ADVANCED

forming ICP/EDS, TGA, and N, adsorption-desorption isotherm
measurements, respectively. XANES data were collected in transmis-
sion mode at beam line 7C at the Pohang Light Source (Pohang,
Korea).
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Patterned MoS, Nanostructures Over
Centimeter-Square Areas**

By Christopher L. Stender, Eric C. Greyson,
Yelizaveta Babayan, and Teri W. Odom*

This paper reports an approach for the generation of mo-
lybdenum disulfide nanostructures by the sulfidation of
patterned sub-300 nm features of molybdenum metal. Our
method can be used to pattern arbitrary shapes of MoS, nano-
structures with independent control over their width, height,
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MATERIALS

and length. In addition, we can control the orientation of the
crystals by placing the patterned substrates at different loca-
tions in the quartz tube furnace. These nanostructures can be
fabricated with variable pitch, over large areas (cm?), and on
a range of insulating and conducting substrates (e.g., sapphire,
fused silica, and silicon). This work provides a general strategy
for patterning nanoscale crystalline structures on surfaces—in
particular, metal sulfide nanomaterials—by combining top—
down nanoscale patterning techniques with bottom-up chemi-
cal methods.

MoS; is a layered semiconducting material that has shown
promise in chemical sensors, in solar cells,m in catalysis,p’sl
and for low-friction surfaces®® Recent studies have sug-
gested that reducing the size of the MoS; crystals can improve
their lubrication properties in bearings, O-rings, or other
heavy-wear applications.”’ The ability to pattern MoS, nano-
structures and other metal-sulfide materials on surfaces with
specific sizes and shapes has the potential to optimize and im-
prove their usefulness. MoS, ribbons have successfully been
grown on the step edges of highly oriented pyrolytic graphite
by electrochemical methods.'*!! Although the heating of
MoO, nanowires in H,S for several days could achieve in-
creased lateral dimensions of MoS, ribbons, control of other
aspects of this system, such as the height, the spacing, and the
overall length of the ribbons, remains a challenge.

There are two strategies for organizing nanostructures on
surfaces: 1) synthesis of the nanomaterials followed by assem-
bly into architectures, or ii) direct growth of the nanostruc-
tures at predefined locations. The former approach relies on
assembly methods such as fluidic-based assembly,[12’13] elec-
tric- and magnetic-field-mediated assembly,[”'m] electrostatic
assembly,""8) and template-based assembly.'”?"! Serial litho-
graphic techniques, including scanning-probe and electron-
beam (e-beam) writing, can easily pattern functional struc-
tures with sub-100 nm features; however, their slow write
speeds and small write areas can be a drawback.**?] Exam-
ples of parallel patterning methods are nanosphere lithogra-
phy and laser-assisted embossing, which can generate sub-
100 nm patterns of simple geometries.”**! We and others
have developed a suite of soft-lithographic nanopatterning
tools that can generate small (sub-30 nm) features over rela-
tively large areas (>1 cm?) in a parallel process.?*?”! These
tools have been used to create Si and GaAs nanostructures by
chemical etching[28’29] and to direct the growth of arrays of
ZnO nanowires and carbon nanotubes.***? Here we report
an important variant of the directed-growth method: instead
of using the lithographically patterned metallic areas to nu-
cleate and/or catalyze the growth of nanostructures, we are
chemically converting the nanopatterns into crystalline nano-
structures. We can thus accomplish the organization of nano-
materials over centimeter-square areas by using soft-litho-
graphic nanopatterning and can achieve functional materials
by simple sulfidation reactions.

Figure 1 outlines the procedure for patterning MoS, nano-
structures. First, phase-shifting photolithography was used to
generate sub-300 nm trenches in negative-tone photoresist.l*”
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Figure 1. Schematic diagram outlining the procedure for patterning
MoS; nanostructures; h-PDMS: hard poly(dimethylsiloxane).

We then deposited, by electron-beam (e-beam) deposition, a
thin (<5 nm) Cr adhesion layer followed by 25-90 nm of Mo
onto the patterned substrates. After removal of the photo-
resist, we placed the Mo patterns into a quartz-tube furnace
(13 in. in length, 1 in.=2.54 cm) for sulfidation. The tempera-
ture was slowly ramped (2°Cmin ") to 850 °C under a flow of
Ar and H,S gas; the sample was held at this temperature for
4 h. These reaction conditions are similar to previous studies

that used H,S gas as the sulfur source for the conversion of
MoO,/O3 to MoS,. Notably, our reaction times are signifi-
cantly shorter (4 h compared to 24-84 h).1*11-3

