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ABSTRACT

Building photonic integrated circuits, which overcorhe guantum limitation of the uncertainty principle, regsiie
new paradigm for optical waveguide design that is fundantguiifferent from the conventional approach. Witheet
advances in creating nanomaterials, quantum dots madenafoseluctor compounds have enabled manipulation of
electron and photon interaction in the presence ofapticelectrical stimulus. In this paper, we exploreftbetier of
using quantum dots in new waveguide structures to pave the awvagetfices whose dimensions are below the
diffraction limit of light. These components handlersily in the optical domain, and exploit the high-speed and
transparency advantages of light. We first calculagegtin spectrum for pulsed optically-pumped quantum dots and
derive the gain coefficient for waveguides. Then, a nedehfor a quantum dot waveguide is presented and optimum
waveguide structure for propagation is determined. Thédtsdsutwo material systems, CdSe and CdTe quantum dots
operating in free space, are given throughout. The model beagpplied and extended to other compounds and
establishes a foundation for quantum dot nano-scale phatdegrated circuits. By utilizing the non-linear pradjes

of quantum dots, the proposed device forms a basis facafphs in sensing, computing, and signal processing.

Keywords: Quantum dot, photonic integrated circuit, nayabes waveguide, sub-diffraction limit, optical gain
spectrum.

1. INTRODUCTION

In order to fabricate devices that may greatly improweent data transmission rates as well as procesajegity,
techniques that do not rely on optical lithography laeag explored. However, the basis for high-density cicuit
especially those photonic in nature, begins with a gaiding or energy transfer scheme that can be closelydpac
While conventional methods are limited by Heisenburgiedstainty Principle, there are some options that m®po
sub-diffraction limit propagation. In particular, one pbiy uses aligned metal nanoparticles to transr@smonic
excitation across a distariée However, loss, fabrication and the lack of interchablge optical-electronic-plasmon
energy conversion mechanisms provide considerablesoigats.

On the other hand, a negative dielectric structure bam buggested to enable waveguiding at the nanometet. scale
The concept involves a cladding material of high reivadhdex surrounding a core of negative dielectric irtstafaa

low value positive dielectric. Nevertheless, incorparatdf the waveguide to other on-chip integrated devicaddvo
still prove to be a barrier in subsequent system desiguldiition to the first step of fabricating the structiiself.
Similarly, nanoribbons on the order of 100 nm wide by 400hiok have been created and show viability for flexible
guiding of light in the UV and visible range over hundreds iafometer in length Preliminary work indicates that the
device may serve as wavelength specific filters and nomm waveguide structures such as Mach-Zender
interferometers and couplers although the losses aye $ran estimated 1-8 dB/mm and compatibility withtebadc
applications remains an issue.

To provide another solution, we propose a quantum dot aaag-photonic waveguide. The QD, originally utilized to
generate low threshold current lasérsis finding many uses in recent technologies. For itstawhen conjugated to
the protein compatible molecules, QDs may serve asehitihction coefficient optical labels in biologicalsays®. An
optical switch composed of three quantum dots has been deatedsis welf and the implementation of a quantum
dot based optical transistor has been put forth addition to developments in the photonic réafrth all applications
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capitalize on the unique properties of the QD. Namhbky,semiconductor material can be selected to confiagying
number of electron and hole states. Furthermore, Bxen@y be further customized to emit the desired phatengy
ranging from ultraviolet to infrared by adjusting the dedamension and material composition. The principleesebn
generating an electron-hole pair in the quantum dot by provighioggh energy to boost electrons in the conduction
band to the valence band. For either a core/shetloce QD, the exciton is restricted to the core lengith the
minimum bandgap energy. In the former case, the éhells a potential well with the core while for a cordyon
device, an infinite well is assumed. Subsequently, dwlagtron-hole recombination, the photon will haveeaergy
equal to the separation between the states.

