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ABSTRACT: Weak-ﬁeld coherent control of a two-photon
transition in colloidal semiconductor nanocrystals (NCs) by tailored
femtosecond laser pulses is demonstrated at room temperature.
Ensembles of cadmium sulﬁde (CdS) and cadmium selenide (CdSe)
NCs forming a colloidal suspension were irradiated by ultrashort
infrared laser pulses being phase-modulated in frequency domain.
The luminescence generated by electron−hole recombination after
two-photon excitation (TPE) of the shaped pulses serves as a
measure for NC excitation. In the experiment, we applied
polynomial spectral phase functions of second- (GDD) and third-order (TOD), as well as phase jumps (θ-step), and studied
the eﬀect of the various shaped laser pulses on the excitation of both types of NCs. In view of potential applications in multilabel
two-photon microscopy, both types of NCs are uniformely mixed in a single sample. We ﬁnd that distinct pulse shapes enable
selectivity among the excitation of both NC types in this mixture. Numerical simulations based on calculating the spectral overlap
of the second order nonlinear optical spectrum and the TPE spectrum of the NCs are in good agreement with the measurement
results. Analytic expressions derived for the second order power spectral density (PSD) because of combined GDD-TOD
modulation and the θ-step rationalize this ﬁnding and show that GDD-TOD modulation provides a spectroscopic tool to
investigate the TPE spectrum.

■

INTRODUCTION
Time domain investigations of the fundamental interplay
between light and molecular dynamics ﬁrst became feasible
with the availability of ultrashort laser pulses.1 Numerous
concepts of coherent control (CC) operative in diﬀerent
intensity regimes ranging from the weak- to the intermediateand strong-2−4ﬁeld regime have been investigated extensively
on diﬀerent quantum systems. In the pertubative regime,
interferences of multiple excitation pathways enable control.5−8
This approach was demonstrated mainly on atoms in the gas
phase. Some CC schemes were proven to be operative in the
liquid phase9−13 as reviewed in ref 14. In this context the
properties of femtosecond laser pulses were also exploited as a
spectroscopic tool for the investigation of large biomolecules15−17 and PbS NCs.18
For one thing, CC of semiconductor nanocrystals (NCs) is
of interest because of their atom-like level structure and for
another, NCs have received considerable attention due to their
applications in devices, such as diodes, lasers, and solar cells,31
and novel microscopy techniques. Coherent control on NCs
has already been reported19 but was applied to single NCs in
most cases. In order to reduce decoherence phenomena recent
CC experiments on quantum dots have been performed at
cryogenic temperatures. However, room temperature control
scenarios would be beneﬁcial for many technical and biological
applications that are usually operated under ambient conditions. For example, NCs have emerged as a photostable
biolabel in confocal microscopy, as well as in two-photon
microscopy.20,21 For the latter, contrast generation by
© 2013 American Chemical Society

manipulation of the spectral phase of an exciting laser pulse
is a promising application for coherent control. This technique
is aﬀected usually by homogeneous and inhomogeneous
broadening, both present in NC samples. As a consequence
robust control scenarios, which take typical variations in
transition energies because of the NCs size distribution into
account are required.
In this contribution, we examine CC on colloidal CdSe and
CdS NCs under ambient conditions. The CC scheme
presented exploits modest diﬀerences in the two-photon
excitation spectra in order to achieve selective excitation. This
contribution is organized as follows: In the Properties of the
System and Its Interaction with Shaped Pulses section the twophoton excitation mechanism in analogy to established
techniques in atomic physics is described. In the Analytic
Derivation of Second-Order Power Spectral Density (PSD)
section, we derive analytic expressions to quantitatively describe
the key aspects of the phase functions responsible for the
achieved selectivity. In the Experimental Section, a brief
description of CdS and CdSe NC synthesis, NC mixture
preparation, and of our two-photon excitation experiment is
given. In the Results and Discussion section, the inﬂuence of
two spectral phase modulation functions on the excitation of
the two types of NCs is presented and discussed in terms of the
nonlinear second-order spectrum of the phase modulated
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Figure 1. (a) Linear absorption (full lines) and photoluminescence (PL) spectra (dashed lines) of our synthesized CdS and CdSe NCs dispersed in
n-hexane with diameters 4.2 and 2.9 nm. The optical interband one-photon transitions involved are indicated by arrows in the absorption spectra. (b)
Simpliﬁed energy level diagram of semiconductor NCs displaying electron and hole levels.22 One-photon ω′ and two-photon 2ω0 transitions in
semiconductor NCs address diﬀerent manifolds of states. (c) Two-photon excitation mechanism with a broadband laser pulse. An interband twophoton transition which creates an exciton in the quantum dot is induced for all photon pairs matching a transition frequency ω1 + ω2 = ωtr.. After
excitation the electron (hole) relaxes nonradiatively to the bottom of the conduction-band 1Se (to the top of the valence 1Sh), where radiative
recombination occurs.

