and the factor of two accounts for the electron spin states in each level.  
As expected, the complete carrier density equations involve the summation over all confined energy states in the 
quantum dot.   
 With n and p predetermined by doping or injection current and the material related constants applied, Efc and Efv are 
the remaining unknowns and may be directly found.  Subsequently, the quasi-Fermi energies are utilized in the 
expressions for the linear absorption coefficient, α(ω) , and the linear emission coefficient, e(ω) , of a QD [36]: 
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where nr is the refractive index, fc and fv, are the quasi-Fermi levels evaluated at specific electron and hole state energies 
and τin is the intraband relaxation time.  The latter describes the homogeneous line broadening of an energy level that 
occurs due to electron-electron,  electron-phonon and other collision mechanisms within a discrete state [37], which is 
embedded in a Lorentzian lineshape and manifests as a widening of the curve around peak transition wavelengths.  The 
full width at half maximum (FWHM) of the gain spectrum will also be controlled by τin in addition to the bandgap 
energies, which provides the lower limit for gain integration. 
 Continuing along, E2 and E1 are the relative energy positions of electrons and holes in the QD, ω denotes the 
angular frequency of light absorbed or emitted, and gch is the density of states for the quantum dot: 
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derived from spin, volume and wavefunction confinement restrictions.  〈Rch〉 is the average dipole moment assuming the 
interacting electric field of the light is parallel to x-direction.  Since a symmetrical quantum dot is assumed, the role of 
x-, y-, and z-direction can be exchanged within:  

,/)( '''
22222

nnmmllzych kkkR δδδ⋅+=R with
cg

gg

ch mE
EE

E
eR

)3/2(
)(

2 0

0
2

2

∆+

∆+
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

h ,  (21) 

which considers the response of the induced dipole with electric field.  Here, ky, kz represent the wave numbers along the 
y and z axes, k is the overall wave number, and ∆o is the spin-orbit splitting, determined analytically. 
 From another angle, (18) and (19) represent the rates of absorption and emission per unit length calculated over all 
confined states and all possible transition energies.  In particular, absorption depends on the occupation level of 
electrons in the valence band and holes in the conduction band.  On the contrary, emission is set by the probability of 
electrons in the conduction band and holes in the valence band.  Consequently, the net gain of the system is the surplus 
emission: 
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The results in (16) through (22) are applicable for both electrical and optical pumping and unless otherwise stated, the 
constants used in all equations pertain to the core material, which confines the electron and hole dynamics.  Table 3-1 
lists the constants for CdSe core and CdSe/ZnS core/shell material systems which are relevant to the model.  The light 
holes of a QD are not dealt with since the heavy hole states will have energy positions closer to the valence band edge 
and provide the dominant influence on electron-hole pair recombination and generation events. 
 



Table 3-1. Material properties of CdSe and ZnS [38-42]. 

 
 
3.2   Optical Pumping 
The difference between electrical and optical pumping is that now the carrier densities are no longer fixed.  In fact, n 
and p become functions of the pump parameters and the absorption rate which decreases as more electrons are excited 
into the conduction band due to the finite number of confined electron states.  Furthermore, the dependency spreads to 
the quasi-Fermi level energies and then to the overall absorption, emission and gain spectra.  However, as the absorption 
by the quantum dot at the particular pump frequency is one of the variables used to find the carrier concentrations, the 
system becomes interconnected in a cyclical manner, shown in Fig. 3-1.   
 

 
Figure 3-1. Inter-dependence of variables in an optically-pumped quantum dot. 

 
The self-referencing system is significant in the sense that the quasi-Fermi levels solutions must be determined in a self-
consistent manner and will be unique for each set of optical pump parameters.  To make further distinction, pulsed and 
continuous wave (CW) or steady-state conditions will engender different results, which we now investigate.  
 
3.2.1 Short Pulse Operation 
In a pulsed system, the pump light situated above the quantum dot shines for a short time, adding enough energy to 
excite electrons out of the valence band and into the conduction band.  Then, relaxation mechanisms will prompt the 
electrons to occupy the lowest possible energy states awaiting eventual recombination with a hole.  Given that the pulse 
duration time is less than the electron-hole recombination lifetime, population inversion is achieved; thus, few of the 
emission events will be caused by spontaneous decay while most may be stimulated, resulting in release of photons. 
 The pertinent pump attributes are pulse duration, ∆t, magnitude in power, Ppump, and frequency, ωp, whose values 
must abide by a few restrictions.  Besides the inversion condition given above, the pump energy is required to be greater 
than or equal to the lowest transition state separation, Eg + Ec000 + Ev000, which corresponds to a minimum ωp.  As a 
reminder, the pump light and signal light are designed to be at two separate energies depicted in Fig. 3-2. 
 



 
Figure 3-2. Pump (blue arrow) and signal (red arrow) light energies with respect to QD states. 

 
 Analogous in the case of electrical pumping, we now set out to determine gain via the quasi-Fermi level energies, 
which are in turn specified by the carrier densities.  On the quantum dot level, pump light shines incident to the top 
surface, with area A=LxLy, and an intensity given by Ipump=Ppump/(LxLy).  Electrons are then absorbed at a rate of α(ωp) 
Lz into an excited state within the core during the pulsed interval.  Dividing the pump intensity by energy to find the 
equivalent pump rate per unit area, the total carrier concentration may be expressed as:   
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and related to the quasi-Fermi levels by (16) and (17).  Upon multiplying by the QD volume, the number of free 
electrons and holes is: 
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 Subsequently, the solutions for Efc and Efv may be used to find the quasi-Fermi levels and the absorption, emission 
and gain rates stated in (18), (19) and (22).  Since the quasi-Fermi level energies are linked to several pump power 
figures, altering any of the variables requires re-evaluation of the gain solution.  To the first order, increasing the pump 
power, decreasing the pump energy while keeping the pump power constant, or lengthening the pulse time will increase 
the carrier density.  On the other hand, the absorption will decrease as the QD saturates with excited electrons. 
 The model is implemented with the pump parameters for the CdSe and CdSe/ZnS quantum dots shown in Table 3-
2.  Specifically, the absorption, emission and gain spectra are determined for a 5 nm × 5 nm × 5 nm CdSe and a 5 nm × 
5 nm × 5 nm CdSe/ZnS QD with shell thickness of 5 nm over a pump power range of 0.001 nW to 1 nW.  The results, 
provided in Fig. 3-3 and Fig. 3-4, are centered near the peak wavelength for the first state transition, Eg+Eh000+Ec000, or 
equivalently, 560.9 nm for the core and 594.6 nm for the core/shell systems.  In addition, FWHM is the identical at 0.5 
nm due to the same core material.  The pulse duration is set at 20 ns to allow for population inversion and stimulated 
emission, as the interband recombination time for the CdSe semiconductor is 25 ns, previously given in Table 3-1.  
 

