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Surface enhanced sum frequency generation of carbon monoxide
adsorbed on platinum nanoparticle arrays
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Sum frequency generation~SFG! vibrational spectroscopy is used to study the adsorption of CO at
;1 atm pressure on Pt nanoparticle arrays and Pt thin films. The SFG signal of CO adsorbed on
platinum particles of 45 nm diameter is;10 000 times larger than from CO on smooth Pt films. The
large enhancement is explained by plasmon resonance and Maxwell–Garnett theory. The Pt arrays
are prepared using electron beam lithography to produce particles with uniform spacing and sizes on
an oxidized Si~100! wafer. Further, as the Pt coverage increases the SFG signal shows a polarization
dependence that is explained considering the dielectric properties of a metal film on a dielectric
surface. In addition, SFG permits investigation of the CO adsorbed on the particles at;1 atm,
which is not possible with most surface analytical techniques, that will allow for the study of the
reaction of small molecules on surfaces relevant in heterogeneous catalysis. ©2000 American
Institute of Physics.@S0021-9606~00!70437-5#
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INTRODUCTION

Many of the molecular details of catalytic reactions ha
been determined by using vibrational spectroscopy to pr
transition metal single crystal model surfaces.1 Yet, indus-
trial catalysis is mostly carried out on metal nanopartic
deposited on high surface area oxides~SiO2, TiO2, Al2O3,
etc.! In order to understand the behavior of these real c
lysts on a molecular level, electron beam lithography is u
to fabricate a model system that permits systematic varia
of the size, composition, and interparticle spacing of tran
tion metal nanoparticles. A microscopic understanding of
reaction mechanisms in heterogeneous catalysis is a m
goal in surface chemistry.

In this article sum frequency generation~SFG! vibra-
tional spectroscopy is used to study the adsorption of CO
Pt nanoparticle arrays. The SFG signal of CO adsorbed to
Pt particles exhibits an enhancement of 10 0003 compared
to CO adsorbed on a smooth Pt film. Although the S
signal originates from CO on the metal particles, the po
ization dependence of the SFG signal indicates the op
properties are dominated by the oxidized Si~100! substrate.
Despite the low surface area~,5% of a monolayer! of these
nanoparticle arrays, surface spectroscopy can be perfor
due to the large electromagnetic enhancements at the su
of small metal particles.
5430021-9606/2000/113(13)/5432/7/$17.00
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BACKGROUND

The SFG experimental procedure has been descr
previously.2 Sum frequency generation is achieved by sp
tially and temporally overlapping a 532 nm and infrar
beam at the sample surface. As the infrared frequenc
scanned, and corresponds to a vibrational resonance o
adsorbed molecule, there is an increase in the sum frequ
intensity. A plot of the infrared frequency vs. SFG intens
is interpreted as a vibrational spectrum of the surface m
ecules. Sum frequency generation is a second order,x (2),
process and in the electric dipole approximation, occurs o
in environments without inversion symmetry, such as an
terface between two isotropic media.

I SF}S ( x IJK
~2! EVISEIRD 2

. ~1!

The SFG intensity (ISF) is proportional to the square of th
nonlinear susceptibility (x IJK

(2)) in surface reference frame IJK
and the electric fields at the surface,E.
The surface susceptibilityx (2) is composed of a resonant an
nonresonant part

x~2!5xR
~2!1xNR

~2!5xNR
~2!1(

q

Aq

v IR2vq1 iG
. ~2!

The Aq term contains the Raman and infrared line streng
for theqth vibrational mode at frequencyvq with a damping
2 © 2000 American Institute of Physics
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constant ofG, v IR is the frequency of the infrared beam
Equation~2! is used to curve fit the spectra and extract
formation on the mode strength and peak position.

