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Nonlinear photoresponse of NaYF,:Yb,Er@NaYF,
nanocrystals under green CW excitation:
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One of the efficient and well-known upconverting nanomaterials is NaYF4:Yb,Er@aNaYF,, which emits
photoluminescence at 545 nm and 660 nm under an excitation of 980 nm. Here, the nonlinearity of B-
NaYF4:Yb,Er@aNaYF, at 532 nm is investigated using three nonlinear approaches. For the first time, the
nonlinear optical conjugation of NaYF4:Yb,Er@NaYF, nanocrystals is observed using the degenerate four-
wave mixing method. In the optical bistability study, the optical hysteresis of NaYF4:Yb,Er@NaYF, is
measured using the Mach-Zehnder interferometer nonlinear ring cavity, and the results of bistability
loops show different behaviors at different power regimes. Finally, the Z-scan technique is used for
determining the nonlinear absorption and refraction coefficients, which are calculated in the order of
10~* (cm WY and 1078 (cm? W), respectively. The results indicate that by increasing incident powers,
optical behaviour changes in both optical bistability and Z-scan. Therefore, the results exhibit that the B-
NaYF4:Yb,Er@NaYF4 nanocrystals have nonlinear photoresponses at both 980 and 532 nm, which could
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Introduction

Nonlinear optical (NLO) properties are observed when NLO
materials are excited under high-intensity laser light.! NLO
materials have reported many applications in photonic devices
and NLO applications have been studied in different materials,
especially for inorganic complexes. However, these materials
have several practical problems such as photo and thermal
damaging, which limit their applications.” In this regard,
lanthanide-doped upconversion nanoparticles (UCNPs) are an
emerging type of NLO materials that appear to be the most
promising candidates that could overcome such limitations due
to their unique optical responses, high optical quality, stability
in media without photo damage and simple coating at both lab
and large scale.>* However, fluorophore materials are excited at
shorter wavelengths and emit at longer wavelengths;>° the most
important properties of UCNPs is emission in the visible region
when excited under NIR wavelengths. This phenomenon is
naturally a nonlinear process.” Generally, in processes based on
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anti-Stokes wavelength shifting, such as second harmonic
generation (SHG) and two-photon absorption (TPA), high-power
laser excitation is needed.* However, anti-Stokes wavelength
shifting for UCNPs appears even at low-intensity excitations. At
present, based on interesting properties of UCNPs, there are
various applications such as laser materials,” photolithog-
raphy,'® optical switching," nanophotonic energy storage,'
imaging™ and bio detections." Many studies on UCNPs have
focused on nonlinear processes under different NIR excita-
tions.*>*® The investigation of the nonlinearity of these mate-
rials at different wavelengths could be beneficial and result in
multi-functional  photonic  devices. = Because  NaYF,:-
Yb,Er@NaYF, is one of the most efficient UCNPs,"” in this
research, we first investigated wavelength shifting and the
upconversion process of B-NaYF,:Yb,Er@NaYF, under a CW
laser of 980 nm, and then we determine non-linear photo-
response of a upconversion system by a unique approach. Since
the non-linear behavior is measured using absorbance, this
approach could be implemented to other energy states of Yb/Er
upconversion system that does not necessarily emit light but
participate in the upconversion process. Thus we focused on the
optical nonlinearity of NaYF,:Yb,Er@NaYF, and the investiga-
tion of its behavior under the excitation of a CW laser of 532 nm.
For this purpose, three specific optical set-ups were designed:
(1) Mach-Zehnder interferometer ring cavity for optical bist-
ability study, (2) degenerate four-wave mixing set-up used for
optical phase conjugation observation, and (3) open aperture
and close aperture Z-scan techniques for determining nonlinear
parameters such as absorption and refraction coefficients. All
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optical measurements have been performed at different inci-
dent powers and responses and show changes in the nonlinear
behavior. The results show NaYF,:Yb,Er@NaYF, is not only
a nonlinear material at 980 nm but also has nonlinear proper-
ties at 532 nm.

Experimental

Materials

Lanthanide acetate hydrates such as Y(CH3CO,);, Erf(CH3CO,);
(99.9%) and Yb(CH3CO,); (99.9%). 1-Octadecene (90%) and
oleic acid (90%) were purchased from Sigma Aldrich. Moreover,
NH,F (96%), NaOH (96%), and solvents, such as methanol,
ethanol, acetone, hexane, and cyclohexane, were obtained from
Merck Chemical Co. All chemicals were used as-received
without further purification.

