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Abstract: We take advantage of the dual emission properties of up-conversion fluorescence (UCF)
and second harmonic generation (SHG) in Er3+-doped perovskite Nag g5Er( 95Nbg 9 Tip 103 to fully
temporally characterize the ultrashort laser pulse that excites Er**-ion fluorescence. The chirped
pulses from a broadband Ti:Sa oscillator are temporally characterized using the dispersion scan
(d-scan) technique by using the SHG signal in the host perovskite at the same point where UCF is
being produced by the same pulse. The pulse durations obtained range from ~45 fs to ~8 fs and
positive and negative spectral phases are unambiguously identified. The temporal characterization is
compared using a standard non-linear crystal and perfect agreement is obtained. These results show
that it is possible to temporally characterize in-situ ultrashort laser pulses while they are inducing a
UCEF process, as long as the host generates second-harmonic signal.

Keywords: second harmonic generation; up-conversion fluorescence; perovskites; ultrashort pulse
measurement

1. Introduction

Particles with emission in different spectral ranges are interesting for a variety of
research fields, such as bioimaging and photodynamic therapy [1-4]. A successful system
combines fluorescence emission obtained in a rare-earth ion with the signal obtained by sec-
ond harmonic generation (SHG). Core-shell systems such as KIP@LaPO,4:Eu nanoparticles
have exhibited simultaneous SHG and up-conversion fluorescence (UCF) but each signal
was excited by a different laser. In particular, an ultrafast Titanium:Sapphire (Ti:Sa) oscilla-
tor was used to produce SHG in KTP and a continuous-wave laser operating at 532 nm
was used to excite the Eu fluorescence [5]. The use of a single laser is also possible for some
systems such as erbium-doped «-Lag g5Er 15(103)3 [6]. In particular, a laser operating at
980 nm simultaneously produced SHG and up-conversion fluorescence. The same was
observed using a laser operating at 800 nm.

Recently we synthesized nano and micrometer-sized particles [7] of an Er**-doped per-
ovskite (Nag 95Erg 05Nbg 9 Tig 1O3), which showed a dual emission behavior when excited by
ultrashort laser pulses from a single Ti:Sa broadband oscillator. The laser had a broad-band
emission from 650 to 1000 nm. On one side the laser spectrum included the wavelengths
790 nm and 980 nm. Those wavelengths excited the Er3* ion by an up-conversion process
and the fluorescence exhibited its characteristic green emission in the range 500-580 nm.
The excitation and emission processes are represented in Figure 1 in a simplified scheme.
On the other side, the host displayed second-harmonic generation in the range 360-440 nm.
The intensity of the green fluorescence bands scaled with the laser intensity as I'*?, while
the SHG signal scaled as I'*°. Moreover, the fluorescence and SHG spectra were recorded
as a function of the dispersion introduced by a variable dispersion compressor, composed
of a pair of mobile glass wedges and a pair of chirped mirrors (with a fixed number of
bounces). The spectra of both systems changed with the dispersion added to the pulse, i.e.,
the generated SHG or UCF signals were sensitive to the chirp of the pulses.
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Figure 1. Simplified scheme of energy levels of Er*.

The dependence of fluorescence emission on the pulse chirp has been studied in
different systems, and both an increase and decrease in the fluorescence intensity depending
on the material have been observed. An increase of up to 5-6 times of the autofluorescence
generated in NPC cells (Nasopharyngeal carcinoma cells) with compressed pulses has
been reported [8]. Studies performed in chromophores in liquid phase have shown an
enhancement of the fluorescence with the linear chirp, before pulse broadening was large
enough to reduce the fluorescence intensity [9]. In gases, chirp effects in the 3-photon
absorption yields of molecular iodine have been observed, with a factor of 3 enhancement
for chirped pulses compared to transform-limited chirp-free pulses [10]. In general, since
shorter pulses are more intense than longer pulses provided they carry the same energy, an
increase of fluorescence intensity is expected when using compressed pulses compared to
chirped and longer pulses. However, if coherent processes are present in the system under
study, the effects induced by the chirp can dominate over the pulse duration. In particular,
in Nagg95Er 05Nbg9Tig 103 we observed a depletion in the fluorescence for compressed
pulses, while fluorescence increased for positively or negatively chirped pulses. The
increase was larger for negatively chirped pulses compared to positively chirped pulses.
We demonstrated that this behavior was due to quantum interference effects among several
levels of Er3* [7].

