Chem. Mater2005,17,5731-5736

5731

Controlled Fabrication of Gold-Coated 3D Ordered Colloidal
Crystal Films and Their Application in Surface-Enhanced Raman
Spectroscopy
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We report an alternative procedure to incorporate gold nanoparticles into 3D ordered colloidal crystal
film. The size of gold nanoparticles within the films can be controlled from about 10 nm to about 60 nm
by simply varying the gold plating time. The application of the as-prepared films in surface-enhanced
Raman spectroscopy (SERS) is investigated by using Rhodamine 6G (R6G) as probe molecules. It is
found that the resultant gold-coated 3D ordered colloidal crystal films can be used as SERS substrates,

exhibiting excellent enhancement ability.

Introduction

Recently, the incorporation of metal nanoparticles into
ordered structures has extensively been investigated sinc

such materials may find exciting applications in catalyis

and negatively charged polyelectrolyte multilayers that
formed a 3DOCC film. Subsequently, small gold nanoparti-

&les (6= 2 nm) were absorbed onto the polyelectrolyte multi-

layers. The resulting gold-coated films showed interesting

and photonic crystal? as substrates for surface-enhanced OPtical properties. Recently, Gu et‘dF.reported a dipping

Raman spectroscopy (SERS)and as chemical and biologi-
cal sensors.In addition to their unique optical properties,

method for the fabrication of metal-coated 3DOCC film of
silica microspheres. The 3DOCC film was immersed into a

colloidal crystal films have interesting structural properties Mixture of 10-nm gold or silver nanoparticles and supporting
such as 3D periodicity and large surface areas which makePolymer followed by lifting the 3DOCC film out of the solu-
them desirable as template materials. Consequently, a numbetion at a constant speed. During the lifting process, simul-
of strategies have been developed to incorporate metaltaneously both nanoparticles and supporting polymer infiltra-
nanoparticles into 3D ordered colloidal crystal (3DOCC) ted the voids within the 3DOCC film. Finally, the resulting

films 3572812 For example, the layer-by-layer (LBL) tech-
nique was used by Caruso et’db assemble gold nanopar-

film was calcined at 300C to remove the polymer and to im-
mobilize the nanoparticles on the surface of the silica spheres.

ticles into a 3DOCC film of functional styrene microspheres. It was found that the as-prepared silver-coated 3DOCC films
The styrene microspheres were first modified using positively possess an excellent SERS enhancement ability, and the gold-
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coated 3DOCC films could be used as refractive index sensors.

Although the LBL technique and the dipping method are
very successful in the fabrication of metal-coated 3DOCC
films, previous work in this field was mainly devoted to
investigating small nanopatrticles since it proved difficult to
incorporate large nanoparticles into colloidal crystal films
that largely limit the design and practical applications of such
materials. Until now, it has still been a significant challenge
to incorporate metal nanoparticles with desirable size into
3DOCC films in a controllable manner. In this paper, we
report a simple alternative procedure, based on the self-
assembly of nanoparticles followed by electroless plating,
to incorporate larger gold nanoparticles with diameter ranging
from about 10 nm to about 60 nm into 3DOCC film. The
resulting gold-coated 3DOCC film can be used as SERS
substrates, exhibiting excellent enhancement ability. In
contrast to previous studies, the proposed strategy has several
advantages: (1) both the assembly of the gold nanoparticles
and the following gold plating can be performed in a
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controllable manner in aqueous solution and have been
extensively investigatetf;'®> (2) the entire experimental
procedure is easily performed in a standard wet-chemical
laboratory at room temperature; (3) the size of the nanopar-
ticles in the 3DOCC film can easily be controlled by simply
adjusting the gold plating time and the 3D ordered structure
is still retained; and (4) most importantly, this strategy also
provides a general route for incorporating other metal
nanoparticles into 3DOCC films.

Experimental Section

Preparation of 3-nm Gold Colloid.’® To 90 mL of HAuCl,
(2.7 x 104 M) aqueous solution was added 2 mL of 1% sodium
citrate solution under stirring. After 1 min, 1 mL of freshly prepared
0.075% NaBH (in 1% sodium citrate solution) was added all at
once with vigorous stirring. The stirring was stopped after 5 min
and the mixture was kept at abouf@ until use.

