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ABSTRACT

We describe a unique mathematical/numerical model to analyze ultrafast laser experimental data and obtain two-photon
(TPA) and multi-photon (MPA) absorption parameter(s). The material used to demonstrate the numerical method is a
hybrid organic-inorganic nano-structured semiconductor quantum dot-polymer composite. Chemical, biological and
engineering studies require advancements in TPA/MPA absorbers for microscopy, fluorescence, imaging, and micro-
processing of materials. We illustrate the numerical method by fitting data from the well-known z-scan experimental
method. Often an analytical model is used to analyze data from such experiments, which is limited in scope with
certain restrictions on laser intensity and material thickness.

A more general mathematical/numerical method that includes TPA/MPA and can be extended to free carrier absorption
and stimulated emission is described. Under certain circumstances, we can also calculate the electron population
density on every electronic level to demonstrate physical effects such as saturation.  Additionally, we include
diffraction in our numerical calculation so that the TPA/MPA can be obtained even for thick optical samples. We use
the numerical method to calculate published z-scan measurements on quantum-dot CdS-polymer composites, and show
excellent agreement with published analytical results.
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1. INTRODUCTION

We extend and demonstrate our optical building block/transition module methodology: a computational Lego-like
system for describing existing and/or composing novel energy level diagrams and for building a mathematical model
(numerical algorithm) of ultrashort laser interaction with semiconductor quantum dot materials. The method uses
(computational) transition modules (TMs) or optical building blocks describing electronic transitions between different
energy levels as well as the levels’ absorption/relaxation parameters that are linked to matrices and vectors in coupled
equations of the mathematical model. This approach enables modification so that new energy levels and their
corresponding equations with photophysical parameters can be added or deleted directly on the user interface without
rewriting the numerical program. Combined, they allow one to optimize design functionalities and parameters of a
significant variety of photoactive materials, without repeated material synthesis, measurements, or numerical coding.

Materials of nanometer dimensions'® have attracted significant attention in several areas such as, physics, chemistry,
and biology for their unique chemical and physical properties in addition to their potential technological applications
mentioned below. These capabilities are mainly due to the unusual dependence of the electronic and optical properties
(such as linear and nonlinear absorption) on quantum confinement, which for semiconductor materials restricts the
particle size in the 1 to 10 nm range.

In particular, semiconductor quantum dots (QD) have many desirable properties that are well suited for nonlinear
materials, lasers, detectors, imaging agents, solar energy conversion and biomedical diagnostics. Amongst the many
types of QDs are those made of 11-VI and Il1-V semiconductors such as, CdS, CdSe, PbS, InP, and GaAs. Many
theoretical/numerical analyses of optical properties of QDs neglect laser propagation effects or do not treat them
completely. In this example we describe the incorporation of various QD absorption and relaxation mechanisms, which
significantly enhances the QD analysis/design.
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2. SEMICONDUCTOR QUANTUM DOTS

Semiconductor quantum dots (QDs) are often referred to as artificial atoms, which consist of hundreds to thousands of
atoms. A few reviews of the synthesis, structure and properties of nanomaterials are given the references*®> As a result
of the quantum confinement, QDs exhibit unique physical and optical properties that are not present in bulk material. A
QD is a quasi-zero-dimensional object where the carrier movement is restricted in three dimensions. The bulk
crystalline structure of the semiconductor is maintained in the QD, but they have atomic-like discrete energy states due
to 3D confinement.*
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Fig. 1. Energy level diagrams. (a) bulk semiconductor (b) quantum dot assuming single valence bands.
Typically the effective-mass model is used to describe the electronic structure of QDs®. In this description, electron
states are annotated by using a letter (|) to denote the angular momentum of the envelop wave functions. Using

spectroscopic notation, the following symbols are used S for | =0, P for |=1, D for |=2, etc. The degeneracy of the
electron states are 2(2l +1) -fold degenerate and the lowest three electron states are denoted by 1S, 1P, 1D. The hole

