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MATERIALS

Fabrication of Three-Dimensional
Surface Structures with Highly
Fluorescent Quantum Dots

by Surface-Templated Layer-by-Layer
Assembly**

By Dejian Zhou, Andreas Bruckbauer, Chris Abell,
David Klenerman,* and Dae-Joon Kang*

Highly fluorescent quantum dots (QDs) are currently of
great interest due to their unique size-dependent properties,!"
and have many applications in ultrahigh-sensitivity bioima-
ging,[z] photonic and optoelectronic devices, and electrolumi-
nescent light-emitting diodes (LEDs)."®! Their sizes, typically
on the order of a few nanometers, make them excellent build-
ing blocks for nanoscience and for fabrication of hybrid struc-
tures. QDs have recently been incorporated into fluorescent
thin films through layer-by-layer (LbL) assembly!* of charged
QDs with oppositely charged polymers.""] These studies were
mostly carried out on flat surfaces and did not result in pat-
terned structures. However, to integrate these films into possi-
ble photonic or optoelectronic devices, it is necessary to con-
trol the location of the fabricated structures on a surface.

Fluorescent patterns made of QDs and/or nanoparticles
have recently been prepared. These patterns were fabricated
by photolithography or electron-beam patterning in combina-
tion with the “lift-off” technique,®” by microcontact printing
(uCP) of QD-dendrimer nanocomposites,[m] by selective de-
wetting on organic templates,'!! by capillary organization,!?!
and by photoactivation of low-quantum-efficiency QDs.!"’!
Most of the patterns fabricated to date contain just a single
QD layer, with fluorescence signal-to-background ratios typi-
cally smaller than 100. This may limit their application in
devices where multiple-layered structures and/or a higher sig-
nal-to-background ratio are required, for example, in a re-
cently reported exciton-recycling structure.®)

LbL assembly is a powerful and versatile approach for the
fabrication of multilayer films of charged materials.[**! How-
ever, its selectivity for patterning QDs is often limited by

[*] Dr. D.-J. Kang, Dr. D. Zhou

Nanoscience Centre, University of Cambridge
11 ). ). Thomson Avenue, Cambridge CB3 OFF (UK)
E-mail: djk1003@cam.ac.uk
Dr. D.-). Kang
Sungkyunkwan Advanced Institute of Nanotechnology, and
Department of Physics, Sungkyunkwan University
Suwon, 440-746 (Korea)
Dr. D. Klenerman, Dr. A. Bruckbauer, Prof. C. Abell
Department of Chemistry, University of Cambridge
Lensfield Road, Cambridge CB2 1EW (UK)
E-mail: dk10012@cam.ac.uk

[**] This work was supported by the Cambridge Interdisciplinary Re-
search Collaboration (IRC) in Nanotechnology (UK). Supporting In-
formation is available online from Wiley InterScience or from the
author.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1243



1244

_ ADVANCED
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strong and indiscriminate secondary interactions.'”! By LbL-
coating the QD surfaces with charged polymers, fluorescent
micropatterns consisting of a bilayer of QDs with two differ-
ent colors have recently been prepared by Belcher and co-
workers."¥ It was not clear whether the selectivity could be
maintained over multiple bilayers. We have found, and report
here, that the selectivity on patterned surfaces shown in the
first few layers can decrease dramatically and almost disap-
pear after tens of bilayers are assembled. Thus, improving the
selectivity on the patterned features while reducing the non-
specific adsorption on the resist region are key to producing
devices where multiple layers of QDs are required.® This is
an important issue in LbL assembly. In this communication,
we show that by reducing the non-specific interactions
through the modification of QD surface coatings and by em-
ploying a polymer with a hydrophilic backbone, it is possible
to achieve high levels of selectivity in the LbL assembly of
QDs up to at least 20 bilayers.