Table 3-2. CdSe and CdSe/ZnS quantum dot pump light parameters. 
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Figure 3-3. (a) Absorption, (b) emission, and (c) gain spectra for an optically pulse pumped  
5 nm × 5 nm × 5 nm CdSe QD.  
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Figure 3-4. (a) Absorption, (b) emission, and (c) gain spectra for an optically pulse pumped  
5 nm × 5 nm × 5 nm CdSe/ZnS QD (shell = 5 nm thick).   

 
 



 Comparing the figures, one obvious trend is that as the pump power is ramped up, the gain moves from a negative 
absorption region into a dominant emission one with the threshold between 0.01 and 0.1 nW.  Furthermore, the 
CdSe/ZnS QD transitions into a net gain regime slower and may be explained through an energy state analysis.  With 
the pump light chosen to be the energy difference of the first state transitions, the number of confined electron states is 
capped at four (i.e. lmn = 000, 001, 010, 100).  However, the addition of the shell allows gradual attenuation of the 
wavefunction, which reduces the position of the electron and hole states and lengthens the peak wavelength and 
increases the absorption.  The fact that CdSe/ZnS has a larger maximum gain at 8.58×107 1/m compared to 7.39×107 
1/m of CdSe is also a result of the reduced pump energy requirement as well as the higher absorption at the pump 
frequency.  The combined effect is an increase of electron and hole carrier concentrations, which subsequently leads to 
larger gain values in the core/shell system.  
 While only quantum dots of CdSe or CdSe/ZnS materials are implemented here, the effect of modeling materials 
with different bandgap energies will demonstrate different gain solutions.  In particular, semiconductors with larger Eg 
will require higher pump powers to generate net gain.  Moreover, the effective electron and hole masses modify the 
energy states such that higher mass brings the transition levels closer to the conduction or valence bands. Additionally, 
the conduction and valence band energy offsets will have a prominent role in determining the possible number of 
confined states for a core/shell QD because with reduced states, the maximum gain will be lower.  As a reminder, 
manipulating the dimension property will also change QD behavior.  For example, given all else is constant, decreasing 
the size will increase the distance between energy states, decrease the transition wavelengths, and require higher pump 
powers to achieve the same gain value. 
 
3.2.2 Steady-State Operation 
CW mode operation differs from that of pulsed pumped because a steady-state or equilibrium condition is realized.  
Instead of a brief excitation interval, the quantum dot is continuously pumped such that electron-hole pairs are 
generated at the rate with which they recombine.  Accordingly, a critical parameter is the interband recombination 
lifetime, which sets a limit on the number of electrons available for stimulated emission by the input light source and 
restricts the maximum number of photons that may be absorbed and emitted. 
 As in the general case of electron excitation dynamics, the steady-state scenario abides by the k·p selection rule 
which establishes conservation of particle momentum and may be modeled with a three level system (shown in Fig. 3-
5).  The 0th (ground),  1st and 2nd level states denote the states for recombined e--h+ pairs, e--h+ pairs occupying the first 
discrete electron and hole states, and e--h+ pairs in the second set of states.  The inclusion of two excitation levels is 
consistent with the designed pump energy set at the difference between the second heavy hole and second electron 
states.   

 
Figure 3-5. Three level system representing electron-hole pair dynamics under CW pumping. 

 
 Within the system, electrons in the first conduction band state await recombination with a matching hole in the first 
valence band state, which is possible by either spontaneous or stimulated emission.  However, electrons in the second 
level may either directly recombine with a hole or relax to the first state where they contribute to the first level emission 
rates.  Under the equilibrium condition, where the total absorption is balanced by all emission components: 

.10,.20,.20,.02, emsspemsspemsstabs rrrr ++=       (26) 
The spontaneous decay from level 1 to 0 is rsp.ems,10, while that of level 2 to 0 is rsp.ems,20.  Both are functions of their 
respective interband recombination times, which are related to the material refractive index and excited electron energy 
[43] and represented by τ10 and τ20.  Moreover, the Fermi occupation levels act as weighting factors to the spontaneous 
emission rates; thus, we have:  
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 The integral over the Lorentzian lineshape accounts for the spread in the energy of the electron or hole states due to 
vibration and particle collision non-idealities.  From experimental findings, τ10 for CdSe has been determined to be 
around 20 ns as stated in Table 3-1.  However, the value for τ20 is extremely high and approximated at infinity because 
the probability for direct recombination at level 2 is negligible.  In fact, several groups have proposed that Auger 
processes, with much shorter lifetimes, will prevail over spontaneous transitions for high energy e--h+ pairs [44, 45].  
Additional supporting evidence for negligible rsp.ems,20 comes from studies of biexciton lifetime, which describe the rate 
of recombination for two electrons occupying the same first excited state allowed by the spin aspect of the Pauli 
Exclusion Principle.  With an increased number of excitons in a system, the tendency for a particle to decay is strong 
and a time constant of 300 ps for biexciton systems was measured [46, 47].  Specifically, for a quantum dot with two 
excited electrons occupying the same first energy level, one electron would recombine with a hole within 300 ps while 
the second would remain for a time denoted by τ10, or 20 ns. 
 In contrast to the spontaneous rates, stimulated emission and absorption are akin to the pulse case carrier density 
equations and wholly determined by the impact of pump light on the quantum dot.  Altogether, the relevant variables 
include the pump power and energy in addition to the absorption and emission at the pump frequency.  Taking the entire 
QD volume into consideration, the rate expressions are:  
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By observation, each aspect given by (27) through (30) depends on the conduction and valence band quasi-Fermi levels 
to determine their contribution to the overall equation in (26).  In order to effectively close the loop and obtain the gain 
solution, a second equation whose only unknowns are also Efc and Efv is required, and is supplied by the electron and 
hole carrier concentrations relation at equilibrium: 
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In combination, (31) and (26) may be solved simultaneously to find the quasi-Fermi level energies and then the 
absorption, emission and gain spectra for the optical CW pump effect on quantum dots.  Like the pulse case, any change 
to the pump power or frequency will influence the values for Efc and Efv and necessitate a new set of solutions. 
 Choosing identical quantum box dimensions as before, results for CdSe and CdSe/ZnS over the same pump range 
(0.001 to 1 nW) are given in Fig. 3-6 and 3-7 on the pages which follow.  Between the two set of charts, maximum gain 
is higher for the core/shell structure, 8.41×107 1/m compared to the core QD at 7.31×107 1/m, for similar reasons to the 
pulse case.  Net gain is realized and then enters a saturation regime at higher pumping powers compared to the core QD 
case due the larger absorption values.  Again, both QDs shift into a net gain region and exhibit a threshold pump power 
between 0.01 and 0.1 nW, demonstrating that CW pumping will not differ dramatically from the pulse mode provided 
the equilibrium rates and pulse duration excite similar amounts of electrons. 
 However, the rate at which net gain comes into existence for both quantum dots is slightly faster for CW than for 
pulsed operation.  The reasoning stems from the steady-state rate equation, where at low pump power, spontaneous 
decay will overshadow the effects of stimulated emission.  However, a reversal occur as the pump power increases and 
stimulated recombination of electron hole pairs begins to dominate the emission spectra.  The turnaround point 
primarily depends on τ10 lifetime and the quasi-Fermi level positions and is a non-linear trend due to gain saturation.  
On the other hand, the peak gain value is lower with CW pumping and is a result of a symmetric excitation-
recombination process.  Under pulse pumping, more electron-hole pairs may be generated than is possible with the 
equilibrium condition and bound set by spontaneous decay. 
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Figure 3-6. (a) Absorption, (b) emission, and (c) gain spectra for an optically CW pumped  
5 nm × 5 nm × 5 nm CdSe QD.  
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Figure 3-7. (a) Absorption, (b) emission, and (c) gain spectra for an optically CW pumped  
5 nm × 5 nm × 5 nm CdSe/ZnS QD (shell = 5 nm thick).  

