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Patterning of Semiconductor Nanoparticles via Microcontact Printing
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Three general paths for patterning semiconductor nanopar-
ticles stabilized with a short chain stabilizer via microcontact
printing (uCP) are presented. The interface between the
nanoparticles and surfaces has to be carefully designed to
realize a successful direct or indirect printing.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Parallel patterning of functional materials is very impor-
tant for many photonic and electronic applications, for ex-
ample multiple color LEDs, color pixels for field-emission
displays, and multichannel chemical sensors. Therefore, the
parallel schemes of positioning of these functional materials
in predetermined areas are of great scientific and technolog-
ical interest. Apart from the standard patterning techniques
such as lithography, recently developed nontraditional
patterning methods such as microcontact printing (uCP),[!
nanoimprinting lithography (NIL),!? scanning probe lithog-
raphy,®! and dip-pen nanolithography® have attracted a
great deal of attention in the field of surface patterning.
Among them, pCP and NIL have the advantages of low-
cost, simplicity, rapidity, and high throughput (parallel pro-
cess). LCP is more versatile because many different materi-
als can be used as inks to directly print on flat and curved
surfaces.

Generally speaking, the patterning of functional materi-
als can be realized in the following two ways. The first is
where the distribution of the functional materials them-
selves on the surfaces is in a patterned way. Thus, the func-
tionality is naturally patterned.’>”! For example, Won et al.
bound dendrimers on a surface, then let gold ions adsorb
to the dendrimers. By UV irradiation with a photomask,
patterned Au nanoparticle structures were obtained.[’”l The
other method is where functional materials are homoge-
neously distributed on surfaces while another material on
top or beneath the functional material is patterned. In this
way, through the inhibition or activation of the function-
ality of functional materials by printed materials, the func-
tionality is realized in a patterned way.®! For example,
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Wang et al. first assembled semiconductor nanoparticles on
surfaces using a layer-by-layer strategy. Then copper grids
were placed on top of the nanoparticle films as an optical
mask. Because of the strong enhancement of photolumines-
cence (PL) from the nanoparticles by irradiation, a strong
contrast in PL was observed after removal of the grids.[®!
By means of pCP, there are three possible paths to the
patterning of the functional materials: (1) They can be se-
lectively adsorbed to a printed heterogeneous surface, as
shown in part a of Scheme 1. (2) They can be bound to a
structured stamp and be directly printed on a homogeneous
surface, as shown in part b of Scheme 1. (3) They can be
brought to a homogeneous layer (e.g. spin coating) on a
surface and be patterned by an inactive structure, as shown
in Scheme 1 (see part c, the inactive structure can also be
beneath the active layers). Although the direct printing of
functional materials is desirable, it is not easy to achieve
since a compatible stamp-molecule-surface system is
needed. Successful printing requires detailed studies of vari-
ous printing conditions such as ink concentration and time,
printing time, and the surface properties of both the stamp
and substrate. Therefore, compared to the printing of well-
known systems for example self-assembled monolayers
(SAMs), the direct printing of functional materials is more
complicated.”'? Therefore, up to now, the realization of
the patterning of functional materials via pCP has been
mainly based on the direct printing of SAM layers, rather
than the functional materials themselves.[!3"171 The advan-
tages of printing SAM layers are that they are relatively
simple and the interaction mechanisms among ink, sub-
strate, and stamp are well-studied in these systems,!'3-2 but
one more step for selective adsorption is needed. Should
the first two methods prove difficult to realize, the third
method may prove a good choice. For example, Koide et al.
first printed alkyltrichlorosilane on an ITO glass substrate,
then an organic light-emitting diode was deposited on the
patterned substrate by a standard deposition technique.['
Since the stamped SAM can impede the hole injection into
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the hole transport layers, this renders the stamped area es-
sentially nonemissive. Although the whole substrate was
covered with LED materials, only unpatterned regions
show effective emission. In this way, patterned LEDs were
obtained.
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Scheme 1. Patterning of nanoparticles via (a) printing of block
layer and adsorption of nanoparticles, (b) direct printing of nano-
particles, and (c) printing of block layer on the top of the nanopart-
icle layer.