As electrons may be excited and used for stimulated emjsgilantum dot operation is thus capable of gain, which can
be used to lessen loss over an energy transmission.létagtiever, in order to determine the behavior of a waike
constructed of quantum dots, a model of the device respomse gptical pumping and signal input conditions is
needed. Consequently, we analyze the effects of optipaltyped QDs in terms of absorption, emission and gain in
part 2, starting with a description of the device iatisa 2.1. Electrical pumping operation of the QD is disedds
section 2.2 and serves as a contrast to the opticadpgalseping model in section 2.3. The gain coefficient is fannd
section 2.4 while the results for quantum dots of two semdigctor systems, CdSe and CdTe, are provided in
corresponding manner. Section 3 then describes the optaadgation model for a QD waveguide and provides the
relative output intensity calculation for an array of fiveQLastly, a brief review is found in section 4.

2. OPTICAL GAIN MODEL

2.1 Nano-photonic waveguide structure

The proposed nano-photonic QD waveguide is depicted in Fig. 1, p light. R
where an array of QDs is deposited on a silicon substinaough ump gt toum
self-assembly. A pump light enables optical gain by shifiogn ) Q )
above to uniformly excite the QDs at an energy equivatethe /9N Signal
difference of the second heavy hole state in the galband to the M’ 8 9 6 6 o M
second electron state in the conduction band. A sigglat bf +— PP —>

energy corresponding to the separation of the grounel etattron

and heavy hole is applied to the waveguide’s edge to cause , ) ,
stimulated emission. At an adequate coupling efficiency dmtw Fig. 1. Schematic drawing of
QDs, light will propagate through the waveguide and allobr su self-assembled QD waveguide.
diffraction limit energy transfer.

Coupling Coefficientn

2.2 Electrical pumping

As a successor to quantum well heterostructure laserafugoua
dots have been modeled primarily with electrical pumping.
LZ$

Consequently, gain and threshold current for the device depen
the concentration of dopants or the injection curvemth dictates L,
the quasi-Fermi level energids, andEq'**> Both E;. andE;, may —Z

be determined in a straight-forward fashion through dheier L

densities,n and p (~n), which are functions of the enveloping Fig. 2. Diagram of core quantum box.
Fermi levelsf. andf,, the QD dimensions and the discrete electron

and hole energie&ym andEym,. Accordingly,
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with L, L, andL, being the lengths of the quantum dot when treated
as a quantum box, shown in Fig. 2. The electron spitesstare
accounted for by the factor of two in the numerator @hdonfined = Bandgap Energy and Effective Electron/Hole Mass
energy states of the quantum dot are considered through the

TABLEI

summation over each combinationlpfm andn. For a quantum dot Core B (BY)  m /my,
made of two semiconductors each defining the core aredl sh

portions, the conduction band offsefSE. and AE,, and material CdSe L7 0.11/0.44
parameters determine the quantized energies. In cordraste QD CdTe 1.56 0.11/0.35

operating in free space is modeled with infinite bandetff such as

for an infinite potential well. Table | lists thelegant bandgap energies and effective electron and hedeymasses
for CdSe and CdTe core QDs. Additionally, for core arrd/sbell cases, the number of electron-hole levedgnalate
is adjusted to account for the signal input or eleclrole-pair recombination energy.

After substitution of the device constants, the quasihFenergies provide the only unknown in (1) and (2) andbean
subsequently calculated and used to determine the lineaptibe coefficient,a(w), and linear emission coefficient,
e(w), components in the G
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The refractive index is, while R¢, represents the dlpole moment, which may be expressed as:
en \° Eg(Eg+ADp)
2ECJ (Eq +20, /3)m,
wherel, is the spin-orbit splitting value, yis the conduction band effective mass apdkk are the wave vector
components of k. The density of states for a quantum dgt isr explicitly:

Jen = 20(Egp = Egrmn = B — Eg) /(L Ly L) - (6)
The intraband relaxation time,, is 1 ps for CdS8and 0.5 ps CdTé Furthermore, the Fermi functions are evaluated

at § and K, which are defined as the electron energy levelkérvalence and conduction band, respectively. Both (3)
and (4) are stated as rates of absorption and emissicmmiptemgth of the QD such that the overall device gain i

<R§h> = Rz(k)% + kzz)/ k2 By Oy Oy » WitH R? :{ (5)

_ _ /10 Oenl f(BEp) — f(BE)IR / 13, 7
G(w) = e(w) - a(w),OF G(w) = 0 > T (T dE,. (7

While the formulae in (1) through (7) are valid underteiem:l pumping condition, they are also relevant to tpigcal
pumping case. The differences in analysis are discussiee @nsuing section.

