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We investigate broadband two-photon absorption autocorrelators based on II-VI semiconductor nano-
platelets as an alternative to common second harmonic generation based techniques. As compared to bulk

materials the exceptionally high enhancement of two-photon absorption in these 2D structures results in

very efficient two-photon absorption based autocorrelation detected via PL emission. We compare the
results with TPA autocorrelation in CdS bulk as well as SHG based autocorrelation in p-barium borate. We
show that CdSe nanoplatelet based autocorrelation can exceed the efficiency of conventional methods by
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1. Introduction

Two-photon absorption (TPA) in semiconductor
materials receives growing interest in photonics, imaging and
medical research. Extensive studies have been performed with
regard to the size, shape, k-vector and spectral dependence
of two-photon absorption in quantum dots, -rods and
nanoplatelets." " Applications span from two-photon lithogra-
phy,'* optical amplification and lasing,'*™*> possible upconver-
sion in solar cells'® to two-photon microscopy in vivo,"” bio-
imaging and -detection"®' to cancer therapy.”® Numerous
concepts contain semiconductor nanoparticles or have
suggested their further use in nonlinear applications. The
research focus relates to their promising nonlinear properties,
like for instance their very high TPA coefficients 6 or their
bandgap and spectral tunability via nanostructure size."”*' >3
Recently it has been demonstrated that anisotropic confined
systems, like II-VI semiconductor nanoplatelets,>*° with
strong z-confinement but weak lateral confinement exhibit due
to their large coherence volumina and their small exciton Bohr
radii (high exciton binding energies) extremely high two-
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two orders in magnitude, especially for short interaction length, and allows a precise pulse-width determi-
nation. We demonstrate that very high two-photon absorption cross sections of the nanoplatelets are the
basis for this effective TPA autocorrelation. Based on our results with [I-VI nanoplatelets efficient broadband
autocorrelation with more than ~100 nm bandwidth and very high sensitivity seems feasible.

photon absorption cross sections of up to 10° GM.® They scale
quadratically with the area of the 2D structures.”" These struc-
tures offer unprecedented nonlinearities (both per particle or
per unit volume) with respect to the two-photon absorption
coefficient f (reaching ~100 times the bulk value). Hence we
investigate in this letter temporal cross- and autocorrelation of
laser pulses via two-photon absorption as an application of
these high nonlinearities.

In the early 90s TPA based autocorrelation using bulk
materials has been proposed as a replacement of the hitherto
established nonlinear processes.>**' In this context not the
two-photon absorption itself or the TPA based re-emission
fluorescence have been used, but the TPA induced e-h pairs
creating a photocurrent, often measured directly in a photo-
diode, whose active region already acts as a two-photon
absorber.*>® This idea has been extended to commercial
diodes operated as unbiased photodiodes.***® However, the
sensitivity of these devices is limited by the rather small nonli-
nearities of the quasi bulk semiconductor materials used e.g.
in the intrinsic layer of a PIN diode and the very limited
absorption  probability within typical intrinsic layer
thicknesses.

Nonlinear semiconductor nano materials offer several
advantages as compared to bulk transparent nonlinear optical
crystals. In contrast to SHG performed e.g. in f-barium borate
(BBO), TPA does not require phase matching between the fun-
damental waves and the SHG, as the detected signal is formed
after two-photon absorption by spontaneously re-emitted
photons with the semiconductor bandgap energy. Especially

Nanoscale, 2019, 11, 17293-17300 | 17293


www.rsc.li/nanoscale
http://orcid.org/0000-0001-7155-0200
http://orcid.org/0000-0003-3998-7618
http://orcid.org/0000-0001-8343-408X
http://crossmark.crossref.org/dialog/?doi=10.1039/c9nr06156h&domain=pdf&date_stamp=2019-09-20
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9nr06156h
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR011037

Open Access Article. Published on 06 September 2019. Downloaded on 12/4/2025 9:27:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

regarding conversion efficiency and sensitivity TPA can
outpace SHG techniques by orders of magnitude.*"***° Most
interesting, however, is the possibility of very large autocorrela-
tion bandwidth. For broadband SHG autocorrelation in e.g
BBO, LBO, or similar materials, dispersion requires to use
increasingly thin crystals for broadband pulses. As the conver-
sion efficiency increases quadratically with the product of
crystal length and 4,*' (under the assumption of no pump
depletion) short crystals have low efficiency so that materials
with high nonlinearities are desired. TPA based autocorrela-
tion with nanocrystals does not experience this problem as
explained above. The need for highly stable ultra-broadband
autocorrelation is further justified by the growing field of fs
and attosecond physics, where fs and sub femtosecond pulse
lengths*> demand e.g. ~100 nm or even octave spanning
autocorrelators.