states are generally more complicated than shown in the figure above and are labeled similarly to electron states with an
additional subscript for the total hole angular momentum ( j ), which have a degeneracy of 2 j +1. The first three hole

states arel1S,,,1P,,,2S;,. The interband selection rules allow for transitions from nS;(h) hole states to all S(e)

electron states, nP;(h) hole states to all P(e) electron states, etc. where n is the ordinal number of the level. A
schematic diagram is given in the figure below.
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Fig. 2. Energy level diagram and transitions for semiconductor quantum dot.
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The above figure shows five absorptive transitions of a single photon from states 1Ss, to 2S; 2Ss), to 2S; 1P3, to 1P;
1P, to 1P and 1S,,, to 1P. The energies of the excitons depend on the relative energies of the electron and hole states.
The energies of the exciton transitions may be obtained from spectroscopic measurements. Often these spectroscopic
measurements are compared to theoretical calculations of the electron and hole energy levels.

There are several generation/recombination processes in semiconductors*’®.  Excitons are created by single or
multiphoton absorption, free carrier absorption, and impact ionization (bi-exciton). Relaxation of excitons can occur by
phonon (intraband), spontaneous or stimulated radiative (interband) and Auger transitions. The Auger process is non-
radiative and is mediated by electron-electron (e-e) Coulomb interactions. The decay of multi-electron levels is
dominated by Auger processes. QDs have a large surface to volume ratio that leads to trap states in the band gap (not
shown). In many QDs the surface states are passivated by capping the QD.

3. THEORETICAL AND NUMERICAL METHOD

We describe a laser (electromagnetic field) interacting with a QD (energy levels as described in Figs. 1 and 2) with
absorption and relaxation mechanisms described in Section 2. This involves a set of coupled equations for the field and
the rate equations for the QD.

The propagation of the electromagnetic wave is given by the scalar Maxwell equation given below.

2
lzszE(zr)— 1(:86 P(z,r,t)" 1)

O

V2E(z,r,t)—

where E is the optical field, P is the induced nonlinear polarization and a)o(ko) is the frequency (wave number) of

the incident electromagnetic field. The density matrix operator for the nonlinear material is defined as p = |1//> <(//| ,
and the equation of motion is

%)
%Z#Z( lelk_kaHlj)’ (2)
1

where the matrix elements Pik correspond to a polarization induced by a transition between energy levels | and k,

|1//> is the wavefunction and H is the Hamiltonian. Equation (2) gives rise to the rate equations, a set of coupled partial

differential equations describing the energy levels and the transitions between them. Previously, Parilov and Potasek®*!

derived a method of writing the rate equations in terms of matrix and vector equations, which coupled to Eq. (1) were
solved numerically to determine the propagating field and the population dynamics. Using this mathematical
description, Parilov and Potasek defined a set of abstract diagrams®*? (computational building blocks or Transition
Modules-TM) uniquely linked to each matrix. Distinct matrices were defined for absorption and relaxation
mechanisms and every photo-physical parameter was uniquely linked to a specific element in its defined matrix. Photo-
physical parameters were also linked to the laser propagation equation written in a matrix-vector format. This
technique enables one to create matrices and vectors combining the parameters of multiple energy levels and photo-
transitions. Since it does not rely on solving nonlinear partial differential equations, the number of energy levels,
absorptions and relaxations involved is (nearly) unlimited and set up in real-time. This technique allows one to set up
and modify the equations without reprogramming them.

The following are the schematic diagrams of absorption blocks with absorption of « photons. The diagrams specify
energy levels involved in the absorption and the molar cross section parameter oy, , followed by the block’s diagram

expressions for the absorption block denoted by "AZ, and the second type of basic TM a relaxation (transition) block,
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denoted by ™™ R 55, + Which represents electron/exciton/phonon relaxations where the subscripts/superscripts are
defined in Fig. 3.
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Fig. 3. Absorption TM (left side) and Relaxation TM (right side).

