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Abstract—The revealed absorption saturation and Fresnel diffraction of ultrashort laser pulses under reso-
nant excitation of the basic exciton transition in CdSe/ZnS quantum dots (a strongly absorbing colloidal
solution) have been explained by the processes of filling of states of a two-level system with the excited-state
lifetime dependent on the light intensity and self-diffraction of the laser beam due to the formation of the

transparency channel and the induced diaphragm.
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1. INTRODUCTION

In recent years, growing interest has been expressed
by researchers in the study of nonlinear optical phe-
nomena in semiconductor nanostructures (quantum
wells, multiple quantum wells, superlattices, quantum
wires, and quantum dots) and in their use for the
design of new optoelectronic devices. Two types of
nonlinear optical processes can manifest themselves in
semiconductor nanostructures.

(1) Nonlinear optical phenomena that are associ-
ated with the inertialess (classical) nonlinearities and
appear as a result of the interaction of high-intensity
optical fields with bound electrons. These are optical
harmonic generation, multiphoton absorption, focus-
ing and defocusing of laser radiation, etc.

(2) Nonlinear optical phenomena determined by
the dynamic (inertial) nonlinearities in absorbing
media under excitation of free carriers by intense light.
The magnitudes of dynamic nonlinearities can sharply
increase (they are called giant) under resonant excita-
tion of nanostructures. The giant nonlinearities can be
used for designing optical switches, saturable absorb-
ers for laser mode locking, nonlinear light filters over a
wide spectral range, etc.

The present work is devoted to the study of nonlin-
ear optical processes in semiconductor quantum dots
under resonant excitation of the basic discrete optical
electron—hole (exciton) transition by ultrashort laser
pulses, i.e., to nonlinear optical phenomena of the

second type. It is well known [1] that the dominant
nonlinear optical process in semiconductor quantum
dots under excitation of one and more electron—hole
pairs in the individual quantum dot is the filling of
states, which is accompanied by a decrease (satura-
tion) in the absorption. It should be noted that the
development of nonlinear optics began in 1926 when
Wawilov with colleagues [2] started to study the non-
linear absorption under resonant excitation of the dis-
crete optical transition in an uranium glass by a high-
power light spark. The deviation from the linear Bou-
guer law (a decrease in the absorption with an increase
in exciting radiation) was explained in [2, 3] by the
finite lifetime of a molecule in the excited state: “... the
higher the luminosity, the more pronounced the
decrease in the fraction of the absorbed energy,
because the excited molecules cease to absorb light in
a previous manner until they return to the normal
state” [3].

In order to analyze the nonlinear absorption under
resonant excitation of a medium (including quantum
dots) by a high-power light flux, it is convenient to use
the model of saturation of absorption in a two-level
system with a specified excited-state lifetime, which
allows one to determine a change in the population
with time due to the stimulated and spontaneous tran-
sitions [4]. In [1, 5, 6], the experimental data on the
measured dependence of the nonlinear absorption in
quantum dots on the intensity of exciting laser light
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Fig. 1. Transmission and photoluminescence excitation
spectra of CdSe/ZnS quantum dots. The thick arrow
denotes the energy of the second harmonic radiation of the
Nd : YAG laser, which excites excitons in quantum dots.

were compared with the results of the calculations
under the assumption that the excited-state lifetime is
constant (does not depend on the excitation level),
which seems to be valid only for moderate excitation
intensities.

In [7-9], it was shown that, in the case of excita-
tion of more than one electron—hole pair in the quan-
tum dot, the excited-state lifetime decreases sharply
due to the Auger recombination. We can assume that
the Auger recombination should lead to a decrease in
the rate of absorption saturation with an increase in
exciting radiation intensity. In the first part of our
work, we investigated how the lifetime of the excited
state of the quantum dot, which varies with an increase
in the exciting radiation intensity, affects the satura-
tion of absorption in the quantum dot.

The objective of the second part of this work was to
study the specific features of propagation of the laser
beam (self-action effects) that results in the saturation
of absorption (bleaching) of the colloidal solution of
CdSe/ZnSe quantum dots.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The experiments on the nonlinear absorption and
self-action of ultrashort light pulses under resonant
excitation of the basic optical exciton transition were
performed using spherical quantum dots CdSe with a
ZnS shell and hydrophobic trioctylphosphine layer at
the outer surface in order to prevent their coalescence.
The quantum dots were prepared through the metalor-
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ganic synthesis (NFM LTD, Belarus). The resonant
excitation of the 15;,,(h)—15(e) basic exciton transi-
tion in the CdSe/ZnS quantum dots was provided by
the high-power (separated from a pulse train and
amplified) single short (30 ps) pulses of a Nd : YAG
laser operating in the mode-locked mode; in this case,
the pulses were converted into second harmonic radi-
ation (2.33 eV). The resonant excitation was per-
formed by choosing the quantum dots with an appro-
priate size (radius). The energy of the basic exciton
transition in the CdSe/ZnS quantum dots was deter-
mined from the transmission and photoluminescence
excitation spectra. A variation in the concentration of
quantum dots in a colloidal solution (in hexane) made
it possible to choose the sample with a required linear
absorption at the resonant wavelength.

