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The in situ synthesis and patterning of CdS nanocrystals in a polymer matrix is performed via multi-

photon absorption. Quantum-sized CdS nanocrystals are obtained by irradiating a cadmium thiolate

precursor dispersed in a transparent polymer matrix with a focused near infrared femtosecond laser

beam. High resolution transmission electron microscopy evidences the formation of nanocrystals with

wurtzite crystalline phase. Fluorescent, nanocomposite patterns with sub-micron spatial resolution are

fabricated by scanning the laser beam on the polymer–precursor composite. Moreover, the emission

energy of the CdS nanocrystals can be tuned in the range 2.5–2.7 eV, by changing the laser fluences in

the range 0.10–0.45 J cm�2. This method enables therefore the synthesis of luminescent, CdS-based

composites to be used within patterned nanophotonic and light-emitting devices.
Introduction

Organic–inorganic nanocomposites are widely exploited in

different fields because of the possibility of tailoring their

properties by properly combining the constituents.1 These

materials may comprise a polymer host doped with metallic or

semiconductor nanoparticles, and combine the advantages of

organics in terms of processing with the catalytic, electronic and

optical properties of nanocrystals.1 Among different fillers, CdS

quantum dots are largely used due to their size-dependent optical

properties, i.e. band gap energy tunable from UV to visible.2,3

CdS-based nanocomposites find, therefore, application in

quantum dot sensitized solar cells4 and as high-efficiency emit-

ting materials.5

Synthesis approaches play a central role in controlling the

particles size and their distribution in the polymer, thus deter-

mining the resulting physico-chemical properties of the nano-

composites.6Manymethodsarebasedonproducingnanoparticles
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independently from the host, and on subsequently embedding

them into the matrix upon mechanical mixing (ex situ).7 An

alternative approach (in situ) consists in forming nanoparticles

directly into the polymer8 by thermal,9 chemical,10 or optical11,12

decomposition of suitable precursors.13 This may offer a superior

control on thedispersionofparticles, and inprinciple allowsone to

tailor their size through the process temperature9 or reaction

time.14 Unfortunately, thermally and chemically assisted in situ

synthesis often needs specific temperature and atmosphere

conditions, and hardly allows the nanoparticles formation to be

restricted within limited regions of samples to obtain chemical or

physical patterns. However, since the optical properties of nano-

composites are strongly affected both by the particle size and by

eventual micro/nanostructures,15methods for generating patterns

of size-controlled nanoparticles are highly desirable. To this aim,

developed multi-step processes include sequential synthesis of

a radiation-sensitive material containing suitable precursors,

patterning by standard lithographies and final in situ growth of

nanoparticles.16 The high level of complexity of multi-step

procedures may however limit their applicability.

Single-step synthesis in pre-defined regions can be carried out

by UV-based methods by photolithography.12 Alternatively, the

use of focused laser beams, similarly to laser writing based on

one- or two-photon absorption,17 has the potential to effectively

localize the formation of nanoparticles in the matrix, which is not

achieved by conventional techniques. In particular, high fluence

fs-laser beams inducing multiphoton absorption can also activate

particles formation with sub-micron resolution, thus enabling the

concomitant growth of nanocrystals and patterning within the

same process.
J. Mater. Chem., 2012, 22, 9787–9793 | 9787
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In this paper, we report on simultaneous in situ synthesis of

CdS nanoparticles and patterning via multi-photon absorption.

Quantum-sized CdS nanocrystals are obtained by irradiating

cadmium thiolate precursors [Cd(SC12R25)2] (C12) dispersed in

a transparent polymer matrix (TOPAS�) with a focused near

infrared laser beam. The advantages of this approach include the

controlled CdS growth in a microscale volume within the poly-

meric matrix, and the possibility of tuning the optical properties

of nanoparticles by modulating the laser beam properties. CdS

nanocrystals with emission tunable in the range 2.5–2.7 eV are

obtained for laser fluences in the range 0.10–0.45 J cm�2.
Materials and methods

TOPAS�, a cyclic olefin copolymer derived from ethylene and

norbornene units, is used as a polymer matrix. This thermo-

plastic polymer is particularly suited for light-emitting

composites, being optically transparent in the visible and near

infrared range. Furthermore, TOPAS� displays a low water

absorption and good chemical resistance to hydrolysis, acids

and organic polar solvents.18 The unimolecular cadmium thio-

late precursors for the synthesis of CdS are prepared by

following the procedure reported in ref. 9b. Briefly, the

cadmium bis-dodecanethiolate precursors (C12) are synthesised

by using the cadmium nitrate hexahydrate (Cd(NO3)2$6H2O)

salt as the starting reagent. This salt is initially suspended in

toluene and then dissolved by adding an aqueous solution of

ammonium hydroxide (25 wt%). The product precipitates in the

reaction medium immediately after adding the dodecanethiol.