Under the TM framework, every transition block describes one transition within the energy level diagram of the
material and relates certain algebraic terms in the corresponding system of coupled PDEs®*. The coupled equations
are given by”*?

N(@, p,7) :{dODO +%\:duDaQ”(n,p,r)}N(nlpyT)

or 3)

a(g(g;]p,r):|:_23 gﬁ (0-/1 ‘N(UvPaT))Qﬂfl(UvPvT)+%Vi _CL:|Q(77!/37T)
=

where N is normalized vectors of population densities to be sought, |0 is the peak intensity,
Q(n, p,7)=Q, p,7)Q (1, p,7), Q(n, p,7) is a complex normalized electromagnetic field to be sought given at

n2 "2
depth 77, p and 7 are normalized radius and time, respectively [Q(n=0,p,7) = ()726=(P)12 s 3 normalized

incident electromagnetic field], N is the molecular concentration, Ly =7 Rg no//l is the diffraction length, C is

the linear absorption, D, are constant matrices of decay rates k D, are matrices for the molar absorption cross-

2817

sections ol?IPA

i
, Op ({o-[ﬂ]PA}) are constant S-dimensional vectors and —V2 is the diffraction operator. The
S5z B 4 *

constants da, gﬂ, and C_ are introduced to absorb all the multiplication factors under single constants and are

givenby d, =T;, ¢ :ﬁ, Up =—Ly NI()H, ¢, = €L, - Further details of the normalized equations are given in
“ ahe,

refs. 10 and 11. Except for rarely-used simple cases, an analytic solution for the beam propagation Eq. (3) cannot be
obtained. Finding a robust numerical solution for these equations also requires applying non-trivial numerical schemes.
Our numerical solution is based on a finite difference split-step method enhanced by the Crank-Nicholson integration
technique. Below we will describe just the essence of our numerical scheme, i.e. the propagation of the electric field by
a small step. We apply the beam propagation method, where details are presented in refs.10 and 11, An approximate
solution at the step 77+ An, given a solution at 7, is given by

T+AT

N(z+ A7) ~ exp j Y, (7, py7)d 7" |oN(D), 4)
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@, does not commute with ‘' ; therefore, to resolve the summation in the exponent, we apply the split-step

method as follows:
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We apply Crank-Nicholson method to exponential terms in Equations. (4)-(5) to make the numerical integration more
robust.
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N(r+Ar)zexp[ | Yrate(n,p,rodr'}N(r)
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Using these methods, it is feasible to solve numerically the above beam propagation equations, which includes the
diffraction term.

4. DESCRIPTION OF TRANSITIONS AND TRANSITION MODULES

In Table 1 we provide a description of energy transitions and diagrams of the transition modules.

Table 1. QD energy transitions, descriptions and TM.

QD energy transition type Transition description (with labels)

Single-exciton formation (by SPA) 0) is ground state:

A single photon is absorbed by an | —— | > J ’

electron in the valence band. The |x> is single-exciton

negatively charged electron is excited state:

to the conduction band, leaving a 00— Ener'gy requirement:

positively-charged hole in the valence e E —# '

band: Ephoton > Egap ) — @ (Al )

0s,
|O> —ho |X>

N, —|0) and
st —)|X>
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Single-exciton formation (by MPA)

Two or more photons are absorbed
simultaneously by an electron in the
valence band. The negatively charged

| y> is single-exciton
state;

Energy requirement:

N S,
Os: a
(O-[a]ZPA ) _ _[ .

