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Reported here is the programmable assembly of CdTe quantum dots (QDs) into various pre-designed
microstructures by using a femtosecond laser direct writing (FsSLDW) technique. As nanobuilding blocks,
CdTe QDs could be driven by a focused femtosecond laser beam to construct arbitrarily-shaped

micropatterns with high resolution (~170 nm). The optical properties of pristine CdTe QDs were well

inherited after the FsLDW induced programmable assembly, which has been confirmed by the

luminescence spectrum and the high resolution transmission electron microscope (HR-TEM) image of
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the assemblies. By using this technique, the CdTe QDs microstructures were integrated within

microfluidic devices, which showed the capability of qualitative on-chip detection of heavy metal ions.
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1 Introduction

Recent years have witnessed the rapidly increased research
interest in semiconductor quantum dots (QDs), because of their
unique optical and electronic properties, which are of great
interest to a broad range of disciplines.’® For instance, QDs
could be used as fluorescent tags for various in vitro or in vivo
biological assays.”” As pivotal components, QDs hold great
promise for the development of a new generation of optoelec-
tronic devices, such as QDs sensitized solar cells (SCs) and light
emitting diodes (LEDs).*'* The unique properties of semi-
conductor QDs has triggered a sustained research effort to
develop novel experimental methods for allowing refined
control over the size, shape, and polydispersity, as well as the
assembly of QDs into hierarchical micro-nanostructures. Espe-
cially, for enhanced functionality, the rational design and
precise control of the QDs assembly is of great scientific interest
because the structurally-defined collective properties endow the
QDs assemblies with potential applications, such as controlled
plasmonic interactions," optical encoding,"” multiplex biolog-
ical detection,*® and advanced photonic devices."**®
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The FsLDW induced assembly of QDs may open up a new way for the designable assembly of QDs
towards the flexible fabrication and integration of QDs-based microdevices.

To date, with the rapid progress of classical nanofabrication
methods, represented by various “bottom-up” and “top-down”
approaches, semiconductor QDs, as nano-building blocks,
have been successfully assembled into various micro-nano-
structures.'® For instance, QDs micro-patterns could be readily
created by using pre-patterned substrates as templates which
could be designed and fabricated by lithography,* focused ion
beam pulses® or laser direct writing** beforehand. The as-
formed chemical-specific micropatterns on the substrates
would show special interaction with QDs, leading to the self-
assmbly of QDs in a controlled manner. Recently, DNA-directed
self-assembly based upon biological interactions have been
successfully adopted for QDs structuring, and even the
programming of their valency and assemblies.?*** Besides,
novel strategies such as interfacial self-assembly,*® evaporation-
induced assembly,*” postsynthesis assembly,”® microstructuring
inside the photopolymer host,* assembly with the help of block
copolymer micelles®* and inside a microfluidic device,* have
also been developed for QDs assembly. More interestingly, the
optical trapping technique has been used for the manipulation
of individual colloidal CdSe-core QDs in three dimensions by an
infrared continuous wave laser operated at low laser powers.**
By using optical forces for positioning and the van der Waals
attraction for binding them to the substrate, individual
colloidal nanoparticles (NPs) with a diameter of 80 nm could be
driven and printed with a positioning precision of 50 nm.*
However, despite the recent progress in quantum-dot self-
assembly and individual NPs positioning, few techniques are
available for the programmable assembly of tiny QDs (e.g., QDs
with diameter less than 5 nm) into designed micropatterns on
any desired substrate. To date, it is still challenging to fabricate
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QDs microstructures with arbitrary-shapes that permit a high
level of control over the QDs distribution and their position for
the purpose of designable fabrication and flexible integration of
QDs-based microdevices.

As a powerful micronanofabrication technique, femtosecond
laser direct writing (FSLDW) has been widely recognized as a
nano-enabler for the designable fabrication of nanostructures
over a wide range of materials.*** Especially, for some non-
periodic or complex configurations, the FSLDW technique was
distinguished due to its mask-free processing capability and
arbitrary-shaped designability.*>*® In this work, we demonstrate
a programmable assembly of CdTe QDs by using the FSLDW
technique. With the help of an optical gradient force derived
from the focused laser beam, CdTe QDs could be patterned into
any desired microstructures according to the computer-
designed configurations. The optical properties of pristine QDs
were well inherited after the femtosecond laser induced
programmable assembly. Beside, the strategy we proposed here
exhibits a series of advantages (e.g., mask-free, non-substrate
dependence, arbitrarily-shaped and uncontacting) over tradi-
tional methods that have been reported for QDs assembly.
The FsLDW induced assembly of QDs holds great promise
for the fabrication and integration of QDs-based advanced
microdevices.