It should be noted that the photoluminescence
excitation spectra were measured by the modified
method described in [10]. In the conventional
method, the narrow band is separated from the inho-
mogeneously broadened (due to the size dispersion of
quantum dots) luminescence spectrum and the
dependence of the luminescence intensity on the
wavelength of exciting light is measured in this spectral
range. The capabilities of a Pixis 256 CD camera allow
one to measure a large number of photoluminescence
spectra for a short time, so that, in each case, the light
beam with a new wavelength with the step AL ~ 1 nm
is used for the excitation. Therefore, the photolumi-
nescence excitation spectra with different wavelengths
of the measurement (for quantum dots with different
sizes) can be obtained from the ensemble of photolu-
minescence spectra.

Figure 1 shows the transmission spectrum of the
colloidal solution of quantum dots and the photolumi-
nescence excitation spectrum at a wavelength of
552 nm. This luminescence wavelength corresponds
to the quantum dots in their ensemble characterized
by the size dispersion that have a maximum absorption
at the wavelength of the basic exciton transition. The
spike at a wavelength of 552 nm is a trace of the excit-
ing light beam at the wavelength corresponding to the
maximum of the luminescence spectra. In the CdSe
quantum dots, the frequencies of the optical transi-
tions associated with the absorption and luminescence
do not coincide with each other. The Stokes shift (the
revealed long-wavelength shift in the maximum of the
luminescence spectrum by 80 meV with respect to the
maximum of the absorption spectrum) arises as a
result of the internal crystal field in the hexagonal lat-
tice, the deviation of the quantum dot from a spherical
shape, and the electron—hole exchange interaction
[11—13]. The exchange interaction depends on the
quantum dot radius (*R~?) and significantly increases
in quantum dots of small radii. The exchange interac-
tion is responsible for the splitting of the exciton tran-
sition into the optically active absorbing state and the
optically passive radiative state. The optically passive
exciton (dark exciton) is responsible for the lumines-
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cence of CdSe quantum dots, which is accompanied
by the interaction with LO phonons.

The quantum dot radius (2.5 = 0.4 nm) and the size
dispersion were determined by comparing the energies
of the maximum of the photoluminescence excitation
spectrum and half-width of the transmission spectrum
(Fig. 1) with the results of the theoretical calculations
[14] of the dependence of the energy of the quantum
transitions in the CdSe quantum dots on their radii.

In order to determine the dependence of the trans-
mission of the cell with the colloidal solution of
CdSe/ZnS quantum dots on the excitation intensity,
we measured the energy of laser pulses at its input and
at its output. Furthermore, the use of the photodetec-
tor with a special CCD array allowed us to measure the
profile of the intensity of the laser beam at the output
of the cell. The concentration of quantum dots in the
colloidal solution was about 107 cm—3, and the mea-
sured linear transmission of the cell with the colloidal
quantum dots was equal to 0.02.

3. EXPERIMENTAL RESULTS
AND DISCUSSION

The dependence of the ratio between the energy of
the pulse transmitted through the cell with the colloi-
dal solution of quantum dots and the energy of the
pulse at the input of the cell on the exciting radiation
intensity is plotted in Fig. 2. It should be noted that the
rate of increase in the transmission decreases and even
the transmission itself decreases (!) at high excitation
levels. We attribute this circumstance to the change
(decrease) in the lifetime of excitons in quantum dots
due to the Auger recombination that is dominant at
high excitation levels.

In order to analyze the nonlinear absorption of
ultrashort high-power laser pulses under resonant
excitation of the basic optical exciton transition
1S5/,(h)—158(e) in the CdSe/ZnS quantum dots, we
used the two-level model for the filling of states
(absorption saturation). For the two-level system (the
colloidal solution of quantum dots in our case), one
can obtain the following equations for the determina-
tion of the change in the population of n electrons in
the excited state with time and the change in the light
absorption [15]:

% = I(x, t)(N—2n)0—£exa (1)
o _ _j(x, )(N=2n)o. (2)
ox

In Egs. (1) and (2), I(x, ©) is the photon flux at the
depth x and the instant of time ¢, o is the absorption
cross section for one quantum dot, ., is the excited-
state lifetime, and N is the total number of quantum
dots per unit volume.
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Fig. 2. Dependence of the ratio between the energies of the
pulse passed through the cell with the colloidal solution of
CdSe/ZnS quantum dots and the pulse at the input of the
cell on the input pulse intensity. The dashed line indicates
the results of the calculations for the constant lifetime of
the excited exciton (moderate excitation intensities, less
than one electron—hole pair in the single quantum dot).
The solid line represents the results of the calculations for
the decreasing excited-state lifetime (more than one elec-
tron—hole pair in the single quantum dot).