Field-emission scanning electron microscopy (FE-SEM) im-
ages of patterned Mo lines 90 nm in height (90 nm Mo lines)
and the MoS, lines obtained after sulfidation are shown in
Figures 2A-C. The MoS, nanostructures in Figures 2B,C are
morphologically distinct from each other. The former image
depicts crystals that overlap and are oriented parallel to the
silicon substrate, while the latter image shows crystals that are
oriented perpendicular to the substrate. What is interesting is
that the patterned Mo lines were subjected to identical reac-
tion conditions (gases, temperatures) except for their position
inside the tube furnace. Samples placed 9-10” downstream
from the entrance formed MoS, plates parallel to the sub-
strate (200 nm in height), while samples 3-4” downstream
produced MoS, plates oriented nearly perpendicular to the
substrate (50-150 nm thickness on the edge).

To investigate how the conversion of Mo to MoS, depended
on the thickness of the initial Mo layer, we reacted patterns of
25 nm tall Mo lines (Fig. 2D) with H,S in the furnace. SEM
images reveal that the preferential orientations of MoS, crys-
tals formed 9-10” downstream from the entrance of the fur-
nace (Fig. 2E) or 3-4” downstream (Fig. 2F) are similar to the
MoS; nanoplates formed from the 90 nm Mo patterns. Al-
though the general morphological trends are the same for
90 nm and 25 nm samples (downstream MoS, nanoplates are
oriented parallel to the surface), there are two distinct differ-
ences in the sizes of the MoS; nanocrystals: i) the MoS; crys-
tals formed from the 25 nm Mo samples that lie parallel to
the surface do not overlap significantly with neighboring crys-
tals; and ii) the thicknesses of the crystals oriented perpendic-
ular to the surface are reduced substantially. Measured from

Figure 2. SEM images of lines of as-deposited Mo and MoS,. A) 90 nm tall Mo lines. B) MoS, lines converted from (A) after reacting with H,S gas.
The nanoplates are oriented parallel to the surface and overlap with each other. C) MoS; lines converted from (A) with crystals oriented perpendicular
to the surface. D) 25 nm tall Mo lines. E) MoS, lines converted from (D) placed far downstream of the tube furnace entrance. F) MoS; lines converted

from (D) placed near the entrance of the tube furnace.
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SEM images, the MoS, nanoplates parallel to the surface had
widths ranging from 100 to 200 nm, and the plates perpendic-
ular to the surface had edge thicknesses of 5-15 nm. We pro-
pose that variations in the H,S concentration along the tube
furnace or the decomposition of H,S gas along the length of
the furnace contribute to the preferential orientation of MoS,
nanocrystals.

We characterized the chemical composition of as-deposited
Mo films to improve our understanding of how the nanopat-
terned Mo lines converted to MoS, nanostructures. Upon
their removal from the e-beam evaporator, the samples were
immediately exposed to oxygen (from ambient conditions),
and during their heating in H,S (Pgos ~70 torr, Pa, ~690 torr;
P=pressure, 1 torr=133 Pa), there were small amounts (P,
~3x 107 torr) of oxygen present. We verified the presence of
MoO, (mixture of Mo/M0O,) in the patterned Mo lines using
X-ray photoelectron spectroscopy (XPS) (see Supporting
Information). We propose two possible mechanisms for the
sulfidation of our as-deposited Mo metal nanopatterns: i) con-
version of the MoO, present in the patterns to MoS, crystal-
line nanostructures'!! and/or ii) direct sulfidation of the Mo
metal nanopattern&[34] For both mechanisms, there is a limited
range over which the reaction conditions are optimal. We
found that at higher temperatures (>900 °C) and/or longer re-
action times (>12 h), the silicon substrate and the Mo pat-
terns degrade; at lower temperatures (<800 °C) and/or shorter
times (<4 h) the Mo patterns were neither fully converted to
MoS; nor highly crystalline.

One advantage of our nanopatterning followed by chemical
conversion method is that nanostructures that differ from
straight lines can be generated. Figure 3 demonstrates that
our technique can be used to pattern individual, 300 nm diam-
eter MoS, dots, as well as curved nanostructures. The MoS,
dots highlight that crystalline structures can be formed di-
rectly from amorphous Mo/MoO, materials. Interestingly,
when the lateral size of the Mo patterns becomes larger than
300 nm, the MoS, nanocrystals do not exhibit the dramatic
orientational preference depending on their growth position
in the furnace. Mo$S, films and patterned microstructures con-
sisted of a mixture of crystals oriented parallel and perpendic-
ular to the substrate.