Diﬀerent states accessible by one and two photons are
illustrated by means of a simpliﬁed energy level diagram (Figure
1b). The single arrows correspond to one-photon transitions
assigned in the linear spectra at the one-photon transition
frequency ω′, whereas the double arrows indicate possible twophoton transitions at the two-photon transition frequency 2ω0.
Note that these transitions are not observed in the one-photon
absorption spectra. This is in contrast to organic noncentrosymmetric dyes, where transitions can occur between
many states being mediated by less restrictive selection rules.26
Experimentally this manifests in the similarity of one- and twophoton excitation spectra of several dyes in the spectral window
between 700 and 900 nm.13 In contrast to the excitation
spectrum, the photoluminescence (PL) spectrum of quantum
dots originating from two-photon excitation is identical to the
case of one-photon excitation. Even if an electron (a hole) was
promoted to an energetically higher lying level, relaxation to the
bottom of the conduction band (the top of the valence band)
occurs. Thus, recombination luminescence is always observed
from the energetically lowest lying level (Figure 1c).27
Therefore the PL spectrum shown in Figure 1a is similar to
the one observed in the case of two-photon excitation. All PL
signals detected in our experiment, arise from transitions
between electron and hole states, that is, excitonic states which
have been studied extensively and recently reviewed in.28 In
general some nonlinear properties of NCs arise from biexcitons,
generated by simultaneous absorption of two photons with high
photon energies.29 However, the excitation mechanism in our
experiment is diﬀerent, because the single photon energies of
around 1.5 eV, are well below the bandgap energy of CdSe and
CdS NCs involving virtual intermediate states within the
bandgap. This kind of two-photon excitation was investigated
in30,31 and the results (wavelength dependent TPE cross
sections) reveal the structure of two-photon addressable states,
without an (real) intermediate state. These TPE cross sections
are used for our simulations and verify the two-photon
excitation mechanism (Figure 1c).
Pulse Shaping. The excitation of multiphoton transitions
with broadband laser pulses can be controlled via higher-order
spectral interference,7,8 that is, the quantum interference of the
various pathways provided by diﬀerent combinations of spectral
components in the pulse (Figure 1c). In the following, we

fundamental laser spectrum and the two-photon excitation
spectra of the NCs in refs 30 and 31. For comparison with the
experimental ﬁndings, control landscapes based on this twophoton spectra appoximated with linear functions of diﬀerent
slopes are computed. To assess the selectivity in the excitation,
the contrast for the excitation of the diﬀerent NC types in the
mixture obtained with each phase function is quantiﬁed.

■

PROPERTIES OF THE SYSTEM AND ITS
INTERACTION WITH SHAPED LASER PULSES
Semiconductor Nanocrystals. If the dimensions of a
semiconductor are reduced to a size comparable to the exciton
Bohr radius of the material, the electron can no longer be
regarded as quasi-free because of quantum conﬁnement.22 If
the size reduction is performed in all three dimensions, the
resulting structure is called quantum dot or nanocrystal (NC).
The most important property of quantum conﬁned species is
the presence of size-dependent energy levels in the conduction
and valence bands of the crystal. The exact position of these
energy levels depends on the quantum dot size, the band gap of
the bulk semiconductor and the band structure of the latter.
Photon absorption generates an electron hole-pair and thus
promotes an electron from a valence band level to a conduction
band level. For interband one-photon transitions, the change in
the angular momentum quantum numbers is ΔL = 0, ±2 and
two-photon transitions satisfy ΔL = ±1, ±3.23,24 Thus the
energy level structure is imprinted on the optical spectra of the
quantum dots. Because of the diﬀerent selection rules, one- and
two-photon spectroscopy provides complementary information. The CdS and CdSe NCs synthesized in the course of this
study belong to the II−VI-semiconductor compounds, where
the exciton Bohr radius is 2.5 nm in CdS and 4.8 nm in CdSe,25
respectively. The diameters of our NCs are 4.2 and 2.9 nm as
determined experimentally by linear absorption spectroscopy as
shown in Figure 1a (further details will be given in the
Synthesis of Semiconductor Nanocrystals and Sample Preparation section), thus their sizes are comparable to the exciton
Bohr radius of the materials, which means that the electron is
strongly conﬁned in both types of NCs. In addition, the size
determination allows us to use the (size-dependent) twophoton spectra already reported in the literature for our
simulations.
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Figure 2. Frequency domain representation of CC on CdS NCs. One-photon g(ω) (red solid) and two-photon g(2)(ω) (red dashed) excitation
spectra are depicted for comparison. The real valued electric ﬁeld E(t) oscillating with the carrier frequency ω0 is related to the spectrum
,̃ (ω − ω0). The second-order spectrum :̃ mod(ω − 2ω0) has a nonvanishing contribution centered around 2ω0. Introducing the spectral phase φ(ω
− ω0) to the fundamental ﬁeld ,̃ (ω − ω0) yields an amplitude- and phase-modulated second-order spectrum :̃ (ω − 2ω0), which is used to control
the two-photon transition. The frame highlights the region of the inhomogenous-broadened and two-photon addressable excitonic peak of the CdS
NC ensemble, depicted quantitatively in Figure 3.

describe the two-photon excitation of NCs with spectrally
modulated fs laser pulses.35,36 The slowly varying temporal
envelope ,(t ) of an ultrashort laser pulse is related to the
spectrum ,̃ (ω) by Fourier-transform. The fast oscillating
electric ﬁeld reads E(t) = ,(t )eiω0t with the corresponding
spectrum ,̃ (ω − ω0) where ω0 is the laser central frequency.
Introducing the spectral phase modulation function φ(ω), the
modulated spectrum of the envelope reads ,̃ mod(ω) =
,̃ (ω)e−iφ(ω). The envelope of the second order optical
̃ (ω)) is obtained by
spectrum of the modulated pulse (:mod
self-convolution7,37
:̃ mod(ω) ∝

+∞

∫−∞

⎛ω
⎞
⎛ω
⎞
,̃ mod⎜ + Ω⎟,̃ mod⎜ − Ω⎟ dΩ
⎝2
⎠
⎝2
⎠

⎛ω
⎞ ⎛ω
⎞
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⎝2
⎠ ⎝2
⎠
ω
ω
e−i[φ( 2 +Ω) + φ( 2 −Ω)] dΩ

Figure 3. Illustration of eq 3, exempliﬁed for the unmodulated (TL)
pulse. The two-photon excitation spectra of CdS (red dashed line) and
CdSe NCs (blue dashed line) are shown along with the calculated
second-order spectrum |:̃ (ω − 2ω0)|2 (green solid line) of the
transform-limited pulse. The latter was calculated from the measured
fundamental laser spectrum |,̃ (ω − ω0)|2 (inset). Phase modulation
of ,̃ (ω − ω0) results in an amplitude modulation of |:̃ (ω − 2ω0)|2 as
depicted at the top of Figures 6 and 7 and for a Gaussian fundamental
spectrum in Figure 4. The resulting signal S(2) of the two NC types is
proportional to the overlap of :̃ mod(ω − 2ω0) and the two-photon
excitation spectra, related either to CdSe or CdS NCs.

