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Patterned arrays of gold nanoparticles in two dimensions were prepared by the electron beam reduction
and subsequent thermolysis of gold{thiolate complexes on silicon surfaces. The array line widths are
<50 nm and they are composed of small gold nanopatrticles (average diameters from 2 to 4.5 nm). Variation
in the electron beam dose allows for the variation of the interparticle distances in a given sample.

Introduction networks!®1 Finally, gold nanomaterials have been dem-

. o ) ) ) onstrated to have applications in biomedical reséaraid
The miniaturization of optical and electrical devices for catalysists

applications in information technology requires a capability Many research groups are involved in the solution
to generate metal nanopatterns on surfaces. Typical featur%yntheses of Au nanoparticl&sl” Once the nanoparticles
sizes in the microelectronics industry were in the range 90 516 prepared in solution, the challenge is to assemble them
180 nm in 2001 and are predicted to be below 35 nm by jnq \vell-defined lattices or superlattices on a surf&eé.
2016 The specific conductané&and optical propertiés® Many techniques are currently being used for the generation
of such metallic nanopatterns make them of particular interest o¢ metallic nanostructures on surfaces. Of note is the example
for future industrial applications. For example, tWo- \here electron beam writing on functionalized surfaces
dimensional (2D) arrays of metal nanoparticles have been.oq,ces chemically activated nanopatterns. The result is
shown to exhibit an insulator-to-metal transition when the nanometer-scale patterns with a different chemical speciation
particle-particle distance becomes less than a critical {150 the unexposed parts of the surféfcé® These nano-
distance'’"* Optical properties of importance include the patterns are then used to adsorb citrate-passivated gold
surface plasmon enhanced nonlinear response signal in golq,anoparticles in a selective fashion due to the intrinsic
nanoparticles. Gold nanoparticles or nanowires have also itference in affinities for the surface functional grodps.
been molecularly linked with thiol-endcapped conducting | ines of adsorbed nanoparticles with sub-200 nm widths have
molecules in order to create conductive molecular electronic jygep, reported.

Direct electron beam writing (DEBW) on thin films of
*To whom correspondence should be addressed. E-mail: Bruce.Lennox@ pre-made thiol-stabilized or phosphine—stabilized goId nano-

mcgill.ca. . . .
7 McGill University. particles has also been reportéd’ These films are typically
* Universifede Sherbrooke. formed at an air/water interface using a Langmuir film
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balance and then transferred onto a solid substfaaéer-
natively, films have been formed from solutions of nano-
particles via drop-casting or spin-coating onto a sub-
strate?'~?>2"There are conflicting opinions as to what effect
the electron beam has on the nanoparticle films. The
narrowest line width thus far obtained from the DEBW
technique is 26 nr223

Although narrow lines of gold nanoparticles have been
achieved by the DEBW technique, it remains a complicated,
multistep process (i.e., synthesis and cleaning of gold
nanoparticles, preparation of a monolayer of nanoparticles
on a surface, beam exposure, and solvent wash). To take
advantage of the plasmon resonance properties of metal
quantum dots, it is of interest to be able to tune the inter-

nanoparticle distances within one sample. This is not possible D m

with the DEBW method. . . .
. . . Figure 1. (A) Spin-coating and electron beam exposure on the AgR
Electron beam techniques have considerable potential forfim; () the pattern after exposure; (C) the pattern after development; (D)

the creation of small features compared to conventional the pattern after thermolysis.
techniques such as photolithography. Electron beam lithog- . ) ) _
raphy systems routinely use beam sizes smaller than 5 nmPrecise nature of the gold solutions used (“a gold mercaptide
which in principle allows for very small features. The with organic binders, and a small amount of other ingredients
formation of metal nanowires and nanodots by conventional {0 Promote adhesion®is undisclosed, however. The resuit-
electron beam lithography consists of five steps: (i) an INg patterns were developed_ln methylene chloride in or_der
organic resist is spin-coated onto a substrate, (ii) the pattern0 'émove unexposed material and then pyrolyzed in air at
is formed using the electron beam, (iii) the sample is 490 °C to remove any organic material remaining in the
developed in a solvent bath, (iv) metal is evaporated on the exposed regions. The features obtained are typically larger
substrate, and (v) the excess metal is lifted off. Small gold than 250 nm. N
nanofeatures are obtained in this process (e.g., dots with 15 In related work, Russell et &.used electron beam writing
35 nm diameters, with edge-to-edge distances of 50 nm, orOf palladium acetate films to obtain 100 nm wide Pd lines
rods with 50 nm width$:22 Because of proximity effects, it containing a Pd/C atomic ratio of 1. Finally, Manners e¥al.
can be challenging to make nanodots that are very close toProduced 72 nm wide bars consisting of heterogeneous
one another (i.e£50 nm) by this technique. Moreover, the ferromagnetic clusters by electron beam writing on their Fe/
more steps there are in the process, the more likely it is thatCO organometallic polymer films.
defects arise in the resulting nanostructures. It is therefore N this paper, we report the reduction of Au(l) polymer
of interest to develop new electron beam processes thatcOmplexes (in the form of solid, homogeneous thin films),
involve fewer steps. using an electron beam lithography (EBL) instrument. EBL
Electron beam writing on surfaces of gold “compounds” Studies were concentrated on a gole(iplystyrenethiol
have been reported:* In the work by Fraser et a#’,gold (Au()—PS) complex, although preliminary experiments
oxide and gold bromide are deposited onto glass substrate$"OW that similar results can be obtained with other Au(l)
via sputtering gold atoms through gaseous oxygen or brominethiolate complexes such as Aufffhiocholesterol. Briefly,
environment. Following electron beam exposure, the sub- the technique consists of spin-coating a Aufhiolate film