Following [15] and taking into account Egs. (1)
and (2), we can derive the equation for the determina-
tion (in the dimensionless form) the change in the
transmission 7(y,, T) of the colloidal solution of quan-
tum dots with a fixed width x; with time (where y, =
Nox, = —InTj):

dir(lnT)+ InT = 2pf(0)(1-T)+ InT,.  (3)

In Eq. (3), T = t/1., is the dimensionless time, § =
colyt.,, 1, is the flux of photons of the laser at the input
of the cell with the colloidal solution, 7j is the trans-
mission of the colloidal solution with the width x, for
the low-power excitation (in the absence of the non-
linear absorption), and the function f{t) approximates
the shape of the laser pulse. It is convenient to repre-

sent the shape of the pulse in the form f{(t) = % (1 —

cosCr) for the change in the dimensionless time 0 <

t< gg . As a result, we have

(1 cosn ) = 51 cosn )
= =|1l-cosm— | = =| 1 —cosm— |,
S0 =3 T2 "Nl

where Af = (A1)1,, is the laser pulse duration.

A comparison of the measured dependence of the
transmission on the exciting radiation intensity /, and
the results of the numerical solution to Eq. (3) demon-
strates that it is necessary to take into account the
decrease in the relaxation time t., with a increase in /;
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(Fig. 2). The relaxation time is constant for moderate
intensities, whereas, for high intensities (under excita-
tion of more than one electron—hole pair in the indi-

vidual quantum dot), we have t,, = 152 due to domi-

nant Auger recombination process [7—9]. For high
excitation levels, Eq. (3) can be transformed as fol-
lows:

a%(lnT) +InT = 25y () (1= T) +InT,.  (4)

One can see from Fig. 2 that the results of the
numerical calculations using Eq. (4) agree with the
experimental data for high intensities of the laser
pulses exciting the quantum dots.

It should be noted that, for the two-level system
and moderate intensities of the exciting pulses, the
effect of filling of the states leads to a change in the
shape [15] of the pulse transmitted through the sam-
ple, namely, to its contraction and asymmetry due to
the significant absorption of its leading edge. There-
fore, for comparison of the experimental results and
the results of calculations using Egs. (3) and (4), we
determined the intensities of the transmitted pulses
1. =f(1) T(7), as well as their energies after the integra-
tion with respect to the time.

Apart from the effect of filling of the states, a num-
ber of processes can cause the change in the absorption
at the frequency of the basic exciton transition in the
quantum dots under excitation by high-power laser
radiation: the Stark shift of the exciton transition,
heating of the sample due to the light absorption, and
degradation (increase in the absorption) for significant
irradiation doses of the samples.

At high intensities of exciting radiation, either an
electron or a hole after overcoming of the correspond-
ing barriers can be trapped at the surface due to Auger
process [16]. The Stark effect caused by the local elec-
tric field is responsible for the ionization of the quan-
tum dots and for the low-frequency shift of the exciton
transition. It can be seen from Fig. 1 that the Stark
shift of the absorption spectra to the range of shorter
wavelengths under the high-power excitations can lead
to a decrease in the absorption. However, for high
excitation levels, we revealed the increase in the
absorption (Fig. 2).

The heating of the colloidal solution of CdSe/ZnS
quantum dots (we estimated that the increase in the
temperature upon absorption of the ultrashort laser
pulses did not exceed 10 K) and the corresponding
low-frequency shift of the basic exciton transition can
lead only to an additional decrease rather than to an
increase in the absorption.

Above a specific threshold of the intensity of excit-
ing laser pulses and at a high irradiation dose (a large
number of exciting pulses), the absorption in the
quantum dots increases [17, 18]. The results presented
in Fig. 2 were obtained for intensities of exciting radi-
ation that did not exceed the threshold of this effect.
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The last circumstance was confirmed by identical
dependences of the transmission of the quantum dots
with both an increase and a decrease in the intensity of
exciting laser pulses. Therefore, the saturation effect
can be considered the dominant process that causes
the bleaching of the colloidal solution of CdSe/ZnS
quantum dots.

