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ABSTRACT: The study explores the possibility of using metal
anions complexed with tetraoctylammonium bromide (ToABr)
as single-source direct write precursors in e-beam and soft
lithography processes to obtain micro- and nanoscale patterns
of various metals, ie., Au, Pd, Pt, Ag, Pb and Cu, as well as of
their alloys (AuCu), oxides (Co304, ZnO), nitrides (CoN, InN,
GaN), and sulfides (Ag,S). The extraction efficiency of ToABr
for different metal anions is found to be varied (40—90%), but
the obtained precursors are easily processable as they have
reasonable solubility in common solvents and are obtainable as
smooth films, both being important for high-resolution pattern-
ing. The e-resist action of the precursors originates from the
extreme e-beam sensitivity of the hydrocarbon chain present in
ToABr, while direct micromolding has been possible due to easy flow of the precursor solutions in capillaries. The interaction of the
anion and ToABr being mainly electrostatic enables easy removal of the hydrocarbon from patterned regions by thermolysis on a hot
plate in the ambient or in controlled atmosphere to form the desired product. This method can be easily generalized.
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B INTRODUCTION

Material applications very often require that a given material
with approved properties be cast in the form of a film or a pattern.
This requirement in turn demands the most straightforward

However, there are no ready solutions to this quest. Here we
report how metal anion—alkyl ammonium complexes may be used
as single-source direct write precursors in e-beam and soft litho-
graphy processes to obtain micro- and nanoscale patterns of various

process recipes involving appropriate chemical precursors.1
Thus, terms such as single-step process and single-source pre-
cursor have become quite popular, nowadays. Drop or spin
coating a metal—organic precursor solution and baking under
controlled conditions is a common method to produce thin films
of the desired material” Direct writing® using an energetic
electron or ion beam to chemically modify a metal precursor
either deposited a priori as a thin film or injected close to the e
beam is a well-known method. Writing with an atomic force
microscopy (AFM) tip, called dip-pen lithography,* or direct
imprinting of precursors” has also been well established. More
than the methods, at present, the quest is around the precursors.®
Designing and developing precursors suited to processes aimed
at producing a given material with prescribed crystallinity, mor-
phology, purity, etc. is a daunting task. A number of precursors
have been tried out for varied materials and techniques. For
example, starting with metal alkoxide precursors, metal oxide
thin-film transistors have been fabricated.” Urea complexes have
been tried out as single-source precursors for nanostructures of
nitrides.® Thermal decomposition of metal oleate complexes has
been reported for the synthesis of metal and oxide nanocrystals.”
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metals as well as of their alloys, oxides, nitrides, and sulfides.
Although the interaction of metal anions with quaternary
ammonium salts to form complexes is well-known and widely
applied for the extraction of metals from aqueous solutions,'”""
these complexes had not been commonly employed in materials
research. A notable exception has been the Brust method,">
where (AuCl,)~ ions extracted using tetraoctylammonium bro-
mide (ToABr) in toluene served as precursors for controlled
synthesis of alkanethiol-capped Au nanoparticles in solutions.
Since then, colloidal sols of Pt,"* Pd,'* Ag,15 and alloys such as
AgAu16 have been prepared by stabilizing the respective anions
with ToABr, thus establishing the usefulness of the ToABr
complexes.'” The method has been varied to obtain various
anisotropic nanostructures of Au, Ag, Cu, etc., by playing with the
reducing agent.'"® However, these complexes have not been
explored as precursors in lithography processes. We realized that
the precursors are easily processable as they have reasonable
solubility in common solvents and are obtainable as smooth
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Scheme 1. Process Flow for the Preparation of Patterns and Thin Films of Metals and Their Alloys, Metal Nitrides, Oxides, and
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films, both being important for high-resolution patterning. The
hydrocarbon part is expected to be highly sensitive to the
e-beam'® and is easily detachable by thermal activation.** The
liberated anion is reactive to produce the desired end product
(Scheme 1).