strates are developed in hydrochloric acid or water. The ONto a silicon surface. Following the formation of nano-
resulting gold pattern features are on the order of 200 nm féatures by EBL, the substrate is “developed” in an organic
wide. This technically demanding fabrication process requires SCIVent. The developing process removes the unexposed
in situ formation of gold oxide or bromide and subsequent "€gions of the film. The sample is then thermolyzed for a
deposition onto the substrates. In another approach, CraigféW minutes to remove the organic phase trapped within the
head et af spin-coated Engelhard gold solutions (from nanofeatures formed.. Figure 1 summarizes the fabrllcatlon
Engelhard-CLAL Inc.) onto various substrates and exposed St€Ps: EBL of Au(l)-thiolate thin films provides reproducible

the resulting solvent-free film to an electron beam. The nanofeatures in the sub-50 nm region consisting of small,
monodisperse gold nanoparticles (average diameters vary

between 2 and 4.5 nm depending on the conditions). This

Au(I)-SR film

Silicon Substrate
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work differs from the previous studies mentioned above in
that (i) a new polymeric material was used as the nanoparticle
precursor, (i) this precursor material is fully characterized,
(i) the precursor material spreads easily on substrates to
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provide uniform films, (iv) the resulting gold nanoparticles distinguished, based on the units used to characterize the dose
are located in well-defined sub-50 nm regions, and (v) received by the sample. Either linear doses (expressed in nC/cm)
variation in the electron dose within a given sample is shown Or surface doses (mC/crare cited. FEG-SEM observations were

to allow for tuning the interparticle distances in the patterns. g‘atdet in the backscattered electron mode, using an ‘in-lens”
etector.

Following pattern writing in the electron beam, the wafers were
immersed for 1 min in a chloroform bath at 2G and were then

Au(l) —Thiolate Complexes.PSs—SH (a thiol-terminated poly- dried in a stream of nitrogen gas. The developing process removes
styrene (PS) chain with 19 styrene repeat units) was synthesizedthe unexposed parts of the thin film, leaving only the exposed

Experimental Section

by anionic polymerization, as described previouI@urification regions on the surface. Some of the patterns (depending on their
was monitored by!H NMR using deuterated chloroform as a Size) were observed by optical microscopy after development. The
solvent. Thiocholesterol, thiodiglycol, and HAWEGH,O were final step of the process was the removal of the residual organic

purchased from Sigma-Aldrich and used as received. The Au(l) Material (from the initial Au(l)-thiolate film) remaining in the
PSs and Au(l)-thiocholesterol complexes were synthesized fol- €xposed patterns by thermolysis. This was effected by heating the

lowing the thiodiglycol procedur®. Briefly, 200 mg of HAUC}- wafers at 400°C for 10 min in a nitrogen flow.
3H,0 (FW = 393.8 g/mol) was dissolved in 10 mL of MilliQ water The exposed regions were observed by FEG-SEM before and
(Millipore). The solution was cooled in an ice bath. 160 of after the heating step. The heights of the patterns before and after

thiodiglycol (FW= 122.19 g/mold = 1.221 g/cm) was then added this thermolysis step were also examined using contact mode
over an hour, resulting in a clear colorless solution; 964 mg of AFM (AutoProbe CP, Park Scientific Instruments, USA) with
PSo—SH (Mn = 1900 g/mol) dissolved in 20 mL of chloroform  silicon tips (Microlevers, Veeco Metrology LLC). XPS (VG
was added over an hour and a half, and the solution was stirred forESCALAB 220i-XL spectrometer) was also performed on the final
another hour. The cloudy chloroform phase was separated fromnanopatterns in order to determine the chemical composition of
the aqueous phase, and the chloroform was rotovaped to drynessthe gold nanoparticles.