Synthesis of NaYF,

18% Yb, 2% Er nanocrystals: in a typical experiment with
certain modifications,'® a solution containing acetate hydrates
of Y, Yb and Er was mixed with 1-octadecene and oleic acid in
a round bottom flask. The resulting mixture was then heated to
120 °C under vacuum for 30 min; after being maintained for
15 min at this temperature under a gas flow of Ar, it was cooled
down to 50 °C. Subsequently, a methanol solution containing
NH,F (8 mmol) and NaOH (5 mmol) was injected into the flask,
and the reaction mixture was heated at 50 °C for 30 min with
stirring. After evaporating methanol by vacuum and heating at
70 °C for 15 min, the mixture was heated to 300 °C during
10 min and maintained for 1 h under a gas flow of Ar, followed
by naturally cooling down to room temperature. The resulting
nanocrystals were precipitated by ethanol, collected by centri-
fuging at 6000 rpm for 10 min, and then dispersed in hexane
and washed with ethanol, followed by dispersing in hexane for
the next step.

Synthesis of an epitaxial inert shell of NaYF,

Yb, Er-Nanocrystals: the core@shell nanocrystals were obtained
using NaYF,: Yb, Er nanocrystals as seeds. Y(CH;CO,); (1.8
mmol) was added to a flask containing a mixture of 1-octade-
cene (30 mL) and oleic acid (12 mL). The resulting mixture was
heated to 120 °C under vacuum at 30 min; after that, it was
maintained for 15 min under a gas flow of Ar while it was stirred
and then cooled down to 80 °C. The core nanocrystals, NaYF,:
Yb,Er dispersed in hexane, were injected to the flask. After
hexane was removed by vacuum heating the mixture, a meth-
anol solution (20 mL) containing NaOH (4.4 mmol) and NH,F (7
mmol) was injected to the flask and maintained at 50 °C for
30 min. Subsequently, using the abovementioned method, the
core-shell nanocrystals were finally redispersed in cyclohexane.

Results and discussion

Upconversion luminescence and power dependency

The TEM image of UCNPs (Zeiss EM900 transmission electron
microscope) and nanoparticle size distribution in Fig. 1a shows
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Fig. 1 (a) TEM image and distribution size of NPs, (b) XRD pattern of

NPs, (c) visible PL imaging of NP colloidal suspension.

core-shell nanocrystals having an average size of 28.4 nm. The
XRD pattern shown in Fig. 1b confirmed the hexagonal struc-
ture of NaYF,:Yb,Er@NaYF,. Moreover, the luminescence
emission spectrum of the probed UCNP sample was measured
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Fig. 2 PL spectra of NaYF4:Yb,Er@NaYF, under excitation at 980 nm
(power densities from 0.27 to 3.3 W cm™), inset shows the energy
diagram of system.
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Fig. 3 Schematic of the experimental setup of Mach—Zehnder.

with a conventional photoluminescence setup. The stable
colloidal dispersion of UCNPs in cyclohexane with a concentra-
tion of 10 mg mL ™" has been filled in a 10 mm UV-fused quartz
cuvette with four transparent windows. The laser diode of
980 nm (MDL-980 from CNI Laser) was used as a CW excitation
light source and a 400 pm core diameter optical fiber guided the
light to the sample. A power meter (Ophire Nova II) was used for
recording the excitation power; the excitation power density was
calculated by the total measured power over the beam profile
and the measured beam width." The luminescence emission
was measured at an angle of 90° to the excitation path by
Avantes spectrometer (Avaspec 2048Tech) collected using a 400
pm core diameter optical fiber (Sma400-Avantes) from the
cuvette (Fig. 1c).

Fig. 2 shows the upconversion luminescence spectrum and
the schematic of the energy levels of Yb>* as a NIR absorber and
Er*" as an activator and allowed energy transitions. The PL
spectrum of NaYF,:Yb,Er@NaYF, has two main peaks, green
and red, which are related to S;;, — L5, and “Fo, — 1150
transitions.

The power dependence of emission intensity at low excita-
tion power densities is non-linear but by increasing the excita-
tion power densities becomes linear. This behavior is attributed
due to the saturation of the upconversion processes. In this
study, based on previous definitions, we focus on the low pump
excitation power densities.>***

To determine the number of photons responsible for the
upconversion mechanism, the intensities of upconversion
emissions were recorded as a function of the excitation power of
980 nm. The green and red upconversion emission intensities
demonstrated quadratic power dependencies at low excitation
densities, indicating two-photon upconversion mechanisms.
From the log-log plot of emission intensity versus excitation
power density (Fig. 1St), under the low excitation power
densities, the slope n for *Hg, — 1152, *S3/2 — *Li5/2 and *Fyy,
— %5, transitions is equal to the necessary photon numbers 7
= 3.14, 2.07 and 2.62 along with the increase of excitation power
density; moreover, the slope n progressively reduces to n = 2.02,
1.17 and 1.37. This could be explained by the saturation effect,
originating from the competitive process between the linear
decay and UC processes consumed in the intermediate excited
states. The upconversion emission intensity under pumping at
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980 nm shows that the nonlinear responses depend on the
excitation power density, we consider before 2 W cm ™~ as the
low-power density regime and after it as high-power density
regime. For a low excitation power density regime, the green-to-
red ratio is 2.2 and green intensity is more than red. By
increasing the excitation power density, blue emitting energy
state is feeding the red emitting energy state and leads to
observe an increase in red intensity,”” by increasing the power,
green to red ratio is changed from 2.2 to less than 1.
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Fig. 4 Changing bistability hysteresis loops at different power densi-
ties. (a) Power densities <3 W cm™2, (b) changing behaviour in power
density region between 3 to 9 W cm 2.
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Optical bistability