In the case of SHG, the sensitivity of the generated spectrum to the chirp of the pulses
has been applied to the measurement of broadband laser pulses, a technique which is called
dispersion scan (d-scan). The basis of this technique is the acquisition of traces consisting
of different SHG spectra in function of known dispersion values (applied by a variable
dispersion compressor) [11,12]. From these measurements one can extract, by using a
proper algorithm, the spectral phase and intensity of the pulse for every configuration of
the variable dispersion compressor. Details about d-scan are given in the Materials and
Methods section. This technique can be implemented using bulk crystals [11,12] and also
micro- and nano-crystals [13,14]. In [13] we demonstrated that it is also possible to tem-
porally characterize ultrashort laser pulses using SHG produced in BaTiO3; nanoparticles.
The d-scan traces were slightly different to the traces generated in bulk BBO (Beta Barium
Borate) crystal. This was not only due to the different nonlinear response of both systems,
but also because of light scattering that affected the laser pulses and the SHG signal, as
the light interacted with a system which does not have bulk features, but rather features
associated to a discretized system composed of nanoparticles. The retrieval algorithm had
to be extended in order to account for the scattering effects. Perfect agreement was then
obtained between the temporal characterization done with the BBO crystal and the one
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done with the BaTiO3 nanoparticles [13]. Recently, we have demonstrated that this behavior
has a universal character, and clusters of micro- or nano-sized particles can be used to
temporally characterize few-cycle laser pulses using the d-scan technique, independently
of their size and the composition of the particles, as long as they generate SHG [14]. This
is due to the fact that for small-sized crystals with a x(?) response, the shape of the SH
spectra changes with the chirp of the pulses, as required by the d-scan technique. If more
or less particles participate in the SHG, this will affect the intensity of the total signal, but
the dependence of the SH spectrum on the pulse chirp will still be present.

In this paper we show that the SHG signal of the nano and micrometer-sized particles
of the Er3*-doped perovskite host can be used to in-situ temporally characterize the pulse
which is interacting with the Er>* ions, without the need for an additional bulk crystal.

2. Materials and Methods

Er**-doped perovskite synthesis by the hydrothermal method and the correspond-
ing characterization through electron microscopy is described elsewhere, in [7]. The
non-centrosymmetric P2;ma space group for the Nag 95Erg 05Nbg 9 Tig 1 O3 perovskite was
determined by X-ray diffraction [7] (See also Appendix A, provided as supplementary
material). Notice that the host has to be non-centrosymmetric in order to generate SHG.
The dopant content and its location in the host crystal structure were studied by XEDS
(energy-dispersive X-ray spectroscopy) and HAADF STEM imaging (high-angle annular
dark-field scanning transmission electron microscope), respectively. The synthesized parti-
cles (Ps) have a broad size distribution ranging from nano to micrometer sizes. A dispersion
of the particles in n-butanol is sonicated for 15 min. Using a micropipette, 2 uL drops are
taken from the supernatant and deposited on a microscope coverslip (150 um-thick). The
number of drops is chosen so that the linear transmittance of the samples is around 50% (as
measured with a Titanium:Sapphire oscillator in continuous wave). The appearance of the
samples can be seen in Figure 2 as taken with a camera (Figure 2a), an optical microscope
(Figure 2b) and a Scanning Electron Microscope (SEM image, Figure 2c). The particles are
uniformly distributed over the substrate; the discrete nature of the sample can be easily
seen and they are polydisperse.

Figure 2. Optical image of the sample taken with a camera (a), with an optical microscope (b) and
image taken with a Scanning Electron Microscope (c).