Preparation and Assembly of 3-Aminopropyltrimethoxysilane
(APTMS)-Modified Silica Spheres.270-nm monodisperse silica
spheres were synthesized using a modifieth&tonethod” Briefly,

a solution consisting of 80 mL of absolute ethanol, 28 mL of water,
and 4 mL of ammonia (28%30%) was added to a two-necked,
250-mL round-bottomed flask. After 5 min, 10 mL of 0.2 M
tetraethyl orthosilicate (TEOS) in absolute ethanol was injected into
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Figure 1. Scheme for the fabrication of metal-coated 3DOCC films.

1024 x 256 pixels CCD (Wright, England) was used as the detector.

The excitation wavelength was 632.8 nm from an air-cooled He

Ne laser. The laser light was vertically projected onto the samples.
Results and Discussion

The simple procedure that we have developed for fabricat-

the above mixture with vigorous stirring. The reaction was allowed ing gold-coated 3DOCC films on flat substrates is shown
to continue for an additio@® h atroom temperature. After that, ~ schematically in Figures *ee. In the first step, 3DOCC films
100uL of APTMS was added and the mixed solution was stirred were fabricated on a glass substrate or a silicon wafer that
for an additional 12 h. The resultant APTMS-modified silica spheres \yas vertically placed in a slowly evaporating ethanol solution
were cleaned by consecutive centrifuging, decanting, and redis-5f APTMS-modified silica spheres with diameters of 270
persing in ethanol by sonication (five times). Removal of aggregates ., ., After drying in air, the 3DOCC film was immersed in

and smaller spheres was performed by fractionation, removing the _ . . :
upper and the lower fractions three times. The APTMS-modified a d||gte _solut|on of very small g(_)Id na_nopartlcles (about 3
om in diameter) for 10 h. During this step, small gold

silica spheres were assembled onto a silicon wafer or glass substrat icl . bilized h f f th
that was vertically placed into the slowly evaporating silica spheres nanoparticles were immobilized on the surface of the

dispersion in ethanol for 2 day$.Before use, the silicon wafer

APTMS-modified silica spheres via the amine group. Sub-

and the glass substrate were placed in the freshly prepared piranhgequently, the resulting gold-coated 3DOCC film was

solution (1:3 30% HO,:H,SOy) at 60°C for 20 min to clean and

were then rinsed thoroughly in deionized water and absolute ethanol.
Organization of Gold Nanoparticles into 3DOCC Films and

Gold Plating. The dried colloidal template was then immersed into

immersed in a mixture of NJ¥OH/AuUCI,~ for gold plating

to obtain a gold-coated 3DOCC film with an adjustable size
of the gold nanoparticles. To ensure a homogeneous growth
of the gold nanoparticles within the 3DOCC films, a 3-nm

a gold nanoparticle solution of 6-fold diluted concentration with
stirring for 10 h. After being rinsed in deionized water and dried
in air, the gold-coated 3DOCC films were dipped into 30 mL of a
gold plating solution consisting of 0.4 mM hydroxylamine hydro-

chloride and 0.1% HAuGlwith stirring for 6, 10, and 14 min, . .
respectively. we were forced to apply a number of adjustments to this

Sample Characterization.SEM images were investigated by a  foute in order to gain reproducibility of high-quality films
Leo 1550 instrument. AFM (Veeco) measurements were performed With embedded Au particles.
in the tapping mode. UV Vis spectra were recorded with a WV 3DOCC films of APTMS-modified silica spheres of up
Vis—NIR spectrophotometer (Cary 500, Varian). Structures of the to several square centimeters are easily prepared by this
as-prepared samples were characterized by XRD (Philips; X'pert solvent evaporation method. Figures 2a,b show typical
MPD). Raman spectra were taken using a confocal microprobe scanning electron microscopy (SEM) images of a 3DOCC
Raman syst.em (LabRam | from Dilor, France). The mic!'oscope film and of a gold-coated 3DOCC film before gold plating.
attachment is based on an Olympus Bx40 system. An air-cooled pq geen from Figure 2a, the microspheres crystallize in a
hexagonal ordered packing with the (111) facet parallel to
the silicon wafer substrate. After the incorporation of the
gold nanoparticles, the sample clearly retained its original
ordering and close packing of the colloidal crystal template,
and 3D ordered arrays of the gold-coated silica spheres is
revealed from the cleaved edges of the samples. Higher