(1)

+∞

=

∫−∞

(2)

̃ (ω) is shifted by 2ω0 to
The spectrum of the envelope :mod
̃ (ω − 2ω0), which
yield the second order optical spectrum :mod
is relevant for control of the two-photon transition (Figure 2).
By spectral phase modulation of the ﬁrst-order spectrum, the
amplitude and phase of the second-order ﬁeld are modulated.
Thereby the spectral energy of the second-order ﬁeld is
concentrated at the desired transition.5 The two-photon
ﬂuorescence signal S(2) is proportional to the overlap of the
NC’s two-photon excitation (TPE) spectrum g(2)(ω) and the
second order power spectral density (PSD), that is,
̃ (ω − 2ω0)|2 and reads7
̃ (ω − 2ω0) = |:mod
Imod

S(2) ∝

+∞

∫−∞

̃ (ω − 2ω0) dω
g(2)(ω)Imod

selective excitation, we deﬁne the contrast of the respective
two-photon PL signals
C=

S(2)(ω)CdSe − S(2)(ω)CdS
S(2)(ω)CdSe + S(2)(ω)CdS

(4)

In the experiment, the concentrations of CdSe and CdS NCs
in the mixture are chosen such as to provide PL signals of
approximately the same magnitude for the bandwidth-limited
(unmodulated) IR pulse (see Experimental Section). Consequently the contrast obtained for the transform limited pulse
is zero. To assess the amplitude of the variation of the contrast
C, we study two distinctly parametrized spectral phase
modulation functions. The ﬁrst one is a constant phase with
a discontinuity at a certain frequency, whereas the second one
is a polynomial phase modulation function.
Spectral Phase Modulation. The ﬁrst modulation
function is the step-modulation, which is characterized by a
jump of the spectral phase at the step-frequency ωstep.7,8,38

(3)

To elucidate the CC scenario, the frequency domain
representation of the above quantities is depicted in Figure 2.
As a consequence of selection rules the two-photon
transitions in NCs occur at higher energies (frequencies)
compared to the corresponding one-photon transitions.23 Since
the two-photon excitation spectra of CdSe and CdS NCs are
diﬀerent in the spectral region around 2ω0 (Figure 3),
selectivity in the excitation of the NCs is achieved by tailoring
̃ (ω − 2ω0). To quantify the
the second-order spectrum :mod
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spectra30 in the energy range of the exciting laser. For that
reason, we used a linear function (Figure 3, dashed lines) to
evalute the overlap integral (eq 3). The results are shown in
Figures 6 and 7.

(5)

The signum function σ(ω) is deﬁned to be ±1 for ω greater
than or less than 0, respectively, resulting in a discrete jump of
the spectral phase from −θ/2 to θ/2. Step modulation is a
standard tool in CC7,8 and has been recently also applied in ref
39 to scan across the TPE spectrum of an organic dye.
To eﬃciently scan the TPE spectra of the NCs, we introduce
the second spectral modulation function that makes use of a
combination of second- and third-order dispersion.36
φGDD − TOD(ω) = φGDD(ω) + φTOD(ω)

■

ANALYTIC DERIVATION OF SECOND-ORDER
POWER SPECTRAL DENSITY (PSD)
In this section we provide simple analytic expressions for the
second-order power spectral density (PSD) generated by
combined GDD and TOD spectral modulation and in addition
spectral step modulation of a Gaussian laser pulse. Numerical
simulation of the second-order PSD induced by GDD and
TOD separately, have already been reported in ref 32.
GDD−TOD Spectral Modulation. As will be presented in
the section on the simulated second-order spectra, this type of
spectral modulation yields spectrally narrow and tunable
second-order spectra (cf., Figure 7), which are especially useful
for spectroscopic applications. To be able to employ combined
GDD and TOD spectral modulation as a spectroscopic tool, we
analyze its properties quantitatively as a function of both
modulation parameters ϕ2 and ϕ3. Although the temporal pulse
shape resulting from GDD and TOD spectral modulation has
been reported recently to be essentially described by an Airy
function33 of a complex valued argument, for the subsequent
derivation we resort to a spectral analysis. We start by
considering a Gaussian shaped temporal pulse envelope with
an intensity fwhm (full width at half maximum) of Δt and a
ﬁeld amplitude of ,t

(6)

with
φGDD(ω) =

1
ϕ (ω − ω0)2
2 2

(7)

