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The Effect of Irradiation Wavelength on the Quality of CdS Nanocrystals Formed Directly
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UV laser irradiation of PMMA films containing Cd thiolate precursors results in the spatially selective formation
of CdS crystalline nanoparticles in the host matrix. Here we investigate the effect of the irradiation wavelength
on the quality of the formed nanocrystals. Fluorescence topography and XPS studies reveal that the polymer
matrix contributes to the trap states formation on the surface of the nanocrystals. When the latter are formed
upon irradiation at 266 nm, they exhibit broad emission spectra, ascribed to the high degree of photodegradation
of the polymer. In contrast, the irradiation at 355 nm does not chemically modify the matrix, resulting in the
formation of CdS nanocrystals with narrow emission, i.e. high emission quality. This is further confirmed by
fluorescence lifetime topography studies giving a mean fluorescence nanocrystal lifetime as short as 200 ps
at room temperature. Thus, the optimized combination of irradiation wavelength with polymer matrix gives
nanocomposite materials incorporating nanocrystals of high quality, ready to be used in various optical

applications.

Introduction

Semiconductor nanocrystals (NCs) exhibit unique photo-
physical characteristics, due to the quantum confinement
effect.!™ In particular, their size-dependent optical properties,
such as high emission quantum yields, narrow emission bands,
and tunable emission/absorption spectra, have received much
attention in recent years.5"® These properties can be exploited
in several technological applications by embedding the NCs into
polymeric matrices, thus producing nanocomposite materials.!%~!2
By the careful selection of both components, the formed
nanocomposites can exhibit novel characteristics, since the
above-mentioned properties of the inorganic NCs can be
combined with the properties of the polymers, resulting in highly
processable materials with increased stability.'>!*

For different applications, the patterned formation of well-
dispersed NCs into polymers is highly requested, since it
provides spatially selective tailoring of specific properties of
the nanocomposites. Indeed, on one hand a good dispersion of
the NCs optimize their quantum size effect, meaning the control
of their emission properties. On the other hand, the localization
of the NCs in specific sides of the polymer provides the
possibility of the direct incorporation of the nanocomposites in
various advanced technological applications, such as emission
devices, sensors, directional biological growth, etc.

Our approach involves the localized in situ formation of NCs
inside polymer matrices by UV laser irradiation of polymer—
precursor films. This method, has proved to be more efficient
and faster than other in situ preparation methods in this field,
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such as the thermal annealing, where the NCs localization is
impossible,'>!¢ or the time-consuming and hazardous H,S gas
treatment of polymer—precursor resins.'>!7 Our recent studies
revealed that the UV irradiation of metal precursor—TOPAS
polymer films results in CdS NCs, with dimensions extending
from the quantum size effect range to the bulk, depending on
the number of the incident pulses and on the wavelength of the
irradiation. The quality of the formed NCs is generally studied
by their emission characteristics, indicating that the broader the
emission spectra, the higher the number of the trap states on
their surfaces.'®2! Although the polymer TOPAS has intriguing
physical properties for a number of applications,?? it demon-
strated some drawbacks in experimental trials, performed in our
laboratories, with electrospinning and two-photon photopolym-
erization. These two fields are very promising for future
applications of the presented method, taking advantage of the
in situ photopolymerized CdS nanocomposite micropatterns, or
the formation of electrospun nanocomposite nanofibers with
accurate control of the NCs size upon UV irradiation. On the
other hand, since the PMMA polymer is an excellent candidate
for the above-mentioned and numerous other applications, we
performed the following study of the CdS NCs formation with
UV irradiation of metal precursors in this matrix, and we proved
that size-tuned NCs can be formed also in PMMA. However,
intense deteriorations (broadening) were observed in the emis-
sion spectra of the NCs formed in PMMA compared to TOPAS
upon increasing the number of pulses.'® This observation left
open questions regarding the trap states formed at the nano-
particles surfaces and their dependence on the surrounding
matrix.

Herein, for the further and more precise control of the quality
of the formed NCs in PMMA matrix, we present a study of
CdS—PMMA nanocomposites created upon different irradiation
wavelengths (266 and 355 nm) of precursor—PMMA films. We
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show that it is possible to have excellent NCs quality with sizes
even in the bulk region, (higher than 6—7 nm) upon irradiation
at 355 nm, revealing that the laser wavelength in combination
with the polymer matrix plays a critical role in the quality of
the produced NCs. This is proved by the confocal imaging and
fluorescence lifetime mapping, showing that the CdS NCs
emission quality is very high in the case of irradiation with the
355 nm, while the irradiation with 266 nm causes polymer
photoproducts that increase the trap state emission, as confirmed
by a detailed XPS study.