The white precipitate is separated from solution by filtration

and dried under vacuum. The compositional analysis of the

Cd(SC12H25)2, carried out by elemental analysis, shows C, H,

and S contents of 55.7%, 10% and 12.3% respectively, in good

agreement with the expected values (C, H, S, 56.0%, 9.7%,

12.4%). Cadmium nitrate, dodecanethiol and toluene are

purchased from Aldrich, and are used without further purifi-

cation. To obtain nanocomposite films, C12 (200 mg) is

dispersed in a solution of TOPAS� (800 mg) in toluene

(10 ml). The thiolate–polymer mixture is sonicated for 30 min

in order to obtain the maximum dispersion of the insoluble

metal thiolate. Finally, the TOPAS�–C12 films are prepared

through three successive spin coatings on both glass cover-slip

and Si substrates at 1600 rpm for 60 s. Photoluminescence (PL)

characterization of these pristine films does not evidence any

emission signal typical of CdS, therefore ruling out any nano-

particle formation due to the film processing. Finally, the

crystallographic structure and ordering within the polymer

matrix of the precursor are analyzed by means of a Philips

PW1880 3 kW Bragg–Brentano X-ray diffractometer (Cu-Ka

radiation, l ¼ 1.54 �A).
Laser-assisted synthesis and patterning

A direct laser writing technique is exploited for texturing the

nanocomposite films. Laser pulses emitted by a fs-system

(Mira, Coherent: peak wavelength 800 nm, pulse width of 200

fs, repetition rate of 76 MHz) are strongly focused on the

sample surface through the glass substrate, by using the high

numerical aperture (NA ¼ 1.3) oil immersion objective lens of
9788 | J. Mater. Chem., 2012, 22, 9787–9793
an inverted microscope (Axiovert 40, Zeiss). The samples are

mounted on a computer-controlled piezoelectric stage (P-

563.3CD, Physik Instrument), capable of 3-dimensional scan-

ning with a 300 mm range on each axis. By moving the piezo-

stage via a dedicated software, the CdS nanoparticles growth is

induced in pre-defined patterns. Alternatively, sample irradia-

tion is performed by using a fs laser system composed of

a regenerative amplifier (Legend, Coherent, l ¼ 800 nm, pulse

width 180 fs, repetition rate 1 kHz, beam diameter 6 mm). By

this way, larger areas of the nanocomposite films (�1 cm2) can

be exposed. The beam is focused on the sample surface by

a cylindrical lens (f ¼ 100 mm). The laser fluence incident on

the sample surface is adjusted by a set of neutral density filters.

The samples are mounted on a micrometric manual stage in

order to expose a continuous pattern constituted by adjacent

stripes, each having an area of about 2 � 10�2 mm2.
Morphological and optical characterization

TEM measurements are performed by using a TECNAI F30

microscope operating at 300 kV and a point-to-point resolution

of 0.205 nm. For the TEM specimen preparation, the nano-

composite films, realized by exposing TOPAS�–C12 to the

femtosecond laser beam, are carefully removed from the Si-

substrate and then dissolved in chloroform, soon after the laser

exposure. In this way, effects related to eventual interactions

between the electron beams with precursors are ruled out.

Finally, a small amount of the solution is dropped on a copper

grid and dried.

Atomic Force Microscopy (AFM) is performed by a multi-

mode head (Veeco) equipped with a Nanoscope IIIa controller

(Veeco), operating in tapping mode. Si cantilevers with a reso-

nant frequency of about 300 kHz are used to image the film

surface after laser irradiation.