1
ϕ (ω − ω0)3
6 3

(8)

and
φTOD(ω) =

A detailed discussion of its temporal pulse shape is given in
ref 33. Using the phase functions deﬁned above, the signal S(2)
(eq 3) depends on the two phase modulation parameters in eqs
5 and 6 and is termed S(2)(ωstep,θ) for the step-modulation and
S(2)(ϕ2,ϕ3) for the combined GDD−TOD phase modulation,
respectively. [For clarity, we distinguish between the spectral
phase modulation f unction (e.g., φ(ω)) and the modulation
parameter of this function ϕ2. Occasionally both the group
delay dispersion function GDD(ω) = d2/dω2φ(ω) and the
modulation parameter ϕ2 are referred to as GDD. However
only in the special case of purely second-order spectral phase
modulation when φ(ω) = 1/2ϕ2(ω − ω0)2 and thus GDD(ω)
= ϕ2, both quantities are identical. Nevertheless, for brevity, we
shall use the terms GDD- and TOD-modulation for combined
spectral phase modulation with φGDD(ω) and φTOD(ω) as
deﬁned in eq 8 synonymously.] Analytic expressions for the
relevant second-order power spectral density of the modulated
pulses are described in the next section.
Simulation of the Spectral Phase-Dependent Signal.
To model the interaction of shaped laser pulses with
nanocrystals accurately, eq 3 is evaluated numerically. The
two relevant quantities in eq 3 are the experimentally measured
and intensity-calibrated fundamental laser spectrum
|,̃ (ω − ω0)|2 (inset to Figure 3) and the intrinsic TPE
spectrum of CdSe and CdS NCs, related to the TPE cross
section, investigated in refs 30 and 31. g(2)(ω) of the NCs is
derived from the data points reported in ref 30. The wavelength
scale [nm] was converted to units of transition energy in [eV]
or in frequency [rad/fs]. To quantify the increase in twophoton excitation toward higher transition energies a linear ﬁt
(red dashed line) to this data points was performed. The slope
was used to evaluate eq 3 to represent the signal from CdS
NCs. In the case of CdSe NCs a rather uniform excitation
(dashed blue line) was reported in ref 31, therefore no ﬁtting
procedure for slope determination was required. The twophoton excitation spectra for CdS and CdSe NCs are shown in
Figure 3 along with the calculated second-order power spectral
density (PSD) of the transform-limited pulse |:̃ (ω − 2ω0)|2
derived from the measured fundamental laser spectrum.
In contrast to their one-photon counterparts (Figure 1), no
excitonic peaks are observed in the two-photon excitation

t

2

,(t ) = ,t ·e−ln(4)( Δt )

(9)

Accordingly, the spectrum of the unmodulated ﬁeld envelope
reads
ω

2

,̃ (ω) = ,ω·e−ln(4)( Δω )

(10)

where the spectral bandwidth (intensity fwhm) of the pulse is

Δω =

4 ln(2)
Δt

(11)

with a spectral electric ﬁeld amplitude of
,ω = ,t

8π ln(2)
(12)

Δω

According to eq 2 the modulated second-order spectrum is
obtained by spectral convolution of the modulated spectra
+∞

∫−∞

̃ (ω) =
:mod

⎛ω
⎞ ⎛ω
⎞
,̃ ⎜ + Ω⎟,̃ ⎜ − Ω⎟
⎝2
⎠ ⎝2
⎠

ω

ω

e−i[φ( 2 +Ω) + φ( 2 −Ω)] dΩ

(13)

where we omit all prefactors for simplicity. Inserting the
unmodulated Gaussian spectrum (eq 10) and the GDD−TOD
spectral modulation function (here taken with reference to the
pulse envelope unlike eq 6 in which the laser central frequency
is the reference)
φ(ω) =

ϕ2
2

·ω2 +

ϕ3
6

·ω3

(14)

into eq 13 and recalling that the modulated second-order PSD
̃ (ω)|2 , we obtain
̃ (ω) = |:mod
follows from the spectrum by Imod
the expression for the modulated PSD of the second-order ﬁeld
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̃ (ω) (blue) is
Figure 4. Second-order power spectral density (PSD) for a spectrally phase modulated 12 fs laser pulse. The modulated PSD Imod
always conﬁned within the unmodulated one I(̃ ω) (gray). Left: Combined GDD and TOD modulation (ϕ2 = 1000 fs2 and ϕ3 = 20000 fs3). Since the
peak intensity at ωm = −2ϕ2/ϕ3 is controlled by the phase-modulation parameters ϕ2 and ϕ3, GDD-TOD modulation is an eﬃcient tool to scan the
second-order spectrum with a preselected bandwidth (intensity fwhm) of δΩ by varying ϕ2 at a given value of ϕ3. Right: Modulation with a stepfunction (θ = π and ωstep = 0.03 rad/fs). Although the second-order spectrum is also tunable by the step frequency with a maximum at ωm = 2ωstep,
step modulation is much less suitable for spectroscopic applications because of its pronounced side lobes.

I (̃ ω)

̃ (ω) =
Imod
1+

−ω
( ωΔΩ
)
m

Step Modulation. Analytic expressions for the temporal
pulse shape because of spectral modulation with a step
modulation function have been reported earlier.34 Here, we
present an analytic expression for the second order spectra
resulting form spectral modulation by the step modulation
function (ωstep is taken with reference to the pulse envelope)

2

(15)

where
I (̃ ω) =

π Δω , ω4 −ln(4)( ω )2
Δω
e
4 ln(2)

φ(ω) =

(16)

describes the second-order PSD of the unmodulated ﬁeld

ωm = −2

(17)

⎡
⎛
|ω − 2ωstep| ⎞⎤
̃ (ω) = :̃ (ω)⎢1 + (e−iθ − 1)erf⎜ ln 2
:mod
⎟⎥
⎢⎣
Δω
⎝
⎠⎥⎦

the (approximate, see below) position of the peak in the PSD
of the modulated ﬁeld and ΔΩ = (8 ln(2))/(ϕ3Δω2) is a
measure of its (approximate) spectral width. Because the
denominator in eq 15 is always greater (or equal to) one, the
̃ (ω) is always conﬁned within the
modulated PSD Imod
unmodulated PSD I(̃ ω) (cf., Figure 4, left). At the frequency
ω = ωm, the denominator in eq 15 takes its minimum value of
̃ (ω) provided the unmodulated PSD
one thus maximizing Imod
I(̃ ω) does not vary signiﬁcantly within the narrow spectral band
ΔΩ, that is, ΔΩ ≪ Δω implying the mnemotechnically more
convenient expression ϕ3 ≫ Δt3 for the above condition.
Taking into account the exact form of the spectral proﬁle the
intensity fwhm of the modulated spectrum is
δΩ =