gold nanoparticle solution with a 6-fold diluted concentration
and extensive stirring during the gold plating are necessary.
A similar procedure to fabricate the high-quality macroporous
metal films was developed earlier by Jiang et’dflowever,
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Figure 3. UV—Vis extinction spectra of (A) a 3DOCC film and a gold-
coated 3DOCC film (B) before and (C) after gold plating for 10 min.

space of the 3DOCC film, and electrostatic repulsive forces
exist between the larger particles which leads to lower cover-
age of gold nanopatrticles being disadvantageous for further
gold plating. The dilute gold colloids and proper immersion
times are necessary for the formation of high-quality gold-
coated 3DOCC films. If these two conditions are properly
controlled, aggregation of gold nanoparticles within the
3DOCC film may be avoided. The quality of the initially
gold-coated 3DOCC film has a direct effect on the quality
of the final materials obtained after gold plating. We ration-
alize this as follows: during the gold plating, the initial gold
Figure 2. Typical SEM images of (A) a 300CC fim and (®) a gold- nanoparticles attached on the surface of the silica spheres
coated 3.DOCC film before gold plating with the inset showing a higher serve as CataIyStS that accelerate the reduction of the,AuCl
magnification image. Scale bar in the inset is 20 nm. ions by hydroxylamine hydrochloridéTherefore, all particle

o ] o ) nucleation only occurs on the surface of existing gold
magnification SEM images indicate substantial coverage of nanoparticles, which ensures the growth of the larger gold

gold nanopartiples on the surface of the silic'a spheres within nanoparticles that are not obtainable by direct metftds.
the 3DOCC film, and the gold nanopamcle_s are w_eII- Figures 3a-c show U\-Vis extinction spectra of a
separated from each othgr on the surf_ace (cf. insetin Figuresnqce film, and a gold-coated 3DOCC film before and
2b). No_obwous nanopgrtlcle aggreggtlon was observed._Theaﬂer gold plating (10 min). For the plain 3DOCC film a
prevention of nanoparticle aggregation in the 3DOCC film peak at around 650 nm is observed. This peak is attributed

g%%g%ﬁcnped rt](.) rt1htT1 urluque tstru%turfal F;LOp.erft.'ES t.Of theto the stop-band of the 3DOCC film which originates from
fth Ildm nw 'Ct. | € argez V?'4§(y0r ¢ t?\ infiitra |cf)r:h the diffraction of the 3D ordered structures of the colloidal
ot the gold nanoparticles are abou o ot the size of the crystal film2®> Because 3-nm gold nanoparticles are too small

APTMS-modified silica sphe_re?§, V\.'h'Ch are, thus, large to possess a pronounced surface plasmon band at 520 nm
compared to the Au nanoparticle size. The coverage of gold hat typically characterizes larger gold nanopartiéfethe

nanoparticles on the surface of the silica spheres is evaluate corporation of the 3-nm gold nanoparticles into the 3DOCC
to be approximately 27% from higher magnification SEM film results in the appearance of only a shoulder near 500

nanoparicles on planar amine-enctonalized urfaces o soid "™ “ich Stems from a suppressed and broadened surface
P P plasmon resonance band as well as from absorption at