Powder X-ray diffraction (PXRD) spectra of patterned
MoS, nanostructures and MoS, nanostructured films are con-
sistent with bulk 3R-MoS, (Powder Diffraction File, PDF
#00-017-0744) comprised of Mo atoms trigonally coordinated
with S atoms in a sandwich arrangement with three layers per
unit cell. Because of the different orientations of the MoS,
nanocrystals in the nanocrystalline films, certain peaks are ex-
aggerated in the PXRD spectrum. For example, the (003)
peak is very small in films when a majority of the plates are
oriented normal to the surface (Fig. 4A); MoS; films with a
higher percentage of plates parallel to the surface exhibit the
(003) peak (Fig. 4B). Patterned MoS, lines possessing crystals
oriented parallel to the substrate show only a weak, single
(003) peak. In most of the diffraction patterns, a large peak
near 20 =15.9° is observed. It is possible that this peak is from

Adv. Mater. 2005, 17, 28372841 www.advmat.de

Figure 3. SEM images of A) MoS, dots converted from 90 nm tall Mo
dots, and B) 25 nm tall Mo dots. C) Rings of MoS, nanostructures illus-
trate our ability to form crystals on curved patterns.

a Cr,S; layer (PDF # 03-065-4651), which forms when the
underlying Cr adhesion layer reacts with the H,S, since our
reaction conditions are similar to those used to synthesize
Cr2$3.[35]

We measured the optical properties of MoS, nanostructures
on quartz substrates by UV-vis absorption spectroscopy. Fig-
ure 5 shows two distinct absorption maxima corresponding to
the Al and B1 exciton peaks in crystalline MoS,.[""*! The po-
sition of the peaks for MoS; films formed by sulfidation of the
25 nm Mo and 90 nm Mo films were nearly identical (within
5 nm).

In summary, we have demonstrated how soft-lithographic
techniques can be used to generate patterns of MoS, nano-
structures with controllable orientation, height, width, and
shape. Limitations of our strategy include: i) supporting sur-
faces for the nanostructures need to be stable at high temper-
atures (850°C), and ii) toxicity of the sulfur source. Since
most technologically relevant surfaces (e.g., Si, SiO,, and

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. PXRD patterns of MoS, nanostructured films where the major-
ity of the nanoplates were oriented A) nearly perpendicular to the sub-
strate, and B) mostly parallel to the substrate. Insets depict portions of
the MoS; nanostructured films. The contributions of the Cr,S; underlayer
to the PXRD patterns are indicated, and the large intensity of the MoS,
(009) peak in (A) most likely is from the (11-6) peak of Cr,Ss.
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Figure 5. UV-vis absorption spectroscopy of MoS, nanostructured films
converted from Mo films that were 90 and 25 nm thick. The positions of
the two exciton peaks, A1 and B1, are indicated by dashed lines.

GaAs) can withstand such temperatures, this drawback is
minimized. Also, careful gas-handling and proper exhaust
equipment can alleviate concerns about H,S. These patterning

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

methods, moreover, offer a general approach to create pat-
terned metal oxide and chalcogenide nanostructures on sur-
faces, which can be integrated directly into device platforms.
Our ability to control the orientation of the MoS, nanocrys-
tals may also be important in applications such as catalysis
and sensors, which become more effective with the increased
surface area of materials.

Experimental

Fabrication of Arrays of Molybdenum Nanostructures: Phase-shift-
ing photolithography (PSP) was used to generate sub-300 nm trenches
in negative-tone photoresist (Microposit ma-405) by exposing broad-
band UV light (365-436 nm) through A-PDMS (hard poly(dimethylsi-
loxane)) masks patterned with recessed features (lines, rings, or dots).
The features in the ~-PDMS mask were ~200 nm in width (smallest
was 100 nm; largest was ~300 nm) and 400 nm in height. Instead of
producing features at the edges of the mask, which is typically ob-
served in standard PSP, the nanopatterned mask generated features
in negative photoresist that were identical in size and pitch to the
h-PDMS mask [27]. We then used an e-beam to deposit a thin
(<5 nm) Cr adhesion layer followed by 25-90 nm of Mo onto the pat-
terned substrates. The photoresist was removed by agitation in ace-
tone and organic solvents.