Many commercial and non-commercial autocorrelation
devices based on different principles are currently on the
market, however, the usage of nano materials for TPA autocor-
relation is less investigated.”® Moreover, apart from choosing
usual co-propagating beam Michelson interferometer type
setups, also non-collinear geometries allow to cross correlate
two light pulses of different frequency, e.g. by TPA, satisfying
the condition Av, + hv, > E,.>' Hence we demonstrate in the
following as a proof of concept efficient TPA autocorrelation
with 2D CdSe nanoplatelets (NPLs), detected via PL, using
their exceptionally high TPA nonlinearity. In this paper we will
at first target the autocorrelation and then discuss its high
efficiency based on the determination of the TPA cross section
of CdSe nanoplatelets.

2. Results and discussion

2.1. Pulse width

Two CdSe nanoplatelet samples of different lateral platelet
sizes are tested here with regard to their ability to autocorrelate
171 fs duration of 800 nm reference laserpulses efficiently. The
schematic measurement setup is depicted in Fig. 1. For a
detailed description of the measuring configuration and
process we refer to the Methods section. In order to assess the
functionality, we compare the results to the autocorrelation
obtained via common SHG in a $-BaB,O, crystal (BBO) and
additionally to the autocorrelation by two-photon absorption
in a CdS bulk sample. CdSe nanoplatelets of 24 x 12 nm?®
(288 nm?) and 29 x 6 nm”> (174 nm?) area and 4.5 monolayers
(ML) thickness dispersed in polystyrene (PS) were used. As
opposed to the SHG in BBO, the spontaneous emission (at
semicondutor bandgap) upon two-photon absorption is used
to autocorrelate the laser pulses in CdS and CdSe. The
acquired SHG and PL signal spectra in the temporal overlap of
both methods are displayed in Fig. 2. We see that it is feasible
to measure pulse autocorrelation with CdSe nanoplatelets. As
an autocorrelation measurement does not yield the actual
pulse width directly, we need to take the fixed ratio of the
FWHM of the autocorrelation and pulse width into account.
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Fig. 1 Measurement setup for acquisition of TPA (SHG) autocorrelation
curves using a two beam scheme with relative delay. In case of SHG a
BBO is used of the two photon absorber (CdSe platelets or CdS crystal).
In the BBO case the objective is removed, since a collimated SHG beam
is generated.

By definition the second order correlation function G®)(t)
in time is given by a temporal convolution of two pulse intensi-
ties I,(¢) and Iy(t).

GA(r) = r L(t)I(t + 7)dt (1)
1 i 1 7r I ' I ]
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Fig. 2 Normalized spectra resulting from second harmonic generation
(blue), photoluminescence (PL) of CdS bulk (red) and PL of CdSe NPLs
(green). In case of the semiconductor samples the emission is red-
shifted with respect to SHG since the re-emission occurs at the
bandgap wavelength. Spectra correspond to maximal temporal overlap
of two 800 nm pulses within each sample.
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Fourier transformation () allows to express this convolu-
tion also as a product in frequency domain. For Gaussian tem-
poral pulses it can be shown that the FWHM 1, of the pulse, is
related to its autocorrelation width 7, via 7, = 7ac/v/2.** Fig. 3
shows the four resulting autocorrelation curves of our
samples, which are listed in Table 1. We use a BBO crystal as
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Fig. 3 Normalized autocorrelation curves resulting from different
methods and samples, respectively vs. relative pulse delay in fs. Data
were fitted assuming a Gaussian pulse shape, characteristic for the
Coherent Mira 900 HP fs laser, as clearly seen for the BBO data.
Autocorrelations are performed via SHG in BBO (blue), TPA in CdS bulk
(red) and TPA in two different CdSe NPL samples (green) of distinct size
via delaying one 800 nm beam vs. the other. The autocorrelation’s
FWHM is connected to the pulse FWHM 1z, by rp:rac/\/z“ The
measured pulse width 7, are indicated.