EXPERIMENT

The generation of the picosecond midinfrared lig
pulses is accomplished in two stages by optical parame
generation/amplification of 532 nm light inb-barium borate
crystals followed by difference frequency mixing of the ne
infrared idler beam with 1064 nm light in a AgGaS2 crystal.3

The 532 nm and infrared beam diameters are;2 mm and
;1 mm with energy densities of 6 mJ/cm2 and 3 mJ/cm2,
respectively. This energy density is below the dama
threshold of the nanoparticle arrays as shown by the s
ning electron micrograph in Fig. 1. The 532 nm and infrar
beams define thex–z plane and are at an angle of inciden
of 50° and 60°, respectively. The samples are aligned w
the rows parallel to the plane of incidence of the laser bea
although sample rotation has no effect on the SFG signa

To ensure data are easily comparable, all spectra
referenced to the SFG intensity of the oxidized silicon s
face with ssppolarization. The spectra shown in Fig. 2 a

FIG. 1. AFM and SEM micrograph of platinum nanoparticle array. Partic
are 40 nm diameter spaced 150 nm between particles.
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the average of three spectra each with 50 shots/point div
by the infrared and 532 nm beam intensity at each po
Error bars represent one standard deviation.

The nanoparticle arrays are fabricated using elect
beam lithography~EBL!. The first step in the EBL fabrica
tion process is to spin-coat polymethyl methacryla
~PMMA! (MW5950 000) onto a Si~100! wafer with 5 nm
thick SiO2 on the surface. Computer-designed patterns
then ‘‘written’’ into the polymer layer with a highly colli-
mated electron beam~Leica column! generated by a field
emission source. With a beam current of 600 pA and ac
erating voltage of 100 kV, the beam diameter is appro
mately 8 nm. A dose of 2500 mC/cm2 (4310216C/site) was
used to expose the PMMA, resulting in a dwell time of abo
0.6 ms at each particle site. Following dissolution of t
exposed polymer, a 15 nm thick film of Pt is then deposi
on the sample by electron beam evaporation. Finally,
remaining resist is removed~‘‘lifted off’’ ! by dissolution
with organic solvent and the metal particles of the prescrib
pattern remained on the substrate. With this high degre
spatial resolution, 36 mm2 arrays with approximately 109

metal particles were produced.
Samples are cleaned by dipping into freshly prepa

50/50 V/V of concentrated HNO3 /H2SO4 solution for 3–4
min, rinsed with triple distilled water, and dried in a strea
of nitrogen gas. The particles are then immediately pla
into a Teflon® cell with ;1 atm CO~Scott Specialty gas!.
CO is purified by flowing through a molecular sieve colum
before entering the SFG cell. The same procedure is used
both the platinum particles and metal films. The samples
placed in the same cell at the same time for a direct co
parison between nanoparticles and the metal film.

RESULTS

Sum frequency generation spectra of CO on Pt films a
nanoparticles are taken with various polarization combi
tions of incoming and outgoing beams,s or p polarized. The
SFG spectra of three samples are shown in Fig. 2. Fig
2~a! are the SFG spectra of CO on 45 nm platinum nanop
ticles spaced 150 nm apart. The CO peak is at 2085 cm21,
shifted by 215 cm21 from clean polycrystalline platinum
this peak is assigned to CO coordinated to one platin
atom and the wavelength shift is likely due to coadsorb
water from the cleaning procedure.4 The intensity ratio for
the 45 nm particles is 26:2:1 forssp ~s-sum frequency,
s-visible, p-infrared!, ppp, and sps polarization combina-
tions, respectively. Figure 2~b! are SFG spectra for nanopa
ticles with 200 nm diameters and spaced 100 nm apart.
peak is seen at 2085 cm21.

The intensity ratio between thessp, ppp, andspsspectra
is ;5:35:1. Figure 2~c! are the spectra of CO on the platinu
film with ssp, ppp, and spspolarization combinations. The
peak at;2085 cm21 is due to CO coordinated to one plat
num atom, top site CO.5 The intensity of thepppspectrum of
the metal film is;5 times more intense thansspwith very
little resonant signal forspspolarization1:4:,0.5 for ssp,
ppp, and sps, respectively. All other polarization combina
tions have no resonant features in the SFG spectrum. T
are also no peaks between 1800–2150 cm21 in the SFG

s
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FIG. 2. SFG spectra of CO adsorbed on~a! 40 nm Pt nanoparticle arrays,~b! 200 nm Pt nanoparticle arrays,~c! smooth Pt film. For each sample, the thre
spectra are shown:ssp, ppp andspspolarization.
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spectrum of the silicon surface under 1 atm. CO indicat
CO does not orient on the oxidized silicon surface. A su
mary of the data is presented in Table I.