2.3 Pulsed optical pumping

In an optically pumped system, the carrier concentratigitisin the :
quantum dotp andp, are not constant with injection current or spedifie Absorption rate
by doping levels. Instead, the number of free carridustufates
depending on the material absorption rate and pump pdéveerring
back to Fig. 1, a laser source is placed above the waveguid¢hstall
the QDs may absorb photons and excite electrons iwvalemce band

into the conduction band simultaneously. Then, an optigabkshines Quasi Number of free
incident to the waveguide edge to prompt electrons to dak o their | Fermilevels carriers
original states and stimulate emission of photons, witichple to \\’\/

adjacent QDs in the near-field to induce wave propagakionever,

with each electron-hole pair generation or recomiwnatthe energy Fig. 3. Inter-dependence of various parameters
required to excite electrons to a vacant state increasefecreases in an optically-pumped quantum dot.

causing the rates of absorption and emission and hterecquasi-Fermi



levels to change. Consequently, the system refleats bpon itself in a manner depicted in Fig. 3, wherand p
variations affect the quasi-Fermi levels used to detexrabsorption and hence, the number of free carrietdhha
system may support. As a result, the gain solution willique given each set of pump conditions.

For a pulsed source, the criteria for stimulated emigsitimat the pulse duration be less than the timeléatren-hole
recombination/At < t,, while at the same time, long enough to enable popnlatiersion among the electrons. With
the restriction in place, we can presume that alldeggiers available after considering spontaneous esnisates will
recombine due to the signal input. Together wiih the other pump light variables such as frequengy,and
magnitude in power, B, help define the number of free carriers in a Qve®ithat the source is incident on the x-y
plane of the quantum box with z being the measure ohdeft have:

— Ppump

P LL e, T ©
with a(wy) as the absorption rate by the quantum dot at theplatipulse frequency. Another constraint of the syste
is that there exists a minimum pump energy gt E,oo0+ Ecooo Which defines the lowest state transition between th
valence and conduction bands. In our simulations, theommargy is set at the amount required to excite atrabec
occupying the first state in the valence band to itst $tate in the conduction band. Likewise, the didight is
designed to have an energy equal to the ground state sepafathe valence and conduction bands. In this manner,
the pump light and signal input are distinct and avoid mikirthe waveguide.

Combining (8) with (1) and (2), the revised carrier derssitiey be found and further reduced to a form giving the
number of free carriers within the quantum dot:

P P
N = 2™ Atg(ap)L, = Z 2 P =" Atg(w,)L, = Z 2 . 9)
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From (9), we see that N and P are proportional to tleeafaphoton absorption as well as the pulse time anaealevi
depth. As before, known parameters are applied to the eqsath determine the quasi-Fermi level energies. The
solutions forkE;. andE;, are then used to calculate absorption, emission andrgain(3), (4), and (7). Since the number
of free carriers is tied to the characteristics efpamp light, differences i, Bump Or At require a new complete gain
solution. The absorption, emission and gain spectra at pomers from 0.01 nW to 10 nW and 1000 nW to 1 nW are
shown in Fig. 4 and 5 for CdSe and CdTe core quantumwititsdimensions of 5 nm x 5 nm x 5 nm each. In the
simulation, Eymp= hwy, as designed is 3.74 eV for CdSe and 3.71 eV for CdTe Mitlet to 20 ns and 100 ps,
respectively. Highest gain is found at wavelengths matching thergt@tiate transition from the conduction to valence
band, which are 560.9 nm for the former and 590.6 nm folattex material. Moreover, full width at half maximwh

the gain curves is around 0.5 nm for the selenium and fointhe tellurium compound, which is principally desd/
from the factor of 2 discrepancy in the intraband relaraimes.