Semiconductor nanoparticles show unique size-depend-
ent optical properties and are of great interest for applica-
tions in optoelectronics, photovoltaics, and biological sens-
ing.?!-231 Various chemical synthetic methods have been de-
veloped to prepare such nanoparticles. With the progress in
the synthesis of nanoparticles using wet chemical syntheses,
the synthesis of nanoparticles capped with so-called “stabi-
lizers”, which cap the surface of the nanoparticles during
their growth, has been greatly improved and produced high-
quality nanoparticles. Two different approaches have been
developed to synthesize high-quality semiconductor nano-
particles. One is an organometallic synthesis based on the
high-temperature thermolysis of precursors, first reported
by Murray et al. in 1993,%% and further improved
later.?72°1 An alternative synthesis employs polyphos-
phatest®¥ or thiolsP*!-3% in aqueous media. With the success
in obtaining high-quality nanoparticles, assembling them
into devices becomes possible. Here we will explore the pos-
sibilities provided by the above-mentioned three paths to
pattern high-quality CdTe nanoparticles stabilized with a
short chain stabilizer (thioglycolic acid, TGA).

Results and Discussion

Selective Adsorption of Nanoparticles on a Patterned
Surface

As mentioned in the introduction and shown in
Scheme 1a, when nanoparticles show highly selective ad-
sorption or binding onto certain surfaces, the patterning of
them can be achieved through producing such surfaces in a
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patterned way. Recently, Loo et al. reported the direct print-
ing of Au on a —SH terminated surface.*3! Here, we used
this procedure to print a Au pattern and used this pattern
as marks. Unprinted regions were further modified with dif-
ferent chemical groups in order to study the adsorption be-
haviors of a CdTe/TGA aqueous solution via hydrogen
bonding, ligand exchange, or weak electrostatic forces. Part
a of Figure 1 shows a topographic image of a printed Au
line on a (3-mercaptoproply)trimethoxysilane (MPTMS)
modified Si surface after the removal of MPTMS (O,
plasma oxidation). A zoom-in image (not shown here) indi-
cated that the unprinted region terminated with —-OH
groups was quite clean. After 3 h adsorption of a 1 mm
CdTe/TGA aqueous solution, images were taken as shown
in Figure 1 (b). CdTe nanoparticles showed random and
inhomogeneous adsorption both on the hydrophilic —~SiOH/
Si surface and on the rough Au surface. The density of the
nanoparticles was, however, very low. In the case of further
modification with MPTMS, the thickness of the Au region
increased to over 10 nm, indicating the formation of
multilayers of MPTMS on the Au region. After adsorption
of nanoparticles for 3 h, in the —SH region, we did not ob-
serve obvious adsorption (Supporting Information), indi-
cating that no apparent ligand exchange was taking place
between TGA and MPTMS. For (3-aminopropyl)dimethyl-
ethoxysilane (APDES) SAMs, the adsorption of nanopar-
ticles on the —-NH, region increased a lot compared to the
case of the —SH terminated surface and showed less ag-
glomeration than the —SiOH terminated surface, indicating
greater electrostatic forces. However, the density of nano-
particles was still too low. Therefore, Scheme 1 (a) is not an
effective path for patterning CdTe/TGA nanoparticles via
simple hydrogen bonds, ligand exchange, and weak electro-
static forces.

Figure 1. AFM images of Au patterns with ~-OH groups on un-
printed regions before (a) and after (b) adsorption of a CdTe/TGA
aqueous solution for 3 h.

Since the surface of the CdTe nanoparticle is capped with
a layer of SHCH,COOH (TGA), the CdTe/TGA can in
principle form multiple hydrogen bonds with the SiOH ter-
minated surface. But the low-density inhomogeneous ad-
sorption indicated that the hydrogen bonds between the
TGA layer and the surface were weak and ineffective. This
provides a hint that the TGA layer cannot be compared to
some macromolecules for example poly(amidoamine) den-
drimers. Dendrimer-stabilized nanoparticles show effective
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adsorption on surfaces by multiple hydrogen bonds.*#