 



 Transferring the analysis to other material systems will affect the CW gain solutions in many different manners.  A 
decrease of interband recombination times will increase spontaneous emission, thus requiring higher pump powers to 
achieve gain.  Consequently, gain saturation will occur at larger power levels as well.  Furthermore, the bandgap energy, 
effective mass and core/shell conduction and valence band offset modifications mentioned in the pulse case are also 
equally applicable here.  Certainly, changing the direction of adjustments will generate the opposing response, such as 
increasing τ10 to decrease spontaneous emission. 
 
3.2.3 Gain Coefficient 
Although the results using CW and pulsed pumped sources may be directly compared, another method is to use the gain 
coefficient, commonly calculated for amplifier systems [48] as: 

,/)( pumpPGtcoefficiengain ω= ,     (32) 
to define a figure of merit.  The optimal value is one which achieves the highest gain rate using the least amount of 
pump power, and identifies devices with reduced pump requirements.  From the previous sections, the CdSe and 
CdSe/ZnS quantum dot gain solutions under a range of pump powers may be used to determine the peak gain 
coefficient. The curves for the pulse case are provided in Fig. 3-8 and show both a lower maximum gain coefficient at a 
higher pump power for CdSe/ZnS.   
 While CdSe enters into the net gain territory at 0.024 nW, CdSe/ZnS emission begins to dominate absorption at 
0.03 nW.  Furthermore, the optimal gain coefficients are 1.416×1018 (Wm)-1 for the former and 1.08×1018 (Wm)-1 for 
the latter with corresponding pump powers situated around 0.046 nW and 0.058 nW.  As a result, the optical intensity of 
pump light impinging on the QD surface will be 0.00184 mW/µm2 and 0.00232 mW/µm2, respectively.  The difference 
is due to the larger swing in gain experienced by the core/shell compound, which shifts the gain coefficient down and to 
the right.  From an energy state standpoint, lower transition energies combined with the lower designated pump energy 
yield increased absorption at the pump frequency. 
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Figure 3-8. Gain Coefficient as a function of pulse pump power for a (a) 5 nm × 5 nm × 5 nm CdSe QD, 
and (b) 5 nm × 5 nm × 5 nm CdSe/ZnS QD (shell = 5 nm thick).  
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(a)              (b) 

Figure 3-9. Gain Coefficient as a function of CW pump power for a (a) 5 nm × 5 nm × 5 nm CdSe QD, 
and (b) 5 nm × 5 nm × 5 nm CdSe/ZnS QD (shell = 5 nm thick).  



Consequently, although the maximum gain value is higher for the CdSe/ZnS case, more pump power is necessary to 
reach the point and thus lowers the gain coefficient peak.   
 In CW pump mode, whose gain coefficient curves are in Fig. 3-9, net linear gain starts at about 0.014 nW for CdSe 
and 0.017 nW for CdSe/ZnS.  Moreover, the optimal gain coefficients are 1.436×1018 at 0.045 nW with CdSe and 
1.212×1018 at 0.051 nW for CdSe/ZnS quantum dots.  The resulting optical intensity incident to the QD face, which is 
parallel to the x-y plane, is 0.0018 mW/µm2 and 0.00204 mW/µm2.     
 The trend is similar to the pulse case such that the core/shell structure magnitude of absorption is larger over the 
spectral range and delays the onset of positive gain coefficient.  Furthermore, the development of an increased peak 
value at lower pump powers as found in the core structure is consistent.  However, two key differences exist between 
the modes,  namely, the positive slope of the curves is steeper and the maximum gain coefficient is higher with CW 
pumping.  The explanation behind the discrepancies may be found in the quasi-Fermi energy levels derived from the 
rate equation and carrier concentration calculations.    
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Figure 3-10. Quasi-Fermi level energy variation as a function of pulse pump power for a 
(a) 5 nm × 5 nm × 5 nm CdSe QD, and (b) 5 nm × 5 nm × 5 nm CdSe/ZnS QD (shell = 5 nm thick).  

 
 Figure 3-10 depicts the quasi-Fermi level energies as a function of optically pulsed pump power.  Of particular note 
is that the core/shell QD shows less of a difference between Efc and Efv, which is expected due to the lower energy state 
positions.  Specifically, the calculated  value is 0.69 eV for CdSe and 0.53 eV for CdSe/ZnS at the pump power of 
optimal gain coefficient.  The jump in conduction band Fermi energy between 0.01 nW and 0.1 nW demonstrates 
another property of the system and is caused by the jump in number of states involved with model computations. 
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Figure 3-11. Quasi-Fermi level energy variation as a function of CW pump power for a 
(a) 5 nm × 5 nm × 5 nm CdSe QD, and (b) 5 nm × 5 nm × 5 nm CdSe/ZnS QD (shell = 5 nm thick).  