Three cases:

electron is excited to the conduction aho E, =aho; _I"
band, leaving a positively-charged hole N
in the valence band. O a>1 0
VB ,6\0’S
For example: See ref. 13. ( ° 2)
0)—z-1Y) Ny —0) and
st - | y>
Free carrier absorption (by SPA) ho —@— ® — Ns
2
ho 6851:,2’-\
An electron (hole) in the conduction . NSl
(valence) band state absorbs a single —O— O -
photon (SPA) and is promoted to a (Al )
higher energy state in the conduction |x> 52
——Y) %) —]2)
(valence) band (a) (0) Nsl _)|X> and
For example: See ref. 14. .
P st _>|y>’hole
excitation is with
st - | Z>
Excitation relaxation/recombination —
(by phonon or photon) ; !
_§_ ksO i N
Tra + 0
= Thab

(a) Electron (hole) intraband
transitions to lower states,
by emitting phonons;

(b) Electron and hole recombine
in a trap state within the
band gap by emitting a
photon of longer
wavelength;

(c) Interband recombination of
electron with its hole by
emitting a photon.

For example: See ref. 15

=

L e—
X)X [0—10)  [})——]0)
(@) (b) (©

(a) These transitions are
usually fast (sub-ps), so
that we do not designate a
TB but rather make them
as a part of another, more
significant transitions, like
the lowest carrier state
exciton recombination;

(b) N, —|x) and
N, —[0) K,
(c) the same way

s, =17,

Copyright 2012 Society of Photo-Optical Instrumentation Engineers. One print or electronic copy may be made for personal use only.
Systematic reproduction and distribution, duplication of any material in this paper for a fee or for commercial purposes, or modification of
the content of the paper are prohibited.




Proc. SPIE , Ultrafast Phenomena and Nanophotonics XVI, eds. M. Betz, A. Y. Elezzabi, J. J. Song, K. T.
Tsen, vol.8260, 18 (2012)

Stimulated emission ce E.=lhw N
hw ‘X> —— 32
(by sPAMPA) | € 2he 05, \
;& (O-[a]PA)
VB 0
If population inversion exists, then an

incoming photon may induce the |X> ho |O> ( Al )
emission of one or more photons. 0%
For example: See ref. 16 N, —>|X> and

N, —|0)

Impact ionization
—— NSl
CB

(bi-excitons) k E
cB S1S2
S Y
-O0—

If a high-energy photon produces a e _
single high-energy exciton that has a (Rslsz)
total energy greater than the energy of
two low-energy excitons, then the high- |X> ET |yy) |X> ET |yz> Can be modeled by a non-
energy exciton can decay to a low- radiative relaxation block.
energy exciton and simultaneously (@) (b)
form a second low-energy exciton. (@ N —>|X> and
This process conserves energy N Sl| >
—>|Yy
For example: See ref. 17 (b)s N —>|X>
5 and
st - | yZ>
Auger
: — N,
(bi-excitons) - Ko, E
Repombi_natioq of one electron-.hole ve ve _+_ N,
pair within a bi-exciton promoting the 2
other electron-hole, either by exciting (ﬁ )
an electron (a) or a hole (b). QDs with )——y) ) ——|2) =) Auger
more than two excitons can decay by decay 7 k =1/t
consecutive Auger processes. @) (b) Y Ta- B, A

@ Ny —|XX) and

st _)|y>
() Ny —|XX) and

For example: See ref.16.

st _)|Z>
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x()) |x> |y> This example shows how —— N, |y
E — ho| — —— to combine the Orea : 1)
—_— —— —_— . . [ N, ~|x)
Simphotek’s TMs given ! !
3heo —> —> in Table 1 to describe QD (o) 4 1Ker
QTwu O QTrea O three photon absorption Oa) |_. |
ve ve v« | followed by free carrier I
absorption, followed by —_t ~0)
T} ot =1/ Tipe + 1/ 7i0er) |_| relaxation of the carriers

by phonon relaxation, and finally carrier recombination.