The Au(l)—PSg complex was then dissolved in-3 mL of toluene

and precipitated by slowly adding it to a stirred water/methanol Results and Discussion
mixture. Au(l}-PSg was then vacuum-filtered and dried under o - ) . . o
vacuum. The gold(fythiolates were characterized by thermogravi-  We first identified the potential of using e-beam irradiation

metric analysis, solutiotH and’3C NMR, and X-ray photoelectron ~ to make nanoparticles from our polymeric gold complexes
spectroscopy. Detailed synthetic procedures and characterizationgy the e-beam in a transmission electron microscope
are described elsewhete. (TEM).28 In the TEM environment (a JEOL JEM-2000 FX
Thin Film Preparation. The substrates for thin film preparation  TEM at an acceleration voltage of 80 kV), nanoparticle

were silicon [111] (Si) substrates (SiliconQuest, USA). The Si. growth was observed with increasing exposure time at a
wafers were cleaned in a nitric acid bath, rinsed with MilliQ water, ~gnstant beam intensity on a Auffhiocholesterol film
sonicated in ethanol for 1 min, rinsed with chloroform, and finally deposited on a carbon-coated gidThe nanoparticle
rinsed with anhydrous ethanol. The Si wafers were then dried underdiameters increased from 1.8 (0.3) nm for 1 min exposure

a stream of dry Bl gas and were used immediately. The Au(l) .
thiocholesterol complex was dissolved in chloroform, and the dilute up to 3.4 (0.7) nm for 9 min. As per a very recent regort,

solution was drop-cast on a water surface. After evaporation of 1€ IMpinging e-beam clearly leads to in situ formation of
the solvent (ca. 10 min), the thin films were transferred onto the Si 90ld nanoparticles. However, important parameters such as
wafers. The Au(l)-PS; thin films were prepared by spin-coating  the electron dose and film conditions (thickness and unifor-
toluene solutions of various concentrations on Si wafers. A Laurell mity of the Au(l)—thiolate film) are very difficult to control
benchtop spin-coater (Laurell Technologies Corp., USA) was used, in the TEM environment. We thus turned to the electron
with speeds ranging from 4000 to 6000 rpm. The thickness of the beam lithography (EBL) experiment to explore its potential

spin-coated films was estimated by AFM imaging of narrow to convert these gold complexes into nanoparticles in a
scratches made in the overlayer film. controlled fashion.

Electron Beam Lithography. Both the electron beam lithog- Most EBL experiments were performed on spin-coated
raphy and SEM observations were performed on field-emission gun

scanning electron microscopes (FEG-SEM) (Leo 1500 series films (.)f Au(l.)_PSQ erOS|ted on S|I|pq|j Wafgrs coated with
a native silicon oxide layer. The initial thickness of the

equipped with the nanometer pattern generation system NPGS, from X

Jg szfbity Lithography systemF;). Duri?]g electron geam lithography, Au(l)_F_)S-w film ranged from ca. 50 to ca. 900 nm. Fo.r
the FEG-SEM was set at an acceleration voltage of 20 kV and a Comparison purposes, some patterns formed were examined
beam current of 425 pA. Under these conditions, the electron beambefore the thermolysis step by SEM and AFM. Because we
diameter is less than 2 nm. A dose-matrix experiment was conducteddid not find adequate spin-coating conditions for the Au(l)

for each of a series of initial Au(fthiolate film thicknesses. In  thiocholesterol complexes, films were made from this
some cases, isolated lines were made in the resist using singleprecursor by drop-casting Au@thiocholesterol solutions on
pass exposure to the electron beam. In other cases, finite areas wergater, followed by transfer to the silicon substrates. This
exposed on the sample (closed polygons of various shapes, e.9method, however, generates inhomogeneous film thickness.
triangles, lines of finite width or rectangles).by sweeping the. Preliminary lithography experiments were performed on
electron beam over the area. These conditions can be eas'lyAu(I)—thiocholesterol films prepared in this fashion. Nano-
patterns were indeed obtained, but the uneven thickness of

(33) Corbierre, M. K.; Cameron, N. S.; Lennox, R.IlBangmuir2004 20,

2867-2873.
(34) Al-Sa’ady, A. K.; McAuliffe, C. A.; Parish, R. V.; Sandbank, J. A.  (36) Corbierre, M. K. Ph.D. Dissertation, McGill University, 2004.
Inorg. Synth 1985 23, 191. (37) Kim, J.-U,; Cha, S.-H.; Shin, K.; Jho, J. Y.; Lee, J.JCAm. Chem.
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Au Nanoparticles by EBL of AufhThiolate Thin Films Chem. Mater., Vol. 17, No. 23, 200777