 
Specifically, at low pump powers, the electron may be excited to the lowest level available in the conduction band.  
However, the first level state is prohibited as there is not enough power in the system.  The threshold is crossed in the 
transition region denoted by the sharp upward slope of Efc.  Consequently, the number of states plays an important role 
in determining gain and gain coefficient results.   



 In the CW pump case, the difference between Efc and Efv at the pump power for maximum gain coefficient is 0.67 
eV for CdSe and 0.52 eV for CdSe/ZnS.  From the higher carrier density, we see that the quasi-Fermi energies are 
shifted apart and result in higher gain.  Were different materials modeled, variation of bandgap energies and quantum 
dot dimensions would contribute to and specify the location of jumps in the Fermi energy curves.   
For example, including more states would enhance both the maximum gain as well as raise the gain saturation pump 
power.  Similarly, reducing the QD size would increase the spacing between transition states and slow the widening 
separation of the quasi-Fermi energy.  Indeed, the value of Fermi energies, which shape the absorption, emission and 
gain spectra as well as the gain coefficient, are fundamentally controlled by the quantum dot parameters.  The main 
considerations being those which affect the number and position of confined energy states.  
 
3.3   Propagation in Waveguides 
Having addressed the quantum dot behavior with pulsed and CW optical pumping, we can focus on the larger picture, 
which concerns the propagation characteristics in a QD waveguide.  As previously seen, gain spectrum induced by the 
pump light peaks at the transition energies for first state electron-hole recombination and provides the ideal operating 
wavelength.  Consequently, the signal energy is set as the separation between the first electron and hole states in the 
respective conduction and valence bands to maximize the gain rate.  Together, the pump and signal lasers function in 
harmony to propagate electro-magnetic energy through an array of quantum dots.  
 The placement of the laser sources is such that the pump light is above the device and has access to all the QDs to 
provide simultaneous excitation.  On the other hand, the signal light enters incident to one end of the waveguide, 
causing stimulated emission in the nanocrystal adjacent to the edge.  The photons that then emerge from the QD can be 
divided into two general directions.  Nominally, those emitted from the entrance and exit faces contribute 
correspondingly to a forward and backward propagating wave.  With gain accumulated through each quantum dot, 
signal transmission along the waveguide will be amplified at each stage.  The measure of how well the signal is 
transferred from QD to QD across the device is modeled with an intra-dot coupling coefficient [49]. 
 To find the output intensity of a waveguide, an ABCD matrix approach may be used, where propagation within and 
outside of the active material is described by separate matrices.  Accordingly, MQD models the impact of gain, G, on 
intensity when traversing through a quantum dot and Mprop provides the loss component related to near-field energy 
transfer represented by the coupling efficiency, η.  For an array of N nanocrystals, the intensity expression is found by 
multiplying the two matrices in the sequence experienced by the electromagnetic wave, which in compacted form 
becomes: 
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assuming measurement is taken at the peripheral quantum dots in the 1D array.  By convention, “+” and  “–” notations 
signify the forward (increasing in distance from the signal source) and backward (approaching the signal source) 
directions of travel.   
 With (33), a useful measure that may be determined is the relative output, Iout,+/Iin,+= Iout/Iin, indicating the 
waveguide response given a specific input.  Defining the matrix expression as: 
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the output intensities may be rewritten as: 
,,12,11, −++ += ininout ImImI and      (35) 

.,22,21, −+− += ininout ImImI       (36) 
Since there is no contributing backward wave at the exit face of the waveguide, the boundary condition, Iout,- = 0, holds 
and (36) simplifies to: 
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which when substituted into (35), produces: 
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Applying the propagation model to a waveguide composed of five QDs placed in a row, the relative output intensity 
variation as a function of gain and coupling efficiencies are shown in Fig. 3-11.  The range of η is 0.2 to 1 spaced at 
intervals of 0.2 and logically demonstrates a decrease in slope, requiring higher gain to achieve similar output levels as 
coupling deteriorates.  However, Kawazoe et al found η to be as high as 95% [50] in a nanophotonic switch system 



based on energy transfer between adjacent quantum dots.  The experimental finding potentially relaxes the restriction on 
the gain figure for reasonable waveguiding.   
 

 
Figure 3-12. Relative output intensity for a five QD nanophotonic waveguide. 

 
 More specifically, gain and coupling efficiency are interrelated such that propagation may still occur if a weak 
effect in one compensates for the other.  Thus, the same output may be achieved with a lower gain and higher coupling 
or vice versa.  Furthermore, at decreased coupling efficiency and a set gain value, the relative intensity approaches zero.  
Taking gain to be 0.5 as an example, we see that η~0.7 yields a relative output intensity at 1 or higher while η=0.6 
corresponds to a result near 0.2.  Therefore, the near-field coupling parameter, which has been observed to decrease 
dramatically when the space between QDs is over tens of nanometers [51], is key to controlling crosstalk and enabling 
sub-diffraction energy transfer.  
 As in all amplified systems, the maximum value of gain and hence, output, saturates due to the finite conduction 
band electrons in the semiconductor material [52].  Indeed, stimulated emission arises only from the recombination of 
electron-hole pairs, whose existence is limited by a fixed number of energy states that an excited electron may occupy. 
Consequently, Iout/Iin value is reasonably capped at 1 for demonstration purposes. 
 As a final point in the propagation model discussion, the relative output intensity for 5 nm × 5 nm × 5 nm CdSe and 
CdSe/ZnS quantum dots may be calculated by using the gain solutions from the previous sections.  With a baseline of 1 
nW optically pulsed pump power, the maximum linear gain is 7.11×107 1/m for CdSe corresponding to a gain value of 
0.356 when multiplied with the QD absorption length.  Similarly, maximum linear gain for CdSe/ZnS is 8.55×107 1/m, 
which produces the unit-less gain value of 0.428.  Given η is above 0.6, Iout/Iin will range from 0.04 to >1 when η 
reaches 0.8 for the core QD and 0.12 to >1 when η reaches 0.7 for the core/shell QD.   
 Likewise, the gain for the 1 nW CW pump case is found to be 7.03×107 1/m × 5×10-9 m = 0.352 for CdSe and 
8.38×107 1/m × 5×10-9 m = 0.419 for CdSe/ZnS.  As the values are a little less than for the pulse pump scenario, the 
relative output intensities will then be reduced. Again, the importance of the coupling coefficient is apparent in 
contributing to optical propagation within a single waveguide and suppressing crosstalk among neighboring ones. 
 