1 : ~ .
subs_ttr.atelé. dThe ?juahtytr(])f :(he d g(:l;j co?ted|3D(|)C(:| film d wavelengths below 520 nm due to d-band to conduction band
sensitively depends on the kind ot functional MOIECUIES and 4., qitions in gold and scattering from the nanoparticles

the size and concentration of the gold nanoparticles. Previous(Figure 3b)2227When the gold nanoparticles in the 3DOCC
research indicated that functionalization of substrate surfacesﬁlm are furtlher immersed in the gold plating solution for 10

with different terminal groups has a profound influence on min, a strong surface plasmon band appears at about 520

the coverage with gold nanopart_lc@s(_)ur initial attem_pt . nm besides the peak characteristic of the stop-band of the
to organize 12-nm gold nanoparticles into a 3DOCC film is 3DOCC film. According to Gu et af@ this spectral char-
less successful most probably because these particles are too '

large to infiltrate them completely into the whole interstitial

— _';'.-";.",-'""_'"v_._
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Figure 4. XRD pattern of a gold-coated 3DOCC film after gold plating

for 10 min.
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Figures 3b,c, the occurrence of the stop-band indicates that
the 3D ordered structure of the 3DOCC film was retained
after gold plating.

Figure 4 presents a X-ray diffraction (XRD) pattern of
the gold-coated 3DOCC film after gold plating (10 min).
Four diffraction lines are observed in the XRD patternét 2
~ 38.2, 44.5, 64.7, and 77.6These diffraction lines are
assigned to the (111), (200), (220), and (311) reflections,
respectively, for the face-centered cubic structure of metallic
Au with the space groupm3m (JCPDS, card no. 04-0784).

It is noticed that the ratio between the maximum intensities
of the (111) and the (200) diffraction lines is substantially
larger than that described in the JCPDS card (4.9 versus 1.9).
Similar results are also observed for the ratio between the

acteristic is very important for the application in refractive maximum intensities of the (111) and (220) (or (311))
index sensors. Both surface plasmon band and stop-bandliffraction lines. These results suggest that in this case the
depend on the surrounding medium, but their responses toface-centered cubic structure of metallic Au conferred its
changes in the surrounding medium are not similar since theirtendency to nucleate and grow into nanoparticles with their
origin is completely different. The latter is more sensitive surfaces terminated by the lowest energy (111) faiets.
to changes in the surrounding medium than the former. For Average sizes evaluated from the width of the (111)
example, the stop-band shifted by 84 nm when the refractive diffraction peaks using the Scherrer formula (41 nm) coincide
index increased from 1 to 1.538, while the surface plasmon well with those from the AFM measurements (43 nm, cf.
band shifted by 23 nm only. Moreover, as evidenced from Figure 5c below).

L P

1: Height

170.9 nm

L

1: Height 5.0 pm

Figure 5. AFM images of (A) a 3DOCC film and a gold-coated 3DOCC film after gold plating for (B) 6 min, (C) 10 min, and (D) 14 min.
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Figure 6. SERS spectra of R6G on different substrates: (A) gold-coated Figure 7. Comparison of SERS intensities between (A) a gold-coated
3DOCC film with 10 min gold plating; (B) gold film prepared according  3DOCC film with 10 min gold plating and (B) a gold-coated 3D disordered
to Natan et al. (cf. ref 14) with 10 min plating; (C) gold film prepared by silica film with 10 min gold plating. Concentration of R6G: 10M; laser
dipping the substrate directly into the gold plating solution for 10 min. wavelength: 632.8 nm.

Concentration of R6G: 10 M; laser wavelength: 632.8 nm.