QTr (@) & () _ 3 L =
Simphotek’s EDS: Ay, WA, UR,,
|xy) : N, ~[z)  This example shows how
ki 3 Pk, - yxi, photoexcitation with
o btk T > 3E, may be
-O— v . 9
10) |2) |xx) . N =P .
—e : immediately followed by
_ _ o | -9—@- o DKo Impact ionization
hao > 3, :T> 0O 7 v N, -9 Producing multi-carriers
o S ) which cool down to
¢ O ~ - o E produce bi-excitons. Bi-exciton may undergo Auger
T} o o D recombination to form an exciton which cools down to
O 2 the ground state
QTr (a&c) and QTa c :
U= r +1 Ty ) | -

EDS: Ay, UR,, UR,,UR,,UR,, UR,,

5. Z-SCAN MEASUREMENT TECHNIQUE

A common experimental method for measuring the nonlinear properties of materials is the Z-scan measurement
technique®®? where a single laser beam is tightly focused onto a nonlinear sample medium. The laser beam is directed
perpendicular to the plane of the sample, which is moved along the z direction (the laser beam direction) in and out of
the laser focal point. The transmitted signal goes either directly to a detector as shown in Fig. 4.

Beamsplitter Lens Sample Aperture

“ ]

Detector 2

Incident Laszer Beamn

Z 4—p tz

Detecter 1 Z Scan Method

Fig. 4 Experimental arrangement for z-scan measurements. The solid straight line is z=0.

In this paper we concentrate on the open z-scan method so there is no aperture. A TEM,, Gaussian beam with a beam

waist wy travelling along the +z-direction is assumed. The electric field is given by

ot ket )
EXp( W (2) 2R(z))e ! ©

E(r,z,t) = E,(t) szoz)
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where W?(z) =W (1+2%/22)is the squared 1/e* beam radius, z, =kw? /2 is the diffraction length at z=0, R(2) is the

radius of curvature, E, (t) contains the time dependence of the electric field. If the sample length is small compared to

the diffraction length at z, then the medium is regarded as “thin” and diffraction can be neglected. We include both thin
and thick materials. Previous authors have investigated various applications of thick samples. We approximate Eq. (5)

using a Gaussian shaped function and neglect the phase term ¢(z,t) such that

2 t2
W { ()} p{_ﬂ ©)

where “at the focal point, z=0” W, is the 1/¢° of the radius, To:tFWH% = R — Whwyerm Wo/\/—
n

2

’

IOO

~ Ein
~ 2JZRIT,
6. APPLICATIONS

In this section we investigate four applications of the numerical method: (a) TPA in a thin film semiconductor QD
material, (b) TPA in a semiconductor QD thick film material where diffraction must be taken into account, (c) two
photon and excited state absorption in a Q-dot thin film, and (d) TPA with both spontaneous nonradiative emission and
stimulated radiative two-photon emission. Except for the first two cases, the other cases cannot be calculated with
traditional analytical expressions. Therefore our numerical method has several advantages over prior mathematical
techniques.

6.1 Two-photon absorption in a surfactant-capped CdS QD material in a thin film.

We use our numerical method to investigate published z-scan results®® for a surfactant-capped CdS QD in a thin film.
The nonlinear optical properties were investigated with 25 ps laser pulses from a Nd:YAG laser at 532 nm. The beam
waist was about 85 um at z=0. The schematic diagram is shown in Fig. 4. Table 2(a) shows the QD diagram for TPA
and relaxation. The TMs are shown in Fig. 3 for absorption and relaxation. Table 2(b) shows the calculated z-scan
transmission as a function of z as the solid line (See Fig. 4.) The square dots are the experimental data®. This results in
a value of 253 cm/GW in close agreement with the published value of 252 cm/GW?*. The parameters used for the
calculation are given in Table 2 (c).

Table 2. 2(a) describes the two-photon absorption and relaxation. 2(b) plots our numerical calculation as a function of z and the
experimental data values. 2(c) gives the parameters used for the numerical calculation.