We employ a home-made Titanium: Sapphire oscillator (10 fs, 80 MHz, 60 mW average
power). The spectrum of the laser is broadband and can be seen in Figure 3. It covers
a range between 650 and 1000 nm. It has some structure, with bands peaked at 766 nm
and 980 nm. This means that the laser can excite upper levels of Er3* by an up-conversion
process. The laser pulses pass through a variable dispersion compressor consisting of a
pair of BK7 glass wedges and chirped mirrors (DCM?7 from Venteon (Hannover, Germany),
5 pairs of bounces). As is further detailed below, for different insertions of the wedges, the
pulses have different spectral phases and therefore, different durations. At the exit of the
compressor, the average light power is around 45 mW and the beam is focused onto the
sample using a lens (L1, f = 1 cm). The fluorescence and SHG signals are collected using
a microscope objective. To record fluorescence a color filter (FESH0550 from Thorlabs) is
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used, while to record the SHG signal color filters Schott BG37 and BG12 are used. Either
fluorescence or SHG signals are focused onto a solarized optical fiber (400 pm diameter)
using a fused silica lens (L2, f = 5 cm). This fiber is coupled to a UV spectrometer (Ocean
Optics HR4000), accumulation times are between 100 and 500 ms at room temperature for
both signals. To compare the pulse duration obtained with a standard bulk crystal, the
perovskite sample is replaced by a thin BBO crystal (10 um thickness, cut-off angle 29°).
Notice that the sample of Er3*-Ps and the thin BBO crystal are placed in such a way that the
laser firstly irradiates the particles or the BBO crystal before passing through the substrate
(i-e., the substrate does not affect the pulses before they interact with the Er®* ion, host
crystal or the BBO crystal). This implies that there is no difference between the laser pulses
which are interacting with the BBO crystal and with the particles.
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Figure 3. (a) Laser spectrum, (b) Optical setup. L1, L2 focusing lenses. See text for details.

The operation of a variable dispersion compressor is as follows. Chirped mirrors
add a fixed value of negative dispersion per pair of bounces. The positive dispersion can
be continuously changed by inserting more or less the wedges in the light path, which
changes the total thickness z of glass traversed by the pulse. Bulk SHG crystals, such as
BBO (Beta Barium Borate) generate chirp-dependent SHG spectra and this can be used to
temporally characterize, both in duration and spectral phase, few-cycle laser pulses. In
short, a laser pulse described in the spectral domain as E(w) = /I(w)e?(@) acquires an
additional spectral phase when traversing the compressor. To retrieve the pulse it is only
necessary to take into account the positive dispersion k(w)z added to the pulse when the
pulse traverses a certain glass thickness z, which can be changed by inserting the wedges
an amount ¢ transversally to the light path (Figure 4).
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Figure 4. Variable dispersion compressor.
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When this pulse generates a SHG signal, the intensity and shape of the spectra change
depending on the insertion of the glass wedges and a d-scan trace is recorded as the
sequence of SHG spectra as a function of insertion. To retrieve the pulse one simulates the
trace that a given pulse would generate when traversing the compressor and compares it
with the measured one. The simulated trace is given by [11-13]:

2

+00 2
e~ iwtgy (1)

+o0 . )
San(w:2) = | [ ([ Eleye #@=dvn)

where k(w)z is the contribution of the spectral phase associated with the glass thickness z
of the glass wedges traversed by the pulse. Therefore, calling n(w) the refractive index of
the glass and ¢ the velocity of light in vacuum we have k(w) = n(w)c/A, where A is the
wavelength associated with the w value. The measured trace differs from the theoretical
one because of the spectral response of the instrumentation, filters and the SHG material.
Therefore, Spess = R(w) X Syeo. These spectral responses R(w) need to be taken into
account in the retrieval algorithm. For this purpose, different spectral phases ¢(w) are
proposed for the laser field and different simulated traces are obtained as a result. These
traces are compared to the experimental one in order to calculate the spectral response of
the system i(w) as follows:

,u(w) == Ej Sineas (wi,Zj)SS,‘m (wi,zj)
l Y S (wirzj)

@

being the retrieved trace calculated as Syt = pt(w) X Sgjp,. Note that R(w) and p(w) are
conceptually the same function but R(w) is related with the experimental response function
and does not need to be obtained, while ji(w) is related to the retrieval algorithm and it is
calculated at each iteration.

With this information, we can minimize an error function G which measures the
difference between the experimental trace and the retrieved trace. This error function G is
given by:

G= \/N 1N Z(Smeas (Wi/ Zj) — Sret (wi/ Zj))2 3)
wiNz l,]

Therefore, ji(w) has the role of encompassing all the spectral responses mentioned
above, and can be obtained after the retrieval. In the d-scan technique the pulse is charac-
terized at the focus of the focusing element and it is usually obtained at the compression
point, i.e., where the pulse duration is shorter.