Experimental Section

Author: The metal precursor used is the cadmium bis-
dodecanethiolate Cd(SC,Hys);, (C12), while the polymer is
poly(methyl methacrylate) (PMMA). The chemical reaction
formula for the preparation of the precursor is described in detail
in ref 15. A portion of the metal thiolate, 20% by weight, was
mixed with polymer, 80% by weight, and then diluted in toluene.
The solution was sonicated for 30 min in order to obtain the
maximum dispersion of the insoluble C12. The solution was
finally cast in a Petri capsule, and after the evaporation of the
toluene, the nanocomposite film was formed.

For the formation of the NCs in the polymer matrix, the films
were irradiated with various numbers of pulses of a Nd:YAG
laser (Quanta-Ray PRO-290-30, Spectra Physics) operating at
the third and fourth harmonics, (355 and 266 nm, repetition
rate 10 and 2 Hz respectively, pulse duration 8 ns). The laser
beam was focused perpendicularly onto the surface of the
samples. The series of irradiations were performed under air
atmosphere. The laser fluence and repetition rate were low
enough to prevent any macroscopic and microscopic structural
change!8% on the surface of the polymer, but efficient for the
formation of NCs.

UV—visible absorption spectra were obtained using a
UV —vis—NIR spectrophotometer (Cary 5000-Varian). Spatially
resolved photoluminescence measurements and fluorescence
lifetime imaging microscopy (FLIM) experiments have been
performed on the irradiated films by a confocal microscope
(Leica TCS-SP5 AOBS). The excitation wavelength (1e,.) was
405 nm, and the irradiated areas were observed through a 20 x
0.70 NA objective, 40 x 1.25 NA, or 63 x 1.40 NA oil
immersion objectives. For spectral analysis, the A was 405
nm, and the emission bandwidth was 20 nm.

Low-magnification transmission electron microscopy (TEM)
images of the laser-synthesized NCs were recorded with a Jeol
Jem 1011 microscope operating at an accelerating voltage of
100 kV. The samples for TEM analysis were prepared by
dropping dilute solutions of the irradiated part of the samples
dissolved in chloroform onto carbon-coated copper grids, and
then allowing the solvent to evaporate. Next, the grids were
immediately transferred to the TEM microscope and analyzed.

The photoemission experiments were carried out in an
ultrahigh vacuum (UHV) system, which consisted of a fast entry
specimen assembly, a sample preparation, and an analysis
chamber with a base pressure <5 x 107! mbar. The system
was equipped with a SPECS LHS-10 hemispherical electron
analyzer and a twin anode X-ray gun. A constant analyzer pass
energy of E, = 97 eV and the unmonochromatized Mg Ka
(1253.6 eV) line were used in all X-ray photoelectron spec-
troscopy (XPS) measurements. The XPS core level spectra were
analyzed with a fitting routine, which can decompose each
spectrum into individual mixed Gaussian—Lorentzian peaks after
a Shirley background subtraction. Regarding the measurement
errors, for the XPS core level peaks we estimate that for a good

Fragouli et al.

0.15 4
c
.0
)
e
S 0.10
w
Ne]
©
§®]
(]
N
©
E 0.05
e
[o]
=
PMMA C12-PMMA
0.00 e e cemm————

T ' T T T T T T
250 300 350 400 450 500 550 600

Wavelength / nm

Figure 1. Absorption spectra of the PMMA and of the C12—PMMA
solutions.

signal-to-noise ratio, errors in peak positions can be £0.05 eV.
The binding energy (BE) scale in XPS measurements was
calibrated by assigning the main Cls peak at 284.6 eV.?

Results and Discussion

The irradiation of the C12—PMMA films was performed
using two different wavelengths (266 and 355 nm). As shown
in Figure 1, their absorption efficiency is sufficiently lower at
355 nm. In the case of the bare polymer, the absorption
efficiency is close to zero for both wavelengths.