gold-coated 3DOCC film for 10 min of gold plating. For

The gold-coated 3DOCC films are very suitable as SERS comparison, we also prepared two kinds of different sub-
substrates since they possess three important characteristicstrates for SERS applications. One is a gold nanoparticle
for SERS signal enhancement. First, compared with flat film prepared according to Natan et al. on a planar glass
substrates, its 3D ordered macroporous structure increasesubstraté* Briefly, 3-nm gold nanoparticles were first
the accessible surface area for to be detected moleculesattached to the APTMS-modified glass, and then the resulting
second, periodic crevices formed from close-packed spheressubstrate with the 3-nm gold nanoparticle was dipped into
are very efficient for SERS signal enhancen®@rtnd, third,  the same gold plating solution for 10 min (sample B). The
the nanoparticles attached on the surface of the silica spheregther sample prepared for comparison is made by dipping
provide a rough surface on the nanometer scale which isdirectly the glass substrate into the same gold plating solution
very desirable for enhancement of Raman scattéfing. for 10 min (sample C). Subsequently, all samples were
However, according to previous wotkthe SERS intensity  dipped into a solution with 10 M R6G with stirring for 10
enhancement depends on the nanoparticles size. Consemin, rinsed with deionized water, and dried with high-purity
quently, how to incorporate nanoparticles with desirable sizes flowing nitrogen before Raman examination. Figures-&A
into 3DOCC films is of importance for the application of show the SERS spectra for R6G in the Raman shift range
such materials in SERS. Figures-5k show atomic force  petween 1000 and 1800 cfof those three samples. SERS
microscopy (AFM) images of a 3DOCC film and a gold- signals are observed in all cases but sample C gives only a
coated 3DOCC film after different gold plating times. The very weak enhancement. As for sample B, the SERS
AFM observation of the top surface of the colloidal crystals spectrum becomes more intense, but still remains relatively
clearly reveals the hexagonal-type close packing of the silicaweak. The most intense spectrum is observed with sample
spheres, consistent with the SEM result. As observed in A, showing little background noise, and the bands charac-
Figures 5b-d, the original structural properties of the teristic for R6G can clearly be distinguished in Figure 6A.
3DOCC film still remains after plating for 6, 10, and 14 min, We also investigated how the periodicity of sample A might
respectively, which provide strong evidence of YVis change the SERS intensity enhancement. Figure 7 compares
results. The size of the gold nanoparticles on the surface layerthe SERS signal intensities of R6G from sample A (Figure
of the gold-coated 3DOCC film increases from about 26 nm 7A) and a disordered gold-coated silica film (Figure 7B).
to about 58 nm with increasing gold plating time and these The disordered gold-coated silica film was prepared by the
nanoparticles remain highly dispersed. Thus, in this case itintroduction of a small amount of larger APTMS-modified
is possible to control the surface roughness defined by thesijlica spheres (300 nm in diameter) during the assembly of
nanoparticle diameter by adjusting the gold plating time. This the 270-nm APTMS-modified silica spheres. The other
is of particular importance in the SERS application where experimental conditions are similar to those of sample A.
the signal enhancement factor is directly related to the The SERS intensity of the disordered film was obviously
nanometer scale roughness. weaker than that of sample A, suggesting that the periodicity

We evaluated the performance of the as-prepared gold-of sample A is an important factor for the SERS enhance-
coated 3DOCC film as SERS substrates using Rhodaminement. Surprisingly, we found no strong correlation between
6G (R6G) as a probe molecule (Figure 6). Sample A is the the SERS intensity enhancement with the increase of the film
layer numbers when the layer numbers of the gold-coated
(28) (a) Yin, Y.; Li, Z.; Zhong, Z.; Gates, B.; Xia, Y.; Venkateswaran, S. 3DOCC film are more than three. Probable reasons for the

%égﬂgtf;GCheMOOZ 12, 522. (b) Sun, Y.; Xia, Y Sience2002 larger SERS intensity enhancement of sample A are con-
(29) Garcia-Vidal, F. J.; Pendry, J. Bhys. Re. Lett. 199§ 77, 1163. sidered as follows: As mentioned above, sample A has two

(30) Krug, J. T.; Wang, G. D.; Emory, S. R.; Nie, S. Nl. Am. Chem. advanced features such as the periodicity and the porous

31) Ssﬁ%;?]g%}zéu%?% A.; Callaghan, R.: Blatchford, C. G.; Kerker structure. These porous structures can provide larger surface

M. J. Phys. Chem1983 87, 1014. areas that allow more molecules to ads&rn the other
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hand, the periodicity is advantageous for the SERS intensity 14000 A

enhancemerit:**First, according to Gaponenkéthe photon ]

density of states redistribution may readily occur in a periodic 12000+

porous metal nanostructure, which results in an increase of  § ;4000

the density of optical modes and thus the superior enhance- & .