Table 1 Experimentally determined 7,; and corresponding estimated
pulse durations (eqn (2)) of 171 fs pulses passing samples of length z
(egn (2)) as well as parameter C

CdSe NPL

174 nm® 288 nm” cds BBO
7p,1 (fs) meas. 174 164 187 171
7p1 (£5) est. 174 174 191 171
dsample (Mm) 0.95 0.90 0.50 0.50
Z (mm) 0.49 0.57 0.50 —
C (em® GW™?) 4 76 4.2 x10° —
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an autocorrelation reference and define the relative deviation
of the FWHM as A = |(t — zpo)/7eeol, an indicator for the
agreement among the different studied autocorrelation tech-
niques. The deviation for the CdSe platelets is below 4%, thus
giving excellent agreement with the BBO reference, while for
the CdS bulk sample it is 9%, expectedly bigger due to con-
siderable pulse broadening in CdS. Pulse broadening within
the NPL samples due to dispersion can be shown to have no
relevant effect in the two samples.*® This is the case because
group velocity dispersion around 800 nm is low in polystyrene,
the embedding matrix of the dispersed NPLs.*> The pulse
broadening of an incoming pulse is given by:

<1+a3(@) i>2+(3(&) L_)Z ’ (2)
o ‘L'p,o2 or Tp402

Here, 7, and 7, give the Gaussian pulse FWHM before and
after passing the sample, z is an effective emission depth
within the sample and a is the (linear) chirp parameter. a is
related to the instantaneous frequency w(t) by w(t) = w. + d®/
dt = w. + Zal‘/rp,()2 within our Gaussian pulse of central fre-
quency .. B is a proportionality constant, given by B = (4°2 In
(2))/(rco®). The chirp parameter a relates to a spectral phase of
a Gaussian pulse (chirp) and alters its time-bandwidth product.*®
The pulse impinging on the sample is linearly chirped, as

Tp1 = Tpo

common for Ti:Sa laser systems, which are not bandwidth
limited. a can be estimated from the time-bandwidth product of
the laser source via Aw x 7, = 4 In(2)v/1+ @2 (with a = 1.7 for
our laser system). Second, to calculate the effective emission
depth z, reabsorption during propagation of two-photon induced
PL emission through the samples has to be considered. The
effective emission depth due to reabsorption is calculated by:

oI,
L F\ —(L—2)a
} Jo dzz ( 0z ) ¢ 1 L
zZ= =L——+

b dz (Z—f) coa @

L gives the sample’s thickness, I the emission intensity
and «a represents the linear absorption coefficient. The relation
above holds, as the Rayleigh length (2.5 mm) of the used
15 c¢m focussing lens for excitation is greater than the sample
thickness (0.5 mm). The TPA induced luminescence emission
per unit length (dIz/0z) and the incoming excitation wave’s
intensity I (800 nm) are connected for TPA via:

() -3 ®

where 5 is the emission quantum yield. In the case of bulk
CdS reabsorption occurs, which is not relevant in the dilute
nanoplatelet doped polymers, so that only photons created
near the very end of the sample are detected while for the
platelet doped samples the emission originates on average
from near the center (see Table 1). The impinging Gaussian
beam diameter alters negligibly while passing through the
samples, since the sample is much thinner than the Rayleigh
length, so that the derivative in brackets is constant. Table 1
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shows the pulse width measurement results for our samples,
all of which are in very good agreement with the BBO refer-
ence. The deviation of the predicted pulse durations relative to
BBO is low (<4%) for the NPLs and highest (~12%) for the CdS
bulk sample, while the latter is mainly due to pulse broaden-
ing in CdS, as seen in Table 1 from the broadening estimates
Tp,1est. FOT both of our NPLs, variation of the input power, and
hence the intensity has no significant influence on the measured
pulse durations (see ESIT for details). However, for a nonlinear
measurement this is still a very good (deviation) value for the
nanoplatelets. Hence we have shown that CdSe nanoplatelets
allow accurate and efficient TPA based autocorrelation. In the
following we assess the impact of the high two-photon absorp-
tion nonlinearity in CdSe nanoplatelets for autocorrelation.