Optical characterization. Fluorescence micrographs are

acquired by a MZ16FA Leica stereomicroscope equipped with

a mercury lamp. The PL spectra are collected by a confocal

microscopy system. Spatially resolved PL measurements are

performed on the irradiated films by a confocal microscope

(Leica, TCS-SP5). The irradiated areas are investigated by using

an excitation laser with a wavelength of 405 nm, focussed on the

samples through a 40� oil immersion objective with a numerical

aperture (N.A.) of 0.7. The PL measurements at variable

temperature are performed by mounting the samples in a He

closed-cycle cryostat under vacuum (10�4 mbar) and exciting the

samples by a cw He–Cd laser (l ¼ 325 nm). The emission is

collected by a fiber-coupled monochromator (Jobin Yvon, mod.

iHR320) equipped with a charge-coupled device (CCD, Jobin

Yvon, Symphony).

Time resolved PL measurements are performed in single

photon counting mode by exciting the samples at l ¼ 296 nm,

with a repetition rate of 1 MHz. The time resolution is esti-

mated around 0.5 ns. The photo-stability of the nanocomposite

emission is characterized by continuously exciting the samples

with a pulsed UV laser (Q-switched Nd:YAG laser, Spectra

Physics) in air and collecting the emission spectra at regular

time intervals.
This journal is ª The Royal Society of Chemistry 2012
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Results and discussion

Polymer-precursors characterization

We investigate the morphology of the TOPAS�–C12 films used

for the multi-photon synthesis by atomic force microscopy

(Fig. 1a). The surface roughness (root mean square, RMS) is

about 170 nm, mainly due to the presence of microscale aggre-

gates of precursor molecules (bright regions of Fig. 1a). In fact, in

thiolate precursors with long chain thiols (number of C atoms $

12) the chain–chain interaction may favor the formation of

periodic lamellar structures (superlattice structures, scheme in

Fig. 1b).9b Experimental evidence of the lamellae is given by

wide-angle X-ray scattering spectra (Fig. 1c) exhibiting super-

lattice peaks corresponding to a periodicity along the chain

direction, DL ¼ 35 �A. This value agrees very well with the

calculated molecule length obtained by considering the projec-

tion of the bond length of the C atoms along the molecule main
Fig. 1 (a) AFM topographic image of the TOPAS�–C12 film before

laser exposure. Bright regions correspond to the C12 precursors, forming

a lamellar structure with a unit cell schematized in (b). (c) Experimental

wide-angle X-ray scattering spectrum of the C12 molecular precursor

dispersed in TOPAS polymer. The superlattice peaks (highlighted by red

vertical lines) indicate a regular arrangement of the C12 molecules of

lamellar periodicity of 35 �A. The Bragg peak located at q ¼ 15 nm�1 is

attributed to the Cd–Cd distance between the precursor chains, whereas

the broad peak (TP) is due to the amorphous polymer scattering, as

shown by the dotted line.

This journal is ª The Royal Society of Chemistry 2012
axis and also taking into account the atomic diameters of S and

Cd (Dth ¼ 35.5 �A).9b The Bragg peak observed at q ¼ 15 nm�1

may be related to the Cd–Cd distance (perpendicular to the chain

direction) and corresponds to about 4.1 �A.

We preliminarily evaluate the impact of the formation of

nanocrystals on the system rheology, an important issue for the

structural stability, patterning and processability of the resulting

material. To this aim, the nanocrystals are synthesized in situ by

the standard thermal treatment at 250 �C for 20 minutes.9b We

notice a shear-thinning behaviour in all the investigated

frequency range (Fig. S1 of the ESI†). More importantly, the

enhancement of the system viscosity (h) as a consequence of

nanoparticles formation is found by rotational viscosimetry for

frequencies (u) values between 10�2 and 102 s�1. With respect to

pristine samples, h increases by about 10 to 70% after nano-

crystal formation (depending on the shear-rate). This result

suggests that patterning by conventional methods such as

nanoimprinting or soft molding after the in situ synthesis of

nanoparticles would be difficult because of the higher material

viscosity. This motivation is at the base of our seeking for

alternative, multi-photon methods for spatially selective

synthesis and patterning of the nanocomposite.

Nanocomposite synthesis and patterning

Nanocomposite samples are produced by laser irradiation of

polymer-precursor films with a pulsed fs-system (l ¼ 800 nm,

scheme of the set-up in Fig. 2). The TOPAS�–C12 films display

an absorption peak at about 266 nm, whereas they are trans-

parent at the relevant wavelength used for the nanocomposite

synthesis (Fig. 2).