3 ΔΩ =

8 3 ln(2)
ϕ3Δω 2

(19)

In a manner analogous to the above derivation, we insert the
unmodulated Gaussian spectrum (eq 10) and the spectral step
modulation function (eq 19) into the spectral convolution (eq
13) to obtain the second-order spectrum

ϕ2
ϕ3

θ
σ(ω − ωstep)
2

(20)

where :̃ (ω) is the unmodulated second-order spectrum and erf
describes the error function. The second-order PSD of the
modulated ﬁeld is obtained by
̃ (ω)|2
̃ (ω) = |:mod
Imod
⎡
⎤
⎛θ⎞
= I (̃ ω)⎢1 − 4 sin 2⎜ ⎟erf(w)erfc(w)⎥
⎝2⎠
⎣
⎦

(21)

where w is the dimensionless frequency ratio
w=

(18)

ln 2

|ω − 2ωstep|
Δω

(22)

I(̃ ω) is the unmodulated second order PSD and erfc(w) = 1 −
erf(w) the complementary error function. Since erf(w) erfc(w)
∈ [0,1/4] for all positive values of w, we see again that the PSD
̃ (ω) is conﬁned within the
of the modulated ﬁeld Imod
unmodulated PSD of I(̃ ω). If the step frequency is well within
the spectral bandwidth, that is, |ωstep| ≪ Δω the modulated
second-order PSD is characterized by a peak at the position ωm
= 2ωstep and two side lobes with lower intensity as shown in the
right panel of Figure 4. Although the second-order spectrum is

as indicated in the left panel of Figure 4. Since the position of
the spectral peak ωm is controlled by the ratio of ϕ2 and ϕ3 (cf.,
eq 17) and its bandwidth δΩ is determined by ϕ3 but
independent of ϕ2 (cf., eq 18), combined GDD and TOD
phase modulation of the fundamental spectrum provides a
convenient tool to scan the second-order spectrum with a
preselected bandwidth of δΩ by varying ϕ2 at a given value of
ϕ3.
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tunable by the step frequency ωstep, the intensity of the side
lobes increases signiﬁcantly when the step frequency reaches
the wings of the laser spectrum. Therefore, this type of spectral
modulation is much less suitable for spectroscopic investigations.

■

EXPERIMENTAL SECTION
Synthesis of Semiconductor Nanocrystals and Sample Preparation. The colloidal CdS- and CdSe-NCs were
synthesized, in the case of the oleic acid (OA)-capped CdSNCs a well-established method based on a CdO precursor and
a weak-coordinating solvent (1-octadecen, ODE) was chosen.40,41 For the synthesis of the CdSe-NCs, an alternative
approach was used, which provided a higher degree of ﬂexibility
in the crystal diameter.42 This approach enabled reproducible
size-selective synthesis of CdSe NCs. The CdSe-NCs were
capped with bis(2,4,4-trimethylpentyl)phosphonic acid
(TMPPA) and trioctylphosphine (TOP). All samples were
puriﬁed by precipitation with ethanol and redissolved in nhexane for the experiments. The characterization of NCs was
carried out by means of UV/vis-absorption and PL spectroscopy. The spectra were obtained by a Perkin-Elmer Lambda 40
UV/vis-spectrometer and a Perkin-Elmer LS500 luminescence
spectrometer from appropriately diluted NC solutions. The
absorption spectra (Figure 1a) exhibit well resolved peaks
corresponding to optical interband transitions, that originate
from the coupling of diﬀerent electron and hole quantized
states. The PL spectrum of the CdSe NCs consists of a narrow
single-band centered at 575 nm. The PL spectrum of the CdS
NCs shows an intense band, centered at 441 nm but with a
white light emission from approximately 480 to 680 nm. This
emission is attributed to defect luminescence from surface
states. The empirical dependence of the wavelength of the ﬁrst
exciton absorption peak and the nanocrystal diameter d43,44
allows to calculate the diameter of CdSe-NCs to dCdSe = 2.9 ±
0.1 nm and of CdS-NCs to dCdS = 4.2 ± 0.1 nm. Additionally,
the particle concentration c was determined from the
absorption of the ﬁrst excitonic transition and the sizedependent extinction coeﬃcient ε(λ) to cCdSe = 28 ± 4 mM
and cCdS = 13 ± 2 mM.43−45 To study the interaction of both
types of NCs with phase shaped laser pulse under exactly the
same experimental conditions, a sample containing a mixture of
CdSe and CdS NCs was prepared. Solutions of individual NCs
were mixed resulting in particle concentrations of cCdSe = 0.6 ±
0.1 mM and cCdS = 13 ± 2 mM. This ratio was chosen to
compensate for the lower quantum yield of CdS NCs and may
also compensate for an oﬀset in two-photon excitation cross
section of the NC types with respect to each other. For the
transform-limited pulse, the ﬂuorescence signals of both NCs
are approximately of equal magnitude, the corresponding
contrast (deﬁned in eq 4) is zero. In addition, care has been
taken to ensure low particle concentrations to avoid possible
interaction among the NCs and to minimize eﬀects due to
radiation reabsorption. The PL of CdSe NCs was detectable
nearly background-free against the band-edge emission of CdS
NCs (Figure 1).
Setup. The experimental setup is shown schematically in
Figure 5. The laser source, a Ti:Saphire oscillator (12 fs, 815
nm, Femtolasers Femtosource Scientif ic PRO) provides pulse
energies of 3.5 ± 0.07 nJ at a repetition rate of 75 MHz. The
laser power was checked during the complete measurement
period by monitoring a 1% fraction of the total beam power,
separated with a beam splitter (BS), by a photodiode (PD).