2.2. Power series and TPA cross section

Fig. 4 displays the excitation intensity dependent emission of
the NPLs and CdS bulk. The observed linear behavior in the
logarithmic presentation corresponds to a near quadratic inten-
sity dependence. Beam A and B were switched on independently
to acquire the two data sets. The unequal excitation intensities
of Beam A and B, respectively, arise due to slight differences in
the beam profiles at the same position. Influences from TPA sat-
uration can be excluded, since in case of II-VI semiconductor
nanocrystals a saturation intensity in the order of 200 GW cm™>
is expected,” which translates to an average power of at least 60
W needed in our measurements, orders of magnitude higher as
compared to our measurement range. Equally it has been
shown, that for CdS bulk no saturation effects are observed
below an excitation intensity of 6 GW em™>.>°

To understand why CdSe NPLs are suitable for efficient
second order autocorrelation, we target their TPA nonlinearity
quantitatively in the next section. We use our intensity depen-
dent measurements for TPA cross section calculation, which
will demonstrate their considerably higher nonlinearity as

View Article Online
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compared to bulk. The acquired signal can be understood as
the total emission intensity I, modified by an excitation
and detection efficiency ¢ (a setup constant for each beam).
Likewise, the signal S is proportional to the square of the
incoming excitation wave’s intensity Ieyc.

S(Iexc) = @lyout = Clexcz (5)

The conversion figure of merit C is directly obtained from
fitting the data (Fig. 4) and used to retrieve the TPA cross
section. The total number of PL photons leaving the sample,
and hence the intensity I oy, is diminished by reflection R (of
the excitation) at the sample’s front surface when entering and
reflection of the emitted PL photons when exiting the sample.

)
IF,out = (1 - Rin)z(1 - Rout) JO dz (7;)

= (1= Rin)*(1 ~ Row) (%)L (©)

R = (n(1) — 1)*/(n(2) + 1) stands for the intensity reflection
coefficient for entering or leaving the sample. They depend on
the excitation and emission wavelength. Again, the derivative
is linked to the attenuated excitation wave by the former intro-
duced eqn (4). As the sample is transparent for the laser at
800 nm, no linear absorption is taken into account and the
derivative of I can be solely related to the TPA coefficient f
by (0leye/02) = —Pley.>. Using the eqn (4) and eqn (6) yields:

S(Iexc) _ CIexc2
¢ P

7)

1
IF,out = ELﬂﬂ(l - Rin)2(1 - Rout)lexc2 =

Considering ¢ a system constant, it is possible to find j for
a sample under test (s), once a reference (r) is known.

& _ ﬁranr(l - Rr,in)2(1 - Rr,()ut)
CS ﬁsﬂsLs(l - Rs‘in)z(l - Rs,out)

(8)

CdSe NPL 4.5 ML CdS bulk

:@ 174 nm2 288 nm?
S : o3 F @ 3
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Fig. 4 PL signal vs. the beam temporal and spatial peak intensity in GW cm™2 for NPLs of two different areas 174 nm? (a) and 288 nm? (b) as well as
for CdS bulk (c). The quadratic fit according to eqn (5) (shown as a dotted fit line on the logarithmic scale) yields a factor C, the conversion figure of

merit.
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To apply eqn (8) for nanocrystalline materials, a relation
between $ and the particle TPA cross section ¢ has to be
used:

6(2)‘](‘\/

A )

Ps,ett =
with V¢ the semiconductor nanoparticle volume and fy its
volume fraction in the sample.*” In case of NPLs dispersed in
a matrix, an effective TPA coefficient fs ¢ is used. This takes
into consideration, that the (nonlinear) material property
Psmae (of a virtual, bulk like material) is altered through the
finite, less than 100%, volume filling of the in the matrix
embedded nonlinear particles. This results in an effective f o4
for the NPL doped polymer sample. fy; can be determined via
measuring the sample absorbance, once the nano particle
(linear) intrinsic absorption coefficient y; is known.*® We
obtain f; = 6.7 x 107" for the 288 nm” and f, = 7.1 x 10~° for
the 174 nm* NPLs (see ESIY).

(2) _ CshVVp,SLrﬂrnr (1 - Rr,in)z(1 - Rr,out)

o
C(fVLS"s (1 - Rs‘in)z(1 - Rs‘out)

(10)

Taking CdS bulk as a reference (5, = 8.8 cm GW ' (ref. 2))
and using eqn (10) with the results given in this work, TPA
cross sections of 3.8 x 10° GM (24 x 12 nm” CdSe NPL) and 7.7
% 10° GM (29 x 6 nm* CdSe NPL) are obtained, considering the
quantum yields » of the CdSe samples (both 15%) and refer-
ence (6.2%). We refer to ESIt for a detailed calculation. These
results are in good agreement with the very high TPA cross sec-
tions obtained in z-scan and two-photon PLE in ref. 5 for plate-
lets of comparable size. Hence the outcome substantiates that
CdSe nanoplatelets with their extremely high nonlinearities
are ideal to build high efficiency and low intensity pulse
characterization autocorrelators. This will be addressed in the
following.