Therefore, given the negligible linear absorption of the C12

precursor molecules and the polymer matrix at the laser wave-

length (Fig. 2), the energy-delivery to samples has to be mediated

by multi-photon processes. Indeed, we measure for our system

a transmission decrease of about 15% by increasing the incident

laser power to values of the order of 10 of GW mm�2, which

indicates a clear absorption enhancement at high exposure flu-

ences for the off-resonant (800 nm) wavelength. The resulting
Fig. 2 Absorption spectra of the TOPAS�–C12 films (continuous line).

The absorption of TOPAS� is also shown for comparison (dotted line).

The arrow indicates the exposure laser wavelength (l ¼ 800 nm). Inset:

schematics of the laser writing system.

J. Mater. Chem., 2012, 22, 9787–9793 | 9789
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formation of CdS nanoparticles is clearly appreciable by high-

resolution transmission electron microscopy (HRTEM, Fig. 3).

Phase contrast imaging highlights the presence of nanocrystals in

the regions exposed to fs-laser pulses by pronounced lattice

fringes (Fig. 3). The particles exhibit a spherical shape and

hexagonal symmetry (wurtzite structure) as confirmed by fast

Fourier transform analysis (Fig. 3b). The average particle size is

estimated to be 4 nm.

A further evidence of the nanocrystal growth is provided by

the photoluminescence of the irradiated areas, which shows the

characteristic emission peak of CdS nanoparticles at about

2.4 eV, only after the exposure to the writing laser (Fig. 4a).

Negligible emission is instead measured in the TOPAS�–C12

samples after solution and film processing. Furthermore, we

investigate the effects of the exposure to the fs laser pulses on the

surface topography, by performing an AFM analysis at the edge

of an exposed region. Data displayed in Fig. 4b and c do not

evidence any significant variation of the polymer volume after

laser irradiation. These results allow ruling out the eventual
Fig. 3 (a) HR-TEM image of the nanocomposite after fs laser exposure.

Inset: high resolution image of a single particle (mean particle size y 4

nm), showing well pronounced (002) lattice fringes (fringe distance 0.334

nm). Marker ¼ 3 nm. Exposure parameters: incident fluence 0.1 J cm�2

and exposure time 5 s. (b) HR-TEM image of some CdS nanocrystals (left

side) with the corresponding FFT image (right side). Marker ¼ 5 nm.

FFT analysis confirms the wurtzite phase of CdS, showing well

pronounced (002) lattice fringes (fringe distance 0.334 nm).

Fig. 4 (a) PL spectrum of the composite film, from regions exposed to

the fs laser beam (continuous line) and from un-exposed regions (dashed

line). AFM topographic image (b) and height profile (c) of the nano-

composite film after laser exposure. The micrograph is collected at the

edge of an exposed area, marked by the continuous line. (d and e) PL

micrographs of realized patterns, obtained by scanning the focused laser

at 200 mm s�1 with an incident fluence of 0.2 J cm�2. (f and g) Confocal

fluorescence micrographs of other patterns, realized following the same

experimental procedure.

9790 | J. Mater. Chem., 2012, 22, 9787–9793
ablation of the polymer matrix, even at the highest exposure

fluences (0.7 J cm�2). We conclude that patterning of the nano-

composite films through the spatially localized, in situ growth of

CdS nanoparticles leads to non-morphological structures. These

are in principle advantageous for micropatterned light-emitting

devices, as they are fully compatible with the multilayer deposi-

tion of organics and metals, avoiding electrical disconnections

because of topological steps.19

Microscale patterns of luminescent CdS particles in the

nanocomposite film can be fabricated by scanning the focused

laser beam on the sample surface (scheme in the inset of Fig. 2).

The fluorescence micrographs of some realized patterns are

shown in Fig. 4d–g, displaying features with width of about 1

mm, comparable to the diffraction limited focal spot size (df ¼
1.22l/NA, where NA is the objective numerical aperture). For

the sake of comparison, we recall that CdS fluorescent lines with

240 mm width are reported by UV-assisted synthesis and pat-

terning.12b While sub-diffraction spatial resolution has been

reported by two-photon lithography,17 the resolution limit of

these methods has to be evaluated for each specific material

system. For our compound, the pattern spatial resolution in the
This journal is ª The Royal Society of Chemistry 2012
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TOPAS�–C12 films is mainly limited by scattering of incident

laser light by the aggregated structures formed by the precursors

(Fig. 1), blurring the focal spot size.