Comparing the curves in further detail, we see that the geak is narrower and makes the transition from an
absorption to an emission dominant region at a highempppower for CdSe. However, the trend shows earlier gain
saturation for CdTe. The characteristics of the sparte determined by two main factors. Primarily, shape of gain

at its crest is defined by the intraband relaxatiore tooupled with the Lorentzian lineshape function approximating
homogeneous broadening within each discrete energy Satendly, the quasi-Fermi levels, which are solved
dynamically for each pump power, set the overall vafaegain and locate them at wavelengths matching alll@vab
energy separations.

Since the particles are placed in free space, the euoflpossible electron and hole states is infinite. éiew, the
energy states under consideration are capped at thexiiged levels as confined by the pump energy. As a réisalt
larger bandgap for CdSe shifts the quasi-Fermi levelsy dmen each other and enhance the separation between
absorption and emission to obtain a higher gain.H@rother hand, smallery i CdTe allows lower pump energies to
generate electron-hole pairs and enable gain. Thus, tidgda and input energy provide the underpinnings to quasi-
Fermi level effects.
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Fig. 4. (a) Absorption, (b) Emission, and (c)
Gain Spectra of a 5 nm x 5 nm5 nm CdSe
quantum cube in pulsed operation.
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2.4 Gain coefficient

To determine the optimal operation range in amplifistesms as well as to compare performance between tren,
parameter that is commonly used is the gain coeffiGjemhich is calculated as:
gain coefficient = G(w)/ Py - (10)

In general, the peak value corresponds to maximum gain owvemuam pump power. For the two quantum dot
materials under investigation, Fig. 6 and 7 depict the tsefaim (10) with pulsed optical pumping. As the structure
dimensions are the same and the bandgap energies dee, glme curves for CdSe and CdTe are closely aligned i
shape. Specifically, the gain coefficient changes fregative to positive around 0.13 nW for the former and\80 n
for the latter. Furthermore, the pump power necessatyefst device response is at 0.24 nW with CdSe and atW10 n
with CdTe, which has larger overall gain coefficients.

The disparities between the results are mostly causédebpwer pulse duration for CdTe, which increasespihmp
power necessary to generate electron-hole pairs assvidlinduce stimulated emission. On the contrary ehighfor
CdSe requires a higher pump energy to enable gain bufétdsehre overshadowed by those attributedttoThe
consequences of pump and material differences show unfitst Fermi energies, depicted in Fig. 8 and Fig. 9. The
solid vertical lines in the charts specify the amafrquasi-Fermi energy separation for optimal gain coefficilt is
useful to note that the value is measured to be 0.5bre@dSe and 0.96 eV for CdTe

As a side note, changes to the quantum dot dimensionaligillthe position of the energy states in the paibnill.

In particular, increasing the absorption length brings e discrete allowable energies and resulting Fezwald
closer to each other. A reversed outcome occurs whersite is decreased. Therefore, gain coefficient el
maximized at relatively lower pump powers for larger @Bbd higher pump powers for smaller QDs.
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3. OPTICAL PROPAGATION MODEL

Besides determining the optical gain behavior of quantum dotsidering the conditions for the energy transfemin
array of QDs is of equal importance. As the device reguar@gump light to enable gain by generating electmda-h
pairs and a signal input to produce stimulated emissighations, the two sources together cause optical propagati
in the waveguide structure. While the former compensétesloss events and shapes the gain spectra, the
characteristics of the latter specify at which paintthe curve the device operates. In particular, igainaximized by
selecting a signal light frequency equal to the energyssacg to recombine an electron in the ground statbeof t

conduction band with a hole in the ground state of/#tience band.

From the diagram in Fig. 1, we show a case wherediemtum dots comprise a waveguide. With the pump light

operating and the signal input placed incident to the deadge, photon emission occurs in the first QD. Given a
symmetric QD, propagating waves emanate in the fonaadibackward directions such that photons travel to both
ends of the waveguide. In addition, energy transfer bettee®@Ds is modeled with a coupling coefficient for near-
field interactiort’. Consequently, the amount of coupling and the signalifizafion represented by the gain value are

the two critical parameters for describing the progagaif energy in the structure.