Our method is based on patterning of a gold surface with
self-assembled monolayers (SAMs) of alkyl thiols with tai-
lored surface properties.[ls] A SAM of an alkyl thiol termi-
nated with a hexa(ethylene glycol) group, known to be effec-
tive in resisting non-specific adsorption of biomolecules and
nanoparticles,[m] was used as the resistive coating. To promote
the adsorption of the charged QDs, a SAM terminated with
either a pyridinium or a carboxylic acid (COOH) group!!”
was used. The gold surface was patterned on the microscale
by uCP,[lg] and then the unstamped regions were functional-
ized with a second SAM by solution self-assembly. To reduce
the possibility of thiol exchange during incubation, a thiol
with a longer alkyl chain, which forms a more stable SAM,!"!
was used to stamp, and a thiol with a shorter chain was used
for backfilling. For example, when using 16-mercaptohexadec-
anoic acid (MHDA, C;s) and 11-mercaptoundecylhexa(ethyl-
ene glycol) alcohol (EG¢OH, C;;), MHDA was used to stamp,
but when EG(OH and 6-mercaptohexyl-N-pyridinium bro-
mide (MHPBr, Cg) were used, EGEOH was used to stamp.
uCP was employed for surface patterning due to its experi-
mental simplicity. Furthermore, it is a parallel method capable
of producing micro- to nanoscale surface patterns over a cen-
timeter-scale area in minutes, without the need of expensive
equipment and/or a clean-room environment.'®! A glass cov-
erslip coated with a thin layer of gold (~40 % transmission,
typical roughness less than 1 nm over 25 umz)[16b] or a freshly
prepared template-stripped gold (TSG) surface (typical
roughness less than 0.3 nm over 25 ptrnz)[lg] was used as the
substrate. After pCP patterning followed by backfilling, the
patterned surfaces were subsequently used to template the
LbL growth of the QD and polymer.

At first, a commercial water-soluble CdSe/ZnS core-shell
Evidot (COOH-QD) with a surface coating terminated with
COOH groups was used. The QDs were negatively charged
under the assembly conditions in phosphate buffer (10 mM
phosphate, 1 mM NaN;, pH7.5) due to deprotonation of
surface COOH groups. The QDs were readily adsorbed onto
an oppositely charged surface by electrostatic attraction. The

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

size of the QDs was verified by atomic force microscopy
(AFM). Incubation of an MHP SAM-coated TSG surface
with the QD solution (0.025 mgmL™" in phosphate buffer,
pH7.5) for 30 min resulted in adsorption of the QDs onto the
surface. The AFM topographic image (Supporting Informa-
tion, Fig. Sla) shows that the QDs were randomly adsorbed
on the substrate surface, with the majority of the QDs being
isolated and only a few clumped together to form taller do-
mains. A simultaneously recorded phase image (Fig. S1b)
confirms that these higher domains are due to aggregation of
the QDs. The QDs still maintained their structural identity
within the aggregates, as suggested by the existence of clear
gaps among the QDs in the phase image. The height histo-
gram shows that the majority of the diameters of the QDs was
within a narrow distribution around 4.7 nm. The measured
heights (diameters) of the QDs (~4.7 nm) were in good
agreement with the size of the QDs (nominal crystal diameter
4.1 nm), taking into account the thickness of the surface coat-
ing.

Next, the LbL assembly of the COOH-QDs on patterned
surfaces was investigated. Poly(allylamine) (PA), a positively
charged polymer widely used in LbL assembly,””) was used as
the assembly partner. A glass coverslip, coated with a thin
layer of gold and patterned with 2 um SAM stripes of MHP
(for specific attachment of the QDs) separated by 2 um SAM
stripes of EG(OH (to resist non-specific adsorption), was
used. Incubation of the patterned thin-gold-layer surface with
the COOH-QD solution resulted in selective adsorption of
the QDs onto the MHP stripes (Fig. 1a). The fluorescence in-
tensity was relatively weak, with a signal-to-background ratio
(fluorescence intensity ratio between the MHP and the
EGgOH stripes) of only ~5. The value is comparable to that
of previously reported photogenerated protein patterns.®!
The low signal-to-background ratio is possibly due to quench-
ing of the QD fluorescence by the gold layer underneath since
the separation is only ~2 nm (the MHP SAM was ~1.6 nm
thick!"”! and the QD surface coating was ~0.3 nm thick). In
addition, the QDs were found to have only covered a fraction
of the MHP surface (Fig. Sla). After a further treatment of
this surface with PA followed by COOH-QD (an assembly cy-
cle, abbreviated as (PA/QD)), the signal-to-background ratio
was significantly improved to ~55. The fluorescence intensity
on the MHP region increased significantly, while the back-
ground remained almost constant (Fig. 1b). This was presum-
ably due to the second-layer QD being further separated from
the gold surface, so the quenching by the gold was greatly
reduced. Another possibility could be that more QDs were as-
sembled on the PA surface than the first layer on the flat
MHP surface due to increased surface roughness (and there-
fore, increased surface area).