 
4 Waveguide Fabrication 
 
In conjunction with the model, discussion of the fabrication aspect completes the overall picture for a nanophotonic 
quantum dot waveguide.  Certainly, device implementation is critical in determining its practical performance and 
applicability.  Furthermore, developing an understanding of realistic manufacturing conditions provides an opportunity 
to optimize the process and improve the accuracy of the model. 
  To specify a viable construction method, limiting factors and ease of fabrication must be considered.  Since the 
silicon wafer is ubiquitous in use and compatible with existing photonic and electrical components, the substrate 
material is thus chosen.  Furthermore, as sub-diffraction limit propagation is the ultimate objective, the dimensions are 
appropriately on the nanometer scale and require pattern definition through e-beam lithography (EBL).  Subsequently, 
the deposition of QDs relies on a series of chemical interactions forming self-assembled monolayers (SAMs) to create 
the waveguide device.  Each molecular group must be linked in a stable formation, typically through covalent bond 
structures, and the process conditions must not interfere with each other.  To provide an element of selectively, single-
stranded DNA (ss-DNA) and its complementary chain (cDNA) are used to program the binding of nanocrystals to the 
substrate and present a means for depositing an array of structures tailored to operate at different wavelengths.    



  Over a succession of several months, progress was made to deposit and confirm the existence of individual layers 
and patterned structures for a total of fifteen sets of experiments completed.  While some issues raised by the results of 
the fabrication cycle are open-ended, most were systematically addressed and resolved.  Tools, such as the scanning 
electron microscope (SEM), the atomic force microscope (AFM), the fluorescence microscope and x-ray photoelectron 
spectroscopy (XPS), were used to visualize, diagnose and analyze the coverage of the chemical linking components.  
Further details on fabrication and testing are given as follows. 
 
4.1   Process 
The procedure (shown in Fig. 4-1) to build a sub-diffraction limit waveguide begins with cleaving a small coupon, 
generally 1 cm × 1 cm area, from an oxidized silicon wafer.  The sample is cleaned by rinsing with xylene, acetone, 
isopropyl alcohol (IPA) and de-ionized (DI) water followed by drying with nitrogen gas, N2 [53].  Then, the sample is 
spin-coated with polymethylmethacrylate (PMMA), which acts as a positive resist, and soft baked on a hot plate before 
placing in the EBL chamber.  After using e-beam lithography to write a pattern on the substrate, the sample is removed 
from the chamber.  Upon developing the PMMA, the areas exposed to the electron beam dissolve and are rinsed away, 
baring selected areas of the silicon oxide.  Subsequently, the coupon is primed for hydroxyl (-OH) group surface 
reactions by brief treatment in the oxygen plasma chamber.  Due to the system tendency for energy minimization, the 
OH molecules naturally link with dangling silicon bonds at the oxide interface via covalent binding. 
  Next, the sample is placed in a vacuum ready chamber and 3-mercaptopropyltri-methoxysilane (MPTMS) is 
deposited as the first SAM.  MPTMS, which is an organic silane compound, has the useful property of having its 
hydrocarbon terminating in one end with a silicon atom linked to three hydroxyl groups and in the other with a sulfur-
hydrogen (SH) molecule, termed a thiol group.  Consequently, a gas phase reaction between the compound and the 
substrate will result in formation of a monolayer with the thiol groups presented at the outer surface.  The sample is left 
to react with MPTMS for two hours and then the vacuum is turned on for one hour to evacuate the chamber and remove 
excess MPTMS.  A rinse with IPA followed by N2 dry and a hot plate mediated purge step further ensures the 
construction of a mono- and not multilayer [54].   

 
         (a)          (b)             (c) 

 
                 (d)               (e) 

Figure 4-1. Fabrication flow of QD waveguide: (a) EBL pattern PMMA coated substrate, (b) deposit MPTMS 
monolayer, (c) covalently bind with 5’acrydite-DNA, (d) hybridize with biotin-modified cDNA,  

(e) bind streptavidin-QDs to biotin-cDNA sites; remove PMMA.  



  The second SAM to be incorporated with the sample is a DNA chain 5’ terminated with an acrydite molecule and 
the step is accomplished by placing a few droplets of the biological solution, generally on the order of tens of µM 
concentration, on the patterned region.  The acrydite interacts with the thiol group, prompting formation of another 
covalent bond, which leaves the DNA available to hybridize with the exact complementary chain [55].  The sequence of 
bases for the acrydite-DNA strand is given in Fig. 4-1(c). 
  The acrydite-DNA solution is allowed to sit on the sample overnight to produce high density coverage.  On the 
following day, the sample is rinsed with 1x phosphate buffer solution (PBS), dried with N2, and treated with buffered 
acrylic acid to passivate regions of inactivated MPTMS.  After another PBS rinse and N2 drying step, the cDNA 
solution is added.   
  In the first series of patterning experiments, fluorophore labeled cDNA strands were used for the final chemical 
binding thereby providing a convenient method to qualitatively check the DNA deposition.  Upon confirmation of the 
DNA patterning ability, the QD steps were appended to the process.  Thus, to complete the waveguide, a solution mixed 
with biotin terminated cDNA in µM concentration is dropped on the sample.  Left for thirty minutes, the DNA strands 
will hybridize and form a double helix as each base pair is matched to the complement over the entire length (see Fig. 4-
1(d)).  Extra DNA is removed by rinsing and immersing the coupon in 2x SSPE (combination of 0.3 M sodium 
chloride, 0.02 M sodium phosphate, 0.002 M ethylenediaminetetraacetic acid, 0.2 % sodium dodecyl sulfate) [56].  
Then, quantum dots conjugated with streptavidin protein are deposited in solution phase on the sample.  Streptavidin 
has four active binding sites which preferentially attach to the biotin molecule and thus, anchor the QDs to the substrate.  
Once another thirty minutes has passed, the sample is thrice rinsed and immersed for 5 minutes to rid the surface of 
unbound molecules.  Finally, the PMMA coating is stripped by submerging the sample in toluene for several minutes 
and then washed with IPA and dried with a stream of N2. 
 