Here, the roughness of the surface might play a more im-
portant role as we could see that more particle aggregates
adsorbed on the edges of the Au pattern and on the rough
Au pattern. The formation of larger aggregates suggested
that the interaction between the nanoparticles was stronger
than that between the nanoparticles and the surface. The
random adsorption of nanoparticles was also shown by the
XPS measurements as signals of Cd, Te, and S from the
nanoparticles were obtained (Supporting Information). For
the —SH terminated surface, we did not see the obvious li-
gand exchange between TGA and MPTMS. The main
reason for this was that TGA is not a viable ligand. For
dodecylamine-stabilized CdSe/CdS core/shell nanoparticles,
they showed strong adsorption on an —NH, or a —SH ter-
minated surface because of strong ligand exchange.*>! This
was also verified here by using tri-n-octylphosphane
(TOPO) stabilized CdSe/CdS nanoparticles as shown in
Figure 2. Figure 2 (a) shows an AFM image of printed Au
on a —-SH terminated surface. Figure 2 (b) presents the
AFM image of this surface after adsorption of CdSe/CdS/
TOPO in phenyloctane for 3 h. We could see a lot of nano-
particles dispersed on the —-SH terminated regions because
of strong exchange between TOPO and MPTMS. For the
APDES modified surface, the positive charges are deter-
mined by the protonation of primary amino groups. The
pK, of the amino groups in solution is 10.6, it is lower in
monolayers on solid substrates.l*®] The surface pK, of this
layer is 3.9 by force titration and 4.3 by conventional con-
tact angle wetting titration.’” For a CdTe/TGA aqueous
solution, the negative charges are determined by the depro-
tonation of carboxylate acid groups on the surface of the
nanoparticles. The surface pK, of -COOH terminated sur-
faces is 5.2 by electrochemical titration and 5.6 by contact
angle titration.’® In our case, the pH of the CdTe/TGA
aqueous solution is ca. 7. Therefore the -NH, groups from
the surface are basically uncharged and the -COOH groups
from TGA are partially charged. This explains the low den-
sity of adsorption.

11|

Figure 2. AFM images of Au patterns with ~SH groups on un-
printed regions before (a) and after (b) adsorption of a CdSe/
TOPO solution for 3 h.

Direct Printing of Nanoparticles

We then followed Scheme 1 (b) to explore the possibility
of directly printing nanoparticles. Although nanoparticles
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show no obvious adsorption on a hydrophilic OH termin-
ated Si substrate, enough nanoparticles were left on the
stamp by first adding 25 pL of nanoparticle dispersion to a
hydrophilic stamp and then blowing it dry with N,. Fig-
ures 3a, b, d, and e show topographic AFM images of
printed nanoparticles at two different concentrations. At 1-
mM concentration, nanoparticles can be printed homoge-
neously on the surface. The average height of nanoparticles
is ca. 4.6 nm (Figure 3, ¢), similar to their diameter in solu-
tion. For the 2-mM concentration, the density of the nano-
particles on the printed regions was increased as expected.
The average height of the nanoparticles is ca. 3.8 nm (Fig-
ure 3, e). This suggested that the nanoparticles mainly ex-
isted in the single form. Some larger aggregates of nanopar-
ticles also formed at the 2-mMm ink concentration as seen in
Figure 3 (parts d and e), especially around the pattern
edges. This has also been observed in the printing of other
materials at higher ink concentrations.”)
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Figure 3. AFM images of printed CdTe/TGA nanoparticles on
Si(100) surfaces with ink concentrations of 1 mm for (a) and (b)
and of 2 mm for (d) and (e). Size distribution plots for (¢) 1 mm
and (f) 2 mM ink concentrations.

Printing Metal Structures on a Homogeneous Nanoparticle/
Polymer Layer

For many practical applications, the stability of nanopar-
ticles and the easiness of processing play very important
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roles. It is therefore better to disperse the nanoparticles in
a matrix, for example a polymer. Recently, Yang’s group
has succeeded in dispersing high-quality CdTe nanopar-
ticles into polystyrene (PS) and polymethylmethacrylate
(PMMA) blocks. The CdTe/PS block can be dissolved in
chloroform and then easily spin-coated onto a Si (100) sur-
face.l Wang et al. reported that metals deposited on
stamps could be transferred to some polymer surfaces by
printing above the glass transition temperatures of the poly-
mers under certain pressures.*!l Here we found that metal
transference could also be initiated at room temperature un-
der pressure with a slightly longer printing time. Forty-nm
Au was thermally evaporated on structured stamps.
Through a conformal contact between the Au-coated stamp
and the CdTe/PS/Si (100) substrate (1 h in contact with
pressure), Au patterns were transferred to the substrate as
shown in Figure 4 (a). The fluorescence of CdTe nanopat-
icles remained as evidenced by the optical bleaching of the
fluorescence (Figure 4, b). The bright lines were derived
from the gold scattering. The dark lines were from CdTe/
PS films. Because of strong scattering from the gold, the
photoluminescence from the nanoparticles was shadowed.
Therefore, we used PL bleaching to verify the existence of
the PL from the nanoparticles. The sample was first placed
under a blue light for 10 min and then moved partially out
of the irradiation region. A luminescence image was taken
immediately after the movement. We could see that the part
without the 10 min irradiation showed a strong PL in com-
parison with that with the 10 min irradiation. The gold part
showed no bleaching. A pure CdTe/PS film on a Si sub-
strate underwent a similar bleaching behavior as shown in
Figure 4 (c).

