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Abstract. In this paper, we studied nonlinear absorption of infrared (IR) (1250 nm) femtosecond pulses 
and visible photoluminescence (PL) excited by them in liquid-crystal (LC) polymer films with embedded 
CdSe/ZnS core-shell type quantum dots (QDs). The dependence of nonlinear transmission on incident 
intensity indicated three-photon absorption in the films, with the three-photon absorption coefficient for 
the QD-LC polymer composite comparable with the one for bulk CdSe. The spectrum of PL excited by IR 
pulses coincides with one-photon excited PL spectrum. Dependence of the PL signal on the IR laser radiation 
power is cubic with further saturation for the spectral region from 2.10 to 2.25 eV, with saturation intensity 
decreasing with lower PL photon energy. The presence of the second-harmonic signal in the up-conversion 
spectrum results in its variation with an excitation power increase.

Keywords: semiconductor quantum dots, liquid-crystal polymer, up-conversion, photoluminescence, 
multiphoton absorption
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Introduction

Nowadays, there is no need to prove the prospects of semiconductor quantum dots (QDs) or their 
applications in various fields. Strong restriction in charge carrier movements in the semiconductor 
nanoparticle significantly changes its electronic and optical properties (Efros, Brus 2021), opening 
up various ways of their usage in optoelectronics (Litvin et al. 2017), photovoltaics (Kirmani et al. 2020), 
laser generation (Jung et al. 2021), biomedical applications (Le et al. 2023), etc.

We should mention the use of the semiconductor QDs for up-conversion, i. e., light emission with 
wavelength below the excitation wavelength, among their highly promising applications (Rakovich, 
Donegan 2008). Up-conversion could be used for optical cooling (Ye et al. 2021), laser generation (Moon 
et al. 2021), infrared (IR) radiation detection (Zhou et al. 2020), bioimaging (Chen, Liang 2014) and 
therapy (Dutta, Barik 2022). Various mechanisms are responsible for up-converted PL, including popu-
lation of defect states, phonon-assisted PL, two- and three-photon absorption (Laktaev et al. 2022; Wang 
et al. 2023), etc. 

For many practical applications it would be useful to have a composite of semiconductor QDs and 
a transparent matrix that immobilizes them. Moreover, to ensure a maximal PL signal of the composite, 
QD concentration should be rather high, and ordered arrays of QDs should be formed. This can be done 
in a liquid-crystal (LC) polymer. When incorporated into the smectic LC structure, CdSe QDs break 
hydrogen bonds in the polymer, forming ionic bonds between polymeric carboxyl groups and QD sur-
faces, and nanolayers of QDs chemically bonded to the side chains of the macromolecules (Shandryuk 
et al. 2008). QD-polymer composites can contain up to 60 wt. % of QDs and demonstrate rather effective 
PL (Golovan et al. 2020; Tselikov et al. 2015). Transmission electron microscopy (TEM) data provides 
evidence of uniform QD distribution in composites (Shandryuk et al. 2008). 

In this paper, we report on up-conversion in CdSe/ZnS core-shell QDs in a LC polymer and discuss 
the mechanism involved. 

Experimental techniques

Samples
We used CdSe/ZnS core-shell QDs since they have more efficient PL and, in contrast to core-type 

CdSe QDs, core-shell QDs demonstrate mainly excitonic PL whereas the defect PL band is strongly sup-
pressed (Golovan et al. 2020). The QDs were synthesized by means of a single-step synthetic method 
which helps to form a core/shell structure with a chemical composition gradient (Bae et al. 2008). The 
QDs were placed in a side chain acrylic LC polymer poly[4-(ω-acryloyloxyhexyloxy)benzoic acid] (BA-6PA). 
The QDs are built into a smectic layer with the thickness determined by the QD diameter. The structure 
of the initial LC polymer is retained for the QD fraction in the composite below a certain value (Shandryuk 
et al. 2008). The average diameter of the QDs is 4.8 nm with a standard deviation of 0.8 nm. A detailed 
description of the synthesis of QDs and LC polymer and the formation of composite films can be found 
elsewhere (Golovan et al. 2020). In our study we used 15-mm thick BA-6PA LC polymer films with em-
bedded CdSe/ZnS QDs (20 and 40 wt. % concentration) and CdSe/ZnS QD suspension in toluene.