For SHG to occur, e.g. in a BBO crystal, coherent interaction
between the incoming photons is required as well as phase
matching between the fundamental and generated second har-
monic field. This requires critical angle or thermal phase
matching (e.g. in birefringent media), periodically poled (pp)-
crystals or very thin crystals, where walk off and phase lag are
not limiting the performance. However, for broadband auto-
correlation the crystals need to be thin due to group velocity
dispersion and mismatch limiting the bandwidth. Hence
materials with high nonlinearities are desired, as suggested in
the introduction. Here TPA materials with high cross sections
come into play, as they do not require phase matching of the
fundamental and converted photons, since re-emission after
two-photon excitation is spontaneous and incoherent so that
there can be no back conversion of the generated radiation
into the fundamental beam. As an example for the high
efficiency we compare the efficiency of a very thin, dense
10 pm layer of nanoplatelets with 3.7 x 10° GM (and assumed
fill factor 100%) with a BBO of identical thickness at 10 GW
em™? at 800 nm, typical power densities for a ~100 MHz rep-
etition rate, ~100 fs Ti:Sa laser system, using ~13 mW focused

This journal is © The Royal Society of Chemistry 2019
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by a 0.2 NA objective. Due to the extremely thin crystal
assumption the conversion efficiency is only ~5 x 107> % for
the BBO, calculated using ref. 49 and taking into account that
the Rayleigh length of the beam (>10 micron) is not smaller
than the sample thickness. Estimating the TPA efficiency®' by
@ =1—1/(1 + PracLlexc) Up to 80% is feasible, given the para-
meters above. For the intrinsic TPA coefficient fyp,. of the
NPLs itself, which allows comparison to bulk materials, we cal-
culate fyae = 392 cm GW ™ for the larger 24 x 12 nm* NPL and
Prae = 122 cm GW ™! for the 29 x 6 nm?* NPL via Pyac = Pesilfy
from the obtained cross sections above via eqn (9).
Furthermore, using a luminescence quantum yield # of 15%
for NPLs, the conversion total efficiency ¢ yields ¢ = ¢ x5 =12
%.

For our setup we were able to record autocorrelation traces
down to <1 mW beam power. The sensitivity may be extended
using a shorter focal length focusing lens, resulting in higher
excitation power in the sample. However we did not use
shorter lenses, to maintain our setup in a condition, where the
sample length is smaller than the Rayleigh length of the lens,
to be able to do quantitative referencing of TPA cross sections.
The measurable range of input power is limited to below 200
GW cm™? (60 W CW equivalent), the above mentioned TPA sat-
uration intensity.

Contrasting the calculations for CdSe nanoplatelets and
BBO we find, that the conversion efficiencies of such NPLs can
exceed equivalent SHG in BBO by two orders of magnitude. In
a similar manner, the efficiency of TPA autocorrelation in CdS
bulk can be exceeded by about two orders, based of the
enhancement of the two photon absorption coefficient in
CdSe nanoplatelets relative to bulk (8, = 8.8 cm GW ™" (ref. 2)).
In addition, oriented CdSe NPLs show directional PL emission
in the z-direction.’® Hence, e.g. oriented multilayers can allow
for high collection efficiency, for instance ideally matching a
0.4 NA detection optics.

It can be seen from the discussion above that autocorrela-
tion with 2D semiconductors has higher efficiency, once very
short interaction length is considered. Therefore TPA based
autocorrelators have a great application potential for the
characterization of ultrashort pulses. As the two-photon
absorption spectrum is broad,” ie very high bandwidth
(>100 nm), few fs pulses may be autocorrelated efficiently
opening up great application perspectives. The performance of
TPA autocorrelation with nanoplatelets in terms of efficiency
for wavelength different than 800 nm or for large spectral
bandwidth follows from the spectral course of TPA cross sec-
tions for CdSe nanoplatelets, measured in ref. 5.