20 nm

10 nm
N

Figure 2. SEM images displaying the effect of electron beam dose on gold nanoparticle size and number density formed from a 110 nm thick film of
Au(l)—PSy, post-thermolysis. Beam doses: (A) 0.5 mC#:iiB) 1.0 mC/cn?; (C) 2.6 mC/crg; (D) 4.9 mC/cn; (E) 7.9 mC/cr; (F) 9.8 mC/cr.

the initial film led us to concentrate on the Au('IPS—Q Table 1. Nanoparticle Dimensions and Surface Coverage for Varying

system. Electron Doses

The electron beam dose has a considerable effect on a nanoparticle surface
Au(l)—PSofilm of a given thickness. A range of doses (from dose diameterg coveragé
0.5 to 30 mC/crf) was tested on a 3& 28 um surface of (mC/en?) (nm) (%)
the 110 nm thick film. Gold nanoparticles are obtained using 0.5 ca.2 <1
doses between 0.5 and 9.8 mCfcwith a high degree of %.6 22 ((%.i)) é
monodispersity within a given sample (Figure 2). The 4.9 4.5(1.5) 13
variation in electron dose has a pronounced effect on the 7.9 3.0(0.7) 15

number of nanoparticles per unit surface area and only a 98 35009 20

slight effect on the final nanoparticle diameter. The Au @ From FEG-SEM images, with the standard deviations in parentheses.
b From FEG-SEM images, assuming spherical gold nanopartichés.

surface coverage percentage values are calculated from th%istribution measured because diameters are too small.

FEG-SEM images. We assume, based on our AFM thickness

measurements, that the particles are spherical because thimcrementally increased to 9.8 mC/gnthe coverage in-

nanoparticle thicknesses match the diameters. The dispersiortreases to 20%. The nanoparticle average diameters do not

in the diameter values ranges from 0.4 to 1.5 nm, dependingcorrelate with dose but remain in the-2.5 nm range. When

on the dose used. For the lowest surface dose studied, veryransposed into a volume of Au imaged on the surface (and

few gold nanoparticles are apparent after the thermolysis stepassuming that the gold nanoparticles are spherical), the 9.8

(less than 1% surface coverage) and they are quite smallmC/cn? exposure yields nanoparticles whose Au content

(ca. 2 nm diameter). As shown in Table 1, as the dose is equals that of the initial quantity of Au)PS, deposited
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Figure 3. Variation of electron beam dose on the Au{PS film (110

nm thick), after thermolysis. The top left region of the SEM image
corresponds to a dose of 9.8 mCAfresulting nanoparticle density 18.6

x 10 particles/crf), while the remainder of the image corresponds to a
dose of 1.0 mC/ci(resulting nanoparticle density 2.6 x 10! particles/
cmd).

on the surfacé® Above a 10 mC/crhdose, significant cross-
linking of the organic component occurs under the electron
beam, and not all of the organic material is completely
removed in the 110 nm thick film using thermolysis

conditions of 400°C, 10 min, N. Figure 4. Patterns obtained from a 50 nm thick Au{BS film using a

L. . beam dose of 140 nC/cm: (A) pre-thermolysis; (B) post-thermolysis. The
The striking effect of electron dose on the formation of (esuiting line widths (inset) on the SEM images are 38.3 and 47.2 nm,

nanoparticles (both surface coverage and size) is apparentespectively.

in Figure 3. The square on the top left of the image

experienced an electron beam dose of 10 m&/avhile the Lines 40 nm wide were drawn onto the 50 nm thick
remainder of the sample was subjectedtl mC/cmidose. A,y —ps, film (Figure 4A). A range of linear doses from
Variation of Fhe gold_ nan_opartlcle _surface densﬁy_(and 100 to 160 nC/cm was used. The resulting lines are relatively
therefore the interparticle distances) is clearly accessible bystraight and the Joangle feature is well-reproduced. There
simply varying the electron beam dose. This is important as is no significant variation in the resulting features for the

there are few effective means to control the interparticle different electron doses used. The height of the lines after

distqr!ces_benNeen gold na;noparticles adsorbed on Cr.]em.icalIB(jeveIoping (but before thermolysis) was measured by AFM
modified lines. Natan et af:,for example, reported a kinetic to be ca. 50 nm. This is consistent with the initial thickness