The output intensity for an array of N quantum dots maxelased to the input intensity through multiplication with
ABCD matrices. Specifically, the quantum dot matrigp) containing the gain term from the material, and a
propagation matrix\ ;) With the coupling coefficient;:
0 1 n 0
M QD = |:—l 2e_6:|v andM prop = |:O ,7—1:| (11)
provide the main components to express the output intensitingxifor two directions, which are “+” for forward
propagation away from the signal, and “— for backwardstd the source:

| .
{ 0““} = Mop M ooy Moo N 1] I'”’*} . (12)

Iout,— in,—
Since no light originates at the opposing edge of the guaste and moves toward the input edgg, = O serves as a
simplifying boundary condition. Furthermore, letting tmatrix multiplication term be expanded into a final form:

My = Map dM rop Mop M1 =| 12 mlz}, 13
total QDEQ prop QD) _nbl My, ( )
we find that the relative output,{l;, becomes:

loutr _ o — MMy (14)

lin+  lin My,
The model is implemented with a range of coupling
coefficients for a five QD waveguide to show relative 1.0 o ' — s
output intensity as a function of unit-less gain in Fig. TE l i ! e ge07
10. The values fon vary from 0.1 to 0.9 although an 08°L : P ! ' —-- n=05
experimental optical switch system involving three S , I ! —-- n=03
quantum dots demonstrated coupling as high as0.95 . o6/ | | | | ! ol
We have limited 4,{l;» to a maximum of 1 in the chart <§ [ l’ ' }' ! '
for a practical reason. Like other amplification — 04| | | / X .
structures such as lasers and erbium doped fiber S / /
amplifiers, the device output cannot keep increasing 0.2 f/} / /' ! J ]
with fixed and finite pump or signal power. Since there ‘L ,/ .
is a restricted number of electrons that may betestci 0 o5 10 15 20 25 30
due to the escalating energy required to continue

Gain

generating electron-hole pairs, there is also a
corresponding saturation point in the output intefSity  Fig. 10. Output versus input intensity as a functibgain through

On the whole, the QD materials and the pump and each quantum dot given a range of coupling coeffisi between
signal frequencies determine the optimum performance adjacent quantum dots for a 5 QD waveguide.

of the waveguide.



The trend in Fig. 10 shows that gain and coupling may cosgte for each other in attaining a specific output.
Moreover, the curves for larger coupling coefficients depisteeper rise for,/lin, which confirms that near-field
coupling plays a crucial role in energy transfer betw@Bs designed to operate at a set gain. Using the 5 nm x& nm
5 nm CdSe quantum dot as an example, we cross-referendgigvittc to find a maximum gain of 7.47X10m which
yields 0.375 when multiplied with the QD absorption lenditmension. Assuming is between 0.7 and 0.9, the
resulting bu/lin will fall within the range of 0.2 to 1, respectively. Irde sub-diffraction limit propagation will be
severely restricted by reducedresulting from quantum dots which are spaced more tharpferenometers apart
The last point is critical for inhibiting crosstalk iveten neighboring quantum dot array waveguides.

4. CONCLUSION

We proposed that a nano-photonic waveguide fabricated of quatdtsmmay enable sub-diffraction limit energy
propagation. A model was developed to calculate absorptigasien and gain of the QD under optically pulsed pump
conditions as well estimate the optical transfer bieindor a 1D array waveguide. The results indicate thairitensity

at the ending edge of the waveguide may be maintained throudfective combination of device gain and coupling
efficiency, whereby a high gain value would compensateldamer inter-dot coupling and vice versa. With an
increasing number of QDs, sustained propagation wouldre=guioverall higher gain and coupling efficiency. While
two systems, CdSe and CdTe, were investigated, the mmadebe applied to QDs of other semiconductor materials
and serves as a basis for applications of wider rdadeed, given its gain mechanism, nanometer dimensions and
ability to act as an interface between electronsphrotions, the quantum dot is an attractive candidateréeiding the
foundation of high density photonic circuits.
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