Figure 5. Setup for two-photon excitation of colloidal CdSe and CdS
NCs with phase modulated femtosecond laser pulses. PL originating
from exciton recombination in both types of NCs is detected
simultaneously by a spectrometer. The colored region (inset)
corresponds to the spectral integration areas of CdSe (blue) and
CdS (red) NCs. The femtosecond laser beam is sent through the
liquid-crystal phase modulator (PS) and the laser power is
continuously monitored by a photodiode (PD). The diode is irradiated
by a fraction of the beam, separated by the beamsplitter (BS).
Broadband dielectric mirrors (M) are used to reﬂect the beam within
the optical path. A lens (L1) focuses the beam into a ﬂowcell that
contains a circulating solution of both CdSe and CdS NCs.
Fluorescence is collected at right angle to the exciting beam via two
lenses (L2) and focused onto a ﬁber bundle (F) linked to an
intensiﬁed CCD detector located in the exit plane of the spectrometer.

The spectral phase of the laser pulses was modulated using a
home-built pulse shaper (PS) based on a liquid crystal spatial
light modulator (LC-SLM), described in detail elsewhere.46 In
brief, the shaper is a 4f-zero dispersion compressor consisting of
two cylindrical focusing mirrors with a focal length of 75.7 mm
and two 830.8 lines per mm reﬂection gratings (Thermo RGL
Richardson Grating Laboratory). Each of the 128 pixel of the
SLM (Cambridge Research & Instrumentation, Inc. SLM-128NIR-PHS) located in the Fourier plane covers a spectral region
of approximately 1.1 nm.
The laser radiation with an average power of 260 mW was
focused into a ﬂuorescence ﬂow-cell (quartz, 1 × 1 cm) by a
lens ( f = 200 mm) to a calculated beam waist of 10.2 mm,
resulting in peak intensities of the bandwidth limited (30 fs)
pulse (for details see the following section) in the focal region
of 66 GW cm−2 (maximum in time and space for Gaussian
proﬁles). The PL light from the focal area was collimated using
two lenses (f = 100 mm) and focused on the entrance of an
optical ﬁber (diameter 200 μm) coupled to a spectrograph
(Oriel MS260i, 600 lines/mm grating, Andor cooled CCDcamera). To minimize the inﬂuence of beam distortions and
dispersion along the optical path on the measurement, the
focus was positioned directly behind the entrance window.
Measurement. A feedback controlled phase optimization
was performed prior to the experiment to compensate for
spectral phases introduced by the femtosecond oscillator and
the optical components of the setup. To this end the phase
sensitivity of the nonlinear ﬂuorescence signal generated by a
broadband absorbing dye solution (rhodamine 6G in ethanol)
was used as a feedback signal for an evolutionary alogrithm.
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The spectral phase at the maximum signal (indicating an
optimal, i.e., ﬂat, spectral phase) was introduced for
compensation in the subsequent measurements. The pulse
compression procedure was validated by direct time domain
pulse characterization employing second order interferometric
autocorrelation (AC). For this purpose, a double pulse
sequence synthesized by a spectral phase comb on the pulse
shaper was generated.47 From the AC trace, one determines the
pulse duration and the residual phase in the interaction region
to be (29 ± 2) fs and a chirp of 50 fs2 by a nonlinear ﬁtting
procedure. The longer pulse duration results from a loss of
bandwidth in the pulse shaper, rather than from the residual
phase. Additionally a GDD−TOD [corresponds to the spectral
phase function (eq 6) by varying (ϕ2,ϕ3] landscape,33 which is
very sensitive to residual phases, was recorded with the dye
solution as sample. Beside checking for residual phases, this
landscape allowed us to determine the central-frequency ω0 of
the laser spectrum to be 2.311 rad/fs (815 nm). In the
experiment, the dye solution was replaced by the NC solution
without further readjustment of the optical setup. Before and
after the measurements absorption spectra were recorded,
displaying no indications of sample degradation during the
experiment. A scan of the incident laser radiation in the range
of 0.8−2 nJ (at the sample) revealed a nearly quadratic power
law (exponent = 1.9) of the NC PL, indicating the two-photon
nature of the absorption-process.
In the CC experiment, step modulation and GDD-TOD
landscapes were recorded for the NC sample, that is, the twophoton induced PL spectra were recorded for various
combinations of the parameters (ωstep,θ) and (ϕ2,ϕ3). From
the measured spectra, the integrated PL signals S(2) were
derived by integration of the signal in the spectral bands (430−
470) nm corresponding to CdS NCs and (530−610) nm
corresponding to CdSe NCs, respectively. These signals will be
presented in the following section in terms of two-dimensional
landscapes.

Figure 6. Upper graphs: Simulated second order spectra (in units of 2
ωstep) of the transform limited input pulse (shaded), as well as for
selected step modulation parameters. Dotted straight lines (upper
graph right) represent linear approximated two-photon excitation
spectra g(2)(ω) with slopes of (a) 0, (b) 0.6, (c) 1.3, and (d) 1.6 eV−1.
The landscapes below display the corresponding simulations of the
integrated signal S(2)(ωstep,θ) as a function of the step frequency ωstep
and the modulation depth θ, for the individual slopes. Points of
distinct parameter combinations leading to the second-order spectra
displayed above are highlighted by dots in landscape (c).