This scheme of process is essentially direct write lithography
which in contrast to conventional lithography methods does not
use polymeric resists taken through a number of process steps
such as exposure, development, metal deposition, and lift-off or
etching; the latter steps although crucial often lead to incorpora-
tion of contaminants into the patterned materials. The increasing
interest in direct write e-beam lithography (EBL) methods is
evident in the recent years. Au nanoparticles capped with
alkanethiol ligands*" and Pd clusters protected by ToABr** have
served as e-beam resists to write metal nanopatterns. Instead of
nanoparticle films, metal—organic precursor films are preferred,
as they are relatively more sensitive requiring less e-dosage.'”**
Using Ni naphthenate as direct write e-beam resist, sub-10 nm Ni
lines have been fabricated.** While using a metal—organic
precursor as a direct write resist, an additional advantage is that
the patterned precursor can be transformed into a desired
functional material®® (besides metal), simply by appropriately
choosing the thermolysis conditions. Working with metal—
organic precursors, soft lithoégraphy methods such as micromold-
ing in capillaries (MIMIC)>® can also be an attractive possibility,
especially for large-area patterning. A direct micromolding
technique has been explored in the literature with various soluble
functional material inks. For instance, Greco et al.>” fabricated
conductive Pt stripes using a Pt carbonyl cluster precursor. Using
alkanethiolates, Pd*® and its sulfide® patterns have been micro-
molded. Nevertheless, these precursors are specific to the
material, and a general precursor for obtaining patterns of various
materials was not addressed thus far. For the first time, we
explored the possibility of using metal anion ToABr complexes as
single-source precursors for metals, alloys, nitrides, oxides, and
sulfides. In what follows, we first examine the ToABr-mediated
transfer of metal anions across the aqueous organic interface,” to
form metal anion—ToABr complexes, and then investigate the
efficacy of the complexes as single-source precursors in e-beam
lithography and micromolding methods under the chosen ther-
molysis conditions.

B RESULTS AND DISCUSSION

Many metal anions such as (AuCl,) ™ exhibit visible color due
to metal-to-ligand charge transfer, which is often employed to
monitor the process of transfer of the ions. Thus, the UV—visible
spectrum shown in Figure la exhibits a peak at ~345 nm
corresponding to (AuCly)~ ions® transferred to the organic
phase. For ToABr, though the residence is organic medium, there
may be some crosstalk at the interface effectively bringing a small
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Figure 1. Aqueous—organic phase transfer of metal anions. (a) UV—vi-
sible absorption spectrum of the (AuCl,) ™ phase transferred to ToABr
(organic phase). A strong absorption band at 345 nm is characteristic of
the MLCT band of the (AuCl,)” complex. The LMCT band at lower
wavelength (260 nm) is merged with the scattering from the glass. A
photograph showing the biphasic mixture is given alongside. (b) FTIR
spectrum of the ToABr which was transferred to the aqueous phase.
ToABr in toluene was reacted with water, and the bottom aqueous
solution was examined with FTIR. (c) Phase transfer efficiency of
ToABr for various metal anions as estimated by gravimetry.

fraction of ToABr into the aqueous medium as revealed using
infrared spectroscopy (Figure 1b). This may adversely affect its
transfer efficiency for metal anions. Among the examined cases
(Figure 1c), the efficiency is highest for (AuCly)™ (99%),
(pdCl,)* being at 94.5%. The anions of Pt, Cu, Ga, and In
are transferred by ToABr with efficiency in the range 60—70%.
The transfer efficiency is poor for Co(46%) and Pb (41%). There
may be many factors®"** which influence the process such as
charge and size of the anion, pH of the aqueous chloroanion
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Figure 2. Metallization of Pt—ToABr. (a) UV—visible absorption
spectra of Pt—ToABr film upon heating at 180 °C for various times as
mentioned. (b) Intensity of the 342 nm band versus time of thermolysis
and (c) XRDs of Pt formed by thermolysing Pt—ToABr film for various
times at 250 °C (250 °C was chosen instead of 180 °C for better
crystallinity). (d) Four-probe resistance measurement of the thermo-
lyzed Pt nanocrystalline film with SEM image as inset.

solution, the organic solvent (toluene), etc. which we have not
investigated in further detail in this study. Besides octyl, alkyl
ammonium bromides of other chain lengths (butyl, decyl, and
hexadecyl) have been tried out. The butyl complex is less soluble
in toluene, while for decyl and hexadecyl, the anion transfer
efficiencies were found to be poorer (Table S1, Supporting
Information). The formed complexes with ToABr have many
important attributes—they are air stable and can be solubilized
repeatedly in low boiling point solvents such as toluene, ethanol,
chloroform, etc., and the crystallization to the solid state is rapid.