;:t?nltr;)l oft.cnrz?_te—ztabll]ized gold fnangpartl?lteh SPacings on ¢ e gold(l)-thiolate polymer film. After thermolysis, the
lo-unctionalized surtace as a function ot the IMMETSION e \yiging are slightly increased by 7 nm but the overall

o Lot ine shape s tact Compared o e 110 thick A
q 9 ry 9 PS, film, the 50 nm thick film yields much narrower lines

igﬂa;:rt?;\égi%(; (e.g., 3 days of immersion to obtain<.8 after thermolysis whereas the line widths before thermolysis
7 ) had similar values for both film thicknesses. It is thus likely
The nanoparticles formed after thermolysis of the sample it the 110 nm thick lines collapsed to a greater extent than
are composed of elemental gold, as determined by XPSe 50 nm thick ones in the thermolysis step, yielding larger
measurements on a large array of nanoparticles. Sulfur wasjne widths for the former. These lines consist of monolayers
not detected by XPS. The formation mechanism of the gold ¢ gistinct nanoparticles, as per SEM observation (Figure
nanoparticles in our technique is not yet fully understood. 4B) and AFM-measured heights (between 5 and 8 nm).
Preliminary HR-TEM results suggest that most of the gold Figure 5 shows an example of AFM imaging on a gold
nanoparticle growth occurs during the thermolysis step and nanoparticle linear array written at a dose of 25 mCldin
that small gold nuclei are probably formed during the e-beam is noteworthy that the line widths are highly reproducible
reduction step of the Au(hthiolates. Significantly, no gold o een several independently prepared samples. The line
hanoparticles are observed wifnhin 50 nm thick devgloped width values are likely to be further reduced by using
patterns prepared on a TEM grid, when no thermolysis S®P different substrate materials, leading to fewer numbers of

is undertaken. back-scattered electrofs.

) Electron beam writing was also performed on a much
(38) TGA results and density values of 1.05 gfdior PS and 19.3 g/ctn . . .
for Au combine to yield a volume fraction of RAu of 187/1 in the thicker (900 nm) Au(l)-PSy film. Electron beam linear
20 /é‘U(I%—P% (c:omsple?r-] b G Musick M. D Davis. J. A+ Walter. b doses (between 100 and 160 nC/cm) appear to cause the 50
rabar, K. C.; Smith, P. C.; Musick, M. D.; Davis, J. A.; Walter, D. . . . P
(39) G.. Jackson, M. A.: Guthrie, A. P.: Natan, M.J.Am. Chem. Soc nm_(W|de) x 900 nm (high) lines to collapse on their side
1996 118 1148-1153. during pattern development. Indeed, AFM and SEM reveal
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Figure 5. AFM image of a line of nanoparticles drawn using a beam dose of 25 rd@hna 50 nm thick film of Au-PSs. The vertical scale (RHS) on
the AFM image is in nanometers. The accompanying plot is the line scan (height) associated with the white line on the AFM image.

Figure 6. SEM images showing collapsed patterns formed from a 900 nm
thick Au(l)—PSy film, post-thermolysis, using a beam dose of (A) 160
nC/cm and (B) 120 nC/cm.

50 nm high and 900 nm wide “ribbons” in various shapes,
some still attached to the substrate at their initial position
(Figure 6A). Others are folded in circles next to their initial
position on the substrate (Figure 6B). After thermolysis, the
“ribbons” consist of monolayers of gold nanopatrticles (6 nm
high). Lines with a smaller initial thickness-to-width ratio

(900/500 nm) written with 50 mC/chuo not collapse upon
development. The thicknesses after thermolysis suggest that
most of the organic phase is still present.

Conclusions

The preparation of novel sub-50 nm patterns composed
of ca. 3 nm arrayed gold nanopatrticles is reported. Electron
beam lithography of thin films of Au(tythiolate complexes
is used to form these nanoparticles. The nanopattern features
are highly reproducible between independently prepared
samples and they are highly consistent with the target features
(e.g., 90 elbows). Our preliminary study of the effect of
the Au(l)—thiolate film thickness suggests that the target line
widths are better achieved with the thinner, 50 nm Ad(l)
PS, film, following the thermolysis step. The nanoparticle
diameters are in the range-8 nm, and average diameters
are in the range 24.5 nm. Variation of the electron dose
allows for control of the resulting interparticle distances.
Other techniques do not allow variations in the interparticle
distances on a given sample.

In future experiments, other types of substrates will be
used in order to vary the quantity of back-scattered electrons,
which is known to affect the optimal line widths achievable
on a given resin layer compositidh.Finally, transport
properties of the nanoparticle arrays are of interest, due to
the position/packing features of the nanoparticles in the
arrays’1°
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