As the LbL assembly progressed, QDs were also found to
adsorb onto the EGsOH resist region (Fig. 1c) and as a result,
the signal-to-background ratio decreased significantly. A plot
of the average fluorescence intensity versus the number of as-
sembly cycles (Fig. 2a) reveals that the fluorescence intensity
of the MHP region increased linearly with the number of as-

www.advmat.de Adv. Mater. 2005, 17, 12431248
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Figure 1. Fluorescence images following the LbL assembly process of COOH-QD and PA on pCP-patterned 2 um SAM stripes of MHP within an
EGsOH SAM background on a thin-gold-layer-coated glass coverslip under 0.5 uW laser excitation (488 nm). Film structures assembled on top of the
SAM template are a) QD, b) (QD/PA)/QD, and c) (QD/PA)4/QD. Image sizes: 19 umx 19 um. The fluorescence scale bars are depicted beneath each

image.
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The adsorption on the EG¢OH resist surface
was thought to be mainly due to non-specific
interactions, such as hydrophobic interactions
and hydrogen bonding. To reduce hydrogen
bonding between the QDs and the EG¢OH sur-
face, another red QD with a surface coating
terminated with negatively charged sulfonate
groups was prepared. This was obtained by
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2 15 treatment of a hydrophobic trioctylphosphine

oxide (TOPO)-capped CdSe/ZnS Evidot (col-
or: Fort Orange) with 2-mercaptoethanesulfo-

Figure 2. a) Plot of the average fluorescence intensity versus the number of QD/PA as-
sembly cycles on the MHP pattern (A) and the EG¢OH resist (®). b) Plot of the fluores-
cence signal-to-background ratio (ratio of fluorescence intensity of the MHP pattern to the

nic acid (MESA) sodium salt.?? This treatment
led to ligand exchange on the QD surface coat-

EG¢OH resist background) versus the number of assembly cycles.

sembly cycles, suggesting linear growth of the COOH-QD/PA
films. On the EG¢OH resist region, the fluorescence exhibited
a slow growth for the first three cycles, after which the inten-
sity also increased linearly with the number of cycles. This
suggests that the EGcOH was only effective at resisting the
build-up of the QD/PA films during the early cycles. This is
presumably due to the presence of non-specific adsorptions of
the QDs and PA onto the EG¢OH surface, possibly starting at
gold domain boundaries and/or surface defects. The non-spe-
cific adsorption gradually spread and covered more and more
of the EGcOH resist surface as the LbL assembly proceeded
and finally reached full coverage, completely changing the
surface properties. After this point, the growth rate became
linear and similar to that as on the MHP surface. As a result,
the difference in fluorescence intensity between the two
surface regions remained almost constant. A plot of the fluo-
rescence signal-to-background ratio (an indication of the se-
lectivity for the LbL assembly on the two surfaces) versus the
number of assembly cycles (Fig. 2b) reveals that after an ini-
tial increase from the first (QD) to the second cycle (QD/PA/
QD), the signal-to-background ratio gradually but signifi-
cantly decreased as more and more layers were assembled.

Adv. Mater. 2005, 17, 12431248 www.advmat.de

ing, forming water-soluble MESA-capped QDs

(MESA-QDs). In addition, linear poly(ethyl-

eneimine) (LPEI), a positively charged poly-
mer with a hydrophilic backbone, was selected as the assem-
bly partner.” This should reduce the undesirable
hydrophobic interactions and hydrogen bonding with the
EGgOH resist surface.