In [13,14], we demonstrate that, in order to be able to retrieve the pulse from d-
scan traces measured with ensembles of particles it is necessary to take into account an
incoherent component in the retrieval algorithm. This incoherent component is caused by
the scattering effect in the particles. For this purpose, the final simulated trace is composed
of two traces generated by a coherent field (E.,;(w)) and an incoherent field (E;,con (w)).
These two traces are called S, (w, z) and S;,con (w, z) respectively. They are weighted by a
parameter X € [0, 1], which we call the coherence factor and contribute as follows to give
rise to the total simulated trace:

Ssim (wr Z) = X Scon + (1 - X) Sincon 4)

Both traces are generated according to Equation (1) but they differ in the spectral phase
of the electric field E(w) that generates the trace. For the coherent trace (S, (w, z)) the
spectral phase of E.,j,(w) is proposed in the same way as in the standard algorithm, while
for the incoherent trace (S;y,con (w, 2)), the spectral phase of Ej;,..,(w) is a random phase that
accounts for the scattering suffered by the pulse when passing through the ensemble of
particles, and remains fixed during the retrieval process. This retrieval procedure is called
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Glass insertion (mm)

extended algorithm and, with this approach we demonstrated that the incoming pulse can
be retrieved despite the scattering [13,14].

3. Results

Figure 5 depicts the SHG signal obtained in BBO and Er®*-Ps for different glass
insertions, i.e., different chirps in the laser pulses. As reported in [7], the host of the Er®*
ion generates the SHG signal. It is apparent that the SHG spectra change in intensity and
shape with the glass insertion, both in the 3D graphs (Figure 5(al,b1)), and in the top views
(Figure 5(a2,b2)). Moreover, both traces are different in shape due to the different non-linear
spectral responses of both systems and scattering in the ensemble of Er**-Ps.
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Figure 5. Experimental d-scan traces for SHG signals in BBO (al,a2), Er**-Ps (b1,b2) and UCF signal in
Er®*-Ps (c1,c2). Upper graphs 3D views (al,b1,c1); lower graphs (a2,b2,c2) top view of the 3D graphs.

The up-conversion spectra of the Er**-doped perovskite also change with the chirp of
the pulses (Figure 5(c1,c2)). In this case they maintain the band shape, but not the intensity.
In particular, we observe a depletion of the fluorescence intensity around glass insertion
z = 0 mm, i.e., the pulse compression point. The intensity is larger at the extremes of the
trace, being the spectrum more intense for approximately z = +4 mm than for z = —4 mm.
This behavior has been previously explained as being due to quantum interference between
the levels involved in the UCF signal [7]. The changes in the shape and intensity of both
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Glass

signals are purely due to the effect of the chirped pulses in the generation of the signals and
cannot be attributed to photo-damage. We confirmed this issue by irradiating the samples for
around 30 min for different glass-wedges insertions. The signals remained constant during
the irradiation time, and no change in the intensity or shape of the spectrum was observed.

Therefore, knowing the temporal characteristics of the laser pulse that produces the
excitation of the UCF signal is of key importance.

In this way, due to the dual-emission property of the Er**-doped perovskite it is
possible to retrieve in-situ the laser pulse which is producing the chirp-dependent UCFE.

Figure 6(a1,b1) show the d-scan traces retrieved with a BBO crystal and with Er>*-Ps,
with the standard and extended algorithm, respectively. Figure 6(a2,b2) show the linear
spectrum of the pulse along with the retrieved spectral phase. Both systems retrieve the
same spectral phase at the compression point (z = 0 mm) in the zones where the laser
spectrum has non-zero intensity. Figure 6(a3,b3) show the retrieved pulse duration at the
compression point (z = 0 mm). Both systems retrieve a 7.6 fs pulse duration, and the pulse
has the same structure, with a pre-pulse at approximately —15 fs. Note the differences
in shape between the two traces due to, on one side, the scattering component which is
present in the trace measured with Er3*-Ps and, on the other side, the different spectral
responses of the nonlinear media. In spite of these factors and thanks to the extended
retrieval procedure and the calculation of the spectral response ji(w) within the algorithm,
in both cases we achieve successful retrievals. For these two retrievals, the error function G
gives values below the threshold that we set to identify a good retrieval (G < 0.03).
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Figure 6. Retrieved d-scan traces in BBO and Er**-Ps (a1,b1). Laser spectrum and spectral phases
at compression in BBO and Er®*-Ps (a2,b2). Retrieved pulses at compression in BBO and Er®*-Ps
(a3,b3).