In order to study the specific features of laser beam
propagation in the regime of absorption saturation of
the 1.55,,(h)—15(e) basic exciton transition in the col-
loidal CdSe/ZnS quantum dots, we measured the pro-
files of the laser beam intensity at the input and output
of the cell. Figures 3a and 3b show the measured pro-
files of the laser beam intensity at the output of the cell
with the strongly absorbing (a0 = 40 cm™') colloidal
solution of quantum dots under resonant excitation of
the basic exciton transition. The annular intensity dis-
tribution with a maximum or minimum value of the
intensity at the center was found at the output of the
cell only in the case of high intensities of exciting laser
pulses at the input. For the exciting laser beam, the
measured intensity distribution in the cross section has
a Gaussian shape, i.e., the radiation intensity
decreases gradually from the center to the periphery.

The revealed radiation intensity distribution at the
output of the cell with the colloidal solution of quan-
tum dots can be explained by the propagation of the
high-power laser beam with a confined cross section in
the nonlinear medium with local parameters depen-
dent on the light intensity. Most likely, we can separate
several coexisting processes.

(1) The process of filling of the states (the absorp-
tion saturation phenomenon) results in the bleaching
of the colloidal solution of quantum dots, which is
nearly opaque for a low intensity of light. As was
shown above, even with a decrease in the exciton life-
time at high excitation levels, the transmission
remains significant due to the nonradiative Auger
relaxation (Fig. 2). Therefore, the high-power beam at
the doubled laser frequency corresponding to the res-
onant excitation of the 1.5;,,(4)—158(e) electron—hole
transition in the CdSe/ZnS quantum dot produces the
transparency channel, inside which the absorption is
small owing to the strong saturation. The intense light
can penetrate into the colloidal solution through con-
siderably larger distances as compared to nonsaturat-
ing low-power light in the linear regime.

(2) With penetration into the colloidal solution of
quantum dots, the light beam, which has a normal dis-
tribution in the cross section, loses its low-intensity
layers due to the considerably stronger absorption than
at the center on its axis. There occurs a beam “strip-
ping” [19, 20], i.e., the strip effect that results in a
change in the profile of the beam, whose edges trans-
form from smooth into sharp ones. There arises an
induced “rigid” diaphragm.

(3) The formation of rings with a maximum or a
minimum of the intensity at the center (Figs. 3a, 3b)
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Fig. 3. Profiles and laser beam intensity distributions along the specified direction at the qutput of the cell with the colloidal solu-
tion of CdSe/ZnS quantum dots for laser pulse intensities of (a) 1.0 and (b) 1.2 GW/cm2 at the input of the sample.

can be explained by the Fresnel diffraction from a cir-
cular aperture, because the diameter of the induced
diaphragm depends on the light intensity.

4. CONCLUSIONS

In semiconductor quantum dots absorbing light,
the main nonlinear optical effect, namely, the absorp-
tion saturation (bleaching) associated with the filling
of the states, can be explained using the simple model
of saturation of the two-level medium. The results of
the present work suggest that, in this case, it is neces-
sary to take into account the dependence of the
excited-state lifetime on the light intensity for high
light intensities. It is this inclusion of the decrease in
the exciton lifetime in the quantum dot due to the
Auger recombination that has allowed us to explain
the decrease in the rate of increase in the transmission
and even the decrease in the transmission with an
increase in the intensity of exciting radiation in the
colloidal solution of CdSe/ZnS quantum dots under
resonant excitation of the 1§;,(h)—15(e) exciton
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transition by high-power ultrashort pulses of the sec-
ond harmonic of the Nd : YAG laser.

The revealed Fresnel diffraction under resonant
excitation of excitons in the colloidal quantum dots is
most likely associated with the dominant process of
self-diffraction, i.e., the self-action phenomenon
when the light affects the parameters of the medium
and the modified medium influences the propagation
of light. The absorption saturation leads to a change in
the refractive index, namely, to its increase or decrease
depending on the deviation of the frequency of excit-
ing radiation from the resonance frequency. With an
increase in the light intensity, the refractive index
decreases at frequencies below the resonance and
increases at the frequencies above the resonance. The
corresponding dependence of the refractive index on
the light intensity can result in the development of the
self-defocusing or self-focusing process [1]. In the
present work, the experiments have been performed at
the exact resonance for the majority of quantum dots
having a size dispersion, which allows us to explain the
results obtained by the dominant nonlinear change in
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the absorption coefficient (bleaching of the colloidal
solution of quantum dots), the formation of the trans-
parency channel, the confinement of the beam cross
section due to strip effect, the appearance of the
induced “rigid” diaphragm, and the self-diffraction of
the beam of the second harmonic of neodymium laser.

The revealed phenomena should be taken into
account when developing optoelectronic devices
(nonlinear saturable filters, optical switches, lasers,
etc.), which contain quantum dots at high concentra-
tions (e.g., colloidal solutions, crystals with a regular
arrangement of quantum dots, and glasses with semi-
conductor nanocrystals).
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