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Quantum dots (QDs) have found numerous applications in areas
ranging from optoelectronics (e.g., light sources and solar cells) to
tags for use in biosensing. The ability to create spatially addressable
platforms of QDs with selective optical properties would greatly
enhance many of these applications.' Several approaches, including
colloidal assembly, electrostatic deposition, covalent bonding,
biorecognition, Langmuir—Blodgett, and self-assembly, have been
used to position materials such as metal nanoparticles and QDs on
a variety of substrates.” However, assembling different QDs on the
same substrate with submicrometer resolution remains a significant
challenge, as this first requires the synthesis of QDs with the desired
optical properties and then a means of directing them to a desired
location. This can be a relatively laborious and noneconomical
process, requiring several experimental steps.® Recently, it has been
shown that by using photooxidation, the effective “size” of QDs
can be modified postsynthetically to tune their emission.?**>
However, solution phase processing of QDs by such photochemical
reactions can often result in aggregation, yielding undesirable
spectral broadening and inhomogeneity.?>*>* Akin to these
photochemical methods it has been reported that spatially selective
photobrightening and photodarkening of QD thin films have been
accomplished using optical microscopy by controlling laser inten-
sity.® Combining optical lithographic patterning with postsynthetic
photochemical modification, however, may yield a facile means of
fabricating QD arrays with tunable optical and chemical charac-
teristics, but such approaches remain largely unexplored.

Here we illustrate a “lithosynthesis” process in which a thin film
of luminescent CdSe QDs can be patterned to create arrays of QDs
with submicrometer spatial resolution and emission at different
wavelengths, but all starting from a single material (Figure 1A).
To demonstrate this, thin films of CdSe QDs (ca. 4 nm in diameter)
capped with 16-mercaptohexadecanoic acid (16-MHA) were as-
sembled via layer-by-layer deposition (ca. 2 layers) on surfaces
such as glass and oxidized Si, in which a positively charged polymer
(PDADMAC) links the QDs to the surface (see Supporting
Information).” By rastering a focused Ar ion laser across the film
with different rates at varying locations, selective photooxidation
of the illuminated QDs occurs resulting in patterned arrays of QDs
with different luminescence intensities and wavelengths (Figure 1B,
C). Here, changes in both emission wavelength and intensity can
be controlled with high spatial resolution depending on the laser
power, illumination time, and, most importantly, the local chemical
environment.

Upon laser illumination, the photoluminescence (PL) intensity
of the CdSe initially increases up to 6-fold or even higher
(photobrightening), followed by photodarkening, along with a
concomitant blue shift in emission wavelength (see Supporting
Information). The increase in photoluminescence intensity has been
purported to result from several potential factors® including the
decrease of surface trap sites and roughness under illumination,’
desorption of physically bound molecules,” accumulation of
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Figure 1. (A) Schematic diagram showing the phototuning of CdSe optical
properties using a focused laser beam at 488 nm. (B) Photoluminescence
image (30 um x 30 um) and (C) peak position image (30 um x 30 um) of
patterned CdSe QDs. The intensity of QDs was selectively tuned by altering
the laser scanning speed ranging from 0.1 um/s to 4 um/s. The fluorescence
intensity of the lines increases at first and then decreases as the laser dwell
time raises, while increased exposure time results in a continuous blue-
shifting of the QD emission.

electrons in the organic surroundings,>'® or the oxidation and
desorption of the capping reagent.'" It is well-known that many of
the colloidal QD capping ligands are efficient quenchers and 16-
MHA capped CdSe has a lower quantum yield than TOPO capped
CdSe (ca. 1% vs 30%)."'® Under illumination, the thiol capping
ligands can be removed by their photocatalytic oxidation to
disulfide,''* along with the formation of more complicated oxidized
sulfur species, as determined by X-ray photoelectron spectroscopy
(see Supporting Information). Thus, by starting with QDs capped
with 16-MHA, their removal by local photooxidation results in a
dramatic increase in photoluminescence at the exposed regions of
the film. Importantly, this process can be reversed, affording the
ability to create patterns with not only variable wavelengths but
also variable intensities, controllable through readsorption of the
same or other ligands following photooxidation. The enhanced
emission can be quenched back by immersing the patterned QD
film in a 16-MHA solution, which can then be “rewritten” by laser
lithography at the same region several times (Figure 2). Following
long-term or intense photooxidation however, the PL intensity
rapidly declines to less than 6% of the initial intensity. We have
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Figure 2. Demonstration of reversible surface modification of QDs. A
square is patterned onto the CdSe QD film (A) where the QDs are partially
oxidized and capping groups partially removed. (B) The sample is then
immersed in a 16-MHA solution for 5 min. Inset shows the wavelength
channel of the same region (A4 ~ 5 nm bright to dark). (C) The surface is
then repatterned in the same location. (D) This process can be repeated
many times with minimal relative signal loss. During these cycles, the QD
emission peak is continuously blue-shifted (E).

probed what environmental conditions may be employed to
ameliorate this effect by using microfluidic arrays to compare
changes in PL under several different oxidizing environments at
the same time on the same samples (see Supporting Information).
By carrying out local photooxidation in the presence of 16-MHA/
ethanol, the emission could be readily blue-shifted equivalent
amounts to that in air (ca. 40—50 nm), but with the QDs retaining
significantly higher luminescence (ca. 30 times greater) than those
patterned in air.

Beyond simply shifting the luminescence, the photooxidized QDs
show an increased propensity to bind new molecules relative to
the background film, enabling a facile approach for spatially
selective QD surface modification. This approach has some
advantages compared to regular deep UV, UV-ozone, or other
ligand exchange surface modification methods. First, visible light
may be used with little to no damage to either the supporting QDs
or loading target molecules. Second, by employing lithography,
modification of the QD films can be spatially localized. As such,
this simple patterning approach to ligand replacement offers a facile
method for selective modification of immobilized QDs, as compared
to functionalization in solution, where long ligand exchange and
separation times can be required and aggregation can often occur.*”
We have explored this by selectively binding a porphyrin with a
pentanethiol tether (see Supporting Information). As shown in
Figure 3C, after binding of porphyrins to the patterned regions of
the QD film, significant quenching of the QD luminescence was
observed. This can be attributed to fluorescence resonance energy
transfer (FRET) and/or charge transfer between the QDs and
porphyrin.'?

In summary, upon visible light illumination, the capping ligands
of the QDs are photocatalytically oxidized along with the QDs
themselves allowing for the selective modification of their local
optical properties (emission intensity and wavelength). This method
should be broadly applicable to other QD materials and has many
distinct advantages for creating patterned arrays of QDs with
different optical properties. This includes needing only a single
starting material and the ability to fabricate these structures using
typical photolithographic techniques, affording ready industrial
scale-up. The patterns can be created with high densities on any
surface with appropriate modification, making them useful for

Figure 3. Photoluminescence intensity images of (A) a control sample
patterned in air with the same raster rates as those in Figure 1 and then
soaked in CH,Cl,; (B) another control sample that had been immersed in
16-MHA solution; and (C) a sample that had been immersed in porphyrin
thiol solution (CdSe emission channel). It is shown that both 16-MHA and
the porphyrin can be inserted into the CdSe films, which suggests a facile
way for selective modification of immobilized CdSe QDs in the photopat-
terned regions.

creating display or sensing platforms. Moreover, the patterned
structures can also be “erased” or modified by the selective addition
of new surface ligands multiple times, allowing the optical
properties of the films to be reconfigurable.
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