Optical measurements
Excitation of up-converted PL (UCPL) was carried out by radiation of a Cr:forsterite laser (Avesta-

Project, Ltd, 1250 nm wavelength, 80 fs pulse duration, 1 nJ pulse energy, 80 MHz repetition rate). The 
radiation was focused on the film or in a cuvette with the QD suspension with a short-focus lens (focal 
length 7.5 mm, numerical aperture 0.3); the same lens was used to collect the PL signal, which was re-
corded with a Princeton Instrument Spectra Pro 2500i spectrometer equipped with a CCD array. UCPL 
spectra were compared with PL spectra excited by the second harmonic of radiation of a Nd:YAG laser 
EKPLA 2143A (532nm wavelength, 25 ns pulse duration, 10 Hz repetition rate) with photon energy over 
the QD bandgap. Laser radiation intensity at the samples in both cases did not exceed 10 GW/cm2. 
Transmitting the excitation radiation through a gradient filter allowed it to be varied, which was used 
in obtaining dependences of the PL signals on the excitation intensity. The same short-focus lens and 
gradient filter were also used in a nonlinear-transmission measurement. Signals of IR radiation chopped 
at frequency 715 Hz incident on and transmitted through the LC polymer film with embedded 40 wt. % 
concentration of the QDs were detected by two diodes FD-10G and registered by two lock-in voltmeters 
SR 830. 
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Results and discussion

The PL spectra excited by IR femtosecond radiation in the composites containing 20 and 40 wt. % 
of the QDs and in the QD suspension in toluene are shown in Fig. 1. The PL spectra width is explained 
by QD size distribution. One can see a red shift of the PL spectra with an increase in QD concentration. 

Fig. 1. Normalized PL spectra for the composites containing 20 wt. % (dot-dash line) and 40 wt. % (solid line) 
of the QDs and the QD suspension in toluene (dot-dot-dash) excited by IR femtosecond pulses  

and for PL spectra excited by picosecond laser radiation at wavelength of 532 nm (dash line)

The effect can be explained by an energy transfer from smaller QDs to bigger QDs, which emits pho-
tons of less energy due to their smaller band gaps. The PL spectra excited by femtosecond pulses at 1250 nm 
and by picosecond pulses at 532 nm are very close. It is worth noting that the PL spectra are not excited 
by continuous-wave laser radiation at 1250 nm and the same and even higher average power, which 
shows that PL emission depends on excitation radiation intensity, not power. 

The UCPL spectrum strongly depends on focusing the IR laser beam at the surface of the sample 
(Fig. 2). We should mention that for the used laser beam the waist radius w0 is 6 mm and Rayleigh 
length (distance where the beam section is twice the size at the waist) w0

2
λ , where λ is wavelength, 

is 90 mm, which significantly exceeds the film thickness. The maximal PL signal is achieved when the 
laser beam waist is at the film surface, as confirmed by the maximum of the third-harmonic signal. 
Further displacement of the beam focal region inside the sample results in a UCPL signal decrease 
and red shift of its maximum. These facts can be explained by the reabsorption of the PL emitted 
inside the film.

To establish the UCPL mechanism, it would be instructive to study specific properties of laser radia-
tion absorption by the films of the LC polymer with embedded QDs and obtain a dependence of the PL 
spectra on excitation power. 

An experiment on the femtosecond IR pulse transmission through the LC polymer film with 40 wt. % 
concentration of the QDs demonstrates a transmittance decrease with an incident radiation intensity 
increase (Fig. 3, inset). The PL photon energy can exceeds the excitation photоn energy more than twice, 
which is why three-photon absorption can be supposed to excite UCPL. Indeed, in the simplest case of the 
only three-photon absorption in the medium, transmission of intensity I along the coordinate z inside the 
medium is governed by the equation:
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Fig. 2. Variation of the UCPL spectrum with the movement of the excitation beam focus

,
 

(1)

where γ is a three-photon absorption coefficient. From Eq. 1 one can conclude the following ratio:

,
 

(1)

where d is film thickness, I0 is intensity of incident radiation, T is transmittance at intensity I0, while T0 
is film transmittance at very low radiation intensity.