Figure 4. AFM (a) and luminescence (b) images of spin-coated
CdTe/PS layer with printed Au patterns on top, and luminescence
image (c) of spin-coated CdTe/PS layer.

In conclusion, we have presented several general strate-
gies for the patterning of functional high-quality CdTe/
TGA nanoparticles via pCP. Since the synthesis of CdTe/
TGA nanoparticles is well-developed, a similar protocol
can be adopted for the syntheses of other II-VI nanopar-
ticlesl®!l or for the post-treatment of nanoparticle sur-
faces.[*’l The patterning methods we have presented here
therefore represent a general and easy process for the
patterning of functional high-quality CdTe/TGA nanopar-
ticles and also at the same time provide useful guides for
patterning similar systems.

Experimental Section
A silicon substrate [WaferNet Co., Type N, 0.5 mm thick, orienta-
tion (100), resistivity 2-5 Qcm] and SiO-/Si substrate with 300-nm
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thick thermal SiO, were cut and ultrasonicated successively in ace-
tone (p.a.), chloroform (p.a.), 2-propanol (p.a.), and water for
10 min. They were then cleaned with the standard RCA procedure:
15 min immersion into a 70 °C hot 1:1:5 mixture of NH,OH (25 %,
Fluka, p.a.), H,O, (31%, Fluka, p.a.) and water (Millipore,
18.2 MQcm); followed by a 15 min immersion into a 70 °C hot
1:1:5 mixture of HCI (37%, Aldrich, A.C.S. reagent), H,O, (31%,
Fluka, p.a) and water (Millipore, 18.2 MQcm). They were finally
rinsed with water, and then dried under a stream of nitrogen.
MPTMS (3-mercaptopropyltrimethoxysilane, 95%, Aldrich) and
APDES  [3-aminopropyl(dimethylethoxysilan), 97%, ABCR,
Karlsruhe] SAMs were formed on SiO, surfaces by vapor deposi-
tion in a vacuum chamber for 15h at room temperature. PDMS
stamps (sylgard 184, Dow Corning) were formed on a patterned Si
wafer master (IMS Stuttgart, before first use master was rendered
hydrophobic with (fluoroalkyl)trichlorosilane vapor).

Printing of Au Structures: Au layers on hydrophobic stamps were
deposited by thermal evaporation. A conformal contact between
the Au-coated stamp and the MPTMS-modified (or PS-coated) Si
substrate was initiated and kept for 1 min for the MPTMS-modi-
fied substrate and 1 h under pressure for the PS-coated substrate,“"!
then the stamp was peeled off from the substrate. Because of the
stronger interaction between Au and the substrate, Au patterns
were transferred to the substrate. After 1 min 150-W O, plasma
treatment, the SH region was oxidized and became an OH region
(Templa System 100-E plasma system). This region can be used for
further modification via silanization with different chemical
groups.

Printing of Nanoparticles: A freshly activated stamp (1 mbar O,
plasma, 300 W for 20s) was covered with one drop (25 uL) of
CdTe/TGA ink solution for 1 min, and then blown dry with N,. It
was put in a conformal contact with a clean Si (100) substrate for
25 s and then peeled off from the substrate.

Thioglycolic acid-capped CdTe (CdTe/TGA) nanocrystals (ca.
4 nm in size with a band edge photoluminescence maximum at
590 nm, 6% room-temperature quantum efficiency) in aqueous
solution were obtained from the Photonics and Optoelectronics
Group, Physics Department and CeNS, Ludwig-Maximilians Uni-
versitit (Munich, Germany). CdTe nanoparticles distributed in a
polystyrene (PS) block were obtained from the Key Lab of Supra-
molecular Structure and Materials, College of Chemistry, Jilin Uni-
versity, Changchun, P. R. China.

AFM measurements were performed with a commercial instrument
(Digital Instruments, Nanoscope I11a, Dimension 3000, Santa Bar-
bara, CA) operated in tapping mode, silicon cantilevers (Nanosen-
sors) of spring constant 250-350 kHz were used. XPS measure-
ments were carried out with a VG ESCALAB 250 imaging XPS
spectrometer. The samples were irradiated with monochromatic Al-
K, X-rays (15 kV, 150 W, 500 um spot size).

Supporting Information Available: AFM images of the Au patterned
surface with —SH and —-NH, groups on un-patterned regions before
and after adsorption of CdTe/TGA, as well as the XPS spectrum
of the Au surface terminated with ~OH groups after adsorption of
CdTe/TGA.
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