4.1.1 E-beam lithography 
On the whole, the pattern on the substrate is defined by two stages.  First, e-beam lithography provides a direct-write 
technique to create openings in PMMA with dimensions as small as 50 nm.  In particular, EBL derives its capabilities 
from SEM, which images samples by aiming an electron beam at the surface and accurately detecting the reflected 
particles to construct a local representation.  The quality of the e-beam may be adjusted in diameter and power to 
change the resolution and observation area.  By the same token, high concentrations of impinging electrons will damage 
soft surfaces and break polymer bonds, which is the principle behind EBL.  At appropriate dose levels, the e-beam 
locally severs the PMMA matrix on the substrate.  Consequently, when the sample is immersed in developer, the 
exposed regions are removed, leaving open trenches within the polymer layer.   
  Given that the e-beam operates with a set exposure sequence, which may be specified by design layout tools and 
equipment parameters, a myriad of possible patterns at variable dosage levels may be created.  Furthermore, arrays and 
stitching together of patterns are easily created through the software interface.  The layout for the initial patterned self-
assembly trials, which is shown in Fig. 4-2, demonstrates a 2 × 2 array of a set of squares and rectangles with side 
dimensions ranging from 1 µm to 100 µm.  On the left, a diagram of the sample is drawn with relative scale and 
expands to the right with increasing degree of detail.  The total pattern is made of four components labeled from 1 
through 4 such that each area may have different e-beam dose and spot size parameters.  
 



 
Figure 4-2. Sample EBL pattern of squares and rectangles for SAMs deposition testing.  

 
Subsequently, waveguides are created in a similar manner using rectangles of 100 µm length and variable width.  
Appending the patterns in a row with a few micrometers overlap reasonably allows fabrication of millimeter dimension 
structures. 
 
4.1.2 DNA-directed Self-assembly 
The second aspect of the quantum dot waveguide is defined by the DNA program.  Since the streptavidin linked QD 
deposit in biotin available areas, the base sequence of the biotin-cDNA is the critical factor in device formation.  As a 
result, an element of selectivity and specificity is accorded the system and may be exploited in a number of ways.  For 
example, if we expose biotin-cDNA to area, A, of the acrydite-DNA by either covering up some of the pattern or by 
selective solution deposition, then subsequent quantum dot rinses will be attach in the region isolated to A.  The next 
layer of complexity may be added by then dropping the biotin-cDNA solution on A, followed by introduction of another 
set of QDs, potentially of another size, semiconductor material and gain characteristics.   
  Another possibility for multiple patterns is to deposit the base layer DNA in stages such that different sequences are 
presented at separate regions.  From the other side, we can react several streptavidin-QD solutions, each unique and in 
individual containers, with the biotin modified DNA chains whose base sequence matches those of the acrydite 
terminated DNA.  A mass self-assembly step may then be done where the sample is simultaneously exposed to all the 
different nanocrystal solutions and with slight agitation to aid in transport of the QD-DNA groups, selective 
hybridization occurs.  Consequently, the quantum dots will be placed according to the acrydite-DNA patterns. 
  On the whole, the flexibility in fabrication enables constructs such as multiple wavelength waveguides, 
multiplexers or filters.  Indeed, the range of variations that are possible in terms of chemicals and the addition of 
procedures allow a vast array of device capabilities.  More importantly, the multiple quantum dot deposition process 
sets the stage for logic operations and integrated nanophotonic circuits with increased capacity.  
 
4.2  Results 
The fabrication results may generally be divided into two categories: one for blanket assembly and the other for 
patterned samples.  The first does not include the e-beam lithography step and treats the entire surface with the chemical 
materials.  Furthermore, verification of self-assembled monolayers is done with blanket assembly samples.  As for the 
patterned tests, initial experiments consisted of depositing droplets of solution on the surface to determine binding and 



demarcation of the boundaries.  For instance, given that the acrydite-DNA was dropped in a circular area, upon adding 
the cDNA solution and then rinsing, the cDNA should only attach the same region where the first layer of DNA existed.  
After confirmation of the droplet case, patterned samples of the type noted by Fig. 4-2 and one waveguide design 
structure were fabricated. 
 
4.2.1 Self-assembled Monolayers 
Examination of the monolayers was carried out with XPS, also known as electron spectroscopy for chemical analysis 
(ESCA), as well as SEM and AFM.  In the first, the sample is subjected to soft x-ray radiation where photons of high 
energy, hf ranging between 200 to 2000 eV bombard the surface and are absorbed [57].  As a result, core electrons from 
the inner shell are ejected into the vacuum level, at a kinetic energy given by: 

    Kinetic Energy = hf – Binding Energy,    (39) 
thereby ionizing the atoms.  Due to the fact that electrons of higher energies will relax to fill the core vacancies, only 
those emitted from atoms located within a surface depth of 1 to 10 nm range may be captured and analyzed for their 
kinetic energies.  By counting the photoelectrons and referencing their binding energies, a spectrum may be constructed 
of the chemistries existing at the surface.  As a note, the diameter of the analysis region is about 100 to 1000 µm.   
  Using samples with and without MPTMS deposited by gas phase, XPS results, depicted in Fig. 4-3, revealed a 
sulfur content only in those with the self-assembled monolayers.  The major elemental peaks are labeled and the 
averaged percent composition of the MPTMS samples are found to be 48.9% oxygen, 24.3% carbon, 25.7% silicon, and 
1.1% sulfur.  The values are reasonable since the top 10 nm includes the silicon dioxide substrate molecules 
approximately in a 1:2 ratio as well as MPTMS in a thin layer.  The presence of carbon is unavoidable due to 
environmental contamination. 
 

 
Figure 4-3. XPS spectrum of MPTMS treated sample. 

 
  The next step of acrydite-DNA assembly was confirmed by SEM and AFM, provided in Fig. 4-4 and 4-5.  While 
the former has been discussed in the EBL section, the latter depends on a force feedback detection scheme [58].  
Briefly, a cantilever with a sharpened tip is lowered to the sample surface, and by continuous, tapping, or attractive 
mode contact, traverses over a selected test region.  Laser light is aligned to reflect off the dangling cantilever edge and 
into a photodetector, which registers any deflection of the cantilever.  Then, implementing a feedback loop to maintain 
constant force on the surface, a topographical map of surface features may be drawn.   
 

 
Figure 4-4. SEM image differentiating regions of MPTMS with and without acrydite-DNA. 



 

 
   (a)                (b)  

Figure 4-5. AFM images differentiating regions of SAMs deposition:  
(a) MPTMS only, scale = 50 nm/div, (a) MPTMS with acrydite-DNA, scale = 1000 nm/div. 