2 Experimental
2.1 Preparation of CdTe QDs

The CdTe QDs aqueous solution was synthesized according to a
modified literature method.* In a typical experiment, 1 mM of
CdCl,-2.5H,0 solution and 2 mM of thioglycolic acid (TGA)
were mixed together, and the pH of the solution was adjusted to
about 11 by the dropwise addition of NaOH solution (1 M) with
stirring. Then, 0.2 mmol of NaHTe solution was added at room
temperature under N, protection. The ratio of Cd : TGA : Te in
the reaction solution was kept at 1:2:0.2. The mixture was
refluxed at ~100 °C, and the desired QDs solution was obtained
when its absorption peak appeared at about 460 nm.

2.2 FsLDW induced assembly of CdTe QDs

For the FSLDW, the TGA-capped CdTe quantum dots suspen-
sion was dropped onto the surface of a cover glass and the
sample was placed in the femtosecond laser direct writing
system (FSLDW). 800 nm femtosecond laser pulses, with a 120 fs
pulse duration,** were tightly focused on the interface between
the substrate and solution by a high numerical aperture oil-
immersion objective lens (NA = 1.35, 100 x ). The QDs structures
were fabricated by the laser scanning route which was guided by
computer designed structure.

2.3 Fabrication of microfluidic devices

The PDMS-based microfluidic devices were prepared through a
soft lithography technique. First, SU-8 micropatterns were
fabricated by UV lithography with the help of a pre-patterned
shadow mask. Then the PDMS micro-channel was prepared
through soft lithography by using the SU-8 micro-pattern as a

4700 | J. Mater. Chem. C, 2013, 1, 4699-4704

View Article Online

template. CdTe QDs micropattern equipped glass was used as
the substrate. The gold electrodes were coated beforehand
through a physical vapour deposition (PVD) process with the
help of a shadow mask. For the test of Pb*>" detection, the CdTe
QDs micropattern equipped substrate was covered with the
PDMS microchannel, and pressed for adhesion. Lead nitrate
was used for the preparation of Pb** aqueous solutions of
different concentrations.

2.4 Characterization

The absorption spectra were measured using a Shimadzu UV-
1700 spectrophotometer. The steady-state fluorescence spectra
were recorded with a Shimadzu RF-5301PC spectrometer. The
high resolution transmission electron microscopy (HRTEM)
images were obtained with a JEOL-2100F field emission TEM.
SEM images were obtained with a JEOL JSM-7500F field emis-
sion scanning electron microscope (FE-SEM) which was equip-
ped with JSM 7001F energy dispersive X-ray analysis (EDS) for
materials analysis division. X-ray photoelectron spectroscopy
(XPS) was performed using an ESCALAB 250 spectrometer.
The photographs of the QDs structures were taken by using
widefield fluorescence microscopy on a BK-FL4 fluorescence
microscope.

3 Results and discussion

In our work, TGA-capped CdTe QDs in aqueous solution were
chosen as a representative example for the FSLDW induced
programmable assembly of semiconductor QDs. In a typical
procedure, the CdTe QDs suspension was dropped onto a cover
glass which was placed on the piezo moving stage of the laser
processing system, as shown in Fig. 1. In our previous work, we
reported the successful assembly of gold nanoparticles due to
the optical forces induced deposition and aggregation in the
laser focused area.*” In this work, the optical trapping technique
has been used for the programmable assembly of semi-
conductor QDs through a FSLDW process. The optical trapping
forces exerted on the QDs generally include absorption force,
scattering force and gradient force.*>** Note that the size of the
QDs is only a few nanometers, the scattering and absorption
forces are negligible, thus the gradient force was the dominant
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Fig. 1 Schematic illustration for the femtosecond laser direct writing induced
programmable assembly of CdTe QDs.
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factor. During the FSLDW process, controlled amounts of
momentum were applied to the QDs, which expelled them from
the colloidal suspension and deposited them on the designated
site of the substrate. Here, the optical gradient force plays the
role in driving the QDs assembly according to the laser scan-
ning track, and the laser irradiation induced heat effect would
cause the partial aggregation of QDs, forming pre-designed
microstructures after removal of the residual QDs solutions. It
is important to point out that the femtosecond laser pulse was
critical for the QDs patterning, because the ultrafast pulse
ranging from tens to hundreds of femtoseconds can effectively
suppress the thermal relaxation processes which occurs on a
timescale of hundreds of nanoseconds. Only if the heat
provided by laser irradiation is not sufficient enough to cause
the formation of CdTe bulky crystal, could the resultant
microstructure be considered as the assembly of QDs.