The metal anion—ToABr interaction is completely electro-
static which should make the separation of metal from ToABr
rather easy.'” The process of metallization was carefully followed
using UV—vis spectroscopy with Pt as an example. The phase
transferred (PtCl,)>” —ToABr (Pt—ToABr for brevity) coated
as a film on a glass slide shows two bands at 342 and 410 nm
corresponding to the d—d transitions.> The spectra were
recorded while heating the film at 180 °C for increasing duration,
20—800 s as shown in Figure 2a. The d—d bands diminish in
intensity gradually and almost disappear after 800 s. The decrease
in the intensity of the 340 nm band is exponential (Figure 2b)
with a time constant of 175.9 s, indicating that the process is
rather slow. In addition, XRD was used as a tool to monitor the
metallization process (Figure 2c). The pristine Pt—ToABr film
does not show any features in the range relevant for crystalline Pt.
After thermolysing the film for 5 min, the appearance of small
peaks is evident in the XRD data. With increasing time of
thermolysis (Figure 2c), the XRD peaks corresponding to
crystalline Pt grew in intensity, due to an overall improvement
in the crystallinity. However, the peaks were broad as the diffract-
ing regions were essentially nanoparticles. Using the Scherrer
formula, the particle size was estimated to be ~8 nm (see calcu-
lation in S1, Supporting Information). A corresponding SEM
image shows that indeed the thermolyzed Pt film is composed of
nanoparticles (see inset in Figure 2d and also TEM in Figure S2,
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Figure 3. XRD data of the products. The peaks are indexed following
JCPDS PDF files indicated in parentheses. Au (65-2870), Ag (89-3722),
Pb (87-0663), Pd (88-2335), Cu (85-1326) (the peak marked * is due to
Cu,0; as Cu undergoes air oxidation rapidly, it may require en-
capsulation®®), AuCu (89-2036) (the peaks marked * and # are due to
Au and CuBr, respectively), InN (88-2365), CoN (83-0831), GaN (80-
0011) (the peak marked * is due to a hexagonal GaN), Ag,S (75-1061),
and Co;0, (65-3103).

Supporting Information). The EDS spectrum shows that the
overall content of carbon present in the spectrum is ~19 atom %
(Figure S3b, Supporting Information), which is not unusual and
indeed is relatively less compared to other results in the
literature.** The metallization process (see TGA and FTIR in
Figure S3, Supporting Information) gives us an idea that the
ToABr ligand neatly desorbs around 250 °C to give rise to Pt
metal. Four-probe resistivity data of the film were measured
down to 77 K (Figure 2d). Room-temperature resistivity of the
film is 350 €2+ cm. This value, although higher compared to bulk
Pt (10.5 #€2+cm), is comparable to the Pt deposited by beam-
induced depositions and is much lower than the previously reported
data on Pt obtained from metal—organic precursor decomposition
(see, for example, ref 27; the value is ~28901 u€2-cm). The
temperature coefficient of resistance, 0.00257 K~ ! is close to that of
bulk Pt (0.00393 K V).

As many metals form anionic complexes which could be phase
transferred to ToABr solutions (Figure 1c), we exploited them as
single-source precursors for various nanomaterial products. The
precursors were drop coated as thin films onto glass substrates
and thermolyzed under controlled conditions. The XRD data are
shown in Figure 3 and the various results in Table 1. While metals
such as Au, Pt, and Pd could be obtained by thermolysis in air, Cu
and Ag formed bromides (Figure S4, Supporting Information)
which further required reduction using NaBH,. Thermolysis in
H, atmosphere at 375 °C appears to be most effective for producing
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Table 1. M—ToABr Complexes As Single-Source Precursors to Various Nanomaterials under Controlled Thermolysis