 
The vertical scale bar on the AFM picture of the MPTMS sample is 20x less than that with acrydite-DNA.  The 
clumping of DNA strands was caused by partial evaporation of the biological solution during the process and 
demonstrated a need to take care to maintain the environment atmosphere by creating a tight seal around the sample 
during deposition.  The difference of coverage density between border and inner regions of acrydite-DNA may also be 
reconciled in the same manner. 
  While not all layers could be confirmed through XPS, SEM and AFM due to scheduling constraints, continued 
fabrication plans include the comprehensive investigation of all layers as they are deposited in sequence.  In other tests, 
contamination as well as methods for substrate preparation were investigated by AFM.  While the results revealed that 
the addition of some surface features were unavoidable, the differences between cleaning processes, such as oxygen 
plasma or piranha (sulfuric acid and hydrogen peroxide mixture) treatment of samples, produced similar outcomes.  
Topographical roughness measurements presented a difference of about 0.01 nm in favor of the former.   
  Additionally, solution phase deposition of MPTMS was evaluated and gave better coverage than that of gas phase.  
However, the incompatibility of the MPTMS solution with PMMA prevented the technique from further use.  Other key 
points regarding MPTMS assembly procedures include the addition of a drop of water added to the solution for gas 
phase assembly and a purge step accompanied by heat to homogenize the SAM.   
 
4.2.2 Patterned Structures 
With verification of the MPTMS and acrydite-DNA layers, cDNA assembly presented the next challenge.  
Complementary DNA strands were procured with an Oregon Green fluorophore modification (emitting light at 528 nm) 
to provide a simple means for checking the SAM with the fluorescence microscope.  As mentioned previously, the first 
cDNA experiment involved adding a droplet of acrydite-DNA in the center of the sample followed by the fluorophore-
cDNA deposition over the entire substrate.  With subsequent rinsing, the expected result would be green fluorescence 
only in the circular region defined by the first layer of DNA.  In fact, a stark and continuous boundary contrast was 
detected at the acrydite-DNA location, a portion of which is shown in Fig. 4-6.   Besides the circular green area, some 
small bits of cDNA were caught at the sample edges due to the surface roughness from cleaving the coupon out of the 
wafer.   
 

 
Figure 4-6. Fluorescence image depicting presence of Oregon Green-cDNA on only acrydite-DNA regions (right). 

 
For both MPTMS solution and gas phase assembly methods, the green fluorescence denoting cDNA regions followed 
the template provided by the acrydite-DNA.  Furthermore, no coherent fluorescence was detected in the control sample 
for which the base DNA layer addition step was skipped. 
  Fabrication of DNA-directed self-assembled samples with e-beam lithography patterns, such as that given in Fig. 4-
2, succeeded the droplet tests.  However, no patterned fluorescence could be detected with the Oregon Green 
fluorophore at exposure times equivalent to those used for the droplet assays.  The main reason for the discrepancy is 



due to the PMMA strip step which interfered with further self-assembly.  Before switching to a longer toluene wash, 
acetone was used to remove the PMMA layer after the acrydite-DNA deposition.  From SEM observations, acetone 
reacts with the SAMs causing the pattern region to darken and therefore, more absorbing of fluorescence.  Moreover, as 
the fluorophore extinction ratio is much lower than that of the quantum dots, the process was adapted to include the QD 
deposition and placed the PMMA strip procedure using toluene as the final step. 
  With the changes in place, the first EBL pattern using QDs is shown in Fig. 4-7 and 4-8.  As the fluorescence 
microscope has limited field of view, the image is stitched from four smaller pictures and follows the dimensions 
specified by the layout file. 
 

 
Figure 4-7. Stitched fluorescence image of DNA-directed self-assembled QD pattern. 

 
All formations including the smallest at 1 µm2 are well defined.  Figure 4-8 compares the QD fluorescence of 1 µm by 5 
µm, 2 µm and 1 µm patterns with the respective SEM and layout images to show a one to one match.  In particular, Fig. 
4-8(a) is mirrored due to the fluorescence microscope set up such that the sample must be flipped upside down as the 
objective points upward at the observation platform. 

 
            (a)    (b)        (c) 

Figure 4-8. Images of patterned structures: (a) QD fluorescence, (b) SEM, and (c) Design CAD layout. 
 

  To further characterize the coverage by quantum dots, high resolution SEM images were taken of the EBL samples.  
Focusing on regions within, at the boundaries and outside of the patterns revealed that indeed, QD deposition occurred 
only within the confines defined by the PMMA openings.  While the coverage shown in Fig. 4-9 is likely to be too 
sparse for the nanophotonic waveguide device, the density may be improved by increasing the nanocrystal solution 
concentration as well as agitating the sample by a small amount during deposition to circulate unattached particles.  
Moreover, the PMMA layer may be thinned by increasing the speed of spin coat rotations or using more dilute resists, 
thus allowing the SAM molecules to enter the patterned areas. 
 



 
Figure 4-9. SEM image demonstrating QD deposition confined within the patterned region. 

 
  A few tests to remove the PMMA layer immediately after the MPTMS deposition proved unsuccessful with the 
resulting sample yielding fluorescence over the entire surface although at a higher intensity in the pattern region.  
Adding a second passivation step may change the outcome by preventing the modified DNA chemistries from attaching 
to the exposed silicon dioxide substrate.   
 

 
Figure 4-10. Fluorescence image of 5 µm, 1 µm and 0.5 µm width QD waveguides. 

 

 
Figure 4-11. SEM image of 0.5 µm width QD waveguide. 

 
  The latest sample set involving a waveguide EBL pattern of 50 to 0.1 µm widths and 100 µm length visibly 
demonstrated line regions of fluorescence, given in Fig. 4-10.  The corresponding SEM of the 0.5 µm width waveguide 
(see Fig. 4-11) further shows that QD deposition remains within the pattern.  On the other hand, there is some residue 
from the PMMA removal process, which presents another area for optimization.  Regardless, the feasibility of each self-
assembly step and the summation of parts show a process that can create a device with several different chemical layers.  
In addition, the fluorescence of the QDs provides the proof of the overall deposition quality. 