ment of the Raman intensity of the detected molecules. % 80001

Second, the gold-coated silica spheres in sample A can be £ gyo0

approximated as larger metal spheres. The diameter (about .§ 1

270 nm) of these metal spheres is on the order of the laser x 0%

wavelength (632.8 nm); therefore, the localized plasmon & 5000

mode can contribute to the SERS intensity enhancefient. 1

As shown in Figure 5, the metal spheres in sample A are in -
contact with others, forming many periodic crevices. The o 2 4 6 8 10 12 14
incident light excites plasmons trapped at these crevices, Plating time (min)

resulting in the formation of a huge electric field in this 16000 B

location. These localized resonant plasmon modes at long- 14000 °
range ordering crevices are able to produce a large SERS _ 1

enhancemerf®:35 An interesting question to be addressed in ~ § 120001

future work will be whether the percolation threshold of the & 10000

metal coating affects the Raman scattering enhancement in % gy

our system. Moreover, the SERS performance of the gold- 2 1 o
coated 3DOCC film before and after gold plating for 6, 10, ~ § %7 /

and 14 min was also investigated by using the same method. < 4000 o

Figure 8A shows the SERS peak intensity of the 1362'%cm 8 2000 /

line versus the plating time. No SERS signal is observed ]

for the unplated 3-nm gold-coated 3DOCC film but after 6 0 . — e ; ; i
min of gold plating the signal increased considerably, o 1 20 30 4 50 6 70
maintaining this trend until (at least) 14 min of plating. Surface Coverage (%)

During the gold plating, the interparticle spacing between Figure 8. (A) SERS peak intensity of R6G at 1362 chnon the gold-
the preformed gold nanoparticles on the surface of the silica S22¢d 3POCC film versus plating time and (B) plot of the SERS peak
p g p intensity of R6G at 1362 cm on the gold-coated 3DOCC film as a function

spheres is further decreased by gold deposition. Such shortof surface coverage.

range interactions between the gold nanoparticles increases

the interparticle coupling, leading to a dramatic enhancement Therefore, it is reasonable to observe a nonlinear relationship
in the SERS activity! Furthermore, the SERS enhancement between the SERS intensity enhancement and the surface
ability is related to the particle size. For instance, Nie et al. coverage in this case.

found that 60-nm gold particles showed the most efficient  In summary, we have developed a simple and effective
SERS intensity enhancement when the excitation wavelengthprocedure for incorporating highly dispersed gold nanopar-
is about 650 nni® Unfortunately, in our work, it is difficult ~ticles into 3DOCC films with diameter ranging from about
to incorporate gold nanoparticles with a diameter of more 10 nm to about 60 nm in a controlled manner. As-prepared
than 60 nm due to the mass-transfer limit, and thus we cannotgold-coated 3DOCC films exhibit excellent surface-enhanced
decide what size is optimal for the SERS enhancement. Raman scattering (SERS) ability. The periodicity, the long-
Figure 8B presents the SERS peak intensity of the 1362 cm range ordering porous structure, and the nanoscale roughness
line as a function of the coverage of the gold nanoparticles are important factors affecting the SERS enhancement
on the surface of the silica spheres. The surface coverageactivity. Moreover, because the size of the gold nanoparticles
was estimated from the magnified AFM images. It is noted can be easily controlled within the 3DOCC films by the
that, from 27% to 62% surface coverage, the SERS intensity present method, the materials with desired particle sizes can
enhancement increases in a nonlinear fashion. In a previougoe fabricated for other different applications. This procedure
report3 a linear relationship between the SERS intensity can and will be used to incorporate other metal nanoparticles
and the particle coverage was expected when nanoparticlegsuch as Pt, Pd, and Ag) into 3DOCC films and, thus, it
with similar sizes were assembled into a monolayer on a also provides an alternative method for the fabrication of
flat substrate. But in our work, the increase of the surface different metal-coated 3DOCC films and their exciting
coverage is due to the growth of the gold nanoparticles. application as sensors and in catalysis.
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