Conditions”
thermolysis conditions
M—ToABr temp  time atmos particle size more details
no.  precursor (M) (°C) (h) phere  material morphology (nm) property measured” in Figure
1 Pt 250 1 air Pt particulates 5—10 2 & S9a
e p=3502uR.cm
e p/p°=3335
Au 250 1 air Au particulates 5—40 crystallinity” and morphology 3 & Sk
Ag 250 1 air Ag' sheetlike 25-50 S9e
e p=1840 uQ.cm
e p/p°=1159.4
Pb 375 1 H, Pb densely packed particles  10—150 crystallinity and morphology S9¢
Pd 250 1 air Pd particulates 50—200 S9b
® p=67.57 uQ.cm
e p/p° =641
6 Cu 375 1 N, Cu’ particulates 10—20 Sod
o p =440 uQ.cm
o p/p°=2622
Au:Cu = 1:1 375 3 N, AuCu  plates 400 tetragonal Sof
In 375 3 N,/Ar InN particulates 15—-20 band gap ~ 1.63 eV S9i & S10
Co 375 3 Ar CoN  cubic-shaped particles 10—200 S9g, S11, S12
o NaCl like structure
¢ magnetic hysteresis
o Cu electroless deposition
10 Ga 375 3 N,/Ar GaN  pyramid-shaped 50—100 3, S9h, S10
nanoparticulates o cubic structure with some hexagonal
impurity (marked by " in XRD)”
e band gap ~3.44 eV
11 Ag 375 1 H, a-Ag,S particulates 30—200 monoclinic S9j
(+C,SH, = 1:5)
12 Co 375 1 air/O,  Co3;0, porous nanowalls 200 crystallinity and morphology S9k
13 Zn 250 1 air ZnO particulates 5—20 Waurtzite structure S17a

“The product morphology and functional properties as measured are also listed. ? o = resistivity and p° = bulk resistivity. In these cases, metal bromides
were obtained, to be reduced by NaBH,. * See Figure 3 for XRD data of 2—12; 1 and 13 are shown in Figures 2 and 6, respectively.

crystalline Pb. For the formation of nitrides, Co, Ga, and In
precursors were heated in N, or Ar atmosphere at 375 °C. While
GaN and InN are important semiconductors, CoN finds applica-
tion in electronic industry for Cu electroless deposition.
Treating in air or O,, one may obtain oxide phases such as
Co030,. It is possible to prepare alloys as well, such as AuCu
(see Table 1). By adding alkanethiol to the phase-transferred
Ag—ToABr precursor and thermolysing in H,, Ag,S was also
prepared.”’

The ligand chosen, namely, ToABr, makes the metal highly
processable. Figure 4 shows the Pt patterns obtained by direct
micromolding and direct write EBL of the Pt—ToABr complex.
For direct micromolding, a patterned PDMS stamp kept on a Si
substrate was showered with ~60 yL of toluene solution of
Pt—ToABr while heating to 250 °C. The microchannels formed
at the interface of the PDMS stamp and the substrate got filled
with the solution due to capillary action (Figure 4a). After
thermolysis for 30 min, the stamp was cooled to room tempera-
ture and removed to obtain Pt grating stripes of ~1 um wide and
spacing ~500 nm, in conformity with the stamp geometry. The

stripes were continuous, without cracks, spread over large areas
(Figure SS, Supporting Information). As revealed by the AFM
image, the height of the u-stripes was around ~75 £ S nm
(Figure 4b) with roughness of ~1.5 nm. Figure 4c shows the
SEM image of the stripes, revealing a smooth morphology. The
EDS map in Figure 4d shows the presence of Pt only along the
u-stripes. The obtained stripes were well conducting.®® A variety
of substrates including flexible substrates (e.g., polyimide) can be
used for patterning the Pt u-stripes, the process temperature
being low. Using nanoentrapment molding developed in the
laboratory,”® we were successful in patterning Pt nanowires
(width, ~70 nm) with this precursor (Figure S7, Supporting
Information).

As mentioned earlier, direct write e-beam resist action is
achievable with long-chain hydrocarbons.'”* Exploitin§ the
sensitivity of the hydrocarbon chain (present in ToABr™) to
the e-beam (see Figure S8, Supporting Information), it is possible
to write assortment of Pt structures with direct write EBL
(Figure 4e to j). After e-beam exposure, the loss of order among
the alkane chains leads to insolubility of the exposed regions during
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Figure 4. Pt patterning as an example. (a) Schematic showing the direct
micromolding process. PDMS stamp hosting the microchannels is kept
on a flat substrate, and the precursor solution is dropped along one edge,
thus making it flow in the microchannels. The entire setup is heated to
250 °C ataramp of 2 °C per min and held at 250 °C for 30 min. (b) AFM
image of the formed Pt u-stripes along with the z-profile along the dotted
line. (c) SEM image showing the continuous stripes and (d) Pt M level
EDS map of the stripes. (e) Schematic showing the direct write EBL
process; precursor is spincoated on a substrate, exposed to e-beam in the
desired pattern, developed in toluene for 5 s, and thermolyzed in air at
250 °C for 1 h. (f) and (g) are, respectively, the SEM images of the Pt
squares and corresponding Pt M level EDS map. (h) A Pt mesh structure
drawn with EBL, line width being ~60 nm. SEM images of (i) Pt
alphabets and (j) long Pt nanowire drawn by EBL.