As expected, the LbL assembly of the LPEI/MESA-QD
did indeed exhibit a high level of selectivity on a uCP-pat-
terned MHDA SAM dot array within the EGcOH resist back-
ground. The assembly, initiated by a first treatment of the sur-
face with the LPEI solution, followed by MESA-QD
(abbreviated as (LPEI/MESA-QD)), yielded selective build-
up of the polymer/QD composite on the patterned features
alone. Representative fluorescence images after 2 and 19 cy-
cles are shown in Figures 3a,b, respectively. It is clear that the
assembly took place almost exclusively on the MHDA pat-
terns, with little non-specific adsorption on the EGcOH resist
background even after 20 cycles (except at regions of surface
imperfections caused by wCP). This was further confirmed by
the AFM topographic image (Fig. 3d) collected on the same
sample after 20 cycles. The averaged line-scan profile revealed
that the patterns were ~85 nm high. This corresponds to a
thickness of ~4.1 nm per (LPEI/MESA-QD) bilayer, assum-
ing a uniform and linear growth of the polymer—QD layers.**!

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Fluorescence images showing the LbL assembly of MESA-QD with LPEI on uCP-patterned MHDA surface arrays within EGgOH resist back-
ground; images shown are for a) 2 and b) 19 cycles. Image size: 30 um x 30 um. c) Plot of the total fluorescence intensity (red dots) and the area-nor-
malized fluorescence intensity (blue squares) versus the number of assembly cycles. d) AFM topographic images of the (LPEI/QD),o assembled on

the patterned thin-gold-layer surface.

The plot of the average pixel fluorescence intensityps] over
the whole image versus the number of assembly cycles shows
that the fluorescence increased nonlinearly with the number
of cycles (Fig. 3c, solid red circles, and Fig. S2A). However,
comparing the two fluorescence images shown in Figures 3a,b,
it is evident that not only did the fluorescence intensity in-
crease with the number of assembly cycles, but the feature
sizes also increased. The patterned features grew both verti-
cally and horizontally. An analysis of the fluorescence images
shows that the total fluorescence area within the image area
increased roughly linearly with the number of assembly cycles
(Fig. S2B). The area-normalized fluorescence intensity (fluo-
rescence intensity divided by fluorescence area) exhibited a
linear growth with the number of cycles from the third cycle
onwards (Fig. 3c, solid blue squares). The weaker fluores-
cence growth for the first three cycles may be caused by fluo-
rescence quenching by the gold and the influence of the initial
surface coating, which has been demonstrated to strongly
affect the LbL growth of charged polymers.”® The averaged
fluorescence intensity from the central part of the features
also exhibited a linear increase with the number of cycles after
the first four cycles (Fig. S2C). All these observations suggest
that although the fluorescence intensity (the number of QDs)
grew nonlinearly with the number of cycles due to horizontal
growth of the features, the vertical growth was actually linear.

The horizontal growth of the features may be caused by the
shape of the LPEI, which is thread-like and up to ~200 nm
long when fully extended (for a polymer of average molecular
weight 25000 gmol™). When adsorbed onto an oppositely
charged pattern, it is probable that not all the polymer chains
were completely coiled and protruded above the features.
Some polymers may hang over the EGcOH resist surface.
This part of the polymer chain could serve as the base for
future LbL growth of the QDs and polymers. This idea is
supported by the observation that some of the features had
smaller interconnected features, as seen in both fluorescence
and AFM topographic images.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

It should be noted that the MESA-QD/LPEI exhibited a
far higher level of selectivity towards the pattern over the re-
sist background than the COOH-QD/PA combination. The
fluorescence signal-to-background ratio (excluding the sur-
face-imperfection regions caused by uCP) increased dramati-
cally as the LbL process progressed (Fig. 4), reaching ~ 7000
after 16 cycles. This signal-to-background ratio is two orders
of magnitude higher than previously obtained fluorescence

10000 R
A QD-PA ave”e
=3 @ QD-LPEI s
c -
5 10004 .
E [ ]
2 4
O 1004 .
© Ay
o
r—| L]
e 1o
R -
(73] “
1 AAssasaanaa
0 5 10 15 20

Number of Cycles

Figure 4. Plot of the fluorescence signal-to-background ratio for the
COOH-QD/PA (A) and the MESA-QD/LPEI (®) versus the number of
assembly cycles.