The first nonlinear response, which was measured by an exci-
tation laser of 532 nm, is optical bistability (OB). A bistable
system should have two important features: nonlinearity and
feedback.” As stated in previously reported studies,”* some
interferometers such as Mach-Zehnder (M-Z) and Fabry-Perot,
with a medium that has NLO properties, can be used for
observing the optical bistability loop. We have used the M-Z
interferometer system because it is more efficient than other
methods.* In a dispersive bistable sample,**

I = %—0— %cos (%nzlo + ¢) )]
where I is the normalized output power of sample, d is the
length of the medium, A, is the free space wavelength, ¢ is
a constant and n = ny + n,l, is the characteristic of a Kerr
medium. This nonlinear function shows bistability comprising
a periodic repetition of the generic bell-shaped function.

Fig. 3 shows the experimental setup to investigate the OB. A
Nd:YAG laser radiation of 300 mW at a wavelength of 532 nm
was divided using a beam splitter and the required feedback for
OB was achieved by mirrors (M1 and M2) and beam splitters
(BS1 and BS2).

OB was measured at different power densities from 1.5 to
9 W cm 2 and the observed UCNP's behavior strongly depends
on power density. First, as shown in Fig. 4a, the hysteresis loop
was more efficient. Moreover, the close Z-scan results show that
the UCNP has a higher nonlinear refraction coefficient in lower
power densities, which confirms the higher gain of OB observed
at lower power densities. Interestingly, a critical power density
appeared by increasing the input power density. Fig. 4b shows
the different OB behavior around the critical power. The rota-
tion of hysteresis loop changes at higher powers. Moreover, the
output power reduces compared to the input power. The change
may originate from the saturation of fine structure levels
involved in this process.

View Article Online
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Optical phase conjugation

The next optical setup for observing nonlinear responses of
UCNPs at green light is degenerate four-wave mixing (DFWM).>”
Based on the following, four coupled equations for the amplitude
of four waves have been reported by solving the wave equation.®

d -1 . .

o= 7f(AlA2 + A3A4}) A> /1
d 1 * * *

=50 (A1A> + A3As) Ay /1y
d : (2)
o= ir(AlA; + A3 A;) A/ Iy
4= lr*(A"A + A3As) A3/ 1
dz 4 = 7 1442 3414 3/40

where A; and A, are the amplitude of forward and backward
pump beams and A; and A, are the amplitude of the signal and
produced OPC, respectively. These equations can be solved by
considering the slowly varying amplitude approximation, the
strong pump, and the boundary condition.

e(—%TZ) +q e(—%TZ)

A (z) = A, (0
0= A o)
N _ A; e(’% FZ) — e(’% TL)
40 =(%) Sowersn CRENNL

where I' is the coupling constant, L is the length of sample and R
is
A4(0)

R=1PF = =75 (5)

With changes in the value of input power and signal, the
reflectivity (R), which shows the intensity of OPC beam, will
change. Experimentally, as shown in Fig. 5, the Nd:YAG laser
radiation of 300 mW at a wavelength of 532 nm was divided into

Nd.YAG laser Beam Sp 1 Mirror 1
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E A3 1,
|
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Spectrometer Detector A, ¢ i |78
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Fig. 5 Schematic of the experimental setup of degenerate four-wave mixing.
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Fig. 6 Reflectivity of OPC in (a) different incident intensities, (b)
different signal beam intensities.

three beams: forward pump and backward pump, two counter-
propagating beams A, and A; and a signal beam A;. The UCNPs
were exposed to all of these three beams simultaneously. Using
the beam splitter (BS3), the phase-conjugated wave was sepa-
rated from the signal beam and detected by a photodiode
detector (Thorlabs).

As stated before, the experimental results (Fig. 6a) show
that by increasing the power of the incident laser beam, the
reflectivity increases. Similarly, with change in the signal
beam by an attenuator, the reflectivity increases (Fig. 6b),
which confirms the theoretical concepts. Although the
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obtained reflectivity is not the same as organic materials,*® we
claim it is for the first time that OPC could be observed in
UCNPs.