To compare the signal, inssppolarization, from the par-
ticles sample to the Pt film the results of the signal from
particles divided by the signal of the smooth film account
for the surface coverage of CO and laser beam intensi
G5(I SF

~particle!/uparticle
2 )/(I SF

~film!/ufilm
2 ), are shown in Fig. 3. Sum

frequency generation intensity ratio above 1 indicates
hancement compared to the smooth platinum surface.
surface coverage of CO,uCO, is assumed proportional to th
coverage of Pt on the oxidized silicon substrate in e
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sample. These parameters are shown in Table I. The m
mum enhancement for these particles is;10 000 for par-
ticles of ;45 nm diameter withssppolarization.

DISCUSSION

For several years researchers have noted the enha
ment of optical fields at small silver particles or rough silv
surfaces. These effects are observed in Raman6–9

hyper-Raman,10 two-photon absorption,11 second harmonic
generation~SHG!,6,12 and four-wave mixing,13 Most experi-
ments have been devoted to understanding the phenom
0

6

TABLE I. Summary of particle data.

Sample
particle dia.~nm!

Surface
coverage~u!

I SF(ssp)
~a.u.!

I SF(ppp)
~a.u.!

I SF(sps)
~a.u.! Gssp Gppp Gsps

6 0.5 59 5 3 141 7 24
30 0.065 86 12 15 1696 66 355
40 0.043 94 14 ¯ 4236 176 ¯

45 0.054 412 31 16 11774 247 548
200 0.45 5 8 12 40 48 59

1000 0.58 2 9 .0.5 3 15 1
Smooth Pt film 1.0 12 43 .0.5 1 1 1
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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of surface enhanced Raman scattering~SERS!. These reports
focus on arguments that an electromagnetic mechanis
more important than a chemical mechanism for the increa
signal. The electromagnetic enhancement mechanism st
briefly, that when electromagnetic waves interact with
metal particle that is smaller than the wavelength of incid
light, surface plasmon are excited which results in increa
electromagnetic field intensities at the surface. The increa
surface intensity thus leads to larger surface signals in,
example, Raman spectroscopy. According to the chem
enhancement mechanism, increase in signal intensity is
primarily to the adsorbed molecule forming a type of surfa
complex with the metal. This new surface complex then c
tains new electronic energy levels with which electroma
netic waves may be resonant.14,15 Many researchers now be
lieve both effects contribute to the observed enhancem
and which is dominant probably depends on the system
der investigation.6,8,16,17For the SFG experiment considere

FIG. 3. SFG Intensity vs particle diameter.m-nanoparticle arrays fabricate
with e-beam lithography.d-Pt clusters deposited by evaporation.l-Pt
metal film. Solid line is predicted intensity based on plasmon resonance
substrate contributions to the local fields.
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here, the electromagnetic enhancement mechanism is
vored, since an electromagnetic model accounts for the
served intensity of the SFG signal.

To explain the SFG intensities on the nanoparticles,
particle size, shape, material, particle spacing, and subs
must be considered. The size, shape, and material effect
based on the idea that surface plasmons are excited on s
metal particles, which enhance the local fields of the la
beam. The particle spacing affects the coupling between
ticles as well as any diffraction effects of the array. Final
the dielectric properties of the substrate influence the ma
scopic fields at the surface that is determined by the m
coverage and this is accounted for with a modified Maxwe
Garnett equation.

The enhancement at small metal particles is governed
particle size and shape and based on the Mie reson
criteria.12,18,19The shape of the particle dramatically affec
the Mie resonance condition. As the particle becomes m
ellipsoidal, the Mie resonance shifts to lower energies clo
to the visible region of the spectrum. Therefore based
shape the more needle-like particles have a larger enha
ment. This is also known as the lightning rod effect. Furth
enhancement is due to small particle size. Qualitatively,
is due to a polarization of the conduction electrons that c
tributes to the electric field at the surface.