developing in a solvent (Figure S8, Supporting Information).
Figure 4f and g shows the SEM and the corresponding EDS map
of the Pt squares patterned by EBL with a 10 kV e-beam and
dosage of ~800 uC/cm” (for SEM images of various products
see Figure S9, Supporting Information). The e-dosage required
here is much lower than the typical values reported for direct
write precursors, e.g, 15 mC/ cm? for ZnO*' and 300 mC/cm?
for Ni.** Figure 4h, i, and j has various examples of the Pt
patterns revealing the continuity of the features written. The
complexes listed in Table 1 have been subjected to direct micro-
molding as well as to direct write EBL. Flowing the precursor
solution inside the microchannels, and thermolysing in a con-
trolled atmosphere (same as mentioned for films), patterned
u-stripes of Pd, Pb, CoN, and Au were realized (see Figure Sa—d).
The patterns are uniform over large areas—this is clearly evident in
the inset of Figure Sb, which shows an optical micrograph, showing
the colors split by patterned Pb u-stripe grating due to diffraction
from ambient light. Also, the morphology of the u-stripes is
composed of nanoparticles. The formed patterns being gratings,
diffraction is an ideal macroscale tool for identifying the patterns.
Figure Se shows linear diffraction pattern formed by shining a red
laser (~650 nm) onto a transmission grating of (-stripes. Employing
direct write EBL, diverse nanopatterns of various materials were
created. Figure 5f shows a Cu nanowire, with smooth morphology
even at higher magnifications. Figure Sg shows microsquares
composed of Pd nanoparticles (see also Figure Sh) with mean
size of ~12 nm (see histogram in Figure Si). Direct write EBL of

Au—ToABr (Figure 5j) produced relatively polydisperse Au
nanoparticles (see Figure Sk) with mean size of ~20 nm
(Figure Sl). Ag nanowire was formed by performing direct write
EBL on Ag—ToABr film. After development and air thermolysis,
AgBr nanowire was formed which was reduced by NaBH, to give
rise to Ag nanowire. The roughness along the Ag nanowire edges
came up during the reduction step (Figure Sm). Confocal images
of the patterned InN squares, nanowires, and stripes on glass
substrate are shown in Figure Sn and o. The emission is primarily
in the red region. Dots of GaN ~ 100 nm wide formed by direct
write EBL are shown in Figure Sp. A GaN circle patterned by
direct write EBL shows green emission selectively from the
patterned region in confocal image (Figure 5q). Further, the
emission at different wavelengths examined by confocal imaging
also emphasizes that the emission peak wavelengths for InN and
GaN are at ~620 and ~540 nm, respectively (Figures S13 and
S14, Supporting Information). Tiny dots of CoN examined by
magnetic force microscopy (MFM) are shown in Figure Sr (see
also Figure S1S, Supporting Information). CoN nanoparticles
show darker contrast (attractive force) with either magnetization
of the AFM tip, indicative of the paramagnetic nature of the
sample. Patterns of CoN written by direct write EBL show
smooth line edges as shown in Figure Ss, t, and u.

The anion transfer efficiency by ToABr is a matter of concern
with some metals, partly because suitable anions cannot be
found. Instead, even simple salts can be tried out. In the case
of Zn(OAc),, for instance, there was hardly any complex
formation with ToABr in the organic phase; rather, ToABr was
transferred from the organic to the aqueous phase. It is surprising
that ToABr exhibits a definite interaction with Zn(OAc), (see
XRD in Figure S16, Supporting Information), although the latter
is not an anionic complex. A thermolysis in air at 250 °C
produced ZnO films (Figure 6a and Figure S17a, Supporting
Information) as well as micro- and nanopatterns by micromold-
ing and nanoentrapment molding, respectively (Figure 6b,c).
ZnO is an important functional material in 04ptica1, electrical,
piezoelectric, and optoelectronic agg}ications, * and there are
several reports on patterning ZnO.*** For direct micromolding
of ZnO, a polymer liquid precursor is known, but the recipe
demands an additional step of high-temperature annealing.**
Here, we took the advantage of ToABr functionality for making a
viable precursor solution but in the aqueous medium. Patterned
ZnO p-stripes on the Si substrate are shown in Figure 6b. Impor-
tantly, the feature size could be further reduced, using the
method of “nanoentrapment molding”*® (for details, see Figure
SS, Supporting Information). Thus, ~70 nm wide ZnO nano-
lines were formed (Figure 6¢). Perhaps the aqueous route of
phase transfer is extendable to other metals, which may not form
anionic complexes readily.