The irradiation of the precursor embedded in a matrix at these
wavelengths is proved to cause the formation of CdS NCs, with
their size depending on the number of the incident pulses.'*~2!
Moreover, the NCs formation strongly depends on the irradiation
wavelength, under the same laser fluence. Specifically, it has
been found that the formation of the CdS upon irradiation at
266 nm is fast, due to the high absorption efficiency of the
precursor, causing the C—S bond breakage (eq 1).

uv
Cd(SC,,H,5), + polymer —> CdS + polymer +
S(CpxHys), (D)

On the other hand, the formation of the NCs under 355 nm
irradiation is much slower, since the absorption efficiency of
the precursor at this wavelength is smaller.”! However, in both
cases the CdS size tuning is achieved by changing the number
of the incident pulses (Figure 2, and ref 19), while the structural
characteristics of the polymer matrix remain macroscopically/
microscopically unaffected.?

Moreover, emission studies of the size-tuned CdS NCs in
PMMA matrix revealed that, upon increasing the number of
incident laser pulses, there is a broadening of the NCs spectra
when the wavelength 266 nm is used,'® whereas upon irradiation
at 355 nm the emission spectra remain narrow (see Supporting
Information, Figure S1). Since these spectra differences become
more intense in the region of the bulk NCs sizes, we present
next a study on NCs with sizes in this region, in order to clarify
the mechanisms that led to this selective spectra broadening.

Figure 3a shows the fluorescence images of a C12—PMMA
film irradiated with 80 laser pulses of fluence, F = 20 mJ/cm?,
at 1 = 266 nm, and the corresponding emission taken from
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Figure 3. (a) Fluorescence image of the C12—PMMA film after irradiation at 266 nm with 80 incident pulses of fluence F = 20 ml/cm?. (b)
Emission spectra of selected areas of the image; each curve corresponds to the marked area of (a) with the same color/number. (¢c) Emission spectra
of selected areas of the C12—PMMA film after irradiation at 266 nm with 80 incident pulses of fluence F = 50 mJ/cm?.

various areas of the film. The emission spectra show the
existence of few CdS NCs emitting at the bulk region (NCs
diameter higher than 7 nm) with an emission peak around 500
nm and a spectral width of ~32 £+ 1 nm (Figure 3b), while
many areas exhibit a very broad emission peaking at ~550 nm
(Figure 3b, blue line), representative of the trap states emission
formed on the surface of the NCs.*27 By increasing the laser
fluence and keeping stable the number of the pulses (F = 50
mJ/cm?, 80 pulses) the characteristic emission of the NCs is no
more evident in the irradiated area, while the trap state emission
is dominant (Figure 3c). This indicates that the laser irradiation
at 266 nm results in the formation of NCs with trap states on
their surface, an evidence that becomes clearer as the incident
fluence increases.

On the other hand, the emission study of the films irradiated
with 355 nm shows that the dominant emission derives from
CdS, with characteristic narrow emission (22 £ 4 nm band-
width) around 500 nm, indicating the existence of higher quality
of NCs with sizes in the bulk region. Specifically, in Figure 4
we report the emission spectra of various areas of the
C12—PMMA fluorescence image taken after irradiation of the

sample with 2000 pulses at 355 nm and fluence 65 mJ/cm?.
Exactly the same behavior is observed after irradiation of the
films with the same fluence but different number of incident
pulses (1000 and 3000 pulses), or with lower laser fluencies
(20 mJ/cm?) revealing that the irradiation with this specific laser
wavelength does not affect the system and does not result in
trap states on the surface of the formed NCs (data shown in
Supporting Information, Figure S2,3). The defects on the surface
of the NCs affect not only the width and peak of the emission
but also their fluorescence lifetime. Specifically, the lifetime is
an indication of the presence of surface trap states and
consequently an indication of the quality of the NCs. Hence,
high quality CdS NCs with low density of trap states exhibit
strong band edge emission with typical lifetime from several
picoseconds to several nanoseconds. On the other hand, low
quality NCs have intense deep trap emission with the fluores-
cence lifetime to reach values up to microseconds.?® Accord-
ingly, for the further characterization of the formed bulk NCs
and of the resulting nanocomposite films, the fluorescence
lifetime is studied, using the fluorescence lifetime imaging
microscopy (FLIM) technique at room temperature. In particular,
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Figure 4. (a) Fluorescence image of the C12—PMMA film after irradiation at 355 nm with 2000 incident pulses of fluence F = 65 mJ/cm?>. (b)

Emission spectra of selected cycled areas of the image (a).