To account for the local electromagnetic field intensit
at the surface,Eloc , a local field correction factor,f is used:

Eloc5 f •E0 ,

whereE0 is the incident field. The correction factor is com
posed of two terms,

f 5~Ef !~EPR!,

where Ef is the Fresnel factor calculated for a three lay
system of Si/nanoparticle/air.20,21 This is the substrate effec
on the local fields and is discussed below.21

The local field enhancement due to plasmon resona
EPR, is determined by

nd
EPR
2 5

ueu2

$12@12Re~e!#Aeff1Im~e!~4p2V/3l3!%21$Im~e!Aeff1@12Re~e!#~4p2V/3l3!%2 . ~3!
nt

ly,
on

par-

tal
r a
on-
is
Aeff is the depolarization factor that depends on the p
ticle shape and is 0.5 for cylindrical particles.19,22 The term
(4p2V/3l3) of Eq. ~3! is due to the radiation damping of th
particle resonance whereV is the particle volume andl is
the wavelength of light. This term accounts for decrease
the enhancement, as the particles become large.23 Local field
enhancement also decreases for very small particles,,25
nm, due to surface scattering effects, where the mean
path of the conduction electrons is less than the particle
mensions and is accounted for with the size dependan
electric constant of Pt,e.24,25 The size dependante is only
significantly different from the bulk dielectric constant fo
r-

in

ee
i-
i-

particles,25 nm.25 A plot of EPR
2total vs. particle diameter is

shown in Fig. 4~a!. The contribution to the enhanceme
from to the sum frequency and visible light fields is;2
times greater than that from the infrared field, respective
since the SF and visible fields are closer to the plasm
resonance frequency. The total field enhancement of the
ticles due to plasmon resonance isEPR

2total5(EPR
2SFEPR

2VisEPR
2IR)

'175 for ;50 nm particles.
To determine the local fields due to depositing me

particles on a dielectric substrate Fresnel’s equations fo
three-layer system are used. To calculate the dielectric c
stant of the interfacial region, Maxwell–Garnett theory
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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used. For the nanoparticles deposited on oxidized Si the
face fields are determined by both the dielectric propertie
the SiO2 and the metal in a nonlinear way. This will affe
the absolute SFG signal as well as the relative intensitie
the different polarization combinations. The polarizati
spectra in Fig. 2 show that the highest intensity is for thessp
polarization for particles andppp polarization for the meta
film. This result may at first seem surprising since the C
signal originates locally only from the metal surface in bo
cases and therefore the polarization spectra should look
same. This result is explained using Maxwell–Garnett the
for metal particles on a dielectric surface.26–28 A plot of the
real and imaginary portion of the effective refractive inde
ne , for the surface is shown in Fig. 5. These plots are g
erated from the following equations:28

ne
25

112rq

12rq
where r 5

n221

n211
. ~4!

The q in this equation is the packing density of the pa
ticles on the surfaces whereq is between 0 and 1 for no
metal and a full monolayer, respectively,n is the bulk refrac-
tive index of the metal. Most of the nanoparticle samp
used here have a packing density,0.25. This indicates the
surface is effectively an insulator since the metallic prop
ties become noticeable for packing densityq.;0.5 @Fig.
2~b!#. For the 200 nm particlesq;0.6,k, the imaginary por-
tion of the dielectric constant, becomes larger and the sur
is more metallic which causes the CO signal in thepppspec-
trum to be more intense than inssp. Using the dielectric
values determined from Eq.~4! in Fresnel’s equation for a
three layer system leads to the larger surface fields for
SFG signal inssp over ppp polarization for low coverage
nanoparticle samples. For example the enhancement o
light fields due to the substrate for the particles compare
the metal film forssppolarization is

Ef ,ssp
2 5

particles

metal film
5

~Ef
y!2~Ef

y!2~Ef
z!2

~Ef
y!2~Ef

y!2~Ef
z!2 576,

FIG. 4. Enhancement of SFG signal from CO adsorbed on Pt nanopar
as a function of particle size.~a! .-nanoparticle arrays fabricate with
e-beam lithography.d-Pt clusters deposited by evaporation.l-Pt metal
film. Line is predicted total enhancement due to plasmon resonance
Eq. ~3!.
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for the 45 nm diameter particle sample.
The calculated SFG intensity enhancement here is ab