Fig. 3 presents the obtained dependence of the T0
2
T2 value on I0

2. Nonlinear absorption effects  
are noticeable for intensity above 10 MW/cm2, and Eq. 2 is in line with experimental data. This allows 
us to estimate the three-photon absorption coefficient γ, which was found to be equal to 0.17 cm3/W2. 
Although the QD volume fraction in the composite film is about 0.09, the γ value obtained for it is compa-
rable with the one for bulk semiconductors (0.13–0.24 cm3/W2 @ 1.54 mm for CdSe and 0.0017 cm3/W2 @ 
1.06 mm for ZnS (Benis et al. 2020)). Thus, we can conclude that UCPL is caused by the three-photon 
absorption of the IR femtosecond radiation.

The dependence of the UCPL signal on laser radiation power would also be very instructive. The 
PL signal excited by radiation at wavelength of 532 nm shows linear dependence on the laser radiation 
power. For the used intensities it does not demonstrate any significant saturation. 

Fig. 4 presents UCPL spectra of the QD suspension in toluene and QDs embedded into the LC polymer 
with a concentration of 40 wt. % obtained at different average excitation radiation power Pexc. In the latter 
case, one can see a significant UCPL spectrum variation with an increase of the excitation radiation 
power (Fig. 4c), whereas for the QD suspension in toluene variations are much less pronounced (Fig. 4a).

This fact makes it necessary to follow changes of a separate spectral component of the UCPL signal 
(1.95, 2.00, 2.05, 2.10, 2.15, 2.20 and 2.25 eV) with excitation power variations. For more clarity, we nor-
malize them by the ones for lower power intensity (15 mW for the QD toluene suspension and 7 mW 
for the composite of QDs and LC polymer) (Figs. 4b, 4d). As one can see, these dependences are very 
close for both media. UCPL signals in the spectral region from 2.10 to 2.25 eV demonstrate cubic de-
pendence on the Pexc value below 50 mW (intensity of 7 GW/cm2); for higher excitation power the UCPL 
signal tends towards saturation. Saturation of the UCPL signal at 2.05 eV starts at a much lower Pexc value 
(20 mW). This fact could be due to an energy transfer from smaller QDs with a higher band gap to bigger 

dI
dz γI 3

T0
2

T2
1 2γdI0

2
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Fig. 3. T0
2
T2 vs. I0

2. The line is an approximation of dependence according to Eq. 2.  
The inset is dependence of the LC film with embedded QDs (40 wt. %) transmittance on intensity  

of incident femtosecond pulses at wavelength of 1250 nm

Fig. 4. UCPL spectra for the QD suspension in toluene (a) and QDs embedded into the LC polymer (40 wt. %) (c) 
and dependences of UCPL spectral components at different photon energies normalized by spectral 

components taken for the same photon energy at Pexc= 15 mW for the QD suspension in toluene (b) and  
by spectral components at Pexc = 7 mW for the QDs embedded into the LC polymer (40 wt. %) (d) on average 

excitation radiation power. Solid and dashed lines correspond to the cubic and quadratic dependences  
of the UCPL signal on Pexc
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QDs with a lower band gap. At least, the UCPL spectral components in the region 1.95 to 2.00 eV demon-
strate their quadratic dependence on Pexc for the excitation power above 20 mW. It is worth noting that 
this spectral range corresponds to the second-harmonic generated by the Cr:forsterite laser radiation. 
Thus, we can conclude that a part of the UCPL spectrum for QDs embedded into the LC polymer is the 
second harmonic spectrum generated in QDs, which results in variation of the UCPL spectrum with 
variations of the excitation power. Since the concentration of the QDs in the suspension is obviously 
lower than in the LC polymer-QD composite, the second-harmonic spectrum is less pronounced in the 
former medium.

Conclusions

We demonstrated that the up-conversion signal generated both in a suspension of CdSe/ZnS quantum 
dots in toluene and in a composite film of quantum dots and a liquid-crystal polymer under excitation 
by femtosecond infrared (1250 nm) pulses is caused by three-photon absorption. A nonlinear transmis-
sion measurement allowed us to find the three-photon absorption coefficient for the LC polymer com-
posite with 40 wt. % QD concentration, with the value comparable to the one for bulk CdSe. The depen-
dence of the up-conversion signal in the spectral range 2.10 to 2.25 eV on the average excitation radiation 
power is cubic and tends towards saturation, whereas for the spectral range 1.95 to 2.00 eV, which is the 
region of the second harmonic of the excitation radiation, the up-converted signal demonstrates qua-
dratic dependence on the excitation radiation power. As a result, in a composite film with rather high 
QD concentration, the up-conversion spectrum varies with excitation variation.
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