Figure 5. Fluorescence lifetime topography of the C12—PMMA film
before any irradiation.

the irradiated area containing CdS NCs was excited with a
pulsed laser emitting at 405 nm, while the fluorescence emission
was collected at various ranges between 480 and 640 nm
depending on the spectral area of interest in each case. Figure
5 demonstrates the fluorescence lifetime topography of the
precursor—PMMA film before any irradiation. The emission was
collected at the spectral range of 500 nm—640 nm, and it is
shown that the mean fluorescence lifetime is in the range of
some ns.

When this film is irradiated with 2000 pulses at 355 nm (F
= 65 mJ/cm?), the lifetime topography is changed, and by
focusing in a narrow spectral range (500 = 20 nm) can be easily
revealed a number of CdS NCs in the matrix with a mean
fluorescence lifetime of about 200 £ 20 ps (Figure 6, orange
spots), while at the rest of the area there are species with mean
lifetime around 2—3 ns. The latter may correspond to formed
NCs with deep trap states on their surfaces,?® while the former
may correspond to NCs having shallow surface trap states.?®
The density of the NCs formed upon irradiation at 266 nm,
which emit at 500 nm and have mean lifetime at 200 £ 20 ps,
was found to be much smaller, indicating that the number of
the formed NCs of high quality is lower (see Supporting
Information, Figure S4). These results are in agreement with
the static fluorescence study, where it is shown that the quality
of the formed NCs in terms of surface defects is low when they
are formed upon irradiation with 266 nm.

A comparison with the literature shows that our measured
value of the CdS lifetime is significantly longer than the near
band edge emission observed in single CdS NCs (~5—30
ps).? 73! On the other hand, it is in agreement with measurements

done on CdS nanosheets®? and is shorter than that measured
for the bulk CdS (500 ps to 1 ns),>73* both at low tempera-
tures(~8—15 K). In addition, the mean fluorescence lifetime
of colloidal nanocrystals is in the range of nanoseconds,*>* a
value much higher than the one presented. However, more
meaningful is the comparison with reported values measured
on nanocomposite films of CdS in PMMA at room temperature,
where the mean fluorescence lifetime was found to be some
tens of nanoseconds,’” a value significantly higher than the
reported one. Consequently, the obtained value indicates that
the reported method for CdS NCs formation in PMMA films
upon laser irradiation at 355 nm results in high-quality NCs,
and moreover into high-quality nanocomposites.

The only variable condition in this study is the irradiation
wavelength, and to summarize, it is shown that the photons at
266 nm are highly absorbed by the precursor—PMMA films,
and the formed bulk NCs have increased numbers of trap states
on their surfaces compared to the NCs formed upon irradiation
at 355 nm. This observation guides us to the conclusion that
the surface environment of the NCs is different; thus, the
polymer matrix is affected in different ways by each of the two
irradiation wavelengths.

For the detailed investigation of the matrix role in the quality
of the NCs, X-ray photoelectron spectroscopy measurements
of the C12—PMMA films before and after irradiation with the
two different wavelengths (355 nm, 1500 pulses, fluence 20
mJ/cm? and 266 nm, 80 pulses, fluence 50 mlJ/cm?) were
performed. As shown in Figure 7, the XPS Cls spectrum
obtained for the C12—PMMA film at 355 nm is almost identical
to the one of the not irradiated film. On the contrary, the
spectrum of the film irradiated at 266 nm exhibits many
differences. After the deconvolution of the XPS spectra, the
comparison of the intensity of the individual peaks showed a
decrease of the amount of the —C=0, C—0—Cd, (BE ~ 288.2
eV®), and —C=0—-0 (BE 289.6 eV) groups, and a
pronounced increase of the amount of the C—C, and C—H
bonds, (BE ~ 284.6 eV*) in the case of the 266 nm irradiated
sample, with respect to the other two films. Additionally, the
Ols spectra in Figure 8 show that, after irradiation with 266
nm, the film seems more oxidized compared to the film
irradiated at 355 nm, containing also various oxygen functional
groups. In particular, in the film irradiated with 266 nm, one
peak appears at ~530.5 eV, attributed to the Cd(OH), com-
pound,*” one at ~532.2 eV which is due to —C=0 groups, and
at ~533.3 eV attributed to the C—O and/or —C—0O—Cd bond.
This is an indication of the formation of mixed Cd and polymer

~
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Figure 6. (a) Fluorescence lifetime topography of the CdS—PMMA blend film formed after irradiation with 2000 pulses of 355 nm of the

C12—PMMA film. (b) Fluorescence lifetime image of a single NC.
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Figure 7. Deconvolution of the XPS Cls for the three studied films.
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photoproduct configurations under 266 nm irradiation, leading
possibly to enhanced trap states of the NCs.