 
5 Conclusion 
 
A quantum dot based nano-photonic waveguide was presented as a solution for sub-diffraction limit energy 
propagation. The dominant motivation behind the work is to harness the advantages inherent to optical communication 
technologies, such as high speed and bandwidth while avoiding the dimension constraints set by the diffraction limit.  
Although other methods have similar aims, the QD waveguide is designed to act as an amplifying system to counteract 
transmission loss with gain from optical pumping.  Furthermore, the DNA-directed self-assembly method of fabrication 
introduces a programmable aspect for quantum dot deposition and removes the fine scale manipulation component and 
difficulty common in processing the alternate options. 
 To analyze the device, two models were developed to calculate the nanocrystal gain behavior and determine the 
nature of optical propagation through a 1D array of QDs forming a waveguide.  In particular, absorption, emission and 
gain spectra were derived for both pulsed and CW optical pumping conditions and applied to CdSe core and CdSe/ZnS 
core/shell material systems.  Moreover, the propagation analysis demonstrated the compensating effect between inter-
dot coupling efficiency and device gain such that the relative output intensity could be maintained despite lower 
coupling if the gain value was high and vice versa.   
 Following the model discussion, the fabrication process and results were presented.  The relevant techniques, 
including e-beam lithography, AFM, SEM and fluorescence microscopy, were related and a measure of success was 
achieved in creating both blanket and self-assembled patterns.  Fluorescence and SEM images revealed the structure of 
the waveguides to show definite room for improvement regarding the inhomogeneous distribution of QDs and the 
coverage of self-assembled monolayers with nanometer level definitions.   
 For future work, the inclusion of other dynamics in the gain model would improve the accuracy of the results.  
Specifically, there are phonon associated processes generated by lattice vibrations in the crystalline QD structure due to 
temperature and other sources as well as Auger related events, which decrease the stimulated emission rate by 
effectively hijacking the energy released during electron-hole recombination to raise an electron to a higher state.  Other 
potential effects that are unaccounted for may arise due to the additional energy injected into the system by the pump 
light when the exact source energy is greater than required by the transition levels. 
 With regards to the propagation model, improvements may be made by considering the near-field optical energy 
transfer process and deriving the coupling coefficient specific to a material system.  The change will allow better 
estimation of the relative output intensity for the device.  In addition, the analysis can be extended to include a 2D array 
waveguide instead of the current 1D positioning.  Including a larger dimension space will be more realistic in terms of 
the fabrication method, as the quantum dots are placed in an area that exceeds the individual particle dimensions.  Even 
at the target waveguide width of 50 nm, the 10 to 15 nm diameter QD may deposit as three or four adjacent nanocrystals 
in a cross-section.  Accordingly, making the two modifications will have the most impact, generating solutions which 
are more applicable. 
 As for optimizing the self-assembly results, a comprehensive verification of monolayer deposition at each stage by 
XPS and SEM would help to identify areas for procedural improvements.  Currently, improving the yield of quantum 
dots within the pattern region and shifting to a procedure in which the PMMA layer is removed at an earlier stage 
provide the main foci.  The former is important to endowing a waveguide with high coupling efficiency while the latter 
allows a set of cleaner rinse steps where the PMMA strip solvent will not affect the biological materials.  Certainly, 
continuation of scaling down the waveguides and determination of a viable means for observation of sub-diffraction 
limit propagation can be done in parallel. 
 Besides enhancing the model and fabrication aspects, implementing the waveguide with the pump and signal lights 
is another objective, and the one with highest importance.  Establishing the experimental set up will be key to 
confirming the theory behind operation thus providing proof of concept.  The testing plan is to use a microscope probe 
station equipped with a CCD camera.  The sample is placed on the observation platform and pump light coupled from a 
488 nm wavelength Argon laser replaces the microscope’s bright-field light to shine over the waveguide.  Concurrently, 
the signal light supplied by a 660 nm red laser is fed into a tapered fiber placed close enough to the waveguide edge to 
enable optical energy coupling into the nearest QDs.  Subsequently, another tapered fiber is brought near the exit edge 
to detect the waveguide output and measure the characteristics of propagation.  
 On the larger scale, future efforts may be spent thinking about and developing quantum dot based logic using the 
size and material choices available for tailoring nanocrystal behavior.  One form of a QD based transistor, which 
capitalizes on its non-linear absorption property, has already been suggested [59].  Eventually, all the implementations 
of the QD may be used to compose a nanophotonic integrated circuit, like the one depicted in Fig. 5-1. 
 



  
Figure 5-1. QD based nanophotonic integrated circuit [60]. 

 
 Nanophotonic components are inevitable for the future of opto-electronic technologies.  However, the rate of 
adoption depends largely on advancements in material science and discovery of key techniques in fabrication, 
processing and testing.  Investigation of the quantum dot based waveguide is intended to be a foray into the realm of 
viable solutions and serves as the nanoscale optical analog to the electron carrying wires.  Certainly the gain 
mechanism, nanoscale dimensions, ability to interface with both electrons and photons, wide range of tunable properties 
and programmable self-assembly offer significant advantages to developing the nanophotonic QD waveguide as a 
fundamental stepping stone for sub-diffraction limit optical circuits. 
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Appendix A Heisenberg’s Uncertainty Principle & 
   the Diffraction Limit 
 
Heisenberg’s Uncertainty Principle (HUP), stated as: 

     
2
h

≥∆∆ yp y , 

is a fundamental property of quantum mechanics that specifies a minimum error value for measuring a particle’s 
momentum given precise knowledge of position, or equivalently, uncertainty in the position if momentum is known.  
The effect of this inaccuracy extends to wave phenomena via the diffraction limit, which illustrates the particle-wave 
dichotomy and defines a statistical distribution in intensity to produce a set of minimum dimension constraints for 
traditional electromagnetic energy confinement and propagation.  The diffraction limit is best demonstrated by the 
single slit experiment, shown below. 

 
Figure A-1. Intensity distribution of the single slit experiment [61]. 

 In the setup, a beam of particles impinge on the grey slit, with aperture height ∆y, and is accordingly diffracted 
producing an distribution in position along the screen as outlined in pink.  Given that the particle at the slit has zero 
momentum along y-direction, then the position uncertainty is high and with a range of ∆y.  However, as the position is 
measured with precision at the screen, the y component of momentum, becomes uncertain and varies with a range of 
+py to –py, with θsinppy = , [62].  By analysis of wave fronts, the diffraction angle � is related to the first minimum 

of the intensity pattern as λθ =∆ siny , which results in y∆ ≥ λ  since sin 1θ ≤ . 
 The previous equation also yields yppy ∆= /λ , and when combined with the de Broglie equation relating 
momentum to wavelength, the uncertainty in momentum translates into: 
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which agrees with HUP.  Consequently, traditional waveguides adhere to this minimum bound to specify the width and 
spacing dimensions in order to prevent loss and crosstalk. 
 