Taking advantage of the designable fabrication capability of
FsLDW, the CdTe QDs could be programmably assembled into
various microstructures. Fig. 2 shows different CdTe QDs
micropatterns fabricated on the surface of glass slices. A lumi-
nescence microscopic image of the as-fabricated CdTe QDs
micro-circle shows that their luminescence is strong enough to
be observed by luminescence microscopy under excitation,
indicating the inheritance of optical properties from pristine
CdTe QDs. As the FSLDW technique was commanded by
computer-designed microstructures, the CdTe QDs could be
assembled into various complex configurations, such as the
badge of Jilin university and even the effigy of Albert Einstein
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Fig.2 Morphologies of CdTe QDs micropatterns. (a) A luminescence microscopic
image of the CdTe QDs microstructures, the insets are the microscopic image and
confocal microscopic images of the circle structure; (b and ¢) SEM image of CdTe
QDs micro-circles with different line widths; (d) SEM image of the badge of Jilin
University; (e) Optical microscopic image of the CdTe QDs micro-pattern, the
effigy of Albert Einstein; (f) Dependence of line width on laser power.
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(Fig. 2b-e). By patterning the CdTe QDs into a spiral circle
microstructure, we evaluated the dependence of fabrication
resolution (represented by line width) on the laser power. With
the increase of laser power from 10 mW to 45 mW, the line
width of the resultant CdTe QDs structure increases from
~170 nm to ~1.75 pm (Fig. 2f). In our work, the thinnest line
width was ~170 nm when the laser power was 10 mW (Fig. 2c),
further decrease of the line width by using a lower laser power
would result in discontinuous lines or poor reproducibility.
This dependence was on account of the combinative nonlinear
effect of light-matter interactions and the threshold response of
the aggregation of QDs, which is similar to that in two-photon
photopolymerization (TPP).** According to our results, laser
powers ranging from 10 mW to 40 mW were considered to be
appropriate processing conditions for CdTe QDs patterning.
The fabrication under a too large laser intensity would lead to
the growth of CdTe crystals, whereas a too low laser power
would result in discontinuous microstructures or failure to
assemble.

The UV-vis absorption and luminescence spectra of both the
pristine CdTe QDs and the CdTe QDs assemblies are shown in
Fig. 3. Compared with the pristine QDs, an obvious red-shift
could be observed in both the absorption and luminescence
spectra of the QDs assemblies. This could be attributed to the
decrease of the confinement effect in the assemblies and the
loss of the surface-capping ligands during the femtosecond
laser induced aggregation. Moreover, during the laser induced
aggregation, the dipole-dipole coupling interactions would
happen between neighboring QDs, which could also give rise to
the red-shift of the PL. These results indicate that the steady
state optical properties of the QDs were well inherited after the
programmable assembly. Although the QDs have been used as
nanobuilding blocks in the large assemblies, the quantum
confinement properties are still in effect, a similar phenom-
enon could also be found in QD-based mesocrystals.*

To get further insight into the crystalline structure of the
CdTe QDs assemblies, the sample was investigated by high
resolution transmission electron microscopy (HR-TEM). No
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Fig. 3 Absorption (black lines) and luminescence spectra (blue lines) of CdTe
QDs (solid lines) and CdTe QDs assemblies (dashed lines). An obvious red-shift
could be observed in both the absorption and luminescence spectra of the
assembly sample compared with the pristine CdTe QDs.
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bulky single crystal could be observed over all of the sample. On
the contrary, the assemblies consisting of individual nano-
crystals (yellow circle) with an average size of ~4 nm, are in good
agreement with the size of the pristine CdTe QDs. As shown in
Fig. 4, the lattice spacing of the building units was 3.75 A and
3.52 A, which corresponds to the (002) and (101) planes in the
hexagonal phase of CdTe, respectively. These results directly
provide the evidence that the CdTe QDs serve as nanobuilding
blocks in the FsSLDW induced assembly, instead of the material
source for the formation of CdTe bulky crystals.

As fluorescent probes, semiconductor QDs have exhibited
great potential for the highly sensitive detection of heavy metal
ions, such as Pb*>" and Hg>*.** However, the presence of toxic
elements (e.g., Cd, Pb) in the semiconductor QDs significantly
restricts their practical applications.*” In our work, we inte-
grated the CdTe QDs micropatterns within a microfluidic device
which was further used for the on-chip detection of heavy metal
ions. As a representative target ion, Pb** aqueous solution
(0.1 M, lead nitrate) was injected into the microfluidic channel
for the on-chip detection and an obvious luminescence
quenching could be observed. Here, we did not pursue the high
sensitivity and low detection limit, as the assembly of QDs
would significantly decrease their surface area as compared
with monodisperse QDs. The major advantages of the integra-
tion of CdTe QDs microstructures within a microfluidic chips
lies in the immobilization of the toxic CdTe QDs and the high-
throughput detection by means of microfluidic techniques.
Moreover, taking advantage of the flexible patterning property,
the QDs structures could be designed and fabricated according
to the shape of the microchannels. For the purpose of achieving
a better sensing performance, QDs microstructures with larger
exposed surfaces could be readily fabricated.