On the other hand, in the spectrum obtained for the
C12—PMMA film irradiated at 355 nm, one peak appears at

lower binding energy (~529.9 eV), which may be attributed to
the formation of non-stoichiometric Cd,O, compounds, and one
at ~532.2 eV which is attributed to —C=O groups. The Ols
spectrum of the C12—PMMA film before any irradiation shows
a contribution at ~529.2 eV attributed to CdO compound,*!
indicating a small amount of oxidized precursor molecules,
probably formed during their chemical preparation procedure.
The peak at the ~530.9 eV is attributed to physically absorbed
O on the surface of the film, and ~532.2 eV corresponds to the
—C=0 groups of the PMMA matrix. The peaks at BE > 534.5
eV, which appear in all the Ols spectra, correspond to absorbed
H,O on their surfaces, possibly due to the chamber conditions
or evaporation of solvent molecules trapped inside the films.

The above-mentioned results indicate that the 355 nm
irradiation of the film affects slightly the chemical structure of
the polymer chain, while the irradiation at 266 nm interacts
strongly with the polymer creating various photoproducts, giving
rise to different spectrum structure. Indeed, according to previous
studies,*>* the photodecomposition of the PMMA varies with
the irradiation wavelength. Specifically, it has been shown, that,
in the range of 315—400 nm, the PMMA does not undergo any
degradation, while between 200 and 300 nm, the photolysis of
the polymer results in a random scission of the polymer chain
backbone by a radical process, with a main role of the ester
side-chain scission. The major initial products are the methyl
formate radicals *COOCH;, which abstract rapidly hydrogen
atoms from the polymer backbone, forming methyl formates at
room temperature.*>43

By combining the XPS with the emission results, it can be
concluded that the CdS NCs formed upon irradiation with 355
nm exhibit very narrow emission spectra with low emission
lifetime, even by increasing the incident pulses due to the
absence of polymeric photoproducts in their environment. On
the other hand, the irradiation at 266 nm causes an enhanced
amount of photoproducts due to the polymer chain scission, and
an intense oxidation of the formed CdS NCs. This results in
the increase of the CdS trap states and, conclusively, the
broadening of their emission and the prolongation of their
fluorescence lifetime. Such a process is enhanced at higher laser
fluence, since the polymer degradation is more intense and the
surface defects of the CdS NCs are higher.

Conclusions

In this contribution we described the influence of the laser
wavelength on the quality of bulk CdS NCs formed upon pulsed
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UV laser irradiation of a metal precursor embedded in a PMMA
matrix. Using XPS and emission imaging analysis it is shown
that the right combination of the irradiation wavelength with
the polymer matrix can lead to the formation of high-quality of
CdS NCs with small amount of trap states on their surface.
Specifically, the irradiation at 355 nm, although resulting in a
slower CdS formation, gives NCs with higher emission quality
compared to NCs from the irradiation at 266 nm. In the latter
case, the dominant emission comes from deep surface trap states,
due to the interaction of the CdS NCs with the PMMA
photoproducts caused by the photodegradation of its chain. In
any case, the formed CdS NCs emitting at 500 nm have high
quality in terms of surface defects since their fluorescence
lifetime is in the range of 200 ps at room temperature, a value
really small compared to previously reported measurements.
These findings are very important, concerning the patterned
nanocomposite formation with size-tuned NCs, presented re-
cently by our group, since it opens up the possibility for the
generalization of the method, depending on the possible
technological applications, by using various polymer matrices
and irradiation conditions.
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spectra of the C12—PMMA film irradiated with 3000 and 1000
pulses at 355 nm with fluence 65 mJ/cm?. Figure S3: Fluores-
cence image and spectra of the C12—PMMA film after 3000
pulses at 355 nm with fluence 20 mJ/cm?. Figure S4: Fluores-
cence lifetime topography of the CdS—PMMA film formed after
irradiation with 40 pulses of 266 nm and fluence F = 50 mJ/
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