Comparison of Experiment (z-scan
P P ) ( ) Parameter Value
and our calculation

_,_ IOO 35

< . (GW/cm?)
—_— - @ ? L (cm) 0.00037
ahwo p-Tm |80 ’ Wo () o
2 t (ps) 25
— £ 0.96 FWHM
O 3 g ‘ Zo (cm) 4.26
= 0.94
ve - E ' X (nm) 532
2 oo No(cm’®) 5x10'°
|O> -ahw | y> |X> ho" |0> g o klO(pS_l) 10
2 B (cm/GW) 253
0.88 |

-40 -20 0 20 40
Z(mm)
@ Calculation B Experimental Data
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| (@) | (b) | (©)

In general analytical calculations™ of z-scan measurements are used in the plots shown in Table 2(b). However, in
addition to calculating the normalized transmission as a function of z, our numerical calculation can also calculate the
laser pulse shape at any point through the material as well as the population density of every state. These calculations
have an advantage in understanding complex results and predicting physical behavior. Figure 5(a) shows a plot of the
pulse intensity as a function of time and radius at z=0 and Fig. 5(b) shows the population of the ground and excited
states.

0.

SN

~

Fopul atiom density [-]
P

mme 2P B P o3
L

tau (-1

@ (b)
Figure 5. Intensity and population density at z=0. (a) plot of the laser intensity as a function of time and radius (b) population
density where the upper (lower) line corresponds to the ground (excited) state.

The two photon absorption parameter obtained for CdS in a surfactant thin film is similar in value to that obtained for
CS/ZnS Q-dots® also in a thin film where the value obtained was 229 cm/GW. It was assumed that these large values
are due to both the quantum confinement and surface modification. Other z-scan measurements have also been
obtained for both two-photon as well as three-photon absorptions, a few examples include.?®*

6.2. Two photon absorption in a thick semiconductor QD film with diffraction

We use our numerical method to calculate TPA in a thick semiconductor QD film where diffraction must be taken into
account as shown in Table 3.

Table 3. (a) full scale calculation, (b) calculation in the diffraction region, (c) tabulation of the # diffraction lengths and radius

q g Z-scan Calculation with (dots
£-scan Calcu.latlon Wlt|.1 and without (solid Iilie) ! Z #Dift. w(z)
(dots) and without (solid T cm  Length  (um)
line) DIFFRACTION = Near Laser Peak Intensity 2 32;1? g?
g 1 g ooos > 1916 94
o = g
2 €  0.0075 -
% os 500 g 7 3 1565 104
& W 4 1.237 117
S 06 l_; 0.0065 - 5 0936 131
= 04 & 0008 10 0359 217
S \/ ER 15 0181 311
® 0.2 £ 0.005
£ = \ / 20 0.102 408
S o : — 2 000% N 25 0066 506
-2.00E+03 -1.00E+03 0.00E+00 1.00E+03 2.00E+03 0.004 T | 30 0.046 605
Z(cm) = z (Cm) > || sample length (L)
=7cm
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| (@) | (b) | © |

As cited, there have been examples where diffraction has been taken into account?®®?*%. Yet our method presents a
unified way of including diffraction. The parameters are similar to those used in the previous case, except the sample
length is 7 cm. Table 3(c) shows the # of diffraction lengths near the focus. At z=0, the beam radius is 85 pm and the #
of diffraction lengths is 2.343; while at z=5cm, the radius has increased to 131um and the # of diffraction length has
decreased to 0.986. Fig. 3(a) shows the full z-scan calculation where the arrow indicates the region near the focus
shown in Table 3(b). It can be seen that when diffraction is present (dots) the transmission is increased because the
light radius increases as it propagates through the material. However as the sample moves away from the focal region,
the radius increases and the # of diffraction lengths decreases so that the calculated curves with diffraction (dots) and
without (solid line) overlap. The difference in the laser pulse shape at the output of the sample with (peaked line)
diffraction and without (flattened line) is shown in Fig. 6(a). Our numerical method can also calculate the population
density at every propagation step through the sample which is shown at the output in Fig. 6(b).
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Fig. 6. (a) output pulse shape at z=0 with (peaked line) diffraction and without (flattened line), (b) population density of the excited
state at z=0.