patterns,[ﬂ] demonstrating the excellent selectivity in this
combination. In contrast, the signal-to-background ratio for
the COOH-QD/PA combination decreased dramatically as
more layers were assembled (~1.2 after 10 cycles). This was
presumably because LPEI is a linear hydrophilic polymer
with no side chains. Under our experimental conditions, LPEI
(and the QDs) are both highly hydrated and would be re-
pelled from the hydrated EG(OH SAM resist surface, result-
ing in little adsorption. Thus, the signal-to-background ratio
improves as the LbL assembly proceeds, since QDs build up

www.advmat.de Adv. Mater. 2005, 17, 12431248
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on the features alone. On the other hand, PA is composed of
positively charged amine side chains and a hydrophobic alkyl
backbone. It can non-specifically adsorb onto the EGg resist
through hydrophobic interactions and hydrogen bonding
between its side-chain amines and the oxygen atoms in the
hexa(ethylene glycol) chains of the EG¢OH resist. The non-
specific adsorption on the background region gradually be-
comes more significant as the LbL assembly proceeds, result-
ing in a reduced signal-to-background ratio.

Finally, we show it is possible to fabricate three-dimensional
(3D) structures with QD{-QD, combinations."*! For this, the
commercially available COOH-QD (red) and a green QD
with an amine-terminal coating (NH,-QD) were used. LbL
assembly of the NH,-QD and the COOH-QD on a patterned
MHDA dot array within an EG¢OH background led to selec-
tive build-up of 3D structures. Fluorescence images obtained
from the green and red channels (Figs. 5a,b) clearly demon-
strated the selective build-up of the green-QD/red-QD assem-
blies. The AFM topographic image taken after 7.5 cycles
((NH,-QD/COOH-QD),(NH,-QD)) (Fig. 5¢) confirmed that
the QDs assembled on the MHDA patterns alone, with little
evidence of non-specific adsorption on the EG¢OH back-
ground region. The average height of the features, as shown in
the averaged line-scan profiles, was ~50 nm. It was also possi-
ble to extend this assembly to produce hierarchical 3D struc-
tures, such as the (QD/polymer),(QD/QD),, combination
(Fig. S3), simply by changing the assembly partners during
the LbL-assembly process.

In summary, we have demonstrated that by modification of
the QD surface coatings, choosing proper assembly partners,
and using a surface-resist coating to reduce the non-specific
secondary interactions, it is possible to selectively build up 3D
surface structures with highly fluorescent QDs. The signal-to-
background ratio obtained of ~7000 is two orders of magni-
tude greater than those reported in earlier studies, demon-
strating the excellent selectivity in our multilayer assembly.
The height of the features could be controlled easily by varia-

MATERIALS

tion of the number of assembly cycles. In principle, the assem-
bly can be miniaturized to the nanometer scale, and the com-
ponents of the assembly could be tailored to accommodate
different materials to introduce different functionalities, mak-
ing this process an easy and versatile means of fabrication of
highly hierarchical nanoscale 3D assemblies and/or devices
with QDs over macroscopic surface areas.

Experimental

Materials:  11-Mercaptoundecylhexa(ethylene  glycol) alcohol
(EG¢OH) and 6-mercaptohexyl-N-pyridinium bromide (MHPBr)
were synthesized as described elsewhere [16b,17]. 16-Mercaptohexa-
decanoic acid (MHDA, 90 %), mercaptoethanesulfonic acid (MESA,
sodium salt, 98 %), poly(allylamine) (PA, molecular weight [MW]
65000 gmol™), and other reagents were purchased from Sigma—Al-
drich (Dorset, UK). MHDA was purified as described previously [17].
Linear poly(ethyleneimine) (LPEI, MW 25000 gmol™) was pur-
chased from Polysciences Inc. (Warrington, PA). Aqueous solutions
of carboxylic-acid-capped CdSe/ZnS core—shell quantum dots (QDs)
(COOH-QD, Fort Orange, first exciton peak at 586 nm) and amine-
capped CdSe/ZnS core-shell QDs (NH,-QD, Adirondack Green, first
exciton peak at 505 nm), and a toluene solution of trioctylphosphine
oxide (TOPO)-capped CdSe/ZnS core-shell QDs (TOPO-QD, Fort
Orange, first exciton peak at 586 nm) were purchased from Evident
Technologies (Troy, NY). The TOPO-QDs were rendered water-solu-
ble by ligand exchange with MESA following a literature procedure
(~20 % of the treated QDs were water-soluble) [22]. After ligand ex-
change, the MESA-capped QDs were dissolved and diluted in phos-
phate buffer (10 mM phosphate, 1 mM NaNj, pH7.5). All solutions
were filtered with a Whatman syringe filter (0.02 um pore size) before
use. Glass coverslips coated with a thin layer of gold (~5 nm thick
gold layer with a Ti adhesion layer, roughness <1 nm over 25 um?)
were obtained from Ssens BV (Hengelo, The Netherlands) [16b].
Template-stripped gold (TSG) surfaces were prepared as described
previously [19]. Freshly stripped TSG surfaces were used to minimize
contamination [27].