In this work, a PDMS microfluidic channel prepared by soft
lithography was covered on a glass substrate with pre-patterned
CdTe QDs microstructures. As shown in Fig. 5a, to monitor the
conductivity change in the presence of Pb*", we also coated two

Fig.4 High-resolution TEM image of the CdTe QDs assembly sample, the yellow
circles indicate individual nanocrystals.
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gold electrodes to connect the CdTe QDs microline arrays.
Before the injection of the Pb>* solution, the CdTe QDs micro-
line arrays could be clearly recognized from a luminescence
microscopic image (middle image of Fig. 5b). However, after
immersing in Pb** solution for a few minutes, the luminescence
was quenched drastically (right image of Fig. 5b), indicating the
qualitative sensing performance. Besides, we also tested the
conductivity change before and after the Pb>* quenching of PL,
as shown in Fig. 5¢, the conductivity of the pristine CdTe QDs
micro-lines were very low, almost insulating. However, after the
addition of Pb** (0.1 M) for only 1 min, the resistance decreased
obviously (~7.5 MQ). Further extending the reaction time did
not show an obvious influence on the conductivity, which
indicates the reaction occurs within 1 min. Despite the Pb**
induced resistance change not being reversible, which limited
its application as a resistance-based ion sensing device, it

(a) PDMS micro-channel

// g
7
y
Pb2

—

Voltage (V)

Fig. 5 (a) Scheme of the PDMS microfluidic channel; (b) Optical microscopic
image and luminescence microscopic images of the CdTe micro-line arrays
between the two gold electrodes (from left: optical image, luminescence image,
and luminescence image in the presence of Pb?*); (c) -V curves of the CdTe QDs
micro-lines between the Au electrodes and after immergence in Pb?* solution for
different lengths of time.
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provides a new method for the in situ monitoring of Pb**
detection in addition to the luminescence spectroscopy.

To get further insight into the luminescence quenching
mechanism in the presence of Pb*>", we investigated the CdTe
QDs microstructure by elemental maps. Fig. 6a shows the SEM
image of the CdTe QDs micro-circle arrays with different line
widths fabricated on the substrate of a microfluidic device. After
the immergence in Pb>" solution, Cd, Te, and Pb elements were
detected. As shown in Fig. 6b, in addition to Si element, which
mainly derived from the glass substrate, Cd, Te and Pb were
homogeneously distributed over the micro-pattern. The maps
of these elements not only confirm that the pattern consisted of
CdTe QDs, but also indicates the homogeneous distribution of
Pb>" ions. XPS spectrum of the Pb4f region for the CdTe
micropattern reacted with a Pb*>" solution shows that primary
Pbaf peaks recorded at 138.8 eV (4f;/,) and 143.7 eV (4f5/,) could
be attributed to Pb(u),*® indicating no chemical reduction of
Pb>" occurs on the surface of the CdTe micropattern (ESIT). As
reported elsewhere,**° the competitive binding of capped thio-
groups between the QDs and Pb®" results in the changes in
surface and photophysical properties of the QDs, leading to PL
quenching. Providing that the mercapto groups of the capped
molecules play a critical role in the Pb*>" sensing,* CdTe QDs

20 ym

20 ym
Fig. 6 (a) SEM image of the CdTe QDs micro-circle arrays; (b) Cd, Te, Pb

elemental maps of a single CdTe QDs micro-circle after the immergence in Pb?*
solution.
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capped with glutathione (GSH) and mercapto propionic acid
(MPA) may also show similar properties.

4 Conclusions

In conclusion, a programmable assembly of CdTe QDs has been
successfully developed using the FSLDW technique. As repre-
sentative examples, microstructures including a spiral micro-
circle, the badge of Jilin University and even the effigy of Albert
Einstein were readily fabricated. The resolution of the QDs
microstructures shows a certain dependence on the femto-
second laser power, and the highest resolution was achieved
at ~170 nm. The luminescence spectrum and the HR-TEM
image of the QDs assemblies gives the evidence that the
obtained microstructures consist of CdTe QDs. No bulky crystal
was observed due to the use of ultrafast femtosecond laser pulse
which can effectively suppress the thermal relaxation processes,
and therefore, avoid the heat induced growth of nanocrystals.
The optical properties of pristine CdTe QDs have been well
inherited after the FSLDW induced programmable assembly.
The CdTe QDs microstructures could be readily fabricated
within given microdevices, such as microfluidic chips, in this
case it could be used for the qualitative on-chip detection of
heavy metal ions. The reported method may find broad appli-
cations in the flexible integration of QDs-based microdevices.
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