Z-scan technique

As mentioned, both close aperture (CA) and open aperture
(OA) Z-scan technique were used for characterizing third-order
nonlinear properties (nonlinear absorption and nonlinear
refraction) of materials owing to its relative simplicity and
broad variety of information that it can provide.*® Fig. 7 shows
a schematic of the implementation of close aperture Z-scan
(CA Z-scan).

The sample was exposed to a Nd:YAG laser in different
powers and transmission power was measured by a digital
power-meter (D1) (Lab master, Coherent) placed behind the
aperture and the other power-meter (D2). The detection
stability, linearity dependence on light power, and dark noise
are characterized by response signals of both detectors (S(D1)
and S(D2)). To ensure that all possible laser fluctuations are
corrected, the transmittance was calculated using the ratio
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Fig. 8 Close aperture Z-scans (symbols) and respective theoretical fits
(lines) of UCNPs at 532 nm in (a) low and (b) high regime.
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Fig. 7 Schematic of the Z-scan setup.
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Fig.9 Open aperture Z-scans (symbols) and respective theoretical fits
(lines) of UCNPs at 532 nm in (a) low and (b) high regime.

between the signals where g = 0.756 is the correction factor,
which ensures T = 1 if there is no sample loaded in the Z-scan
setup. The values of the nonlinear refractive index was experi-
mentally calculated by CA Z-scan in TEMO00O Gaussian shape
using eqn (6)

AATp v
n, =
2 2rLr(0.406)(1 — )71,

(6)

where A is the wavelength of light, ATp_y changes in normalized

transmittance between the peak and valley and I, is the inten-
—aL

is the effective length of

sity at the focal point. Leg =

cuvette where L is the sample length and « is the linear

absorption coefficient obtained using Beer-Lambert's law.
2.2\ . .
Moreover, S =1 —exp| — .z 18 the aperture linear trans-
a
mittance, r, is the radius of aperture and w, denotes the beam
radius of the aperture. Furthermore, the common function used

for fitting the experimental data was as follows:

Table 1 Nonlinear refractive index and nonlinear absorption coeffi-
cient of NaYF4:Yb,Er@NaYF, at different powers

Power (mW) 30 40 50 60 120
n, (em®> W) x 1078 8.92 7.90 6.93 9.02 10.6
Blemw ) x107* 6.1 3.9 2.8 2.3 1.1

This journal is © The Royal Society of Chemistry 2020
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4x A¢y

TE = g+ <

where T'is again normalized transmittance; x = z/z; and Ag, is
the induced nonlinear phase shift related to the nonlinear

i 2T
coefficient as A¢, = TleloLefﬂ

sample behaves as an additional focusing lens; however,
a negative n, causes the sample to act as if there is a defocus-
ing lens.

As indicated in Fig. 8a, by increasing the applied power (from
30-50 mW) the NL behavior decrease due to the saturation,
which it is the same as OB in this regime. Subsequently, by
increasing the power to 120 MW (Fig. 8b), due to the appearance
of nonradiative relaxations and thermal scattering,** the NL
reflection increases.

After that, the OA Z-scan was applied to samples at different
powers. The transmission intensity was measured without an
aperture as a function of the sample position z. The nonlinear
absorption coefficient can be calculated from fitting eqn (8) to the
experimental data (Fig. 9):

When n, is positive, the

_ BLely
2

L
T(z,s=1)= — (8)

3
m=0 (m + 1)5

where T is the normalized energy transmittance and g is the
nonlinear absorption coefficient. As can be seen in Fig. 8(a) and (b)
the sign of nonlinear absorption of UCNPs is positive, which
indicates that two-photon absorption happened. After calculating
the nonlinear absorption (Table 1), two notable points appear.
First, with increase in power from 30 to 120 mW, § decreases from
6.1 to 1.1. The second point is the asymmetric behavior of CA Z-
scan plot for 30 mW because of its highest nonlinear absorption
coefficient rather than the other powers indicated in Table 1.

Moreover, a comparison between present results under
532 nm and the reported values at 990 nm by Nyk et al.** (n, =
49 x 107" em*W 'and 8 = 1.16 x 10°° cm W™ ') have shown
that values of n, and § at 532 nm are 7 and 5 times larger than
those at 990 nm.

Conclusions

In summary, the upconversion of NaYF,:Yb,Er@NaYF, was
observed by photoluminescence measurement under the exci-
tation power of 980 nm. Moreover, we reported that the
NaYF,:Yb,Er@NaYF, nanocrystals exhibit a strong optical
nonlinearity at 532 nm. Therefore, we believe that the study of
the nonlinearity of NaYF,:Yb,Er at both visible and NIR wave-
lengths could be beneficial and applicable for fabricating multi-
functional photonic devices.
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