104 for particles'50 nm diameter. About 30% of this en
hancement is due to the substrate effect and 70% is du
plasmon resonance in small metal particles. Table II sho
the substrate effect and plasmon resonance on the SFG s
from particles compared to the smooth metal film forssp
polarization. This calculation provides an order-o
magnitude explanation of the surface enhancement. A m
quantitative estimate can be achieved using the discrete
pole approximation of Schatz and Van Duyne.29

les

m

FIG. 5. ~a! Real~n! and~b! imaginary~k! portion of the dielectric constan
for the nanoparticle surface as a function ofq, the packing density. Bulk
refractive index for platinum 1.9613.42i at 532 nm~Ref. 24!.

TABLE II. Calculated enhancement factors for platinum nanoparticles.

Particle
diameter~nm!

Plasmon resonance
Factor (EPR

2 )total
Substrate factor

(Ef ,ssp
2 ) Total (f )2

6 28 76 2128
30 76 76 5776
40 160 76 12 160
45 178 70 12 460

200 1 60 60
1000 1 64 60
Smooth metal 1 1 1
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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The CO signal is an average over the entire particle si
the wavelength is much longer than the particle dimensio
The results of Eq.~3! predict enhancement over the enti
particle since it is the electrons in the metal that are po
ized. The signal is averaged over the entire particle and
signal from the side or top of the particle cannot be se
rated. The maximum enhancement occurs at sharp point
the particle where the fields have the highest intensity; thi
the lightning rod effect.7,30 Therefore, the polarization spec
tra are not probing different orientations of CO but the p
larization dependence is only determined by the effec
dielectric constant of the surface as discussed above. O
tation information is lost on nanoparticles, i.e., the polari
tion information no longer relates to the orientation of t
CO on the nanoparticle, whereas on the smooth Pt film
CO molecular coordinates can be related to the experime
geometry.31 Instead the difference in the polarization spec
is due to the changing dielectric properties of the surface
the metal coverage increases. This is clear in Fig. 5 wh
the imaginary portion of the dielectric,k, increases, as th
substrate becomes more metallic at higher packing ratio o
clusters. Similarly, the intensity ratio in thessp/ppp spectra
also decrease sinces-polarized fields are decreased relati
to the incident beam whilep-polarized fields are increase
for a metal surface.20,32

Since the particles are in a regular two-dimensional
ray, dispersion effects might be expected. There is no
fraction for particle spacing less 310 nm. Therefore, this
periment is not effected by the periodic array, i.e., grat
effect. This experiment is in the zeroth-order diffractio
~Fig. 6!.18

CONCLUSION

Sum frequency generation provides a method for stu
ing model nanoparticle catalysts. Without surface enhan
ment, the vibrational spectra of adsorbates would be u
tainable on such systems. Since the surface coverage of
particles is already,5% of a monolayer this approaches t
detection limits for typical vibrational spectroscopies such

FIG. 6. Calculated diffracted SFG signal as function of particle spacing.
particle arrays have spacing below 200 nm, in the zeroth-order diffrac
region, that is below 300 nm.
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infrared absorption and high resolution electron lo
spectroscopy.1 The local coverage of CO on the platinu
particles is near saturation,;0.5 monolayer. Further, thes
spectra are obtained at pressure;1 atm of CO that is only
possible with a surface sensitive technique such as SFG

Most reports of surface enhanced effects are reported
silver, copper, or gold surfaces.16 The enhancement observe
here on platinum is not typical. The reason why this mod
enhancement is seen here and not previously in SERS
periments is probably due to the coherent nature of the S
signal which allows for more efficient collection of the sign
compared to the scattering of Raman signal. Also since
particles have very low size dispersion all the particles w
contribute to the signal since they are all in the Mie res
nance.

SFG signal is enhanced at small platinum particles d
to the interaction of the light with the surface plasmons. T
enhanced signal allows for the study of catalytic reactions
model nanoparticle surfaces under reaction conditions.
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