Among processes possibly involved in the CdS growth, multi-

photon absorption of C12 can induce the photolysis of the

precursor and the consequent crystal nucleation. This mecha-

nism would be analogous to UV-assisted synthesis, in which the

resonant absorption of light induces the decomposition of the

precursors and the nucleation of particles.12 In addition,

a contribution from a local temperature increase due to multi-

photon absorption of either the polymer matrix or the precursor

cannot be ruled out. Indeed, annealing temperature enabling the

synthesis of CdS nanoparticles from C12 (230–275 �C9b) is

compatible with local heating as measured in polymeric systems

under experimental conditions similar to those here employed.20

Nanocomposite emission properties

To investigate the emission properties of the nanocomposites

more in depth, we explore the possibility of tailoring the PL by

controlling the particle size through a proper choice of the

process parameters. As well-known, excitons confined along

lengths (D) comparable to the Bohr radius (D z 2aB) exhibit

a ‘‘quantum size effect’’, increasing their band gap energy upon

decreasing D.21,22 For CdS, aB y 3 nm, and confinement effects

on the band gap energy are reported for particles with diameterD

< 9 nm.23 Fig. 5 displays the PL spectra of our nanocomposites

upon exposure to laser radiation at different fluences. The broad
Fig. 5 PL spectra of the nanocomposite, upon exposure by different

laser fluences. From bottom to top: 0.10, 0.15, 0.20, 0.25, 0.30, and 0.45 J

cm�2. The spectra are vertically shifted for better clarity. The dashed line

is a guide for the eyes.

This journal is ª The Royal Society of Chemistry 2012
emission exhibits a peak energy red-shifted from about 2.7 eV to

about 1.8 eV upon increasing the exposure fluence from 0.10 to

0.45 J cm�2. As typical of CdS nanoparticles, the PL can be

ascribed to a superposition of different contributions. The bulk

exciton emission is peaked at 2.4–2.43 eV,14,21 whereas a shift to

higher energies of the exciton emission is observed upon reducing

the nanoparticle size.23 Moreover, due to the nanoparticle high

surface-area-to-volume ratio, emission from surface trap states is

often observed, with spectral features depending on the synthesis

method, the storage conditions and the exposure to air or oxy-

gen.12a,24 Emission from defects typically occurs around 2.3 eV

for shallow defects and at about 2 eV for deep trap states.

Therefore, the here observed nanocomposite spectra are attrib-

uted to the superposition of two main contributes, i.e. a band

edge exciton and defect emission for energies above or below

2.4 eV, respectively. We find that the ratio between the PL

intensity at lower energies and the excitonic emission intensity is

enhanced by about a factor of 6 upon increasing fluence, because

of the correspondingly larger expected density of defects.12b,25

In order to better elucidate the effect of the irradiation fluence,

these two contributions are deconvoluted by fitting the spectra

with two Gaussian functions (Fig. 6a). This analysis evidences

a decrease of band gap energy from 2.67 to 2.48 eV upon

increasing the fluence up to 0.45 J cm�2 (Fig. 6b), thus demon-

strating the possibility of tuning the nanocomposite emission.

Furthermore, from the band-edge emission peak energy one can

infer the average particle size taking into account the effective

mass approximation in the quantum confinement regime:26,27

Enp ¼ EG þ 2h� 2p2

D2

�
1

m�
e

þ 1

m*
h

�
� 1:786

2e2

3D
(1)