For the ToABr-mediated route, though it works well for
patterning a large number of materials, in certain cases such as
Ag and Cu which form bromides following air thermolysis an
additional process step of reduction is required. To overcome
this limitation, we have tried other phase transfer agents, devoid
of halides, such as dodecylamine (DDA) . DDA transfers metal
ions by forming coordination complexes, and it works for almost
all the metals, with transfer efficiencies of ~95%.*® When
Ag—DDA and Cu—DDA complexes were used as single-source
precursors, crystalline metal films were obtained following ther-
molysis (Figure 6d; Figure S17b and ¢, Supporting Information).
DDA being a semisolid at room temperature makes processing
difficult. However, we were successful in micromolding the
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Figure 5. Various M—ToABr precursors subjected to patterning by direct micromolding (a—e) and direct write EBL (f—u). (a) Optical image of Pd u-
stripe grating and AFM images of Pb (b) and CoN u-stripe gratings (c). (d) SEM image of Au u-stripe grating and (e) optical diffraction pattern from the
grating. SEM images of (f) Cu nanowire, (g, j) Pd and Au nanoparticle patterns with magnified views as indicated by arrows in (h, k) and histograms in
(i, 1), respectively, and (m) Ag nanowire. (n, 0) Confocal images of the InN EBL patterns. (p) SEM image of GaN dots. (q) Confocal image of patterned
GaN circle. (r) MFM image of CoN. (s) SEM image of EBL patterns of CoN with magnified views in (t) and (u).

precursors to obtain well-defined patterns (Figure 6e and f).
Although the precursor responded to e-beam, the roughness of
the spin-coated film (~30—50 nm) was prohibitive for further
processing (Figure S18, Supporting Information).

B CONCLUSION

From the above observations, it is evident that metal anions
complexed with tetraoctylammonium bromide could serve as
single-source precursors for thin nanocrystalline films of most
metals, alloys, nitrides, oxides, and sulfides involving a single
process step, namely, thermolysis in a controlled atmosphere.
Thin precursor films coated on a substrate serve as e-beam
resists for direct writing due to extreme e-beam sensitivity of the
hydrocarbon chain. Instead of coating on a substrate, the
precursor solutions may be flowed into micromold capillaries
to produce patterns of the desired material, covering large areas.
This generic approach should be extendable to materials not
explored in this study.

B MATERIALS AND METHODS

All metal salts (see Supporting Information) and tetraoctylammo-
nium bromide (ToABr) were obtained from Sigma Aldrich, and
dodecylamine (DDA) was purchased from Merck. They were used
without further purification. The water used throughout this investiga-
tion was double distilled and deionized. To 50 mM aqueous metal
solution was added 50 mM ToABr. In some cases, conc. HCl was used to
aid the formation of metal anions (details for individual anions are
reported in Supporting Information). The gravimetry for M—ToABr

(M = metal) was done by taking metal salt solution (for example
HAuCl, as the mother liquor) and the aqueous phase left after phase
transferring with ToABr. Approximately 100 uL of solution of both
mother liquor and aqueous phase was coated on preweighed coverslips
and thermolyzed at 100 °C for 1 h. After cooling to room temperature,
the coverslip was weighed again, and from the weight difference, the
amount of metal which did not phase transfer was calculated. UV—vi-
sible spectra were recorded using a Perkin—Elmer Lambda 900 UV /vis/
near-IR spectrophotometer. Fourier transform infrared measurements
were done using a Bruker IFS66v/s spectrometer with a resolution of
2 cm™ ' X-ray diffraction (XRD) measurements were performed using a
Siemens Seifert 3000TT diffractometer (Cu Kot 1.5406 A, scan rate,
0.5 min~ ). EBL was performed using a Nova NanoSEM 600 instru-
ment (FEI Co., The Netherlands). The EDS mapping was performed at
10 kV (energy window, 10 eV) with a beam current of 1.1 nA, the dwell
time per pixel being 30 s. AFM imaging was performed with a Digital
Instruments Multimode head attached to a Nanoscope-IV controller
(Veeco, USA). The MFM tip (CoCr-coated Si) was magnetized
vertically along the tip axis, thereby allowing detection of the perpendi-
cular component of the stray field emanating from the sample surface
with a spatial resolution of ~50 nm. Thickness measurements were
performed using a Stylus profiler Dektak 6 M (Veeco, USA). The laser
used for diffraction measurement is a diode laser of 650 nm wavelength.
The optical images were procured with the microscope of Laben, India.
Four-probe, low-temperature resistivity measurements were done using
examina probe cooling/heating stage (Linkam,UK). The confocal
images were recorded using a Zeiss LSM S10 laser scanning confocal
microscope.