■

RESULTS AND DISCUSSION
To analyze the dependence of the PL signal on the phase of the
shaped laser pulses and to compare with the experimental
results, numerical simulations are performed. In the ﬁrst part of
this section, we consider numerical simulations of the secondorder optical spectra for both spectral phase functions (eqs 5
and 6). Analytic expressions for the second-order optical
spectra resulting from both types of spectral phase modulation
are presented in a separate section. The spectral overlap
described by eq 3 is evaluated and control landscapes for
diﬀerent two-photon excitation spectra, based on literature
values for CdSe and CdS NCs are calculated.48,49 In the second
part, experimentally obtained landscapes are compared to the
simulations discussed in the ﬁrst part.
Simulation. Figure 6a−d displays simulated signals of
S(2)(ωstep,θ) according to eq 3. The results were obtained with
four diﬀerent slopes used to approximate the two-photon
excitation spectra. Note that a slope of 0 eV−1 (a) corresponds
to the two-photon excitation spectrum of the CdSe NCs as
reported by ref 31, whereas the slope with 1.3 eV−1 (c)
corresponds to that of the CdS NCs.30 Increasing the slope of
the two-photon excitation spectra causes a more pronounced
minimum in the landscape around (ωstep,θ) = 2.4 rad/fs, 4 rad).
In this region, the simulated control landscapes of CdSe and
CdS NCs are diﬀerent for this type of phase modulation. The
transform limited (TL) pulse generates the maximum signal

that usually is obtained at step-frequencies located outside the
spectrum. Inclusion of the experimentally veriﬁed residual
spectral phase leads to the appearance of the two maxima in
each landscape. Therefore, this phase has also been considered
in the simulations shown above. The amplitude-modulated
̃ (ω − 2ω0) for the step modulation
second-order spectra :mod
function at θ = π/2 and θ = π are displayed for two selected
step frequencies, indicated by points in landscape (c). If the
step is located in the wings of the laser spectrum (ωstep = 2.5
rad/fs), the resulting second-order spectrum is only weakly
modulated. Generally the spectra exhibit a triple humped shape
(see Figure 4), which limits the spectral resolution. If ωstep is
equal to the central frequency, the strongest modulation of the
second-order optical spectrum is obtained. However, because of
the triple hump structure this feature is not highly spectrally
selective and cannot be tuned eﬃciently across the full
bandwidth of the TL pulse (Figure 6 upper graph). On the
basis of the simulation, the achievable contrast in the excitation
of CdSe and CdS NCs is around 0.15 (see below, for instance
in Figure 8).
In the following, we consider the other spectral phase
modulation function (GDD−TOD) to provide high spectral
selectivity. Combined GDD and TOD spectral phase
modulation yields a narrow second-order spectrum (peak)
with a well-deﬁned maximum at ωm = 2(ω0 − ϕ2/ϕ3), that is
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Comparison of Experiment and Simulation. In this
section, we compare the experimentally obtained landscape
with the simulations described above starting with the step
modulation and then considering the results of GDD−TOD
modulation. A typical measured control landscape of twophoton induced NC luminescence, consists of an array of (41 ×
41) single measurements (Figure 8a, b). The frequency ωstep of

adjustable by the choice of (ϕ2,ϕ3). In particular, increasing the
GDD allows “scanning” of the amplitude modulated second
order spectrum (Figure 7 upper graphs). If the sign of the TOD

Figure 8. Control by step modulation. Control landscapes of twophoton induced recombination Pl of the band-edge exciton from 2.9
nm CdSe NCs (detected in the spectral range 530−610 nm) (a) and
from 4.2 nm CdS NCs (detected in the spectral range 430−470 nm)
(b). The integrated signals S(2)(ωstep,θ)CdSe and S(2)(ωstep,θ)CdS arising
for the step modulation are normalized to the landscape maximum.
The contrast of S(2)(ωstep,θ)CdSe and S(2)(ωstep,θ)CdS according to eq 4
(c), is shown along with the corresponding simulation (d).

Figure 7. Same as in Figure 6 for various GDD and TOD phase
modulation parameters. In contrast to the step-modulation various
combinations of parameters lead to narrow and spectrally tunable
second-order spectra, capable of eﬃciently scanning the two-photon
excitation spectra g(2) associated with the slopes a−d. The slope of g(2)
used for computation of landscape c is indicated because of limited
space as symbol in the landscape and magniﬁed on the right-hand side
at the bottom of the ﬁgure.

the step modulation is varied on the horizontal axis from 2.2 to
2.6 rad/fs corresponding to a wavelength range from 856 to
725 nm and the modulation depth θ from 0 to 2π on the
vertical axis. The signal intensity decreased for frequencies in
the vicinity of the central frequency for both CdSe and CdS
NCs. However the signal decrease for CdSe NCs is more
pronounced in the red part (low-step frequencies) of the laser
spectrum compared to CdS NCs. Their signal features a
stronger decrease in the blue part (high step frequencies). This
observation agrees with the results of our simulations (Figure
6a, c). The simulated control landscape (Figure 6a) was
obtained for the slope of 0 eV−1 of the two-photon excitation
spectrum (CdSe), whereas (Figure 6c) was obtained for the
slope of 1.3 eV−1 (CdS). The two areas with the highest signal
in the lower right and upper left corners of the landscapes
(Figure 6a−d) result from an additional quadratic phase of 50
fs2, which was included in the simulations. For better
comparison, we show the measured landscapes of CdSe NCs
(Figure 8a) and CdS NCs (Figure 8b) along with the contrast
of the measurements (Figure 8c) and the simulated contrast
(Figure 8d). The maximum contrast obtainable for the step
modulation is 0.15.
Figure 9a and b shows control landscapes of luminescence
for GDD−TOD modulated laser pulses for both NC types.
The GDD was varied from −2000 to 2000 fs2 on the horizontal
axis (41 points). Values of TOD ranging from −90 × 103 to 90
× 103 fs3 were displayed on the vertical axis (41 points).