6.3 Two-photon absorption and excited state absorption in a semiconductor QD thin film.

In many cases TPA is followed by excited state (ESA) absorption. This situation cannot be calculated with current
theories. The z-scan results are shown in Table 4 where (a) shows the transitions involving excitation of TPA and ESA
and relaxation, (b) shows the z-scan calculations with (solid line) and without (dashed line) ESA and (c) gives the
parameters used in the calculations. For an experimental curve, the values of both TPA and ESA can be obtained using
our numerical method.
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Table 4. (a) Diagrams showing excitation and relaxation, (b) calculations with (solid line) and without (dashed line) excited state
absorption (ESA), (c) parameters used in the calculation.
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We also calculate the pulse shape as the laser propagates through the sample and the population density of each level in
Fig. 7. The pulse intensity as a function of time are shown in Fig. 7(a) where the highest curve is the incident pulse, the
next highest curve is at the half-way distance through the material and the lowest curve is at the output of the material.
Figure 7(b) shows the population of each level where the upside down curve shows the population depletion of the
ground state, the higher upright curve shows the population on the ESA level and the flattened curve shows the
population on the TPA level.
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Fig. 7. (a) pulse intensity as a function time, (b) population density of ground state and higher states.

For convenience, Fig. 8 shows calculations of the population density of each level as a function of radius and time. The
plots show that both TPA and ESA states are populated.
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Fig. 8. Population as function of radius and time. Left-ground state, middle-TPA state and right-ESA state.

6.4 Two-photon absorption with two-photon stimulated emission and nonradiative relaxation.

We calculate TPA with stimulated TPA-emission and nonradiative relaxation. Table 5 (a) shows the absorption and
relaxation diagrams, (b) calculated populations of ground state and excited state for two incident intensities (left-1=1000
GW/cm? and right-3000 GW/cm?) and (c) parameters used for the calculation.

Table 5. Two-photon absorption with relaxation.
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In Table 5(b), we plot the population as a function of radius for two incident intensities; namely, 1=1000GW/cm? and
I=3000GW/cm®.  The TPA coefficient is 5.28 x 10% cm*GW and the spontaneous decay rate is 0.833ns>. The
calculations assumed a pulse width of tryyu=160fs at a wavelength of 775nm. Calculations at low intensity showed
TPA and relaxation; however, the population of the excited state was very small. We demonstrate the population
calculations at higher intensity. It can be seen from Table 5(b) that for I=1000GW/cm?, there is significant population
of the excited state in the presence of stimulated and spontaneous emission. The downward pointing curve in Table
5(b) corresponds to the ground state and the upward pointed curve corresponds to the excited state. Saturation (50%
population on both ground and excited state) occurs at I=3000GW/cm?.

The intensity of the pulse as a function of radius and time near saturation is shown in Fig. 9. The figure shows the
decrease in intensity near saturation.
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Fig. 9. Intensity as a function of radius and time.

7. SUMMARY

In this paper we have extended and demonstrated our optical building block/transition module methodology for
describing existing and/or composing novel energy level diagrams and for building a mathematical model (hnumerical
algorithm) of ultrashort laser interaction with semiconductor quantum dot materials. The method includes diffraction in
a unified way. Calculations on semiconductor quantum dots in a thin film agreed very well with experiments and
published results. Additionally we calculated z-scan results for thick materials when the number of diffraction lengths
exceeded one. Then we calculated novel cases that included additional nonlinear effects such as excited state
absorption and stimulated emission demonstrating the versatility of our method.
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	Fig. 2.  Energy level diagram and transitions for semiconductor quantum dot.