Direct Write EBL and Direct Micromolding. Si(100) sub-
strates (n-doped, 4—7 Q-cm) and glass substrates were cleaned by
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Figure 6. Alternate routes. (a) XRD pattern of ZnO (JCPDS 89-1397)
film formed by thermolysing the aqueous precursor and SEM image of
patterned ZnO in u-stripes (b) and nanolines (c). (d) XRD patterns of
Ag and Cu films formed by thermolysis of Ag—DDA and Cu—DDA
complexes with the corresponding planes indexed according to the
JCPDS PDF files: Ag (89-3722) and Cu (85-1326). Thermolysis
conditions are mentioned. AFM images of (e) Ag and (f) Cu u-stripes
formed by direct micromolding of Ag—DDA and Cu—DDA complexes,
respectively, followed by thermolysis in an inert atmosphere.

ultrasonicating in acetone and double distilled water and dried under
flowing N,. The e-resist film was made by spin coating of the M—ToABr
solution at 2000 rpm for 1 min. EBL was performed using a Nova
NanoSEM 600 instrument (FEI Co., The Netherlands). The electron
beam energy employed for patterning was S kV (for Pt—ToABr, 10 kV).
For direct micromolding, elastomeric stamps were fabricated by replica
molding of PDMS on a commercially available compact disk (Sony
CD-R). PDMS was prepared by mixing Sylgard 184 curing agent (Dow
Corning) and its elastomer in the ratio of 1:10 by weight. After degassing
the mixture under vacuum for 30 min, PDMS was poured onto the
polycarbonate backing of the master (CD) and then cured in the oven at
60 °C overnight. The stamp peeled off from the master contained
protruding line features of ~50S nm width separated by ~950 nm
channels. The stamp’s thickness was ~2 mm, with its weight being ~2.4 g.
Cured PDMS stamps were cleaned using hexane and further ultrasoni-
cated in ethanol to remove any low-molecular-weight, uncured oligomers.
After keeping the PDMS stamp on the substrate, ~60 uL of the
M—ToABr precursor solution is injected at the interface of the stamp
and the substrate using a micropipet. The entire setup was heated to
250 °C. To pattern metal nanowires via modified micromolding,*® a
pressure of ~1000 Pa was applied on top of the PDMS by placing an
appropriate weight while micromolding.
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© Ssupporting Information. The contents of Supporting
Information include the following: (1) detailed materials and
methods, (2) Table S1 for phase transfer efficiencies with various
quaternary alkylammonium bromides, (3) calculation of Pt
particle size, (4) TEM image of Pt nanoparticles, (5) TGA,
EDS, and FTIR of thermolyzed Pt nanocrystalline film, (6)
XRDs of CuBrand AgBr, (7) SEM images of the Pt -stripes over
large areas, (8) I—V characteristics and optical micrograph of Pt
u-stripes, (9) SEM images of Pt fine lines by nanoentrapment
molding, (10) FTIR spectra of the precursor film before and after
exposure to e-beam, (11) SEM images of thermolyzed films of
various nanomaterials, (12) band gap calculation of InN and
GaN, (13) magnetic measurements of CoN film, (14) SEM,
XRD, and EDS of CoN film electrolessly deposited with Cu, (15)
confocal wavelength scan of InN and GaN patterns, (16) MFM
images of CoN, (17) XRD of Zn—ToABr, (18) SEM images of
ZnO, Ag, and Cu thermolyzed films. This material is available
free of charge via the Internet at http://pubs.acs.org.
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