Microcontact Printing (wCP): Two poly(dimethylsiloxane) (PDMS)
stamps, one with features of 2 um square arrays and the other with
2 um stripes, were used. The stamp was inked with a 2 mM solution of
MHDA (in 2-butanol) or EGcOH (in ethanol) with a cotton swab.
After being dried with N,, the stamp was brought into conformal

140

i R Y (o O
nm

jum

Figure 5. Fluorescence images of (NH,-QD/COOH-QD);,NH,-QD assembled on the uCP-patterned MHDA patterns within the EGGOH background
on a thin-gold-layer-coated glass coverslip under 0.5 uW laser excitation at 488 nm. a) Green channel, b) red channel. Image size: 30 um x 30 um.
c) Tapping-mode AFM topographic image of the same surface shown in (a,b). Image size: 20 umx 20 pum.
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contact with a thin-gold-layer-coated glass coverslip for 20-30 s. The
unstamped surfaces were then filled with a self-assembled monolayer
(SAM) of the EG;OH (for MHDA) or MHPBr (for EGcOH) by in-
cubation of the surface with a 1 mM solution of EG¢OH (in ethanol)
or MHPBr (in water) for 1 h, rinsing with ethanol and water, and dry-
ing with N [18].

Layer-by-Layer (LbL) Assembly: All the LbL assemblies were car-
ried out in phosphate buffer (10 mM phosphate, 1 mM NaNj,
pH 7.5). Concentrations of 0.025 mgmL™ for the QDs and 1 mgmL™
for the polymers were used. The uCP-patterned surface was incubated
with a polymer solution for 15 min and rinsed with the buffer, then in-
cubated with a QD solution for 30 min, followed by a rinse with buff-
er (this constitutes an assembly cycle of (polymer/QD)). The process
was repeated until a desired number (r) of bilayers ((polymer/QD),,)
were deposited. The same procedure was used in the QD-QD assem-
bly, and 30 min incubation times were used for both QDs.

Atomic Force Microscopy (AFM): All AFM images were collected
in tapping mode on a Digital Instrument (Veeco, CA) Dimen-
sion 3100 AFM with a Nanoscope 1V controller in air at 24+1°C. Ul-
trasharp MikroMasch silicon cantilevers (125 um long, tip radius
<10 nm, spring constant ~40 Nm™, resonant frequency 330 kHz)
were used. Topographic and phase images were simultaneously col-
lected at 512 x 512 pixels per image at 0.8 to 1 Hz. The captured im-
ages were analyzed with the Nanoscope image-analysis software using
first-order flattening [16b,27].

Fluorescence Imaging: Fluorescence images were recorded under
0.5 uW laser excitation at 488 nm on a home-built scanning confocal
microscope (SCM) [28]. Details of the setup are given in the Support-
ing Information. The integration time was 1 ms per pixel, and images
were collected at 256 x 256 or 512 x 512 pixels per image. Images were
processed using WSxM 3.0 (Nanotec Electronica S.L., Spain). The
averaged fluorescence intensity was obtained by converting the image
into grayscale and then analyzing using the histogram function in
Adobe Photoshop (Version 6.0).
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