phase is inverted, the position of the second order spectral peak
is shifted from the “red” to the “blue” part of the spectrum or
vice versa. The background in the spectra is much weaker
compared to the step modulation. In Figure 7a−d, a similar
representation was chosen for the PL signals S(2)(ϕ2,ϕ3) from
combined GDD and TOD phase modulation.
Assuming a ﬂat two-photon excitation spectrum of the NCs a
slightly tilted “butterﬂy” shape was obtained for the landscape
(a). For an ideally Gaussian spectrum, the laser central
frequency is well-deﬁned, thus a perfectly symmetric shape of
the landscape would be obtained. As our experimental
spectrum also used in the simulations above is not symmetric,
the accuracy in determing ω0 is limited, leading to an initial
minor tilt. The high spectral resolution manifests in the contrast
of the control landscapes, which is calculated to 0.4 being
signiﬁcantly higher than for the step modulation. For larger
slopes, the landscapes become asymmetric, that is, the intensity
in one of the diagonal directions decreases. The overlap of the
spectral peak with the two-photon excitation spectrum g(2)(ω)
(slope >0) is larger in the blue part of the second-order
spectrum compared to the respective red part. Therefore the
signal is higher in the blue part of the second-order spectrum.
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control landscapes show the same diﬀerences for CdSe and
CdS NCs as those presented in Figures 8 and 9a−c. While
modiﬁcation of the NC size alters the linear spectra, the twophoton spectra of the NC-ensembles are apparently not
inﬂuenced in the spectral range, accessible with our femtosecond laser. Therefore variation of the crystal diameter is not
suﬃcient for obtaining a phase sensitive nanoprobe for selective
two-photon excitation with shaped fs laser pulses. Moreover,
repeating the experiments with a solid NC sample (NCs
dispersed in PMMA) under cryogenic conditions (35 K) also
revealed no signiﬁcant diﬀerences in the landscapes obtained at
room-temperature.

■

CONCLUSIONS
We have shown that ensembles of CdSe and CdS NCs in a
single sample can be selectively excited by shaped femtosecond
laser pulses in the liquid phase. The observed selectivity relies
on diﬀerent two-photon excitation spectra and on higher-order
spectral interference of the shaped pulses. The experimental
results were reproduced with the corresponding model.
Processes like multiexciton or excited state absorption are not
required to rationalize our experimental ﬁndings. Selectivity of
excitation was not observed within the same material system.
Nanocrystals can thus be used for coherently controlled twophoton microscopy under ambient conditions taking advantage
of their high photostability. The properties of two spectral
phase modulation functions, that is, the θ-step and GDD-TOD
were investigated as a spectroscopic tool to scan the twophoton excitation spectra of nanocrystals. It turns out that
modulation by combined GDD and TOD provides a more
sensitive tool for scanning than the established θ-step.

Figure 9. Control by GDD−TOD phase modulation. The same as in
Figure 8 but for GDD-TOD modulated pulses. The two-photon
induced luminescence from CdSe NCs leads to an almost symmetric
landscape (a), whereas in the case of CdS NCs the asymmetry of the
landscape is more pronounced (b). The contrast of panels a and b is
presented in panel c. The simulated contrast (d) is calculated from the
landscapes in Figure 7a−c.

Spectral phase modulation by GDD and TOD led to a nearly
symmetric shape of the CdSe NCs control landscape (Figure
9a). In contrast, the landscape of CdS NCs (Figure 9b) features
a signiﬁcant distortion along the diagonal directions. The
experimental contrast (deﬁned analogously to eq 4) is
presented in (Figure 9c), along with the simulation of the
contrast in (Figure 9d).
The obtained contrast using GDD−TOD modulated pulses
was quantiﬁed to be 0.4. This observation can be explained by
the shape of the computed second-order optical spectra, that
result from GDD−TOD modulation. The spectral energy is
eﬃciently concentrated to frequencies being diﬀerent suitable
for the excitation of either CdSe or CdS NCs. The magnitude
of the contrast in the simulated landscapes, as well as their
structures are in agreement with the experimental data. For
both types of modulation it was observed that areas of contrast
suppression and enhancement are present in the experimental,
as well as in the simulated data. In both cases, the landscapes
are found to be insensitive to the spectral integration range
within the inhomogeneous broadened PL band of an individual
material system. This means that integration over the
wavelength ranges 530−540 nm (blue part of CdSe NCs
emission) or 600−610 nm (red part of CdSe emission) leads to
the same landscape. The same observation was made for the
CdS NCs in the wavelength ranges 430−440 and 460−470 nm.
The agreement of experimental and simulated results for both
NCs indicates that the two-photon excitation spectra of the
NCs are responsible for the diﬀerence in the observed spectral
phase-dependence of both modulation functions. In addition to
the experimental data presented, the measurements were
repeated utilizing complementary control systems, such as
CdSe NCs of mean diameters 2.3, 3.9, 4.5, and 6.9 nm and a
broadband absorbing dye for reference. The observed control
landscapes do not vary signiﬁcantly upon variation of the NC
diameter and are identical to the landscapes obtained from the
dye. For further comparison, control landscapes were measured
also on commercial CdSe and CdS NCs (Lumidot
CdSe510,CdS420) purchased from Sigma Aldrich, the resulting
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