These results validate the host of our Er3*-Ps as an adequate medium to temporally
characterize ultrabroad-band laser pulses. This means that, in spite of having the simulta-
neous emission of a UCF signal, we can measure in-situ the temporal characteristics of the
laser pulses that are exciting the up-conversion signal for each insertion/dispersion value.
This is depicted in Figure 7, where a sequence of pulses measured with BBO and Er®*-Ps
for different glass insertions is represented, along with the fluorescence signal generated
for each excitation situation.
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Figure 7. Retrieved exciting laser pulses and retrieved temporal phases for different wedge insertions
(al-a14): using BBO (pulse in dark red and phase in black) and using Er>*-Ps (pulse in bright red and
phase in grey). Measured laser spectrum and retrieved spectral phases for the same wedge insertions
(b1-b14): using BBO (spectrum in dark red, opacity level at 40% and phase in black) and using
Er3*-Ps (spectrum in bright red, opacity level at 40% and phase in grey). Measured up-conversion
fluorescence spectra for the same wedge insertions (¢1-c7). Insertion z = 0 mm corresponds to the
compressed pulse.

In the left column we depict the temporal pulse shape along with the retrieved tem-
poral phase obtained from the traces measured with BBO or Er**-Ps for different glass
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insertions. The pulse durations, calculated as full width half maximum, range from ~45 fs
in the extremes of the trace to ~8 fs in the compression point. In the central column
we display the measured linear spectrum of the laser and the retrieved spectral phases
obtained from the traces measured with BBO or Er3*-Ps for the same glass insertions as
before. In all cases (b1l to b14) the laser spectrum is exactly the same, since it is a direct
measurement. We highlight this to ease the comparison of spectral phases between the
different cases in relation to the spectral laser intensity. The colors selected are identical to
those employed for the pulses in the left column, but they are set at a 40% opacity level to
avoid excessive highlighting. In the right column, the fluorescence spectra of the Er** ion
are depicted. The most intense one (c7) is normalized to unity, and the rest refer to it. As in
Figure 5, we see that different glass insertions, i.e., different chirps in the pulses generate
fluorescence with different intensities. For z = 0.0 mm the spectral phase is essentially
flat, and the fluorescence intensity is the lowest one. For positive chirp, the fluorescence
intensity increases progressively until reaching a maximum for z = 3.9 mm. For negative
chirp, the fluorescence also increases progressively up to z = —5.2 mm, but the maximum
reached is not as high as for the cases of positive chirp. This can also be clearly seen when
comparing the cases z = —0.9,+0.9 mm and z = —3.2,43.2 mm. In [7] we explain this
behavior as being due to pulse coherent effects. Therefore, although the pulse durations
can be the same, the chirp of the pulse can be different and can influence how the upper
levels #1g, and *Hy , are populated and as a consequence, influence the behavior of the
fluorescence emission. Therefore, for a profound knowledge of the emission behavior
of the Er®* ion the in-situ temporal characterization of the exciting laser pulse is crucial.
Notice that the spectral phases retrieved are mainly quadratic in the zones of the spectrum
with non-zero intensity. Therefore, with the variable-dispersion compressor, we essentially
produce linearly chirped pulses. Moreover, the coincidence of the retrievals for BBO and
Er®*-Ps is significant and validates using the host crystal as a medium to characterize in-situ
the laser pulses which are inducing UCF in the Er>*-ion.

It is important to note that, if one uses a different and thicker bulk crystal to measure
the laser pulses, it will imprint an additional amount of dispersion to the pulses. For this
reason, the pulse measured with a thick bulk crystal is not adequately characterized and it
is not a correct retrieval for the pulse that is actually interacting with the Er>* ion. Since
we use a 10 um- thick crystal, we do not notice such a difference. Instead, the in-situ
measurement of the laser pulses by taking advantage of the SH signal produced by the
host perovskite completely avoids this issue.

4. Conclusions

We have demonstrated that the host of a fluorescent ion can be used as a nonlinear
medium to in-situ temporally characterize the ultrashort laser pulses that are exciting the
ion fluorescence. That is, the characterization takes place at the same point where the
laser is exciting the fluorescence emission. This allows us to avoid changing the optical
setup in order to characterize the incoming laser pulse, easing the procedure and reducing
the experimental error. This is of great importance when studying the coherence effects
induced by a laser pulse on the fluorescent system.

As long as the host generates SHG, this procedure can be employed when using a
broadband laser as the exciting source.
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