Chemical Conversion of Molybdenum Nanopatterns: Silicon sub-
strates patterned with Mo lines, rings and dots were placed in a 2” di-
ameter (13” length) tube furnace. Oxygen was purged from the sys-
tem by five consecutive cycles of pumping down to ~20 torr and
refilling with 99.99 % Ar gas. The temperature was slowly ramped
(2°Cmin™) to 850°C under a flow of Ar (200 sccm, P, ~690 torr)
and H,S gas (20 sccm, Pyyps ~70 torr); samples were held at this tem-
perature for 4 h. After 4 h, the chamber was purged for 20 min. with
Ar gas (1500 sccm) and allowed to cool to ambient temperature over
a 90 min period.

Characterization of MoS, Nanostructures: FE-SEM images were
obtained on a LEO 1525 microscope. PXRD spectra were measured
using a Rigaku D/MAX 8 X-ray diffractometer. XPS spectra were
taken using an Omicron ESCA Probe X-ray photoelectron spectrom-
eter.
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Efficient Organic Heterojunction
Photovoltaic Cells Based on Triplet
Materials**

By Yan Shao and Yang Yang*

Much effort has been expended during the past two decades
in the search for organic photovoltaic materials and related
device architectures since the donor—acceptor heterojunction
interface was demonstrated to be an effective exciton-disso-
ciation structure.'! The effective organic photovoltaic mate-
rials include small molecules and polymers with relatively

[*] Prof. Yang Yang, Yan Shao

Department of Materials Science and Engineering
University of California, Los Angeles
Los Angeles, CA 90095 (USA)
E-mail: yangy@ucla.edu

[**] The authors acknowledge financial support from the Office of Naval
Research (N00014-04-1-0434) and technical discussion with Dou-
glas Sievers, W.-). Hou, Dr. Gang Li, and Ankita Prakash.

Adv. Mater. 2005, 17, 2841-2844

DOI: 10.1002/adma.200501297

MATERIALS

high conductivity or mobility. The power-conversion efficien-
cies of organic photovoltaic devices are dependent on three
key processes: light absorption, exciton dissociation, and
charge collection.”! The external quantum efficiency can be
estimated as Vtotal = Yabsorption}dissociation? collections where Vtotal
stands for total external quantum efficiency, yapsorption fOr light
absorption, Ygissociation fOr exciton dissociation, and Ycojiection
for electrode collection.

To gain high power-conversion efficiency, firstly, organic
layers should be thick enough to ensure high light absorption,
even though many organic photovoltaic materials possess bet-
ter light-absorption capabilities compared with their inorganic
counterparts with similar bandgap and thickness. However,
due to the poor exciton mobility, the organic layer in the de-
vice has to be sufficiently thin, allowing the photogenerated
excitons to reach the junction. In other words, their exciton
diffusion lengths cannot match the respective optical absorp-
tion lengths.’! The exciton diffusion length is dependent on
two factors: exciton mobility and lifetime.”! In order to im-
prove exciton diffusion length we can adopt high-mobility or-
ganics, as has been demonstrated for many high-performance
photovoltaic devices,[2’6’8] or, on the other hand, we can intro-
duce materials with long exciton lifetimes. In this case, triplet
materials might be excellent candidates as they often possess
much longer exciton lifetimes compared with singlet ones.
Fullerenes (Cq) are one of the best acceptor materials for or-
ganic photovoltaics owing to excellent exciton mobility, a rela-
tively stable triplet state, and, therefore, a relatively large ex-
citon diffusion length,” which has been reported to be as
long as 400 APl Combined with its high electron affinity
(EA), Cgp and its derivatives have received much attention
and have been adopted extensively in organic solar cells.>>¢%l

There are two general types of organic photovoltaic struc-
ture: heterojunctions and bulk heterojunctions (or so-called in-
terpenetrating network structures for the case of polymer
blends), which provide respective advantages. Heterojunction
devices often have multilayer structures and are formed by
layer-by-layer material deposition. Bulk heterojunctions are
fabricated via blending or codeposition methods.'""?! The
interpenetrating networks have proven to be very efficient exci-
ton-dissociation systems, especially for recently reported high-
efficiency polymer-based devices.”) The exciton- and charge-
transport properties are altered after the formation of bulk het-
erojunctions, since phase separation and film morphology play
more important roles compared to in the respective pure mate-
rials, so that the mixtures might be considered as whole systems
and their properties must be determined after fabrication.!'*']
On the other hand, heterojunctions are relatively simple
systems and the transport properties, crystalline order, and
film morphology can be preserved relatively well. Therefore,
materials can be characterized independently before device
fabrication and the different components can be substituted
conveniently. Many valuable parameters can be determined ex-
perimentally in heterojunction systems.’! In this case, hetero-
junctions are well suited to the investigation of new materials
and theoretical approaches for photovoltaic devices."!4]
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