In the previous equation, Enp is the CdS nanoparticle energy

gap, EG is the bulk energy gap, me* and mh* are the effective

mass of electrons and holes, respectively, and 3 is the CdS

dielectric constant. The average particle sizes, obtained by eqn

(1) and the measured Enp values, range from 5 to 9 nm (Fig. 6b),

which overlaps consistently with HRTEM data. These results

demonstrate that multi-photon in situ synthesis allows tailoring

the optical properties of the CdS nanocrystals by changing the

laser beam properties, in particular the incident photon flux. By

increasing the laser fluence, a larger number of precursor mole-

cules can be decomposed due to the intensity dependence of the

multi-photon absorption process.28 The light absorption is likely

to induce the C–S bond photolysis and the cleavage of the pris-

tine lamellar structure, followed by a decrease of the Cd and S

atom separation (also favoured by a local increase of the

temperature following the non-linear absorption of the incident

light).20 This mechanism initiates the nanocrystals nucleation,

similarly to the thermal assisted in situ synthesis in TOPAS�–

C12 films.9b The increase of incident fluence makes this process

more efficient, finally leading to CdS nanocrystals with larger

diameters. Moreover, at the highest fluences (>0.3 J cm�2)

a larger number of unsaturated S atoms can be generated,12 thus

increasing the amount of nanocrystal surface defects and their

trap state emission. This can be characterized by a decrease of

intensity, IPL, observed upon increasing the temperature,

T, according to thermally activated processes, as described by the

following expression:29
J. Mater. Chem., 2012, 22, 9787–9793 | 9791

http://dx.doi.org/10.1039/c2jm16625a


Fig. 6 (a) PL spectrum of the nanocomposite, upon exposure with an

incident fluence of 0.20 J cm�2 (empty circles), together with its fit by the

sum of two Gaussian functions (continuous line). These correspond to

exciton emission (dashed line) and trap state emission (dotted line),

respectively. (b) Emission peak energy of the excitonic component (solid

circles, left vertical scale) and diameter of the CdS nanoparticles (empty

circles, right vertical scale), calculated by using eqn (1), vs. incident laser

fluence. (c) Temperature dependence of the PL intensity for a nano-

composite obtained by a fluence of 0.4 J cm�2. The continuous line is a fit

to the data by eqn (2).

Fig. 7 Time evolution of the nanocomposite emission. The black

continuous line is a fit to the data by the sum of three exponential

functions, convoluted with the instrumental response function, displayed

as a blue continuous line. Inset: PL decay upon continuous exposure to

UV pumping light. The black solid line is a fit to the data by an expo-

nential function.
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IPL ¼ A=
�
1þ Be�Ea=kBT

�
(2)

where A and B are constants, kB is the Boltzmann constant and

Ea is the activation energy. In Fig. 6c we display the temperature

dependence of the emission of the nanocomposite synthesized at

a fluence of 0.4 J cm�2, whose data are in agreement with this

expected behavior. An activation energy of about 70 meV is

indeed estimated, by fitting the data of Fig. 6c to eqn (2), a value

comparable to other studies on CdS nanocrystals.29 The origin of

the emission in the nanocomposite synthesized by laser exposure

is also confirmed by the time resolved PL data (Fig. 7). The decay
9792 | J. Mater. Chem., 2012, 22, 9787–9793
of the PL is characterized by the presence of components with

different emission lifetimes. By fitting the data with the sum of

three exponential functions, we find the presence of a major

component (60–80%) with a fast decay time (<1 ns, that is the

time resolution of the used system), a second component with

a lifetime of a few ns (about 20–40%) and a minor component

(<2%) with a long lifetime (>20 ns). These findings are compat-

ible with emission from band-edge and deep trap states.30

Finally, the photo-stability of the nanocomposite is evaluated,

by measuring the quenching of the emission of the obtained CdS

nanoparticles, upon continuous exposure to a pulsed laser beam

(l ¼ 355 nm, fluencez 100 mJ cm�2, pulse width 2 ns), in air (the

inset of Fig. 7). The data are well described by an exponential

decay with a lifetime (1/e) of about 1.5 hours, corresponding to

about 105 laser pulses, comparable to other emitting nano-

materials under similar excitation conditions.3,31
Conclusions

We demonstrate the in situ synthesis of CdS fluorescent nano-

particles in a transparent polymer matrix by near infrared fs-laser

pulses. HRTEM and PL analyses evidence the formation of CdS

nanocrystals with diameter D > 4 nm. The peak emission from

the quantum-sized nanoparticles can be tuned from 2.48 to 2.67

eV by changing the incident laser fluence in the range 0.10–0.45 J

cm�2. By scanning the near infrared laser, fluorescent patterns

can be realized in the nanocomposite material with micrometric

resolution, opening up perspectives for application in micro-

structured and pixelated hybrid light-emitting devices.
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