Reasoned in the ultra strong electronic confinement, the
very high TPA cross sections result in superiority of nanoplate-
lets over bulk semiconductor materials for autocorrelation,
used in the past. Many of the discussed semiconductors were
limited to a wavelength regime above 1 micron and were also
quickly reaching intensity saturation limits for intense
beams."® All these obstacles are not present with nanoplate-
lets, yielding high sensitivity and no saturation effects. Instead
of detecting the luminescence externally, our NPLs can poss-
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ibly be used in on-chip photonics, combining the large nonli-
nearities and resulting high sensitivities with direct detection
of the two photon induced luminescence. For example nano-
platelets can be deposited on a planar photodiode, which
detects the autocorrelation related PL with high efficiency.
Especially due to the fact, that this PL emission is direc-
tional,>® and mainly in the direction of the surface normal of
nanoplatelets such a structure will provide high efficiency.
Advances towards the processing and characterization of
quantum confined CdSe particles in optoelectronics have
already been made.”">> We also remark that conventional (epi-
taxial) II-VI quantum wells will not be able to compete with
these structures, as due to e.g. interface roughness scattering
the exciton coherence areas (volumina) do not reach the plate-
let values, resulting presumably in considerably lower nonli-
nearities and hence autocorrelation efficiencies. Further, as in
such epitaxial structures the dielectric mismatch between the
CdSe quantum well and surrounding (e.g. Zn,Cd;_,Se)
material is low, the excitonic correlation is considerably lower
and therefore the exciton Bohr radius is higher. This results in
lower transition dipole moments,”" concatenated for the two
photon transition, and due to second order Fermi’s Golden
Rule in considerably smaller TPA rates. We remark that the
efficiency of autocorrelation can be further enhanced consider-
ably by using larger nanoplatelets as the ones used in this
study. Their TPA cross sections can be with ~10® GM (ref. 5)
even a hundred times higher, further enhancing the autocorre-
lation efficiency. Hence II-VI nanoplatelets are a favored
system for TPA based autocorrelation.

3. Conclusion

We have shown that CdSe nanoplatelets can be used for a new
class of semiconductor broadband autocorrelators with unpre-
cedented sensitivity. Collecting two-photon induced fluo-
rescence, we measured pulse durations of fs laser pulses using
different CdSe NPLs and a CdS bulk sample. We obtained very
good agreement of the TPA based methods with conventional
BBO based SHG pulse width measurements. In addition, we
have demonstrated very high two-photon absorption cross sec-
tions and saturation intensities, which are related to strong an-
isotropic confinement and in-plane wave function coherence
in CdSe nanoplatelets. They lead to very high autocorrelation
efficiencies, which can be two orders of magnitude higher as
conventional techniques, especially for short interaction
length. Apart from the exceptional sensitivity, a main advan-
tage, however, is the large potential cross- and auto correlation
bandwidth allowing autocorrelation of (<10) fs pulses. The
total efficiency could be further boosted if e.g. larger nanopla-
telets are used or the nanoplatelets are deposited directly atop
a planar photodiode, so that all PL is detected via the photo-
diode. This diode should have higher bandgap than the funda-
mental laser pulses, but lower than the emitted PL. In such a
scheme the high nonlinearity of nanoplatelets could be com-
bined with even higher detection efficiency. Also the nanopla-
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telets can by synthesiszed from many II-VI material combi-
nations, so that a broad range of spectral regions for autocorre-
lation can be accessed.

4. Methods

CdSe nanoplatelets®® of 4.5 ML thickness and 24 x 12 nm?* and
29 x 6 nm” lateral size were dispersed in a polystyrene (PS)
matrix as follows: In a vessel, 1 g of PS beads were mixed with
4 mL of toluene and heated to 60 °C while stirring. After 2 h,
the solution was left to cool to room temperature.
Subsequently, CdSe NPLs dispersed in hexane were mixed with
the PS solution and left to dry at room temperature to produce
the CdSe NPL-doped PS film. Details of the CdSe NPL syn-
thesis are described in ref. 53. Size and shape of the NPLs were
determined by TEM. See also ESIt for further details. A hexag-
onal CdS wafer (0.5 mm thickness) with c-axis perpendicular
to the surface ((0001) orientation) is used as a two photon
autocorrelation reference. For our autocorrelation measure-
ments the beam of a 171 fs Titan-Sapphire-Laser (Coherent
Mira-HP) operated at 800 nm was split into two parts and both
focused onto the sample in a symmetric, but non-collinear
geometry with a relative angle of ~10°. The geometry is shown
in Fig. 1. In case of SHG autocorrelation via a 0.5 mm BBO
crystal, the phase matching angle was found via optimizing
the generated SHG, coupled via a lens to a spectrometer. To
autocorrelate the pulses in case of the CdS and CdSe samples,
the fluorescence was collected by a 0.25 NA objective and
focused on the entrance slit of a BW&TEk BRC111A
spectrometer.
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